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Preface 
The emergence of organic chemistry as a scientific. discipline heralded a new era in human develop- 

ment. Applications of organic chemistry contributed significantly to satisfying the basic needs for food, 
clothing and shelter. While expanding our ability to cope with our basic needs remained an important 
goal, we could, for the first time, worry about the quality of life. Indeed, there appears to be an excellent 
correlation between investment in research and applications of organic chemistry and the standard of liv- 
ing. Such advances arise from the creation of compounds and materials. Continuation of these contribu- 
tions requires a vigorous effort in research and development, for which information such as that provided 
by the Comprehensive series of Pergamon Press is a valuable resource. 

Since the publication in 1979 of Comprehensive Organic Chemistry, it has become an important first 
source of information. However, considering the pace of advancements and the ever-shrinking timeframe 
in which initial discoveries are rapidly assimilated into the basic fabric of the science, it is clear that a 
new treatment is needed. It was tempting simply to update a series that had been so successful. However, 
this new series took a totally different approach. In deciding to embark upon Comprehensive Organic 
Synthesis, the Editors and Publisher recognized that synthesis stands at the heart of organic chemistry. 

The construction of molecules and molecular systems transcends many fields of science. Needs in 
electronics, agriculture, medicine and textiles, to name but a few, provide a powerful driving force for 
more effective ways to make known materials and for routes to new materials. Physical and theoretical 
studies, extrapolations from current knowledge, and serendipity all help to identify the direction in which 
research should be moving. All of these forces help the synthetic chemist in translating vague notions to 
specific structures, in executing complex multistep sequences, and in seeking new knowledge to develop 
new reactions and reagents. The increasing degree of sophistication of the types of problems that need to 
be addressed require increasingly complex molecular architecture to target better the function of the re- 
sulting substances. The ability to make such substances available depends upon the sharpening of our 
sculptors’ tools: the reactions and reagents of synthesis. 

The Volume Editors have spent great time and effort in considering the format of the work. The inten- 
tion is to focus on transformations in the way that synthetic chemists think about their problems. In terms 
of organic molecules, the work divides into the formation of carbon-carbon bonds, the introduction of 
heteroatoms, and heteroatom interconversions. Thus, Volumes 1-5 focus mainly on carbon-carbon bond 
formation, but also include many aspects of the introduction of heteroatoms. Volumes 6-8 focus on 
interconversion of heteroatoms, but also deal with exchange of carbon-carbon bonds for carbon- 
heteroatom bonds. 

The Editors recognize that the assignment of subjects to any particular volume may be arbitrary in 
part. For example, reactions of enolates can be considered to be additions to C-C n-bonds. However, 
the vastness of the field leads it to be subdivided into components based upon the nature of the bond- 
forming process. Some subjects will undoubtedly appear in more than one place. 

In attacking a synthetic target, the critical question about the suitability of any method involves selec- 
tivity: chemo-, regio-, diastereo- and enantio-selectivity. Both from an educational point-of-view for the 
reader who wants to learn about a new field, and an experimental viewpoint for the practitioner who 
seeks a reference source for practical information, an organization of the chapters along the theme of 
selectivity becomes most informative. 

The Editors believe this organization will help emphasize the common threads that underlie many 
seemingly disparate areas of organic chemistry. The relationships among various transformations 
becomes clearer and the applicability of transformations across a large number of compound classes 
becomes apparent. Thus, it is intended that an integration of many specialized areas such as terpenoid, 
heterocyclic, carbohydrate, nucleic acid chemistry, efc. within the more general transformation class will 
provide an impetus to the consideration of methods to solve problems outside the traditional ones for any 
specialist. 

In general, presentation of topics concentrates on work of the last decade. Reference to earlier work, 
as necessary and relevant, is made by citing key reviews. All topics in organic synthesis cannot be 
treated with equal depth within the constraints of any single series. Decisions as to which aspects of a 
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topic require greater depth are guided by the topics covered in other recent Comprehensive series. This 
new treatise focuses on being comprehensive in the context of synthetically useful concepts. 

The Editors and Publisher believe that Comprehensive Organic Synthesis will serve all those who 
must face the problem of preparing organic compounds. We intend it to be an essential reference work 
for the experienced practitioner who seeks information to solve a particular problem. At the same time, 
we must also serve the chemist whose major interest lies outside organic synthesis and therefore is only 
an occasional practitioner. In addition, the series has an educational role. We hope to instruct experi- 
enced investigators who want to learn the essential facts and concepts of an area new to them. We also 
hope to teach the novice student by providing an authoritative account of an area and by conveying the 
excitement of the field. 

The need for this series was evident from the enthusiastic response from the scientific community in 
the most meaningful way - their willingness to devote their time to the task. I am deeply indebted to an 
exceptional board of editors, beginning with my deputy editor-in-chief Ian Fleming, and extending to the 
entire board - Clayton H. Heathcock, Ryoji Noyori, Steven V. Ley, Leo A. Paquette, Gerald Pattenden, 
Martin F. Semmelhack, Stuart L. Schreiber and Ekkehard Winterfeldt. 

The substance of the work was created by over 250 authors from 15 countries, illustrating the truly in- 
ternational nature of the effort. I thank each and every one for the magnificent effort put forth. Finally, 
such a work is impossible without a publisher. The continuing commitment of Pergamon Press to serve 
the scientific community by providing this Comprehensive series is commendable. Specific credit goes 
to Colin Drayton for the critical role he played in allowing us to realize this work and also to Helen 
McPherson for guiding it through the publishing maze. 

A work of this kind, which obviously summarizes accomplishments, may engender in some the feel- 
ing that there is little more to achieve. Quite the opposite is the case. In looking back and seeing how far 
we have come, it becomes only more obvious how very much more we have yet to achieve. The vastness 
of the problems and opportunities ensures that research in organic synthesis will be vibrant for a very 
long time to come. 

BARRY M. TROST 
Palo Alto, California 
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1.1.1 INTRODUCTION 

The reduction of the carbonyl group of aldehydes and ketones to the corresponding alcohol is ubiqui- 
tous in organic synthesis. Since the first report of reduction by diborane more than half a century ago,' 
metal hydride reagents have achieved preeminence as the reagents of choice for performing this syn- 
thetic transformation. The opportunities for variation in the metal, ligands, counterion and reaction con- 
ditions have enabled most problems of stereo-, regio- or chemo-selectivity in synthesis to be overcome 
satisfactorily. The majority of the complex metal hydrides described in this chapter that exhibit useful 
reducing properties are readily available from commercial sources, which has contributed enormously to 
their widespread acceptance and application. 

The state of the art of reductions with metal hydrides a decade ago was the subject of comprehensive 
reviews. A detailed survey of reductions of carbonyl compounds with alkali and alkaline earth metal hy- 
drides, borane and derivatives, alane and derivatives, metal borohydrides, metal aluminohydrides, 
silanes, stannanes and transition metal hydrides was compiled.* The properties, preparation and applica- 
tions of each reagent were discussed together with methods for their determination, handling techniques 
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and mechanistic aspects. The functional group selectivity of selected reagents was as~essed,~ and Brown 
described a 40-year odyssey in the development of a range of complex nucleophilic alumino- and boro- 
hydrides from their electrophilic counterparts, borane and alane." Reductions by metal alkoxyaluminum 
hydrides were the subject of an exhaustive Organic Reactions review which emphasized the mechanism, 
scope, limitations and synthetic utility of the  reagent^.^ 

It is not the intention of this chapter to reiterate the conclusions of these compilations, but rather to 
concentrate on important synthetic developments that have appeared subsequently. 

1.1.1.1 Kinetics and Mechanism 

In spite of four decades of investigation, the full details of the mechanism of reduction of ketones by 
sodium borohydride and lithium aluminum hydride remain to be established.6 Sodium borohydride reacts 
with first-order kinetics involving a rate-determining hydride attack on the carbonyl carbon, but the na- 
ture of the interaction of the metal cation or boron atom with the carbonyl oxygen is unknown. An ah 
initio theoretical study of borohydride addition to formaldehyde concluded that the traditional [2 + 21 
four-center transition state, with simultaneous CH and BO bond formation and BH bond breaking, was 
not the optimum representation. The preferred alternative was a single-step mechanism with a nonsyn- 
chronous four-center transition state with a product-like geometry involving transfer of BH3 from the hy- 
dride, already bonded to carbon, to the carbonyl oxygen atom.' The energy of this pathway was further 
reduced by the incorporation of a water molecule, an OH substituent on boron or a metal counterion. The 
importance of a metal counterion was demonstrated experimentally in a series of ketone reductions with 
lithium and sodium alumino- and boro-hydrides. In ethereal solvents reduction proceeded uneventfully, 
but, when macrocyclic cryptands, specific to either metal ion, were added, no reduction was observed.8 
The details of the effect of the metal counterion and reaction medium on the reduction of carbonyl com- 
pounds with alkali metal alumino- or boro-hydrides has been reviewed recently? 

The reduction of a series of chiral acyclic ketones, lacking polar functional groups, with a range of 
lithium, sodium and potassium alumino- and boro-hydrides was investigated in various solvents under 
different reaction conditions. The changes in steric bulk of the reagents and reaction medium enabled a 
semiempirical scale for the effective size of the reagent to be applied to the stereochemical analysis of 
the observed diastereoselectivity. I o  

The reduction kinetics of mesityl phenyl ketone, selected for its convenient rate, with lithium and so- 
dium aluminum hydrides in THF were studied in detail." In the presence of excess hydride, the reaction 
was first-order in hydride and ketone. A lithium counterion was worth a IO-fold increase in rate over so- 
dium, indicating the influence of the cation on the mechanism. The observed deuterium kinetic isotope 
effect ( k ~ h  = 1.27) was consistent with a rate-determining transfer of hydride to the carbonyl carbon. 
Further evidence for the association of the counterion with the carbonyl oxygen during reduction was ob- 
tained from comparison of entropies of activation of both reactions. The results were rationalized by con- 
sidering the metal hydrides as solvent-separated ion pairs and/or free ions, prior to coordination of the 
metal cation to the carbonyl oxygen and hydride delivery via a cyclic transition state. Analogous experi- 
ments on the reduction of camphor led to the same kinetic conclusions. Significantly, lithium r-butoxy- 
and methoxy-aluminohydrides were observed to follow kinetics consistent with disproportionation of the 
alkoxide species to give LAH which was the predominant reducing agent.12 

The kinetics of reduction of 15 cyclohexanones by Li(Bu*0)3AIH were investigated and found to fol- 
low a simple second-order process.13 The rate constants were determined at various temperatures and 
were found to exceed the corresponding values for sodium borohydride. Activation parameters were 
derived for the reduction, which was nearly isoenthalpic, and rate differences were attributed to the en- 
tropic contribution. The results were consistent with a simple four-centred transition state, but additional 
work is required for a definitive conclusion. 

First-order kinetic behavior was observed in the reduction of aldehydes and reactive ketones with 9- 
BBN-H dimer, but with hindered ketones intermediate or three-halves order kinetics were ~bserved. '~  
Monomeric 9-BBN-H was the active intermediate, as in the case of the hydroboration of alkenes and al- 
kynes by this reagent. 9-BBN-H was less sensitive to steric effects than sodium borohydride; hindrance 
on one side of the ketone caused a moderate rate decrease, while a significant drop was observed with 
bulky groups on either side of the carbonyl group. The rate was also sensitive to electronic factors: elec- 
tron-releasing substituents increased the rate of reduction, and electron-withdrawing groups retarded it. 
These data strongly suggested that the boron atom was coordinated to the carbonyl oxygen during reduc- 
tion, but it was not established if this was in advance of hydride transfer or simply in the transition state. 
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Although a polar mechanism is generally accepted for hydride reduction, evidence for an electron 
transfer mechanism in the reduction of hindered aromatic ketones by main group hydrides has been 
presented.15 Dimesityl ketone formed deeply colored, electron paramagnetic resonance active solutions 
with neutral hydrides of aluminum, boron and magnesium in THF. The kinetic analysis for alane reduc- 
tion, which produced a long-lived paramagnetic intermediate, suggested a radical cation-radical anion 
pair as a relatively stable intermediate. The contribution of this pathway in the reduction of dialkyl 
ketones remains to be established. 

1.1.2 THEORY OF STEREOSELECTIVITY 

1.1.2.1 Acyclic Carbonyl Compounds 

The origin and magnitude of the stereoselectivity observed in the reduction of chiral carbonyl com- 
pounds has long been an area of intense theoretical and practical study. Efforts have concentrated largely 
on the 1,2-asymmetric induction that occurs in the hydride addition to a carbonyl group flanked by an 
asymmetric center (Scheme 1). Cram’s rule was formulated to rationalize the results of nucleophilic ad- 
dition to aldehydes and ketones containing nonpolar groups.16 The most stable conformation (1) was as- 
sumed to arise by minimization of the interaction between the largest group (R1) and the carbonyl group, 
which was coordinated to the incoming reagent. Addition then occurred preferentially pn the side of the 
smallest substituent (RS) rather than the larger medium sized group (Rm). The oueome of Cram reduction 
of ketone (2) to alcohol (3) is illustrated. This rule enabled a large body of experimental-results to be 
correlated, but its theoretical basis was subsequently shown to be flawed. 

The results for reduction of a-halo aldehydes and ketones were anomalous and led to Cornforth’s di- 
polar model (4), in which the dipoles due to the carbonyl group and the carbon-halogen bond were in an 
antiperiplanar arrangement. Reduction then proceeded from the less-hindered side of ketone (5 ) ,  leading 
to alcohol (6).” The possibility of chelation when the a-substituent was an alcohol, alkoxy or amino 
group (X) was covered by Cram’s cyclic or chelate model (7).18 The chelating group (X) and the carbon- 
yl group were eclipsed, coordinating to the metal (M), and reduction occurred from the less-hindered 
side. This model has been widely used to rationalize diastereoselectivity in reduction of ketones (8) when 
chelation is important, depending on the nature of the substituent (X) and the metal ion. 

Information about the ground state conformations of carbonyl compounds that demonstrated that con- 
formations with one bond eclipsing the carbonyl group were energetically favored led Karabatsos to pro- 
pose an alternative m0de1.l~ Calculations suggested that the most favored conformation (9) would have 
the medium-sized group (Rm) of ketone (10) eclipsing the carbonyl group, and addition of hydride would 
occur from the side of the less bulky substituent (RS) to give alcohol (11). Comparison of the calculated 
energies of the other possible transition states with this conformation allowed the magnitude of dia- 
stereoselectivity to be correlated with experimental results. 

The most influential contribution to the interpretation of 1,2-asyrnmetric induction in carbonyl group 
reduction was that of Felkin.*O Attention was directed for the first time to the structure of the transition 
state, which was assumed to be very similar to that of the substrate. Torsional strain caused by interac- 
tions between the partially formed hydride-carbonyl bond and the full bonds at the adjacent center was 
of paramount importance. The nucleophile was assumed to attack perpendicular to the carbonyl group 
plane and staggered to the largest or most electronegative group (R’). This angle of approach was later 
revised to the Biirgi-Dunitz trajectory,21 derived from crystallographic studies, which placed the incom- 
ing hydride much closer to the substituent (Rs)). This interaction was the decisive influence on the selec- 
tion of the transition state illustrated (12) over the alternative which would have the positions of the 
small (RS) and medium (Rm) groups exchanged. This model was successfully applied to acyclic and cy- 
clic ketones and allowed crude quantitative rationalization of experimental diastereoisomeric ratios.22 

Support for the Felkin model was provided by ah initio calculations of a range of transition state 
geometries for reductions of carbonyl compounds with and without an adjacent polar substituent.*? The 
transition state energies were found to be minimized in the Felkin conformation as a consequence of the 
anti disposition of the bond forming to the incoming hydride and the bond between the adjacent carbon 
and the largest or most electronegative group (RI). Other models that correctly predicted the stereochemi- 
cal outcome required transition states of significantly higher energy. 

Further refinement of the model by calculated trajectory analysis enabled the steric influence of the 
group (R) attached directly to the carbonyl to be assessed. Increasing the size of R was known to enhance 
the reduction diastereoselectivity.22 This may be understood by the perturbation of the trajectory of the 
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R 

(7) 
(8) 

Scheme 1 

nucleophile from perpendicular to the carbonyl plane away from the bulky group; the interactions of the 
nucleophile with the a-center would thus become more decisive. Quantitative support for such devia- 
tions from normal approach was provided by calculations on hydride addition to p i~a ldehyde .~~  

Ah initio calculations of transition state geometries for additions of lithium and sodium hydrides to 
formaldehyde, acetaldehyde, propionaldehyde and acetone indicated that nucleophilic attack anti to a 
methyl group was disfavored over attack anti to a hydrogen by 1-2 kcal mol-' ( I  kcal = 4.18 kJ). The 
combination of the torsional effects identified by Felkin, steric influences and the tendency to avoid at- 
tack anti to an alkyl group controlled the observed stereoselectivities. Importantly, in agreement with the 
Felkin model, when two alkyl substituents were present, the most stable conformation had the larger 
group perpendicular to the carbonyl group and the remaining alkyl group away from the incoming nu- 
cleophile. The alternative conformation with an anti carbon-hydrogen bond was disfavored because the 
alkyl groups were unable to attain their preferred dihedral angles. The incorporation of these effects into 
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an MM2 force field enabled good qualitative rationalization of LiAIH4 reductions of a wide range of 
alkyl ketones.25 

The computational support for Felkin's torsional strain model and its success in interpretation of ex- 
perimental diastereoselectivities has led to its widespread adoption. It appears to be the preeminent open 
transition state involved in reductions when chelation is not important. Complementary selectivity ob- 
served in reductions that do involve chelation may be understood in terms of Cram's cyclic model. 

1.1.2.2 Cyclic Carbonyl Compounds 

The stereochemistry and mechanism of reduction of cyclic ketones by metal hydride reagents provided 
a unique opportunity for comparison of experimental results with theoretical expectation. The models 
proposed by Cram, Comforth and Karabatsos described above were inadequate to explain the stereoc- 
hemical outcome, and so a wide range of models was developed to explain the dichotomy between cyclic 
and acyclic results.26 The theoretical basis, applications and limitations of these models have been criti- 
cally reviewed.6 The effect of steric influences, torsional and electronic factors, and the nature of the cat- 
ion on the rate of reduction, stereochemical outcome and position of the transition state have also been 
surveyed.27 

The stereochemical characteristics of lithium trimethoxyaluminohydride and lithium aluminum hy- 
dride in the reduction of cyclic ketones were analyzed by a linear combination of steric strain and prod- 
uct stability control. Qualitative and quantitative explanation of the experimental observations was 
possible using this approach.2g 

Consideration of the stabilizing interaction between the low-lying a*-orbital associated with the bond 
forming between the incoming hydride and the carbonyl carbon, and remote electron-donor a-orbitals 
led Cieplak to an explanation for many kinetic and stereochemical effects in cyclohexanones that were 
previously ~nexpla ined .~~ The normal preference for axial attack in simple cyclohexanones was at- 
tributed to the improved electron-donor ability of carbon-hydrogen bonds over carbon-carbon bonds 
that would be antiperiplanar to the incoming nucleophile in the transition state. 

The electronic contribution to reduction stereoselectivity was assessed with a series of substituted 9- 
benzonorbomenones (13) with a range of reducing agents.30 The observed selectivity, increasing anti at- 
tack with electron-rich benzene rings, paralleled the homoconjugation sequence. Analogous results were 
observed in the reduction of a series of 5-substituted adamantanones (14) with electronically varied sub- 
stituents (X), providing strong support for the importance of a-participation in diastereo~electivity.~' The 
unexpected preference for axial reduction of 2-methoxy-4-pyranones (equation 1) with an equatorial. 
methoxy group, even with L-selectride, was explained by the electronic effects of the two conformation- 
ally defined carbon4xygen bonds.32 

0 

X Y  

X = F, C1, H, OMe 
Y = F, CI, H, OMe 

(13) 

Ph-O-OMe 

0 
I 

X = Ar, Bu', F, CI, OH, CF, 

(14) 

- R' phx;yoMe "' R2 

NaBH, or 

L-selectride 

OH 

Felkin identified torsional effects in cyclohexanone reductions that accounted for the observed stere- 
oselectivity. Minimization of these torsional effects, in the absence of steric hindrance, led to the predo- 
minance of axial attack (equation 2).33 Recently, a computational approach has provided quantitative 
support for this model.25 The eclipsing interactions between the incoming nucleophile and the bonds (Y to 
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the carbonyl group are more serious, for any given trajectory, from the equatorial direction. The differ- 
ences are clearly illustrated in the Newman projection of cyclohexanone (15). Differences in bond 
lengths and thus torsional bond energies were used to explain observed stereoselectivity in hetero- 
substituted cyclohexanones. 

axial 

n 

R I  = R * = H  92 8 

R'  =Me, R2 = H 83 17 

R' = R2 = Me 53 47 

axial 

equatorial 
(15) 

The dramatically enhanced axial selectivity demonstrated in the addition of sterically undemanding 
nucleophiles, such as lithium aluminum hydride, to conjugated cyclohexenones was explained by the ap- 
plication of the modified MM2 The important difference between cyclohexanones and their un- 
saturated counterparts was the flattening of the ring. The internal dihedral angle was reduced from 5 1 o in 
cyclohexanone to 22" in cyclohexenone. This in turn produced a dramatic change in the torsional interac- 
tions corresponding to axial and equatorial attack, illustrated on the Newman projection (16). Calculated 
energies of transition states for axial and equatorial addition were used to calculate diastereoisomeric ra- 
tios that showed good agreement with experimental results. 

axial 

equatorial 

The accuracy and applicability of the model was tested further on the lithium aluminum hydride reduc- 
tion of a series of benzocycloheptenones (17; equation 3). Dynamic NMR studies and MM2 calculations 
demonstrated that the chair conformation shown was the most stable. Since the substrates were sterically 
unhindered most models predicted that axial attack would be favored. Conversely, MM2 calculations in- 
dicated that the transition state for equatorial approach was of lower energy than its axial counterpart. In 
fact equatorial reduction to give the axial alcohol predominated (60:40) with a single methyl substituent 
(17; R' = Me), and was the exclusive outcome in the more hindered case with two methyl groups (17; R' 
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= R2 = Me).35 Felkin's torsional strain approach was considered to be the only model consistent with 
these results, but an alternative interpretation based on participation of the aromatic ring, consistent with 
Cieplak's model, has recently been advanced?6 The significance of torsional interactions was related to 
the degree of puckering in the cyclic ketone according to the 'flattening rule'.37 

axial n 
equatorial 

LAH 
___) e"" I + 

I 

(3) 

R' =Me, R2= H 40 60 
R' = R2= Me 0 100 

The success of this method for calculating quantitative stereoselectivities of reductions of substituted 
five-, six- and seven-membered ring and bicyclic ketones was impressive, but additional examples are 
required to demonstrate its generality. 

1.13 DIASTEREOSELECTIVITY 

1.1.3.1 Acyclic Carbonyl Compounds 

The development of reliable methods for the diastereoselective reduction of carbonyl compounds in a 
wide range of acyclic systems has been an area of explosive growth in recent years.38 This was prompted 
by the requirements of modem total synthesis in which redundant diastereoisomers are avoided?' 
together with enhanced theoretical understanding of stereoselectivity which allows rationalization of the 
results. 

An exhaustive compilation of examples of reduction of acyclic ketones with an adjacent chiral center 
appeared recently and is not reproduced here.40 Those methods that give excellent levels of asymmetric 
induction likely to be useful in synthesis are highlighted here. The results are collected according to the 
substrate being reduced rather than the reducing agent. Most of the examples can be rationalized by con- 
sideration of the Felkin transition state or, where appropriate, the chelated transition state (Section 
1.1.2. I ) .  

a-Hydroxy ketones (18) were reduced to the corresponding anti-diols (19) by zinc borohydride with 
good selectivity (77:23-99: 1) via a chelated transition state (equation 4). Silylation with the bulky 
TBDMS group gave the protected derivatives (20) which were reduced by Red-A1 at -78 'C preferen- 
tially to the syn products (21) according to a Felkin transition state with the silyl ether in the perpendicu- 
lar position (equation 9.4' Selectivity was good (76:24-98:2), except when R1  was a branched or long 
chain alkyl group, presumably due to an unfavorable interaction with the silyl ether. These complemen- 
tary methods were used to synthesize various diastereoisomers of a possible fragment of polyoxygenated 

Analogous results were observed when a range of reducing agents were screened for reduc- 
tion of a-benzyloxy alkynic ketone (22; Scheme 2).43 The anti isomer (23) was produced by zinc boro- 
hydride (955) via chelation control, and K-selectride gave the syn Felkin product (24; 90: IO). The 
generality of these results was demonstrated on five additional substrates. Significantly, Red-AI was anti 
selective, due to coordination to the benzyloxy group, which was not as effective as TBDMS at suppress- 
ing chelation. The dramatic difference between these two protecting groups was again manifested in the 



8 Reduction of C-X Bonds 

LAH reduction of a-alkoxy enone (25; equation 6 ) .  Chelation to the benzyloxy group favored formation 
of the anti product (26; 98:2) while the TBDMS ether prevented chelation so that reduction occurred via 
an open transition state to give the syn-alcohol(27; 95:5).44 

OSiBu'Mez 

R ' q  R2 ( 5 )  
i, Red-Alholuene, -78 'C 

i i ,  T B A F R H F  
OH 0 

(20) (21) 

R'+ R2 

0 
I 

H 

THPO OBn 

(23) 

Zn(BH&, ether, -30 "C 
K-selectride, THF, -95 OC 

95 : 5 
10 : 90 

Scheme 2 

(25) (26) 

R = Bn, ether, -10 "C 

R = Bu'Me2Si, THF, -20 OC 5:95 
98:2 

-OH 

Hydrosilylation provided a novel alternative reduction of a-oxy ketones (29) with tunable dia- 
stereoselectivity (Scheme 3). Fluoride-catalyzed reduction with phenyldimethylsilane in HMPA pro- 
vided the syn-alcohols (28) with high selectivity (87: 1 3-96:4).45 The absence of a coordinating cation 
and the bulkiness of the reducing species combined to favor the Felkin model for these reductions. Con- 
versely, reduction in trifluoroacetic acid proceeded via a proton-bridged cyclic transition state to give the 
anti products (30; 84: 16-99: 1).46 These complementary methods constitute a powerful tool in stereose- 
lective synthesis. 

O H  
i, PhMe,SiH. TBAF, HMPA, 0 OC it/ Ph+ - Ph * Ph 

i, PhMe,SiH, TFA, 0 OC 

ii, KOH 
82% 96:4 O H  

(28) 

bBz ii.KOH O H  
72% 93:7 

(29) (30) 

Scheme 3 

The 1,3-diol unit is an important constituent of many highly oxygenated natural products. Consequent- 
ly, highly diastereoselective methods for reducing P-hydroxy ketones to either of the possible dia- 
stereoisomers have been developed. The syn isomer was produced by attack of an external hydride 
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reagent on a six-membered chelate such as (31), the conformation of which was governed by the substit- 
uent at the alcohol center. Conversely, intramolecular delivery of hydride from a group bound to the al- 
cohol via a chair transition state (32) gave the anti diastereoisomer. 

(31) (32) 
M = B; L = Bu, Et 
M = Li; L = THF 

M = Si; R = Pr' 
M = B; R = OAc 

The combination of trialkylboranes and sodium borohydride in THF at -100 'C was the first highly 
syn selective method of this type.47 This was later refined by using alkoxydialkylboranes to chelate the 
P-hydroxy ketones (33) and conducting the reduction at -70 'C in THF-methanol (4: The syn-l,3- 
diols (34) predominated by at least 98:2 (equation 7). Reduction of P,S-diketo esters to the corresponding 
syn-P,S-dihydroxy esters was accomplished with excellent diastereo~electivity.~~ A comparative study of 
hydrogenation with iron(I1) chloride to enhance carbonyl reduction, alkylborane-mediated N M 4  reduc- 
tion and zinc borohydride alone, demonstrated the generality of useful syn selectivity.w DIBAL-H has 
also been used to reduce P-hydroxy ketones to syn- 1,3-diols with high diastereofacial selectivity (292:8) 
at -78 'C in THFaS1 Tributyltin hydride with both Lewis acid and radical catalysis exhibited lower levels 
of selectivity. 

c m R 2  (7) 
Et2BOMe-NaBH4, 

R '  THF-MeOH (4: 1 ) .  -78 OC Rl 

(33) (34) 

Lithium iodide apparently was chelated by @-alkoxy ketones to form a similar six-membered transition 
state, allowing LAH to reduce the carbonyl group at -100 'C in ether with high syn selectivity ( 2 9 5 5 )  
(Scheme 4).52 

. 
Scheme 4 

Intramolecular hydrosilylation of the carbonyl group of P-silyloxy ketones (35) induced by tin(1V) 
chloride catalysis at -80 'C in dichloromethane generated the anti- 1,3-diols (36) after desilylation with 
excellent stereoselectivity (>95%).53 Unfortunately, the overall yield (60-69%) of the process was re- 
duced by inefficient initial silylation (Scheme 5 ) .  Tetramethylammonium triacetoxyborohydride in acetic 
acid-acetonitrile, a mild reducing agent, reduced acyclic P-hydroxy ketones to the anti- 1,3-diols with 
high diastereoselectivity (>92:8), independent of a-alkyl group stereo~hemistry.~~ The reducing agent re- 
quires coordination to an adjacent hydroxy group to allow intramolecular delivery of the hydride and so 
is highly chemoselective. Internal stereopropagation allowed sequential diastereoselective reductions of 
hydroxy diketone (37) to give antimti-triol (38) in 50% isolated yield (equation 8). Most of the P-hy- 
droxy ketones screened had a bulky isopropyl group at the P-position; it is not clear if this is a require- 
ment for high diastereoselectivity. 

Reduction of TBDMS ethers of a-substituted-P-hydroxy ketones (39 and 41) with LAH in ether at 
- 78 'C proceeded with high 1,24nti diastereoselectivity (>96:4) to give the corresponding syn,anti- (40) 
or anti,anti- 1,3-diols (42) after acidic hydrolysis.s5 The stereochemistry results from a chelation-free Fel- 
kin transition state with the bulky alkylsilyloxy group in the perpendicular position. The result was inde- 
pendent of the configuration of the silyloxy substituent (equations 9 and 10). 
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Pr' 
Si 

Pri,I . H  
I 

W2SiHCI, i, SnCI4, -80 O C ,  CH2C12 
b 

R' R2 Et3N, DMAP R' R2 ii, aq. HF, MeCN - R1 K R 2  

(33) (35) (36) 

Scheme 5 

OH OH OH 0 

Me4N(Ac0),BH, * -OR ( 8 )  
AcOH, r.t. 

(37) (38) 50% isolated yield 

R, v ; ; I M e 2  i, LAH, ether, -78 "C OH OH - 
R1 R2 

i i ,  H ~ O +  
R R 

(9) 

i ,  LAH, ether, -78 "C OH OH 
t (10) 

0 OSiButMe2 

Rl R2 
Rf+R2 R ii, H,O+ R 

(41) (42) 

Examples of asymmetric induction from more remote hydroxy groups in the reduction of hydroxy 
ketones are rare. However the correct choice of reducing agent allowed complete diastereoselectivity to 
be achieved in the reduction of y-hydroxy ketone (43) in a synthesis of ancistrofuran.56 2 equiv. of 
LiEt3BH in THF, one presumably coordinating the y-hydroxy ketone in a fixed conformation, gave the 
diol (44) as the sole product in 88% yield (equation 1 1 ) .  

The unsaturated linkage in enantiomerically pure a-methyl-P,y-unsaturated ketones (45) exerted a 
powerful stereochemical influence on their reduction with L-selectride, particularly when R '  is a tri- 
methylsilyl group.57 The anti homoallylic alcohols (46) were produced with uniformly excellent stereo- 
selectivity (>93:7) via a Felkin transition state in which the double bond occupied the perpendicular 
position (equation 12). This Felkin selectivity was sufficient to overcome any chelation-mediated con- 
tribution in the reduction of a-vinyl-P-hydroxy ketones (47) to the 1,2-syn diols (48) with LiEtsBH in 
THF at -78 "C (equation 1 3).58 
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(13) 

OH 0 OH OH 
(47) (48) 

Zinc borohydride was effective for the reduction of a,@-epoxy ketones (49) to the corresponding anti- 
a,@-epoxy alcohols (50) in ether at 0 'C irrespective of the substituents on the epoxide (equation 14).59 
The selectivity was rationalized by intramolecular hydride delivery from a five-membered zinc chelate 
avoiding the epoxide ring. In a limited study of the stereoselective reduction of y&epoxy ketones (51), 
LAH and di-2-(o-toluidinomethyl)pyrrolidine in ether at -78 'C gave the desired cis-epoxy alcohols (52) 
required for ionophore synthesis with good selectivity (>lo: 1) (equation 15).@' 

R2 R' 
\ I  R 

LAH, diamine 

ether,-78 OC 

(52) 

R 

(51) 

Stereoselective reduction of a-alkyl-p-keto acid derivatives represents an attractive alternative to 
stereoselective aldol condensation. Complementary methods for production of either diastereoisomer of 
a-alkyl-@-hydroxy amides from the corresponding a-alkyl-@-keto amides (53) have been developed. 
Zinc borohydride in ether at -78 'C gave the syn isomer (54) with excellent selectivity (2!27:3) in high 
yield via a chelated transition state.61 A Felkin transition state with the amide in the perpendicular posi- 
tion accounted for reduction with potassium triethylborohydride in ether at 0 'C to give the stereochemi- 
cally pure anti diastereoisomer (55) .  The combination of these methods with asymmetric acylation 
provided an effective solution to the asymmetric aldol problem (Scheme 6):' In contrast, the reduction 
of a-methyl-@-keto esters with zinc borohydride was highly syn selective when the ketone was aromatic 
or a,@-unsaturated, but less reliable in aliphatic cases.38 Hydrosilylation also provided complete dia- 
stereocontrol (Scheme 7). The fluoride-mediated reaction was anti selective (298:2) while reduction in 
trifluoroacetic acid favored production of the syn isomer (298:2).63 No loss of optical purity was 
observed under these mild conditions. 

MOMO 

MOMO 
I 

(54) 

MOMO 

0 0  OMOM KEt3BH R' 

(53) ether, 0 "C 

OH 0 
(55) 

Scheme 6 
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PhMe,SiH, TASF 

DMPU, 0 “C 

OH 0 

1 PhMe2SiH p h A N 9  

TFA, 0 “C 
OH 0 

Scheme 7 

Diastereoisomerically pure P-hydroxy sulfides are useful synthetic intermediates for the preparation of 
geometrically pure alkenes or single diastereoisomers of epoxides. Reduction of P-keto sulfides (56) 
with L-selectride in THF gave the syn-P-hydroxy sulfides (57) via a Felkin transition state.@ The selec- 
tivity was good (292:8) unless the acyl group was branched. Chelation-controlled reduction with zinc bo- 
rohydride was successful in favorable situations, but a more general solution to the production of the anti 
diastereoisomers (59) and ultimately trmwepoxides was reduction of the sulfonium salts (58), prepared 
by methylation of the p-keto sulfides (56), with sodium borohydride in dichloromethane (Scheme 8). 
The selectivity was excellent (2955) when R2 was a branched alkyl group, but declined when it was not. 
This is consistent with a cyclic charge-controlled transition state analogous to a chelated conformation 
without a metal ion.65 

Me ,+, R3 
- 

* “ J R 2  
BF4 NaBH,, CH,CI, 

0 OH 
(58) (59) 

Scheme 8 

The stereocontrolled reduction of optically pure P-keto sulfoxides (60) with DIBAL-H (anti selective, 
293:7) or DIBAL-H in the presence of zinc chloride (syn selective, >95:5) provided an entry to enantio- 
rnerically pure alcohols after desulfurization (Scheme 9).66 The stereoselectivity may be rationalized by 
consideration of transition states analogous to those described for P-hydroxy ketone reduction (31 and 
32), cyclic chelation by zinc chloride and external hydride delivery giving the syn isomer, and coordina- 
tion of the DIBAL-H to the sulfoxide and internal hydride delivery giving the anti product. 

Geometrically pure alkenes were generated by Homer-Wittig elimination of stereochemically pure p- 
hydroxy diphenylphosphine oxides available from reduction of the corresponding P-keto phosphine ox- 
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ides.67 Reduction with a range of reagents was generally syn selective according to the Felkin model, but 
the success of the method depended on the ease of separation of diastereoisomers rather than intrinsically 
high stereoselectivity. However, in the presence of cerium chloride, sodium borohydride reduced steri- 
cally hindered a'-diphenylphosphinoyl ketones and enones (61) to the anti-alcohols (62) exclusively, 
presumably via a chelated transition state (equation 1 6).68 

Ph2P"' R2 NaBH,, CeCI, Ph2P"' R2 
* (16) 

0 EtOH, -78 "C .'"r'""' OH 

(61) (62) 

Diastereocontrolled reduction of amino ketones represents an attractive route to amino alcohols, many 
of which are pharmacologically important, and has been exhaustively reviewed.69 Even in the case of a- 
amino ketones, examples of high stereoselectivity were rare70 with conventional metal hydride re- 
agents,'] and mixtures were common as the amino group became more distant.72 In contrast, a-triazolyl 
ketones (64) were reduced with high stereoselectivity by tetraalkylammonium borohydrides to the syn- 
alcohols (63) in dichloromethane or to the anti isomers (65) when titanium tetrachloride was added 
(Scheme 

Hydrosilylation of a-amino ketones (66 and 68) exhibited extremely high levels of selectivity in either 
direction depending on the reaction conditions (equations 17 and 18). The syn-alcohol (67) was the ex- 
clusive product of the fluoride-catalyzed red~ct ion?~ while trifluoroacetic acid catalysis generated the 
anti isomer (69).46 Both these examples of highly diastereocontrolled reduction depended on the selec- 
tion of either an open Felkin or a proton- or metal-bridged transition state. 

OH 

c Ph- 
PhMe,SiH, TBAF 

HMPA, r.t. N. (17) 
Me' Me 

N. 
Me' Me 

(66) (67) 

The diastereoselectivity of reduction of a series of symmetrical diketones to the corresponding diols 
revealed an intriguing dependance on the separation of the carbonyl groups, but the selectivity was not 
generally However, in the case of 1,3-diketone (71) lithium borohydride alone produced the 
anti isomer (70) with 91% diastereoselectivity, but prior addition of titanium tetrachloride gave the syn- 
diol (72) with 96% diastereoselectivity via a chelated intermediate analogous to the crystalline complex 
between the diketone and Tic14 (Scheme 1 1).75 
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1.1.3.2 Cyclic Carbonyl Compounds 

The stereoselective reduction of cyclic ketones is profoundly influenced by conformational effects and 
is an area of intense theoretical study (Section 1.1.2.2). From a practical perspective, impressive dia- 
stereoselectivity in the required direction is possible by the correct choice of reagent (Table l ) .  Confor- 
mational homogeneity has been recognized as an important factor in achieving high diastereoselectivity. 
Temperature control is extremely important as at -78 'C a methyl group has almost the same conforma- 
tional biasing effect as a t-butyl group at 0 

Table 1 Comparison of Selectivity for Equatorial Attack in Reductions of Alkyl Substituted Cyclic Ketones 

Ref. 4 - B d  33S-Me3 2 - M e  Suhstituent(s) 2 - M e  3 - M e  4 - M e  
Reagent Csa c6 c6 c6 C6 Csb 

96.5 99.8 99.3 27 
- 98 80 

LiBu'3BH 99.3 95 90 
LiMes2BH2 99 99 94 94 - 79 99.4 - 

- 99.5 79 
Li(MeC )?BH 99.5 99 98 

99.4 
84 K9-OThx-9-BBN-H 98.5 90 85.5 87 99.9 
83 

- 77 
K9-Bu'-9-BBN-H 99.5 98 94 98.5 99 

- 17 
LiBuBH? - 
LiMeBH2 13 5.7 4.5 1.7 66 

- LiSia?BR. 99.7 99.6 99 
- 

- 8 6 2 

NiCRA 
LiAIbTHF 

~~ 

7 
24 

- 
16 

_ _  
5 6 1 - 10 80 

- 86 
23 27 

NaBH4 30 14 - 14 52 26 27 

'Ch, cyclohexanone. b C ~ ,  cyclopentanone. 

Unhindered cyclohexanones exhibited an intrinsic preference for axial attack by small hydride re- 
agents (NaBH4, LiAlH4) leading to the equatorial alcohol. Monoalkylborohydrides, prepared from bo- 
rane-dimethyl sulfide and the corresponding alkyllithium, proved to be superior to the traditional 
reagents, but the selectivity declined as the ketone became more hindered.77 Axial alcohols, via equato- 
rial attack, were produced from both hindered and unhindered ketones with bulky hydride reducing 
agents. The most successful were highly branched alkylborohydrides generally with a lithium counter- 
ion.'* Lithium tr is iarnylbor~hydride~~ demonstrated exceptional stereoselectivity, better than the 
tris(rrons-methylcyclopenty1)borohydride (Li(MeCp)3BH), L-selectride or lithium dimesitylborohydride 
(LiMeszBH2).80 In contrast, the analogous ate complex formed from t-butyllithium and DIBAL-H, which 
was expected to be highly hindered and hence stereoselective, reduced 4-t-butylcyclohexanone without 
any preference.81 Potassium trisiamylborohydride, prepared from potassium hydride and trisiamylborane 
with triisopropoxyborane catalysis, exhibited stereoselectivity comparable with the lithium analog.82 

Two new classes of bulky reducing agents generated from potassium hydride and B-alkyP3 or B-alk- 
oxy-9-boratabicyclo[3.3. 1]nonanesg4 have been investigated. The optimum stereoselectivity was ob- 
tained with maximum branching in the alkyl group and t-butyl was significantly better than 
2,4-dimethyl-2-pentyloxy (OThx). Various reagents based on magnesium hydride with a variety of l i -  
gands on magnesium (hydridomagnesium alkoxides, dialkylaminomagnesium hydrides, and lithium alk- 
oxy- and dialkoxy-magnesium hydrides) have been prepared and some bulky examples provided useful 
selectivity in ketone r e d ~ c t i o n . ~ ~  

Complex reducing agents containing sodium hydride, a metallic salt and an alcohol were screened 
against six representative cyclic ketones for stereoselectivity. Cadmium, cobalt and manganese chlorides 
gave rise to reagents that favored formation of the axial alkoxides, but the selectivity was not outstand- 
ing. Those derived from zinc chloride and particularly nickel acetate 2,5-dimethylhexanediol (NiCRA) 
provided the more stable equatorial alkoxides in very good yield with high selectivity.86 The proposed 
equilibration to the more stable product parallels the classical solution to the production of equatorial 
alcohols from hindered cyclohexanones based on equilibration with Raney 
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Correct reagent selection allowed reduction of steroidal enone (74) to either diastereoisomeric allylic 
alcohol, uncontaminated by its isomer. Sodium borohydride/cerium chloride in methanol-THF gave the 
equatorial alcohol (73), while L-selectride produced the axial isomer (75) via equatorial attack (Scheme 
12).88 Unexpected axial attack on diketone (76) to give equatorial alcohol (77; equation 19) led to the 
proposition that for hydride additions to decalones two 1,3-diaxial interactions override one peri interac- 
tion which in turn takes precedence over a single 1,3-diaxial intera~t ion.~~ 

(74) 

Scheme 12 

The influence of polar substituents on the stereoselectivity of reduction of cyclic ketones has not been 
widely studied. A series of cyclohexanones with hydroxy groups in differing positions on the ring and on 
alkyl chains attached to the ring was reduced with a selection of reducing agents to investigate the selec- 
tivity, but, although some examples of high stereoselectivity were observed, no clear pattern emerged.9o 
Conformationally flexible and conformationally locked 2-methylthio- and 2-methylsulfonyl-cyclohexa- 
nones were studied with a range of reducing agents. Exclusive axial approach, even with bulky hydrides, 
was observed when the sulfur adopted the axial disposition, but diastereoisomeric mixtures resulted 
when the sulfur was eq~atorial.~' The selectivity was rationalized by a combination of steric and ste- 
reoelectronic factors. The effect of ring size on reduction selectivity for a series of a-phenylthio ketones 
was in~est igated.~~ Small rings (five- and six-membered) exhibited reasonable selectivity (>7: I ) ,  consist- 
ent with the preceding results, but medium sized (seven- and eight-membered) and large rings produced 
low selectivity (c2:I). The reversal was explained by a conformational change in the ring position in the 
transition state. 

1.1.4 CHEMOSELECTIVITY 

1.1.4.1 Reduction of Enones 

Reduction of a$-unsaturated ketones by metal hydrides can follow two pathways; addition to the car- 
bonyl group (1,2-addition, charge control) to give the allylic alcohol, or addition to the conjugated 
double bond ( 1  ,Caddition, frontier orbital control) to give the saturated ketone. The concept of hard and 
soft acids and bases has been used to explain observed selectivities."3 The hard metal hydrides attack the 
carbonyl group while the softer metal hydrides, with a more covalent M-H bond, favor conjugate addi- 
tion. Borohydrides are softer than their aluminum counterparts due to the more covalent hydride bond 
and both can be hardened by incorporating alkoxy groups on the metal. The counterion is also important, 
sequestration of lithium by a [2.1. Ilcryptand causes conjugate reduction of cyclohexenone by LiAIH4 
and LiBH4 to pred~minate~~ while added hard lanthanide salts enhance reduction to the allylic alcohols 
(vide in$-a). 

In spite of substantial evidence, the tendency for sodium borohydride to reduce enones in a conjugate 
sense is often ignoredP5 but the need for reduction to the corresponding allylic alcohols has led to the de- 
velopment of several new specific reagent combinations. The most widely accepted of these involves so- 
dium borohydride in the presence of cerium chloride, which has been optimized to give excellent 
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selectivity under mild and experimentally convenient  condition^.^^ The success of this reagent may be 
explained by considering the active species as an alkoxy borohydride in combination with a hard cerium 
cation which coordinates to the carbonyl to enhance 1,2-seIectivity. Other lanthanoid-mediated processes 
include sodium borohydride with LnCpCIz(THF)3 (Ln = Sm and Er) in methanol97 and LAH with a lan- 
thanoid salt?8 particularly cerium chloride, in THF. 

DIBAL-H has often proved effective in 1,Zreduction of enones* and the ate complex generated with 
n-butyllithium is a powerful and selective reducing agent, which has been used in toluene-hexane to re- 
duce cyclic enones and in toluene-THF to reduce acyclic examples.Im 1 -Pyrrolylborane-THF complex, 
which may be prepared from pyrrole and borane-THF, is a reactive aminoborane and has been used to 
reduce enones and enals to the corresponding allylic alcohols, but its scope remains to be established.101 

Complex reducing agents prepared from sodium hydride, in combination with sodium alkoxides and 
metal salts to moderate its basicity, have proved effective for highly regioselective 1,4- and 1,2-reduc- 
tions of enones depending on the choice of metal salt.Io2 The reagent based on nickel acetate was selec- 
tive for conjugate reduction while that derived from zinc chloride produced allylic alcohols both in good 
yields.Io3 This method has been extended to hydrosilylation of the carbonyl group of enones by incorpo- 
ration of trimethylsilyl chloride into the reagent. 

Molecular orbital calculations have suggested that cyclopentenone is intrinsically more prone to con- 
jugate reduction than cyclohexenonelW and thus is a good substrate on which to test new 1,2-selective 
reagents. The selectivity of reduction of both these enones with the best of the new reagents together 
with the results for 9-BBN-H, the previous reagent of choice,Io5 are tabulated for comparison (Table 2). 

Table 2 Comparison of Selective Reagents for Allylic Alcohol Formation over Saturated Ketone or Alcohol in 
Cyclic Ketone Reduction 

Reagent Cyclopentenone Cyclohexenone Ref. 
Yield (%) Selectivity Yield (%) Selectivity 

LiAIh loo 85: 15 97 94:6 95 
NaBH4 100 0:loo 90 59:41 95 
NaBHdCeC13 100 97:3 100 >99: 1 96 
NaBHdSmCpCl2 95 98.8: 1.2 99 97.9:2.1 97 
NaBHdErCpClz 83 1oo:o 99 97.k2.2 97 
LiAIHdCeClX 99 64:36 100 98:2 98 
DIBAL-H 81 98:2 94 98:2 100 
DIBAL-H/BuLi 83 99: 1 96 94:6 IO0 
9-BBN-H 85 >99: 1 85 >99: 1 105 

1.1.4.2 Aldehydes versus Ketones 

The selective reduction of the more reactive and sterically less hindered aldehyde functionality in the 
presence of a ketone is a problem often encountered in synthesis. Moderation of the reactivity of the re- 
agent by changes in its structure or to the nature of the reaction medium have been the aims of recent sol- 
utions to this problem. An exhaustive listing of 30 modem methods has appeared recently and will not be 
duplicated here.Io6 Those methods that are likely to prove successful in synthesis have been selected for 
consideration (Table 3). 

The reactivity of sodium borohydride has been controlled by employing a mixed solvent system (etha- 
nol/CHzClz 3:7) and performing the reduction at -78 'C. Under these conditions most aldehydes were re- 
duced in the presence of ketones with >95% selectivity.lo6 The comparison between benzaldehyde and 
4-methylcyclohexanone revealed the limitation of this method, as substantial reduction of the ketone oc- 
curred during the long reaction time that was required. Borohydride exchange resin, prepared from an- 
ionic exchange resin and sodium borohydride, reduced aldehydes in preference to ketones in ethanol at 
25 OC.'07 The polymeric nature of this reagent facilitates isolation of the products and regeneration of the 
polymer is possible. Remarkably, at -10 'C in methanol, selectivity between aldehydes was observed. 
Aromatic aldehydes were reduced in the presence of aliphatic compounds and the reaction was sensitive 
to the electronic effects of aromatic substituents. Cyclohexanone was reduced much more rapidly than 
acyclic or bicyclic ketones. 

Tetra-n-butylammonium triacetoxyborohydride in refluxing benzene reduced aldehydes but not acy- 
clic ketones, the selectivity was demonstrated in competition experiments and keto aldehyde reduc- 
tions.Io8 The more reactive cyclohexanones were reduced only slowly under the same conditions. The 
limitation of this convenient method is that proximal hydroxy groups activated the reagent enabling the 
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Table 3 Comparison of Chemoselectivity in Reductions of Aldehydes in the Presence of Reactive Ketones 

Reagent AldehydelKetone Yield of Alcohol (%) Ref. 

NaB&EtOH/CH2C12 

Borohydride exchange resin 

Bu~NBH(OAC)~ 

9-BBN-H-py 

B-Siamyl-9-BBN 

8-Oxyquinoline dihydroboronite/BF3 

Li(EtsCO)3AIH 

EW[~-HMOZ(CO) IoI/HOAC 

Bu3SnH/SiOz 

NaB&/CeCIs/EtOH/HzO 

Hexanal 
4-Me-Cyclohexanone 
Benzaldehyde 
Acetophenone 
Benzaldehyde 
Aceto henone 
Benzaydeh y de 
Cyclohexanone 
Benzaldehyde 
Acetophenone 
Nonanal 
4-Me-Cyclohexanone 
Hexanal 
Cyclohexanone 
Hydrocinnamaldehyde 
4-But-Cyclohexanone 
a-Octanal 
Cyclohexanone 
Hexanal 
Cyclohexanone 

97 
5 

99 
1 .o 

95 
<4 
93 

1.5 
>95 

0 
90 
28 
99.6 
0.4 

100 
0 

99 
13 
2 

100 

106 

107 

108 

109 

110 

I l l  

112 

I I3 

I14 

1 I6 

stereoselective reduction of ketones (Section 1.1.3.1). Thus a @-keto aldehyde was reduced to the corre- 
sponding diol in high yield. 

The complex formed from 9-BBN-H and pyridine is a readily prepared stable crystalline solid, which 
is a mild highly selective reducing agent.'@ Even unhindered ketones were not significantly reduced 
under conditions that led to complete reduction of aldehydes to the corresponding alcohols. Various rep- 
resentative functional groups were inert to this reagent. 9-BBN-H has also been modified by hydrobora- 
ting 2-methyl-2-butene to give B-siamyl-9-BBN which reduced a wide range of aldehydes at rates at 
least 100-200 times faster than all ketones tested.'I0 8-Hydroxyquinoline has been used to moderate the 
reactivity of borane-dimethyl sulfide, the resulting complex could be stored for several weeks under ni- 
trogen at low temperature. In the presence of catalytic boron trifluoride etherate the 8-oxyquinoline dihy- 
droboronite selectively reduced aldehydes rather than ketones."' The selectivity was good for alkyl 
ketones over alkyl aldehydes and two ketoaldehydes were reduced exclusively to the corresponding hy- 
droxy ketones. Cyclohexanones proved to be rather reactive and competed with the aldehydes. As a re- 
sult 4-methylcyclohexanone could be selectively reduced in preference to 3-pentanone. 

A comparison of four tri-t-alkoxyaluminum hydrides revealed that lithium tris[(3-ethyl-3-pen- 
tyl)oxy]aluminum hydride, prepared from LAH and 3-ethyl-3-pentano1, was the most selective for reduc- 
tion of aldehydes over ketones of all types.''* Even the less reactive benzaldehyde was reduced in THF 
at -78 'C faster than cyclohexanone (97.7:2.3). A good correlation between the steric demands of the re- 
ducing agent and the observed chemoselectivity was observed. 

Highly selective reduction of aldehydes rather than ketones, even 4-t-butylcyclohexanone, has been 
achieved by a binuclear hydrido molybdenum anion (Et4N[ p,-HMoz(C0)10]) and acetic acid in refluxing 
THF.'I3 The stable complex is readily prepared from molybdenum hexacarbonyl, which can be re- 
covered after reduction. The full value of this reagent in synthesis remains to be established. Tributyltin 
hydride has been shown to be effective for the selective reduction of aldehydes in the presence of dried 
silica gel which acts as a mild acid catalyst.'14 The reaction proceeded at room temperature in cyclohex- 
ane, many common functional groups were inert under these conditions. 

Investigations into the selective hydration and ketalization of various classes of aldehydes and ketones 
with lanthanoid chlorides have revealed interesting opportunities for selective reductions of less reactive 
or more hindered carbonyl groups. Ketalization with methanol catalyzed by cerium, erbium or neody- 
mium chlorides protected the aldehydes in situ, while sodium borohydride reduced the unreacted 
ketones; on work-up the aldehydes were released.' l5  The selectivity of this method declined with easily 
ketalized ketones, but conducting the reaction in aqueous ethanol with NaBH&eC13 provided a more 
useful altemative.l16 Selective hydration discriminated between ketones and aldehydes and between con- 
jugated and nonconjugated aldehydes.' '' Similarly, selective imine formation with t-butylamine and 4%r 
sieves, reduction with Li(But0)3AlH, and mild acidic hydrolysis allowed aldehydes to remain unchanged 
while ketones were reduced.'ls 
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1.1.4.3 Ketones versus other Carbonyl Groups 

The requirement for a powerful nucleophilic hydride reagent able to reduce even very hindered 
ketones rapidly and quantitatively has been satisfied by lithium triethylborohydride which was screened 
against selected representative functional groups.' l9  The quest for increased chemoselectivity in total 
synthesis has led to the development of reducing agents that will discriminate between various classes of 
ketone or between ketones and other carbonyl groups. 

Potassium triisopropoxyborohydride, a mild selective reducing agent, rapidly converted ketones and 
aldehydes to the corresponding alcohols, while many common functional groups were inert.I2" The re- 
action of potassium hydride with triphenylborane produced the triphenylborohydride, which is highly 
hindered and which exhibited excellent chemoselectivity between ketones.Iz1 Cyclohexanone was re- 
duced in preference to cyclopentanone (97:3) and 4-heptanone (99.4:0.6), while methyl ketones were 
more reactive than 4-heptanone (2-heptanone, 94:6; acetophenone, 97.k2.2). 

Zinc-modified cyanoborohydride, prepared from anhydrous zinc chloride and sodium cyanoborohy- 
dride in the ratio 1:2 in ether, selectively reduced aldehydes and ketones but not acids, anhydrides, esters 
and tertiary amides.I2* In methanol the reactivity paralleled the unmodified reagent. Zinc and cadmium 
borohydrides form solid complexes with DMF, which may prove to be convenient sources of the reduc- 
ing agents.123 Aromatic and a$-unsaturated ketones were reduced much more slowly than saturated 
ketones, so chemoselective reduction should be possible. 

Sodium borohydride in methanol/dichloromethane (1: 1) at -78 "C reduced ketones in the presence of 
conjugated enones with excellent selectivity. 124 Competition experiments were complemented by reduc- 
tions of diones to illustrate the synthetic value of the method. The Wieland-Miescher ketone was re- 
duced to the 1-@-alcohol contaminated by less than 3% diol in quantitative yield. The same reagent in 
acetic acid was shown to be effective at reducing aromatic ketones with ortho hydroxy or ortho amino 
substituents r a ~ i d 1 y . l ~ ~  Other aromatic ketones were relatively inert under the same conditions. Presum- 
ably the success of this procedure relies on activation and intramolecular delivery of the acetoxyborohy- 
dride by the ortho substituent. 

Borane was modified by reaction with half a molar equivalent of 2-aminoethanol to give a reagent that 
reduced aldehydes and ketones rapidly at room temperature in THF, but did not reduce esters, oxime es- 
ters, tetiary amides, nitriles, halides and acid chlorides.126 Complete chemoselectivity between acetophe- 
none and ethyl benzoate was demonstrated. The combination of polymer-bound amino alcohols and 
borane was also investigated to take advantage of simplification in work-up and the possibility of en- 
hanced selectivity. Various amines were combined with borane to produce reagents of moderated re- 
activity. The most promising was t-butylamine borane, which exhibited dramatic rate differences 
between different types of ketone, suggesting that chemoselective reduction of certain diketones would 
be possible with this reagent.I2' The reducing power of LAH has been tempered by pretreatment with 
dry silica gel in ether to enable reductions of keto esters to hydroxy esters in nonpolar solvents.128 Diphe- 
nylstibine has been used, for the first time, in combination with Lewis acids, particularly aluminum tri- 
chloride, to reduce aldehydes and ketones in THF at room temperature in excellent ~ i e 1 d s . l ~ ~  Esters, acid 
chlorides, alkyl halides and alkenes were unreactive under these conditions, so this new reagent holds 
promise as a mild chemoselective reducing agent. 

The concept of in situ protection of the less hindered or more Lewis basic of two ketones to enable se- 
lective reduction of the usually less reactive groups has been successfully deveIoped.I3" The sterically 
hindered Lewis acid MAD (78) derived from BHT and trimethylaluminum was used to coordinate pref- 
erentially to the less hindered ketone and DIBAL-H reduced the more hindered ketone that remained un- 
cornplexed. An approximate order of comparative reactivity for various classes of ketones has been 
established. The selectivity was improved by using the more hindered Lewis acid MAB (79) and/or di- 
bromoalane as the reducing agent. The discrimination between aromatic ketones is good but less success- 
ful between two dialkyl ketones. The chemoselectivity was demonstrated in the reduction of diketone 
(80) to keto alcohol (81) in 87% yield and excellent selectivity (equation 20). 

(78) MAD, R = Me 
(79) MAB, R = Et 
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MAD/Br2AIH 

28: 1 selectivity 
t 

1.1.4.4 Quinones to Hydroquinones 

The reduction of quinones to the Corresponding hydroquinones is an important synthetic transforma- 
tion that has been accomplished with various conventional reducing agents.I3' Complex metal hydride 
reagents have not tended to be the method of choice, as competitive formation of the dihydrodiols is fre- 
quently a problem. These two possible outcomes are illustrated for anthraquinone (83) giving the hydro- 
quinone (82) and dihydrodiol (84), respectively (Scheme 13). Route 1, to the hydroquinone, diverges 
from route 2 after the first hydride equivalent has been added, as the remaining carbonyl group is 
enolized rather than reduced; hydrogen is liberated as a result. 

route 1 route2 
7 - 

\ ''"OH 0 \ ' OH 
OH 0 OH 

\ 

(82) (83) (W 

Scheme 13 

Alkoxyaluminum hydrides including Red-AI, Li(But0)3AIH and Li(Me0)3AIH have been used exten- 
sively, particularly for the reduction of o-quinones to the corresponding o-hydroquinones.5 It appears that 
the use of more soluble reagents and powerful ethereal solvents also favors reduction to the hydro- 
q ~ i n 0 n e . l ~ ~  

Hydrosilylation to give bis(trimethylsily1oxy)benzenes has proved an attractive a1ternati~e.I~~ The 
most convenient and high yielding method used 1,1,3,3-tetramethyldisiloxane (TMDS) and a catalytic 
quantity of iodine or trimethylsilyl iodide134 in refluxing dichloromethane. A range of p-quinones (85), 
including 1,4-naphthoquinone, was reduced and the resulting silyl ethers were hydrolyzed to give uni- 
formly good yields (85-98%) of the corresponding hydroquinones (86; equation 2 I ) .  

(21) 
0 - R*R' OH R* 

R1 i, (Me2SiH),On2 or Me,SiI 

R2 ii, H 2 0  

(85) (86) 

Hydrides of tin and germanium also reduce quinones, ultimately to the hydroquinones. The detailed 
mechanism of hydrogen transfer between four stannanes and four quinones has been studied which sug- 
gested a radical mechanism in which hydrogen transfer was the first step.135 

1.1.4.5 a-Halo Ketones 

a-Halocarbonyl compounds can be reduced at the carbonyl group to give the chlorohydrins or at the 
carbon-halogen bond to give the saturated ketones or alcohols. Hydrogenolysis of the carbon-halogen 
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bond is often a severe limitation on the value of this route to chlorohydrins, particularly when nucleo- 
philic reducing reagents are used. 

A detailed study of a series of a,a-halo ketones demonstrated that electrophilic reducing agents, not- 
ably borane, DIBAL-H and BHyDMS, provided excellent yields of the alcohols without reduction of the 
halogen bond. 136 In contrast, nucleophilic reagents (NaBb,  Li(But0)3A1H and K-selectride) were unsat- 
isfactory. The results for a representative a,a-dibromo ketone (87) being reduced to the mono- (89) and 
di-bromohydrin (88; equation 22) are shown in Table 4. 

CI OH CI OH 
reagent 

solvent 

Table 4 Comparison of Reducing Agents for the Reduction of a,&-Dibromoketone (87) 

Reagent Solvent Yield of (88) (%) Yield of (89) (%) 

NaBH4 MeOH 50 50 
Li(Bu10)3AIH THF 55 45 
K-Selectride Ether 25 75 
DIBAL-H Hexane 90 0 
BH3,DMS Ether 87 0 
Borane THF 90 0 

Under radical conditions tributyltin hydride reduced a-chlorocarbonyl compounds to the correspond- 
ing saturated carbonyl derivatives but in the presence of phosphine oxides (HMPA or Bu3PO) chemose- 
lective reduction of the carbonyl group was observed. a-Chloro ketones and aldehydes were reduced 
with this reagent combination to give good yields of the ch10rohydrins.l~~ The choice of ligand was im- 
portant as neither phosphines nor amines were effective substitutes for the phosphine oxides. 

1.1.5 OTHER METAL HYDRIDES 

1.1.5.1 Silicon 

Silicon hydrides are an interesting class of carbonyl reducing agents as they are reasonably stable 
under normal conditions requiring activation with a transition metal complex,138 fluoride ion45 or Lewis 
acid."6 The correct choice of reaction conditions allows highly chemo- and stereo-selective reduction of 
particular classes of carbonyl compounds with these convenient reagents. 
Tris(tripheny1phosphine)chlororhodium promoted hydrosilylation of a,p-unsaturated carbonyl com- 

pounds and the resulting adducts gave the corresponding alcohols on methan01ysis.l~~ The regio- 
selectivity of addition depended on the silane; monohydrosilanes (EtsSiH,EtMezSiH) favor conjugate 
reduction to give the silyl enol ether, but dihydrosilanes (PhaSiHz, Et2SiHz) reduced the carbonyl group 
directly, generating allylic alcohol derivatives. The yields were uniformly high and the regioselectivity in 
the substrates screened was impressive. 

Aldehydes and ketones were reduced chemoselectively under mild conditions by hydrosilanes (gener- 
ally PhMezSiH) in dipolar aprotic solvents with TBAF or tris(diethy1amino)sulfonium difluorotrimethyl- 
silicate (TASF) as catalytic fluoride source. The reduction of a-substituted ketones is highly syn 
selective (Section 1.1.3.1). The mechanism of this reaction has been investigated and involves rate-deter- 
mining hydride transfer from a hexavalent silicate [HSiR3F(HMPA)]- (90) and not prior coordination of 
the fluorosilane with the carbonyl group (Scheme 14).45 Minor amounts of radical-derived reduction pro- 
ducts due to single-electron transfer processes, together with predominant hydride transfer, have been 
observed in certain mechanistic probe systems. I4O 

An analogous pentacoordinate hydridosilicate reagent (91), prepared from trichlorosilane and catechol 
or 2,2'-dihydroxybiphenyl with butyllithium (equation 23), reduced aldehydes and ketones in THF under 
mild conditions in high yield to the corresponding alcohols without any added catalyst (equation 24).I4l 
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0 
- R I A R Z  H 0- 

H-SiR,  + F- - - [H-SiR3F(HMPA)] R1XR2 + FSiR,(HMPA) 

(90) 
HMPA 

Scheme 14 

The chemo- and stereo-selectivity of this reagent was briefly examined, as was the mechanism indicating 
that rate-determining hydride transfer was involved. 

Although hydrosilanes reduce ketones, in trifluoroacetic acid, to the corresponding methylene com- 
pounds or dimeric ethers via ionic hydrogenation, the reduction of a-amino and a-oxy ketones and p- 
keto acid derivatives with hydrosilanes, particularly PhMezSiH, under these conditions proceeded with 
high anti selectivity to the alcohols.46 No racemization was observed at the carbon a to the carbonyl 
group. Intramolecular hydrosilylation catalyzed by Lewis acids provided a highly stereoselective route to 
anti- 1,3-diols from @-hydroxy ketones (Section 1.1.3. 1).53 

1.1.5.2 Tin 

Hydrostannation of carbonyl compounds with tributyltin hydride is promoted by radical initiation and 
Lewis or protic acid catalysis.'42 The activation of the carbonyl group by the acidic species allows the 
weakly nucleophilic tin hydride to react via a polar mechanism. Silica gel was a suitable catalyst allow- 
ing chemoselective reduction of carbonyl groups under conditions that left many functional groups un- 
changed.I I 4  Tributyltin triflate generated in situ from the tin hydride and triflic acid was a particularly 
efficient catalyst for the reduction of aldehydes and ketones with tributyltin hydride in benzene or 1,2-di- 
chloromethane at room temperature.143 Esters and ketals were not affected under these conditions and 
certain aldehydes were reduced selectively in preference to ketones. 

Sterically hindered ketones were more difficult to reduce with tin hydrides but reduction at high press- 
ure (1 GPa) without radical or Lewis acid catalyst in methanol at 55 "C was effective.Iu Reduction of the 
very hindered ketone (92) did not occur at atmospheric pressure but proceeded usefully at high pressure 
(equation 25). The absence of radical intermediates allowed even a,p-epoxy and cyclopropyl ketones 
such as (93) to be reduced in high yield, largely without cleavage of the strained ring (equation 26). 
Under conventional AIBN-initiated conditions radical-mediated processes predominated. 

Bu3SnH 

MeOH, 1000 MPa. 55 "C 

- 
Ph 

0 57% OH 

(92) antilsyn = 0.14 

Bu3SnH 

0 MeOH. 1400 MPa, 65 OC OH 
99% 

D-t( 
(93) 
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1.1.5.3 Transition Metals 

Transition metal hydrides have also been investigated as potential reducing agents for aldehydes and 
ketones. A preliminary study of the reaction of neutral metal hydrides with acetone and trifluoroacetone 
indicated that complexes of metals on the left of the transition series were more likely to reduce the 
ketones.145 Anionic Group VI transition metal hydrides [HM(CO)s- and cis-HM(CO)4P(OMe)s-, M = Cr, 
W] were screened against a range of aldehydes and ketones.’46 The former complex required acid activa- 
tion for all aldehydes except formaldehyde, but the latter was more nucleophilic and reduced all the alde- 
hydes to the corresponding alcohols in good yield. Ketone reduction was possible in the presence of 
acetic acid, but competitive destruction of the metal complex was a problem. Useful chemoselectivity 
allowing reduction of aldehydes but not ketones was noted with an anionic molybdenum hydride com- 
plex.‘ 

Lithium hydride, prepared by hydrogenolysis of t-butyllithium under pressure, was observed to reduce 
aldehydes and cyclohexanones to the corresponding alcohols in the presence of transition metal 

An equimolar quantity of vanadium trichloride was found to be the most effective catalyst, 
but the identity of the active reducing species was not established. 
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1.2.1 INTRODUCTION 

The reduction of various carbon-nitrogen wsystems to saturated derivatives with metal hydrides, prin- 
cipally aluminum- and boron-based reagents, provides highly useful processes for the preparation of 
amines and related functionalities. 

25 
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Since their introduction in the 1940s, lithium aluminum hydride (LiAlH4, LAH)’ and sodium borohy- 
dride (NaBH4)2 have, of course, enjoyed enormous popularity for reduction of organic groups including 
nitrogen-containing double bonds. In addition, systematic alterations of these reagents, usually by re- 
placement of one or more hydrogens with other functionalities or by combination with other reagents, 
have provided a great number of useful, modified hydrides, many of which have found significant utility 
for the manipulation of carbon-nitrogen wsystems, as well as other organic functional types. 

The dominance of various metal hydrides for reductions of organic functionalities has led to several 
reviews, monographs and books devoted to discussions of their utility (including this volume), embedded 
in which are often included applications to carbon-nitrogen n-systems. Thus, LAH and modified deriva- 
t i v e ~ , ~ - ’ ~  NaBH4 (in alcohol, ether,”13 and carboxylic solvents) and altered  derivative^,^-^* 

l - I 3 9 l 7  sodium cyanoborohydride (NaBH3CN),7*9q1 1 ~ 1 2 ~ 1 5 ~ 1 6  borane (BH3)/’I”F,4*5v7J 1-13~17~18 BH3SMe219 
and amine~BH3~O complexes, as well as less-utilized hydride reagent~,~-~-’I have received considerable 
coverage, and much general information concerning carbon-nitrogen 7r-reductions may be extracted 
from the above, as well as from most recent advanced texts and discussions of imine chemistry.21*22 
However, no extensive reviews have appeared which focus primarily on imino n-reductions, offer com- 
parisons between hydride reagents and present an overview of synthetic possibilities. Thus, coverage in 
this chapter will survey metal hydride reductions of the various carbon-nitrogen n-systems with an eye 
toward identifying superior choices for a given functionality and to augment, not duplicate, the above 
discussions, although some overlap is inevitable. Other, complementary, reducing systems, not involving 
metal hydrides, as well as asymmetric conversions are discussed elsewhere in this volume (i.e. Chapters 
1.3-1 3). Likewise, reductions of nitriles (Chapters 1.10-1.12), most heterocyclic C-N systems (Chap- 
ters 3.63.8) and C-N reductions which proceed further to products devoid of nitrogen (e.g. sulfonylhy- 
drazone reductions to hydrocarbons, see Chapter 1.14) are not included. 

1.2.2 REDUCTION OF IMINES AND IMINIUM SALTS OF AMMONIA AND AMINES 

1.2.2.1 General Considerations and Comparisons to Carbonyl Reductions 

In a general sense, reductions of imine-type wbonds with metal hydrides broadly parallel the corre- 
sponding reductions of carbonyls to alcohols, and many of the same reagents are routinely utilized (e.g. 
LAH, NaBH4, NaBHCN, BH3, etc., see also Section 1.2.2.2). However, as expected, the type of N-sub 
stitution present in imino wsystems does alter, often substantially, the electrophilicity of the carbon 
under attack, and this in turn provides wide variations in reduction rates or, in some cases, prevention of 
reduction altogether. Thus, for example, while trialkylborohydrides rapidly reduce most carbonyls (even 
at -78 0C),23 oximes and oxime ethers are essentially inert at 65 0C.N*25 As with carbonyls, protonation 
or complexation of imino nitrogens enhances the electrophilicity of the resulting iminium salts and in- 
creases reduction rates. This has led to the development of highly successful reducing systems conducted 
under mildly acidic conditions (pH ca. 3-6) using reagents (e.g. NaBH3CN,15J6*26 NaBH4/RC02H,I4 
amineboranesZ0) which tolerate acidic media and a substantial portion of imino group reductions present- 
ly utilize such systems. Furthermore, the relatively enhanced reduction rates of imines compared to car- 
bonyls under acidic conditions, presumably because of the higher basicity of the former, permits the in 
situ generation of the requisite iminium ions from carbonyls and amines, and eliminates the need to pre- 
form the imino derivatives.26 This has led to direct reductive amination processes, particularly with 
NaBH3CN,26 which are presently the most successful and often used procedures for this important trans- 
formation. 

The stereochemical outcomes of the reductions of cyclic imino derivatives often display surprisingly 
great differences from those obtained with c y c l ~ a l k a n o n e s ~ ~ ~ ~  and, in fact, attenuations or even reversals 
in stereoselectivity are common.28 

Mechanistic details involved in imine and c a r b ~ n y l ~ ~ - ~ ~  reductions are undoubtedly similar, although 
thorough investigations of the former are lacking. Certainly, hydride transfer to the electrophilic carbon, 
with or without prior activation by protonation or complexation is essential for both types of .rr-systems 
(Scheme 1). Whether or not alcohol solvents participate in imine reductions by borohydride (in the ab- 
sence of added acid) to furnish the amine proton (as is the case with carbonyls)29 is not known and must 
await detailed kinetic study and analysis of the initial intermediates formed before hydrolysis. Direct, in 
situ, reductive amination with NaBH3CN has been attributed to initial, reversible formation (via an inter- 
mediate hydroxyamine, (1) of an iminium ion (2) from carbonyls and amines followed by rapid attack by 
hydride (Scheme 2)? However, the inertness of an imine (partial structure 3) to the usual reductive 
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amination conditions (NaBHXN, MeOH, H+) coupled with successful reductive amination of the corre- 
sponding ketone of (3) suggests that, at least in some cases, direct reduction of the hydroxy amine (1) oc- 
c u r ~ . ~ ~  This possibility is supported by the successful reduction of bis(methoxymethy1)amines to 
dimelhylamine~~' and methylols (e.g. 4) to N-methylamide~~~ with NaBH3CN in acidic media. Further 
investigation of this question appears warranted. 

' \  M-H c H t X M  

Scheme 1 

"3 --(OH )=;HZ BH3CN- fast H+NH2 
"2 

(1) (2) 

Scheme 2 

The sections which follow present an overview of of the most effective and convenient reagent(s), and 
the chemo- and stereo-selectivities (where known) expected with them. Of course, the choice of reagents 
and conditions is often dictated by a combination of these considerations, so that structural types and 
functional group complexity play key roles in reagent selection. A wide selection of examples are 
presented, chosen to illustrate the range of successful structural types and potential pitfalls. Further 
examples may be obtained from reviews and monographs.3-20 

1,2.2,2 Reduction of Preformed Imines and Iminium Salts of Ammonia, Primary and Secondary 
Amines 

1.2.2.2.1 Choice of hydride reagent and solvent 

As mentioned above, a variety of metal hydrides have been employed for successful imine and imini- 
um ion reductions, particularly LAH and its derivatives3-10 and NaBH4 and derived reagents."*" For dis- 
cussion here, iminium ions imply those derived from secondary amines, although protonated ammonia 
derivatives and primary imines are actually the intermediates involved in reductions in acidic media. The 
most popular reagents for imine reductions, especially in recent years and with complex synthetic tar- 
gets, include NaBH4 in alcohol or carboxylic acid [usually acetic acid in which the actual reducing 
species is NaBH(0Ac)3]l4 solvents and NaBH3CN in acidic media (usually methanoliHC1 or acetic 
acid). To illustrate the versatility of NaBH4 and NaBH3CN for imine reductions, collections of successful 
conversions, chosen to represent varieties of structural types, are presented in Tables 1 md 2. 

Table 1 demonstrates that NaBH4 may be used in the presence of heterocyclic rings (entries 8-10, 13- 
17), esters (entries 8-10, 17), amides (entries 1,  9), conjugated double bonds (entry 7), alkynes (entry 5 )  
and acetals (entry 4). The process can also be used to methylate an amine with formaldehyde as the car- 
bonyl (entry 13). With certain structures, further reactions may occur subsequent to reduction (e.g. entry 
6 ) .  Entry 15 illustrates a synthetically useful amine alkylation reaction which may occur in acetic acid. 
This remarkable reaction is attributed to self-reduction of an acyloxyborohydride to an aldehyde 
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followed by condensation with an amine and subsequent reduction of the resulting imine. 11~14.45A8 Imine 
reductions with NaBH4 have also been employed in the biochemical arena, for example, to couple drugs 
(e.g. digoxin) to polydimethylsiloxanes (in methanol)P9 to attach immunoglobulins to liposomes via gly- 
cosphingolipids (in water, pH 9.5):O to attach spin labels (for ESR studies) to adenylic acid and tRNA?’ 
and to affinity label (and introduce tritium via NaBH3T) diphtheria toxin with ADP-ribose (in aqueous 
phosphate buffer, pH 8).52 It should be noted that the even milder reagent NaBH3CN is more commonly 
used in biological applications, as will be addressed below. 

A variety of imine reductions using NaBH3CN in acidic media (where the actual species reduced are 
protonated iminium ion intermediates) are presented in Table 2 and illustrate the versatility of this mild 
reagent for synthetic applications. Thus, esters (entries 1, 7, 11, 15), amides (entries 3, 13, 15), cyano 
(entry 6) ,  nitro (entry 12) and even such normally sensitive moieties as ketones (entry 4; however, see 
entry 5) and azide (entry 11) remain immune to this exceptionally tolerant reagent. 

As mentioned, the mildness of NaBH3CN (coupled with its effectiveness and stability in aqueous 
media) has attracted considerable interest for applications in biochemical areas. Examples include the 
trapping of suspected imine intermediates produced in enzyme (mitochondrial monoamine oxidase) inac- 
tivation by the establishment by reduction of the positions of imine-forming amines in 2-keto- 
3-deoxy-6-phosphogluconate and the transfer labeling of methionyl-tRNA ~yn the ta se~~  and 
rnethionyl-tRNA transf~rmalase~~ by treatment with periodate-treated tRNA. In fact, most biochemical 
applications of NaBH3CN have utilized in siru imine formation-reduction (i.e. reductive amination) con- 
ditions and will be further discussed in Section 1.2.2.3.1. 

Although NaBH4 and NaBH3CN usually attract the most attention, many other reagents reduce imines 
to amines and have been utilized in synthetic applications. These include the previously mentioned 
LAH?-’0.71-74 and amineborane c o m p l e ~ e s , ~ ~ . ~ ~ * ~ ~  as well as various substituted derivatives 
such as KBH4,33 NaA1H4,76 NaAlH2(0CH2CH20Me)2,2**33 diisobutylaluminum hydride (DIBAL-H),77 
lithium t r i e t h ~ l - ~ ~ . ~ ~  and tri-s-butyl-b~rohydrid$~*~~~~~~~~~~~ (‘Superhydride’ and ‘L-Selectride,’ respec- 
tively), alkyl- and dialkyl-cyano borohydride^,^^ sodium dithi~nite,’~ hydridoferrates [e.g. 
KFeH(C0)4,80,81 and Fe3H(CO)l lg2], silanes [e.g. Et3SiH/CF3C02H,83 Et3SiH/(Ph3P)RhC184] and seleno- 
phenol (PhSeH).85 A brief selection of representative examples of imine reductions with various hydride 
reagents listed above is presented in Table 3. Entry 2 illustrates a side reaction with LAH, in which initial 
reduction is followed by an internal displacement to afford an a ~ i r i d i n e . ~ ~  Furthermore, reduction of im- 
ines with trimethylamineborane in acetic acid gives N-acylation concomitant with C-N reduction (e.g. 
entry 5).87 This result is probably distantly related to the previously described alkylation of amines with 
N ~ B H ~ / A c O H ~ ~ * ~ ~ ~ ~ ~  except that in this case the amine is acylated by attack on an acetoxyborane. As 
with ketones, bulky reagents (e.g. LiBHEt3 and, particularly, LiBHBuS3) find utility in imine reductions 
where stereocontrol of cyclic systems is desired (e.g. entries 6-8, see also Section 1.2.2.2.3). 

With certain structural types, the reduction course and subsequent reactions exhibited with hydride re- 
agents may depend on the relative reduction rates of groups present. Thus, for example, reduction of the 
keto imine (5) with LAH (THF, reflux) afforded a mixture of the amino alcohol ( 6  29%) and the 0- 
bridged derivative (7; lo%), while NaBH4 (THFMeOH) gave (7; 49%) and NaBHCN (EtOH/AcOH) 
afforded only the N-bridged compound (8). This suggests that LAH reduced the imine and ketone at 
comparable rates, while NaBH4 and NaBH3CN selected the ketone and the imine (via the iminium ion) 
groups, respectively.88 

&LBn 0 &NHBn OH 

(7) 

As described above, t..e reduction of imines c..m proceeds via iminium ions particularly in acidic 
media, since protonation enhances the electrophilicity of the imine carbon. Thus, as expected, preformed 
iminium salts generated from carbonyls and secondary amines are also readily reduced by most hydride 
reagents. Several examples of synthetic applications with a variety of reagents are illustrated in Table 4. 
Entries 9-12 illustrate the use of iminium intermediates for the reductive removal of amide carbonyls. 
Thus, treatment of amides with POCh affords the iminium derivatives (e.g. 9; Scheme 3), which are re- 
duced by NaBH4 to the corresponding amines (Table 4, entries 9, Likewise, reaction of amides 
with trialkyloxonium salts to give imidic esters (entry 12) or thioamides with methyl iodide to give 
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thioiminium salts (e.g. entry 11) followed by reduction with N ~ B H ~ / S ~ C ~ I ’ ~  (or NaBH4)Io1 or NaBH4 
(also NaBH3CN)?9 respectively, affords amines. 

(9) 

Scheme 3 

1.2.2.2.2 Chemoselectivity of hydride reagents 

An important consideration in the selection of a metal hydride reagent for C - N  reductions is, of 
course, that other functionalities present are not affected. Summaries and tables of the chemoselectivities 
of various hydride reagents are available,8J02 (e.g. also ref. 9, p. 177; ref. 11, p. 129) and can be con- 
sulted for particular situations. However, in general, the principal reason that NaBH4 and, particularly, 
NaBH3CN have enjoyed extensive popularity is directly related to the selectivity available with these re- 
agents, since both are essentially inert toward most common functional groups except aldehydes and 
ketones, and even these latter are resistant toward NaBH3CN in neutral or basic conditions.’6*26 As pre- 
viously mentioned, this tolerance has been exploited to allow imine reductions in the presence of esters, 
amides, alkenes, ethers, nitriles, nitro groups, ketones, a variety of heterocyclic rings (see Tables 1 and 
2), and with sensitive biological systems. Other functional groups such as aryl and alkyl halides (c.g. 
entry 8, Table 4), sulfoxides, sulfones and even some epoxides also remain intact under conditions used 
for imine  reduction^.'^^ 

1.2.2.2.3 Stereoselectivity with cyclic derivatives 

Another consideration which often must be addressed in reductions of cycloalkanone imines involves 
the control of stereochemistry, so that proper diastereorelationships can be installed in complex molec- 
ules. Although considerably less investigation of this topic has occurred compared to the immense efforts 
devoted to corresponding ketone r e d u c t i o n ~ ? ~ * ~ ~ J ~  (see also ref. 7, chap. 12; ref. 11, p. 141 and refer- 
ences cited therein) several features have emerged which allow some degree of prediction and control of 
stereochemical outcomes.24~28~72~75~78~g1 Thus, in general, and in analogy to ketones, ‘small’ unsubstituted 
metal hydrides (e.g. LAH,’219’ NaBH4?8 NaBH3CN2*v72v78) prefer to approach from the axial direction of 
unhindered cyclohexyl imines and iminium ions (Le. 10 equation 1) to afford predominantly the corre- 
sponding equatorial amines (i.e. 11; equation 1). Likewise, results with very bulky reagents (e.g. LiBH- 
Bull) also correspond with those obtained with ketonesZ2 in that equatorial attack of (10) to give 12) is 
highly favored?4.28,72+78 On the other hand, major differences between ketones and imines are observed 
with even moderately bulky reagents [e.g. B H ( O A C ) ~ , ~ ~  NaAlH2(0CH2CH20Me)2?8 (alkyl)zBHCN7X]. 
Thus, such reagents normally afford principally axial attack with ketones but equatorial approach with 
imines and, in many cases, the difference is substantial.28 Thus, for example, the imine (loa; R = But) af- 
forded a 16:84 truns:cis mixture of amines (lla; trans) and (12a; cis) with ButNH2*BH(OAc)2, while the 
analogous ketone, 4-t-butylcyclohexanone, gave an 84: 16 truns:cis mixture of the corresponding alco- 
hok2* This divergent behavior has been attributed to increased steric impedance toward axial approach 
induced by substituents on nitrogen (Le. as indicated in 13 and 14).28 Table 5 presents stereochemical re- 
sults for several 4-substituted cycloalkyl imines with a variety of hydride reagents, along with compari- 
sons to the analogous ketones (see also entries 3 and 5, Table 4), and illustrates the similarities and 
differences described above. 

axial attack 

R R-”R’ + R ( 1 )  

equatorial attack 
(10) (11) (12) 
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H 
axial I H 

equatorial 
(13) 

The reduction of 2-alkylcyclohexyl imines is even more dramatic with regard to differences compared 
to the corresponding 2-alkylcyclohexanones. As illustrated in Table 6, all studied reagents prefer equa- 
torial approach to give the cis-amines (12). This is strikingly divergent from results with 2-methylcyclo- 
hexanone, and even from other substituted cyclohexyl imines (e.g. entries 1, 2, 9, 10, Table 5 ) .  These 
enhanced differences are attributed to a combination of the decreased axial attack on the equatorial 
methyl conformer (15), coupled with an augmentation of the axial methyl conformer (16) induced by 
1,3-allylic strain'% in (15; Scheme 4). In this latter conformer (16), the axial methyl apparently retards 
equatorial approach thus favoring axial attack. The combination of favored equatorial approach to (15) 
and axial approach to (16) results in the observed high proportion of cis isomers.28 The reluctance of 
equatorial approach to axial 2-methyl systems was demonstrated by the nondiscriminatory attack of 2- 
methylcyclohexyl iminium derivatives (e.g. entry 11, Table 6) by LiBHBuS328 in contrast to the usual ex- 
treme stereoselectivity for equatorial approach observed with ketones23 and unhindered imines (see 
Tables 5 and 6) .  

t 
- 
trans 

NR2 

/ 
axial equatorial 

eauatorial axiai 

E d -  cis & NR2 

Scheme 4 

Other cyclic imines also show enhanced stereoselectivities compared to ketones. Thus, 3,3,5-tri- 
methylcyclohexyl imine (17) afforded a 94:6 trans:cis ratio with NaBH428 compared to 58:42 with 3,3,5- 
trimethylcyclohe~anone,~~~ again suggesting increased steric interference from N-substituents. 

Reductions of substituted rings containing internal imines with hydrides display varying stereo- 
selectivity dependent on the reagent. Thus, the 2,6-dialkylpiperideine (18a; equation 2, R' = Me, R2 = 
n-undecyl, n = 2) afforded predominantly (>99%) the cis-piperidine (19a) with DIBAL-H or 
LAH/NaOMe, but the trans isomer (20) with LAH/Me3A1.I0* The difference in stereoselectivity has been 
attributed to a change in conformation stemming from Me3AI complexation with nitrogen forcing the 2- 
methyl group into an axial orientation, which reverses the normal direction of attack caused by preferred 



Table 5 Stereochemistry of Reduction of 4-t-Butylcyclohexyliminium Salts and other Cyclohexyl Imines with Hydride Reagents 

R' 

Yield (96) Product Ketone reduction Ref. Entry R' Rz Hydride Solvent 
cis:trans ratio cktrans ratio (ref.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

IO 
11 
12 

13 

Bn 
Bn 
Bn 
Bn 
Bn 
Bn 
Me 
Me 
Me 
Me 
Me 
CH(C&-p-OMe)2 

H e 
N. 

Me 

NaBH4 
NaBH3CN 
Me2NHBH3 
NaAIH2[0(CH2)20Me 12 
LiBHEt3 
LiBHBu'3 
LiAIH4 
NaBH3CN 
NaBH4 
LiAIH4 
NaAIH2[0(CH2)20Me]2 
LiBHBu'3 

LiBHBuS3 

S O H  
MeOH/HCl 
M e C q H  
THF 
THF 
THF 
THF 
MeOH, H+ 
g O H  
- 
- 
- 

THF 

82 
87-97 
74 
94 
89 
77-95 
- 
- 
70 

74 
59 

- 

30:70 
3565-4654 
66:34 
W36 
67:33 
97:3-98:2 
25:75 
4050 
16:84 
35:65 
72:28 
99: 1 

17:83 (21) 
16:84 (27) 

8:92 (28) 

93:7 (23) 
1090 (27) 
1684 (28) 
17:83 (23) 
1090 (27) 
8:92 (28) 

93:7 (23) 

- 

- 

28 
28,78 
28 
28 
78 
28,78 
72 
72 
28 
91 
28 
24 

105 

9 
c5 
sc n 

92:8 



Table 5 (continued) 
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orbital overlap stabilization.Io8 Likewise, 2,5-dialkylpyrrolines (e.g. 18b; n = 1, R1 = Me, R2 = n-nonyl) 
gave the cis-pynolidine (19b) with DIBAL-H (CH2C12). while (18c; n = 1, R' = Me, R2 = n-undecyl) 
provided a 955  transxis (20c:19c) mixture with LAH/Me3Al (THF).65 Other hydride reagents (e.g. 
NaBH4, NaBH3CN) afforded much less stereoselectivity with analogs of (18; e.g. entry 14, Table 2).65 

1.2.2.3 Reduction of In Situ Generated Imines and Iminium Salts of Ammonia, Primary and 
Secondary Amines; Reductive Amination 

1.2.2.3.1 Reductive aminations with sodium cyanoborohydride 

As described in the sections above, imines and iminium salts are effectively reduced by a number of 
reagents. However, most hydride reducing agents require preformation of the carbon-nitrogen n-system, 
since reduction of aldehydes and ketones is very facile with most of them. As mentioned previously, the 
introduction of NaBH3CN into the arsenal of reducing agents altered this situation, primarily because of 
the exceptional functional group tolerance exhibited by this reagent. Thus, under neutral or slightly 
acidic (i.e. pH > 5) conditions, reductions of nearly all common functionalities, including aldehydes and 
ketones, are The principal exceptions to this are iminium ions, which are rapidly attacked by 
cyanoborohydride. These properties, then, allow the sequence depicted in Scheme 2 to be accomplished 
in situ without prior formation and isolation of the intermediate imines. Thus, reductive amination of car- 
bonyls may be accomplished directly by reaction of an aldehyde or ketone with ammonia, primary or 
secondary amines at pH ca. 5-7 in the presence of BH3CN- (usually in MeOH, but occasionally in other 
solvents, e.g. H20, EtOH, MeCN, THF, DMF) at room temperature, leading directly to primary, second- 
ary or tertiary amines. Since the process relies on successful iminium ion generation (i.e. 1; Scheme 2), 
the use of molecular sieves (and presumably other drying agents) to absorb water produced in the initial 
equilibrium (Scheme 2) is beneficial, especially with carbonyls which form imines slowly (e.g. norborna- 
none).26 As expected, hindered ketones (e.g. phenyl t-butyl ketone) which resist imine formation are not 
successfully reduced using the standard procedure,26 and require more forcing conditions to preform the 
imines. Nevertheless, the overall reliability and convenience of reductive amination with NaBH,CN, 
coupled with the reagent's stability in most solvents, including acidic media, and its compatibility with 
other functional groups, have combined to provide enormous popularity for the process. Indeed, several 
hundred reports have appeared describing diverse applications to synthetic endeavors requiring the inser- 
tion of amino groups, and this popularity continues unabated. At present, then, this methodology must be 
regarded as the protocol of choice for reductive amination. 

The utility of reductive amination with NaBH3CN in synthesis is contained in reviewsI5J6 and suc- 
cessful applications have been compiled through 1978.16 Table 7 provides a variety of examples taken 
from more recent accounts and chosen to illustrate the versatility and compatibility of the process with 
diverse structural types and chemoselectivity demands. Thus, esters (entries 2 4 ,  8-1 2). amides (entries 
3, 6-9, 12), nitro groups (entry 13). alkenes (entry 2), cyclopropyl groups (entry 2), organometallics 
(entry 5) ,  amine oxides (entry 14) and various heterocyclic rings (entries 1 ,  3, 5-10) all survive intact. 
Entry 6 illustrates that deuterium can be conveniently inserted via the readily available NaBD3CN,iS.16 
and entry 15 demonstrates that double reductive amination with diones can be utilized to afford cyclic 
amines. 

The functional group tolerance possible with NaBH3CN is even more amply illustrated by the success- 
ful reductive amination of the C-20 aldehyde in tylosin (21) with several amines,124 of the C-3a aldehyde 
of the chlorophyll derivative Chl b (22) with NH3 (80% yield),125 and the C-l 1 aldehyde of the modified 
tetrodotoxin derivative (23) with several amino acids. 126 

The usefulness of reductive amination is augmented by the facile methylation of amines with formal- 
dehyde (usually in MeCN),12' which provides a convenient, mild alternative to Clark-Eschweiler and 
other methylation procedures. Table 8 presents a selection of successful methylation applications with 
various amines, and further illustrates the chemoselectivity and versatility of the process. 

As described previously, NaBH3CN has found wide usage in the biochemical arena where mildness 
and compatibility with aqueous media are essential, and reductive amination has been utilized especially 
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Table 7 (continued) 

Yield (%) Ref Entry Carbonyl Amine Product 

5 

6 

7 

8 

I 
Ru e 

XNO@ / 

0 

(" 0 '  do 
0 

H2NTN? H 

e--?* 
I Ru H 

II 
0 "2 

"Me2 

r i \  .ip2 
N 
H 

I 

0 
0 

H 

C02Et 
AcHN C02Et 

N 
I 

H 

- H  

55 113 

% 
Q 
. I1 

46a 114 2 
6 

43 115 

87 116 
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0 

\\ CHO 

OH 

1 1  
CHO 

I 
OH 

in linking proteins and related polypeptides to various supports. Examples include the coupling of alde- 
hyde-bearing glycosides to amino groups of proteins ( e g .  bovine serum a l b ~ m i n , ' ~ ~ * ~ ~ ~  human fibri- 
n ~ g e n , l ~ ~  bovine pancreatic ribonuclease-A, 135 low density lipoprotein,136 invertase,137 collagen,138 and 
polylysine,139 to name a few), the binding of the globular protein concanavalin A to silica,'40 of a number 
of enzymes to alumina (via pyridoxyl S-ph~sphate) , '~~  and the reductive alkylation of the opioid peptide 
methi~nine-enkephalin.~~~ Other applications encompass the labeling of oligosaccharides with UV- 
absorbing aromatic amines,143 specific methylation of amino acid residues in enzymes and proteins (e.g. 
aspartate aminotransferase,I4 concanavalin A,145 and the L-subparticles of rabbit cytoplasmic ribo- 
s o m e ~ ~ ~ ~ )  and the spin labeling of AMP and NaD+.147 It must be noted that the above represent only a 
small portion of the extensive applications of reductive amination to biochemical problems, further dis- 
cussion of which is beyond the scope of this chapter. 

Although reductive amination with NaBH3CN has been successfully utilized for numerous synthetic 
applications, side reactions and failures have been noted. Thus, reductive amination (with ammonia) of 
the keto sugar (24) afforded a mixture of products including two isomeric cyanohydrins and alcohols 
(partial structures 25 and 26, respectively), in addition to the expected diaminated product.I4* Also, the 
diketone corresponding to (5)  gave a diol (resulting from reduction of both carbonyls) and the cyclic 
amino alcohol (8), in addition to the diamine resulting from reductive amination with ammonia, all in 
low ~ i e 1 d s . I ~ ~  Likewise, carbohydrate derivatives (27)150 and retinal (28)IS1 failed to give satisfactory 
yields of amine products upon reductive amination. 

AtOk$ OH BnO -."b$ BnO 

Ph Ph 
2 0 0 

Ph 

0 0  CN OH 

(24) (25) (26) 
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Table 8 Reductive Methylation with NaBH3CNFomaldehyde 
Entry Amine Product Yield (S) Ref. 

%.-. 
HO 

Ph 

H 
I 

3 

Me0 

4 Me0 
OMe 

H 
I 

5 ""m"'" Me0 

1 
N. 

Me 

7L- 
HO 

Me2N? N\N 

CI q 3  N 

Ph 

Me0 TNMe2 OMe 

MeomNMe2 Me0 

68 

83 

128 

129 

I30 

131 

132 - 

84 I33 

1.2.2.3.2 Reductive aminatwns with other hydride reagents 

Although the use of NaBH3CN alone for reductive amination has thus far dominated applications in 
synthesis, modified cyanoborohydride derivatives and other reagents, which offer viable alternatives and 
potential improvements, have recently been introduced, Thus, Zn(BH3CN)2 (methanol solvent) is appar- 
ently equally effective for reductive aminations and amine methylations and, in most cases, requires 
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short reaction times (ca. 1-6 h).152 In addition, the combination of NaBH3CN and Ti(OPr')4 is reported to 
afford superior results with difficult carbonyls and those sensitive to acidic conditions,lS3 and other 
Lewis acids (i.e. MgCIz) have also been employed with NaBH3CN.lS4 Alkylammonium cyanoborohy- 
drides allow reductive aminations to be conducted in nonpolar s01vents.l~~ One study reports the use of 
Na-9-BBNCN-H for the reductive amination of 2-methylcyclohexanone with ammonia, but the yield 
was low (3 1 %),78 Other boron-based mild reducing reagents also provide alternative reductive amination 
processes. These include BH3.THF,'56 pyridine.BH3,20*'57.'58 NaBH4 (or NaBD4) in liquid or aqueous 

and NaBH(OAc)3 in THF or CICH2CH2C1.160 The previously mentioned KFeH(C0)480*81 
reductively aminates carbonyls in ethanol with best results obtained under a CO atmosphere. The reagent 
also provides methodology for the methylation of amines using formaldehyde as the carbonyl partner.I6' 

I .2.2.3.3 Stereoselectivity with cyclic derivatives 

Investigations of stereochemical outcomes of in situ reductive aminations have been sparse and the 
few reports generally indicate relatively poor diastereoselection with cyclohexyl systems. Table 9 pres- 
ents a selection of available stereochemical results with the reagents which successfully reductively ami- 
nate ketones and indicate that selectivities generally parallel those obtained with preformed imines where 
comparisons are available (see Table 5,  entries 2, 3, 8; Table 6, entries 24). Thus, 4-substituted cyclo- 
hexanones display no or low selectivity with 'small' reagents (i.e. BH3CN-, entries 1,7) while moderate- 
ly bulky reagents [ i t .  NaBH(OAc)3, entries 2, 31 afford a predominance of cis (Le. axial amine) 
diastereomers. Likewise, 2-methylcyclohexanone gives principally cis isomers with NaBHCN, as well 
as with the more hindered Na-9-BBNCN-H. In contrast to this, electrolytic reductive amination (Hg ca- 
thode, aqueous ethanol, pH 10-1 1) of 2-methylcyclohexanone (with MeNH2) provided a 2: 1 transxis 
mixture of amines, while 4-t-butylcyclohexanone gave high trans diastereoselectivities with MeNH2 and 
Me2CHNH2 (transxis 14: I and 20: 1, re~pectively).'~~ 

Table 9 Stereochemistry of Reductive Amination of Cyclohexanones with Amines and Hydride Reagents 
~ 

Entry Cyclohexanone Amine Reagent Yield (%) Product ratio Ref. 

cis:trans 

1 4-f-b~tyl 

2 4-t-butyl 

3 4-t-butyl 
4 2-methyl 
5 2-methyl 
6 2-carboethoxy 

Bu~NBH~CN 73 33:61 I55 

C N - H  NaBH(OAc)3 96 71:29 160 

Me2CHNH2 NaBH(OAc)3 91 79:2 1 160 
PhCH(Me)NHZ NaBH3CN 63 6535 I62 

M q N H  NaBH3CN 53 40:60 26 
"3 Na-9-BBNCN-H 3 1 70:30 I8 

PhNH2 NaBH3CN 96 5050 75 
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1.2.2.4 Reduction of Enamines via Iminium Ion Intermediates 

1.2.2.4.1 Choice of hydride reagent and solvent 

Although enamines are normally resistant to reduction by hydride reagents, rapid and reversible proto- 
nation on carbon in acidic media generates iminium ions, which, as presented above, are rapidly attacked 
by hydride reagents (Scheme 5 ) .  Thus, reagents which tolerate acidic conditions [e.g. NaBH3CN,15*'6,26 
NaBH(OAc)3,I4 B H ( O A C ) ~ ~ ~ ~ ~ ~ ,  BH(02CCF3h161J65] provide effective systems for enamine reductions 
to amines. Normally the latter three reagents are generated in situ from NaBH4, BH3 or aminesBH3 com- 
plexes and the corresponding carboxylic acid as solvent, followed by addition of the enamine substrate. 
For this reason, the exact reducing species are not accurately known and therefore may be mixes of vari- 
ously substituted acyloxyboranes. The reviews and reports listed above for acid-stable reagents provide 
collections of successful enamine reductions. Table 10 presents further examples with a variety of reduc- 
ing systems and illustrates the versatility of the methodology and, again, the chemoselectivity possible 
with such mild reagents as NaBH3CN and acetoxyboranes. Thus, esters (entries 5 ,6 ,9 ,  10, 12), lactones 
(entry 2), certain heterocycles (entry 4), phosphites (entry 8), and even sensitive ketones (entry 7) and 
epoxides (entry 10) remain intact. Other types of enamines including vinylogous amides (entries 5-7,9, 
10, 12, 13) and indoles (entries 14, 15) are also effectively reduced. Occasionally, elimination of appro- 
priately placed groups has been observed (e.g. a p-amino ketone, entry 13). 

Scheme 5 

Other reagent systems not listed in Table 10 which successfully reduce enamines (i.e. indoles) include 
BHypyridine in A c O H I ~ ~  or TFA,lM catecholborane/rFA,164 NaBH3CNFFA,IM and 
KFeH( C0)dCOlethanol. I 

I .2.2.4.2 Stereoselectivity with cyclic derivatives 

Since enamine reductions proceed through iminium ion intermediates, stereochemical features with 
cyclic examples should parallel results with preformed derivatives, and this is generally the case, at least 
with the acid-stable systems described above.28 Furthermore, since the successful reagents are usually 
the moderately bulky acetoxyborane or acetoxyborohydride derivatives, a preponderance of cis dia- 
stereomers (from equatorial attack on cyclohexyl systems, equation l and Scheme 4) is obtained with 2- 
and 4-substituted derivatives.28 In addition, 2-methylcyclopentenylamines are reduced in high stereose- 
lectivity to the corresponding cis-2-methylcyclopentylamines with borane and borohydride reagents in 
AcOH (Scheme 6). This result is attributed to 1,3-allylic strain in the iminium ion: the methyl group is 
pushed into a pseudoaxial orientation which blocks the approaching reagent and forces attack from the 
opposite side.28 q N D  ", HOAc q43 + Q l l l ' l N ~  

98:2 
Scheme 6 
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Table 10 (continued) 

Entry Enamine Reagent Solvent Product Yield (%) Ref 

14 Mea@ 
! 

H 

n 

15 w 
H 

BH3 CF3C02H 90 164 

H 

p-Dioxane SYQ H 87 178 

a Cislrrurrs = 9: I .  Plus 28% lactone side product. 
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1.2.3 REDUCTIONS OF A'-HETEROATOM-SUBSTITUTED IMINES 

NaBH&N/MeOH/pH 3 I 

1.2.3.1 Reduction of Oximes, Oxime Ethers and Oxime Esters to Hydroxylamines and 
Derivatives 

R'  
L N  

OH 

1.2.3.1.1 Reduction of oximes to hydroxylamines 

Aldoximes and ketoximes are reduced to hydroxylamines with an assortment of mild reducing re- 
agents including BH3/THF (at moderate ternperatures),lg1 BH3.pyridine/HC1?0~182*'83 BH3.NMed7 M 
HCI,20*'83 LiBH4,Ig4 NaBH4 in basicIg5 or acidic (e.g. carboxylic acid)I4 media and NaBH3CN with 
HC115.'6.26 or A C O H . ~ ~ , ' ~ ~  The products obtained with the latter two reagents depend somewhat upon the 
reaction conditions. Thus, NaBHdAcOH at 25'C affords N-monoalkylhydroxylamines while N,N-dial- 
kylhydroxylamines are obtained at higher temperatures via reduction of imines generated in situ from al- 
dehydes (Scheme 7).20.186 In addition, aldoximes may also give N,N-dialkylhydroxylamines via 
condensation of an initially produced hydroxylamine (29) with the aldoxime and subsequent reduc- 
tion.20,186 This latter side reaction is also observed in reductions with NaBH3CN/H+ at pH ca. 4 but not at 
pH 3 (Scheme 8).16*26 Table 11 presents a selection of successful oxime reductions with various reagents, 
and illustrates the chemoselectivity toward acetals (entry l), alkenes (entries 2, 3). esters (entries 4, 7) 
and nitro groups (entry 6) Reduction may be followed by cyclization to N-hydroxyamides, as is the case 
in entry 4. 

R'  
* 

R2' AcOH. 25 "C R2' 
(29) 

NaBH, R3CH0 

R3COzH. 40 -50 O C  NaBH, 
(29) - 

Scheme 7 

R '  NaBH@IOAc/40-50 OC 

OH or NaBH3CN/MeOH/pH 4 
L N  'I, 

L R '  L R 1  

Scheme 8 

1.2.3.1.2 Reduction of oxime ethers and esters to hydroxylamine ethers and esters 

Many of the same reagents which reduce oximes to hydroxylamines are also effective for the conver- 
sion of 0-alkyl, 0-aryl and/or 0-acyl oximes to the corresponding 0-alkyl-, 0-aryl- and O-acyl-hydrox- 
ylamines, respectively. Thus, BH3,18' BH3.pyridine/HC1,2°,182,'g3 BHyNMedHC1,20.1X3 NaBHlCN with 
HCl'92*'y3 or AcOH,'" all reduce 0-alkyl (or O - a r ~ l ) ' ~ ~  derivatives, a selection of which are presented in 
Table 12. Again, the chemoselectivity available with the reagents is displayed by the inertness of cyano, 
carbohydrate, amide and ester groups (entries 1, 2, 5 and 7, respectively). An interesting synthesis of 
N-alkoxyazetidines is illustrated (entry 4) in which the initially produced 0-alkylhydroxylamine under- 
went an intramolecular substitution to give the four-membered ring.'" Reduction of the oxime corre- 
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Table 11 Reduction of Oximes to Hydroxylamines 

61 

Entry Oxime Reagent Product Yield(%) Ref. 

NOH NHOH 

73 I87 

gNoH "OH 

0 NaBH3CN/HCI 95 188 

H gNoH Y N - O H  
95 I89 0 

H 

N 
OH 
I 

0 

29 I90 

Ho@ 
NaBH$N/AcOH 85 191 

"y""" 
&OH 

NO2 

NHOH 

Et ACOzEt 

NHOH 
I 

91 I83 

92 I83 
NOH 

Et K C O 2 E t  

93 184" 

U 
Ref. 186 reported 81% yield with NaBHJCN/AcOH. 
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sponding to entry 4 afforded the five-membered isoxazolidine resulting from displacement of tosyl by 
the hydroxylamine oxygen. 194 

The reduction of 0-acyl oximes to 0-acylhydroxylamines also is accomplished under mild conditions 
with pyridine.BH3/HC1,'82 NaBH3CN/HC1,197 and N ~ B H ~ C N / A C O H ' ~ ~  in a similar fashion as with other 
oxime derivatives. In addition, BH3 (1 equiv.)IV9 and the combination of Et3SiHRFA'98 also effects effi- 
cient reduction. With the former reagent, rearrangement to N-acylhydroxylamines has been observed 
(equation 3).'* Representative examples of 0-acyl oxime reductions are presented in Table 12. The re- 
lated derivatives nitrones are also reduced by LAH,2°0*201 or NaBH3CN/H+202 to hydroxylamines (equa- 
tion 4).202 

BH3 k -  60% y "OH 
C6H13 C6H13 

(3) 

OH 
I 

0- 

60% - MeomN-ph Me0 (4) 

NaBH3CN/H+ 

Me0 

1.233 Reduction of Oximes, Oxime Ethers and Oxime Esters to Amines 

The reduction of oximes and subsequent cleavage of the N - O  bond to afford primary amines occurs 
with a variety of potent hydride reagents including LAH,7,9v20'.203 NaAIH2(0CH2CH20Me)2,7*2w BH3 (at 
105-1 10 0C),205 NaBH2S3:" and NaBH4 in combination with a variety of transition metal salts includ- 
ing TiC13,2°7a*b (also with NaBH3CN207C), z1C14,"~ NiC12,2@' and M003.~@' Several representative exam- 
ples of oxime reductions to amines with a variety of reagents are presented in Table 13. Although 
thorough chemoselectivity studies with the transition metal salts/NaBH4 systems have not been con- 
ducted, several functionalities do survive, including NO2 (entry 3), cyclopropyl (entry 5 ) ,  ketal, amide 
and certain heterocycles (entry 8). With NiCldNaBH4, conjugated oximes afford saturated amines (entry 
6) while Mo03/NaBH4 gives mostly the allylic amine (entry 7). Alternate pathways are obtained with 
DIBAL-H which efficiently affords rearranged secondary amines as the only product (entry 9). presum- 
ably via Beckmann-type rearrangement and subsequent reduction of the resulting imine. This result also 
sometimes occurs as a side reaction with LAH. Ketoximes and aldoximines bearing a P-phenyl and ke- 
toximes with an a-phenyl generally afford aziridines with LAH in ether solvents although yields are 
usually moderate (ent 10). Likewise, NaAIH2(0CH2CH20Me)2 affords mixtures of amines and 

Treatment of oximes with LAH in HMPA does not afford the expected amine products, but rather 
gives ketones from ketoximes and nitriles and/or aldehydes from aldoximes. These unusual results are at- 
tributed to the formation of imine intermediates which are hydrolyzed to carbonyls or undergo elimina- 
tion to nitriles (which may be further reduced and hydrolyzed to  aldehyde^).^'^ 

or CFK02H (NaBH302CCF3),216g2'7 LAH/NaOMe,218 and NaAlH2(0CH2CH20Me)2.204 This latter re- 
agent affords aziridines in addition to primary amines.204 Likewise, 0-acyl oximes afford amines upon 
reduction with BH3,2O5l2l9 or NaBH4 in combination with NiC12 or M003,2'~ while oxime sulfonate esters 
undergo Beckmann rearrangement and reduction to secondary amines with DIBAL-H220 in a similar 
fashion as observed with oximes (Table 13, entry 9).213 A selection of reductions of 0-substituted 
oximes is presented in Table 14. 

aziridines with oximes. %4 

Oxime ethers yield amines from reduction with BH3 (25 'C),205 NaBH4 in Combination with 

1.2.3.3 Stereoselectivity of Reductions of Cyclic Oximes and Oxime Derivatives 

Systematic investigations of the stereochemical outcomes of reductions of cyclic oximes and their 
derivatives have been sparse; the available information suggests that results sometimes parallel those ob- 
tained in other imine reductions (Sections 1.2.2.2.3, 1.2.2.3.3 and 1.2.2.4.2). but differences are also 
noted. A collection of examples in which the stereochemistry was determined is presented in Table 15. 
Thus, with cyclohexyl systems enhanced equatorial attack (compared to ketones) leading to axial amines 
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Table 14 Reduction of Oxime Derivatives to Amines 

Entry Oxime derivative Reagent Product Yield(%) Ref. 

/ 'OMe 

s!j 
,OMe 

\ 

,OMe 

d' 
Bu K 

Ph>NoTHP Ph 

BHflHF 

NaBH&rC14 

NaBH302CCF3 

Li AIHflaOMe 

BHOHF 

DIBAL-H/Et20 

f "* 
82 205 

"2 @ 95 208 

90 216 

OH NH2 uBu 92' 218 
Bu 

wNH2 68b 205 

82 220 

H 
I 

88' 204 NaAIH2[O(CH2)20Me] Ph 
Ph 

Synlclnri = 96:4. Also, 8 1 8  p-nitrobenzyl alcohol. Also, 12% primary amine. 

(or derivatives) is observed with NaBH4NiC12 (entries 2-4)209 while NaBH4hIo0.7 gives predominatly 
axial attack (compare entries 4 and 5).209 However, with more substituted rings this latter reagent gives 
almost entirely equatorial approach (e .8 .  entry 6; also entry 8, Table 13),2i2 possibly induced by the syn- 
axial alkoxy. Since the actual reducing species with these transition metal modified reagents is not 
known, speculation as to the origin of these differences is not warranted without additional study. The 
combination of Et3SiHDFA also gives predominately axial amine derivatives, while NaBHCN/HOAc 
affords mostly (80%) axial attack to give the equatorial amine (entries 7, 8).19* Unfortunately, as men- 
tioned previously, the use of bulky trialkylborohydrides to obtain highly stereoselective reductions of ox- 
imes and oxime ethers (as occurs with imines, Section 1.2.2.2.3) is prevented by the inertness of these 
derivatives toward the  reagent^.^^.^^ 
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Entry 9 in Table 15 illustrates another synthetically useful stereocontrolled reduction of cyclic oxime 
ethers (isoxazolines) to alicyclic amino alcohols using LAH. The stereoselectivity obtained is further en- 
hanced by the incorporation of a 4a-hydroxy group which, upon reduction, affords almost entirely the 
erythro isomer (equation 5).221-223 High diastereoselectivity in the reductive cleavage of isoxazolines has 
also been obtained using LiBH4 (equation 6).224 

O H  
LAH OH - c 1 4 H 2 9 ~ 0 T H p  ( 5 )  

C14H29 *oTHp 95% H O  NH2 
0 - N  

erythro 

LiBH4 

69% 
___.) erythro 

95:5 

1.2.3.4 Reduction of Hydrazone Derivatives to Hydrazine Derivatives 

As expected, many of the same hydride reagents which convert other imine derivatives to the saturated 
analogs also reduce hydrazones, although extensive surveys have not been conducted. Successful re- 
agents with varying types of hydrazones include LAH$s7*9,225 BH3,73226 NaBH4,227-228 catechol borane,229 
pyridine.BHdHC1,20%230 and NaBH3CN/HCl,16,23i-233 Representative examples of hydrazone reductions 
are presented in Table 16 along with conversions of other N-heteroatom-substituted derivatives. 

Probably the most synthetically important conversion in the hydrazone category involves reduction of 
N-arylsulfonyl hydrazones to arylsulfonyl hydrazine intermediates which undergo further decomposition 
to give hydrocarbons, a topic covered in Chapter 1.14, this volume. Under mild conditions (e.g. pyri- 
dine.BHdHC1,20q230 NaBH3CN/HC116*231,234), the arylsulfonylhydrazines survive, providing preparative 
methods for these derivatives (entries 3,4). 

Aldehydes and ketones undergo in  situ reductive amination with hydrazine (via hydrazone intermedi- 
ates) using NaBH3CN/HCl in an analogous fashion, as previously described for amines (Section 1.2.2.3). 
to afford alkyl-substituted hydrazines, and the process can be utilized to synthesize nitrogen heterocyclic 
rings with dialdehydes (entries 5 ,  6).235 Reductions of hydrazones with NaBH3CN have also been used in 
the biochemical area to attach fluorescent chromophores to gangliosides.233 

Reductions of hydrazones with LAH may, as expected, proceed further if carbonyls or other suscep- 
tible groups are present. Thus, N-acyl hydrazones (e.g. 30) give N-alkylhydrazines along with the N-acyl 
derivative (equation 7),236 while the phenylosazone (31) gave further rearrangements of the intermediate 
dihydrazine to afford (32; equation 8).237 

H H H 

0 

(30) 
H O  
13-70% 

C H i O H  
I \ N P h  

PhNHN Po - Ho%-: H - N ,  

LiAIH4, dioxane 

SO% 

C H O H  

I 
Ph NNHPh 

(32) (31) 

H 
48-1 2% 



Table 16 Reduction of Various N-Heterosubstituted Imines to N-Heterosubstituted Amines 

Entry N-Heteroimine Reagent Product Yield (%) Ref. 

@ Y e  N-N LiAIHfit20 80 225 

H ‘H H 

M e 0  e, 
N-NMe2 - 

/ \  
Me0*N-NMe2 M e 0  H 2 NaBHmeOH 56 227 

M e 0  

NC*, / \  
N-N 3 94 230 

Ts H Ts 

Q ,  N-N CO2Et Q ,  CO2Et NaBH&N/HCI 4 83 225 
N-N, 

H H  H 

H 
I 

M e N N * N * M e  / OHC-CHO NaBH3CN/HCI 
I 

H Me-9 Me.’ 
21 235 5 

-CHO 
( 7 N - N H 2  / OHC 0 . 3  6 36 235 NaBH3CNMCI 
U 
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Table 16 (continued) % 
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Entry N-Heteroimine Reagent Product Yield (a) Ref. $ 
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1.23.5 Reduction of N-Sulfur-substituted Imines to N-Sulfur-substituted Amines 

Relatively little investigation of the reduction of sulfur-substituted imines has appeared. Tritylsulf- 
enimines are reduced with NaBH3CNKF3C02H to the corresponding tritylsulfenamides, but are resistant 
toward NaBH41T”F/EtOH.238 The more highly activated sulfinyl imines (i.e. N-alkylidenesulfinamides) 
are reduced by LAH/Et20 (and various alkoxy-modified reagents) and NaBHdEtOH to sulfinylamides 
(e.g. Table 16, entry 9).239 With optically active derivatives, significant diastereoselectivities (2040%) 
are obtained in the reductions and are enhanced by reduction of racemic derivatives with optically active 
LAH-derived reagents.239 More thorough examination of such asymmetric reductions are found in Chap- 
ter 1.7, this volume. The product sulfinamides may be cleaved with TFA to the corresponding primary 
amine or oxidized to sulfonamides.239 The activated imine linkage in N-sulfonyl imines is reduced under 
mild conditions with NaBH4/MeOH (entry or LAH (entry 1 1 ) 2 4 1  and probably many other re- 
agents, although the range has not been explored. Entry 11 illustrates an unusual reductive removal of a 
sulfonyl imine with LAH.241 

1.2.3.6 Reduction of N.Phosphorus-substituted Imines to h’.Phosphorus-substituted Amines 

The attachment of the strongly electronegative phosphinyl (P-0) group to an imine, usually via re- 
action of an oxime with a c h l o r ~ p h o s p h i n e , ~ ~ ~  also gives highly electrophilic imines which are reduced 
by NaBWHF2423243 and various modified borohydride and LAH  derivative^^^^-^^^ under mild condi- 
tions. The product N-phosphinylamines are protected forms of primary amines since removal of the 
phosphorus substituent is accomplished under mild acidic ~ o n d i t i o n s . ~ ~ ~ ? ~ ~ ~  Entries 12 and 13 (Table 16) 
present representative reductions and illustrate (entry 13) that highly diastereoselective reductions of cy- 
clic systems to axial amine derivatives are accomplished with L ~ B H B u ~ ~ . ~ ~ ~  Enantioselective reductions 
of N-diphenylphosphinyl imines to optically active amine derivatives have also been reported (Chapter 
1.7, this v o l ~ m e ) . ~ ~ ~ ~ ~ ~  

1.2.3.7 Reduction of other N-Heteroatom-substituted Imines to N-Heteroatom-substituted 
Amines 

A few other N-substituted imines have occasionally been reduced to amine derivatives. Thus, N-nitro 
imines (nitrimines) are reduced by NaBHs/dioxane/EtOH/A~O@~~ to N-nitroamines (Table 16, entry 
141, and nitronate salts are reduced by BH3RHF to hydroxylamines (entry 15) via oximes.248 Isocyanates 
are reduced by L ~ B H E ~ L ~ ~  LiAlH(OBu1)3 (at low temperature),249 or Ph3SnH250 to formamides, which 
may be hydrolyzed in acidic workup to amines,25 while reduction with LAH affords N-methylarnine~.~~’ 
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1.3.1 INTRODUCTION 

Unanticipated developments help to put known facts into place. Results from biochemistry drove 
home to organic chemists the message that it was not a chemical rarity for carbon-hydrogen bonds to be 
sources of hydride equivalents. Westheimer, Vennesland et a[.' established beyond doubt that in a redox 
reaction mediated by the coenzyme couple NAD(P)+/NAD(P)H the carbon-hydrogen bond of ethanol 
could serve directly as a hydride donor to an electron-deficient carbon of a pyridinium ion, and that this 
hydride equivalent could in turn be donated directly to the electropositive carbon of a carbonyl group. 
Thus the hydride donor capacities of carbon are also part and parcel of life. All this can occur under 
physiological conditions with the help of an enzyme, which somehow activates these reactants. The se- 
quence is illustrated schematically in equation ( I ) .  In either direction hydride is transferred from carbon 
to carbon. 

The organic ground on which these observations fell was fertile. The reducing power of aldehydes was 
well known, for example the use of formaldehyde (together with zinc dithionite) in the dye industry.2 
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R R 
(1) R = ribose-OPOP-ribose-adenine (2a) 

The Cannizzaro reaction (Section 1.3.3.2), the Leuckart reaction (Section 1.3.3. I ) ,  wherein formic acid is 
used as a reductant, and the Meerwein-Ponndorf-Verley (MPV) reaction (Section 1.3.3.3). wherein alco- 
hols serve as reducing agents, had been used and studied widely by the organic community. The results 
from biochemistry underscored the kindredness of these different processes. 

Another development also had an effect, but in this case a delaying one, on the development of carb- 
on-hydrogen bonds as hydride donors; the advent of highly reactive but safe metal hydrides as reducing 
agents tempered interest for a time in the less potent organic reducing agents. In recent years, however, 
interest in some new synthetic and mechanistic aspects of ‘hydride transfer’ from carbon has been re- 
kindled. 

The quotation marks of the foregoing sentence refer to a convention that will be adopted here, namely 
that the descriptors ‘hydride’ and ‘hydride transfer’ will represent an end result, not a mechanistic impli- 
cation. The mechanistic aspects will be discussed when relevant to the material of this chapter. Indeed 
the majority of more recent work is more mechanistically than synthetically oriented. 

1.3.2 STRUCTURE AND REACTIVITY 

1.3.2.1 Structural Types that may donate Hydride 

Some representative examples of hydride donor couples are triarylmethanes (3a,b), cycloheptatrienes 
(4a,b), a-heterosubstituted methanes (5a,b), and heterocycles such as 1 ,Cdihydropyridines (6a,b). 

Ar,C+ 

Primary and secondary alcohols or alkoxides may serve as hydride sources; the generation of a strong 
carbonyl bond serves as a driving force (equation 2). Other atoms can replace oxygen; an analogous pro- 
cess whereby a carbon-carbon double bond is formed via loss of hydride from a carbanion has much 
synthetic potential (equation 3). In some cases the metal remains bonded to the alkene (Section 1.3.3.7). 
Some relatively isolated examples wherein bonds other than double bonds are formed will be discussed 
later. Most of these reactions will be seen to proceed often (but not obligatorily) through six-membered 
ring transition states. 

Examples of transpositions of hydride via sigmatropic reactions (equation 4)3 will be restricted to one 
special example, which will be discussed in Section 1.3.3.5.3. 



Reduction of C=X to CHXH by Hydride Delivery from Carbon 81 

(2) 

X = H, metal ion 

X = ligand; M = B, AI , Zn , Mg, Ma, etc. 

n = 1, 3, 5 ,  ... 

Some cases of hydride donation from carbon will not be mated here, including various industrial cata- 
lyzed cracking processes." 

1.3.2.2 Some Mechanisms for Hydride Donation 

Proper kinetic and thermodynamic meshing of the reactants is necessary for hydride transfer from a 
donor to an acceptor. There are at least three obviously different mechanisms by which hydride equiv- 
alents can be transferred. These are: (i) concerted transfer of the proton and two electrons (equation 5); 
(ii) homolytic cleavage of the carbon-hydrogen bond followed by subsequent transfer of an electron 
(equation 6); and (iii) initial loss of a proton followed by transfer of two electrons, either together or 
stepwise (equation 7). Fusion of pathways is imaginable, dependent on the structures of the participating 
molecules and possibilities for catalysis. 

H + X = Y  - + + H-X-Y- ( 5 )  f 

The concerted mechanism (equation 5) is often encountered (or experimental techniques are not sensi- 
tive enough to detect very rapid consecutive steps). Unless otherwise stated a concerted mechanism will 
be presumed. In a number of examples to be cited, however, the final word is doubtless not yet in. 
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1.3.2.3 Catalysis 

Catalysis and activation are not the same. In Friedel-Crafts acylations of aromatics, aluminum 
chloride is used in more than stoichiometric amounts as an activator and coreagent. A similar approach is 
often used on a stoichiometric basis to activate carbon-hydrogen bonds toward hydride donation. This 
chemical approach stands in sharp contrast to the enzyme alcohol dehydrogenase, which works catalyti- 
cally via a complex mechanism wherein activation is achieved but not at the expense of irreversible con- 
sumption of a coreagent.lb 

A brief discussion of some aspects of alcohol dehydrogenase will be used to illustrate the potential for 
catalysis. This system is chosen for illustration because it has been studied so extensively. Lessons drawn 
can be applied in a broader context. The 1,4-dihydropyridine (2a) is the reductant and this affords a nico- 
tinium ion (1) on transfer of hydride, as illustrated in equation (1). This process is mimicked in many 
abiotic systems by derivatives of (2; R = alkyl or benzyl), by Hantzsch esters (7), which are synthetically 
readily accessible, and 1 ,bdihydro derivatives (8) of pyridine-3,5-dicarboxylic acid. A typical abiotic re- 
action is the reduction of the activated carbonyl group of an alkyl phenylglyoxylate (9), activated by a 
stoichiometric amount of the powerful electrophile Mg(C104)2, by, for example, (2b; equation 8). After 
acrimonious debate the consensus seems to be that such reactions involve a one-step mechanism (i.e. 
equation 5). unless the reaction partner strongly demands a radical intermediate, as in the reduction of 
iron(I1) to iron(II1). 

H 

(7) R'  = alkyl, aryl; X = OR, NR,, CR2; R2 = alkyl, aryl 

R' 

(8) R' = alkyl, benzyl; X = OR, NR2 

How may the kinetic barriers to hydride transfer be lowered? The following arguments pertain to both 
biotic and abiotic systems. Activation is possible. Most likely magnesium ion activates the carbonyl 
group via complexation as depicted in equation (9). The hydride-donating potential can be modified by 
structural change. Using (7) and (8) as examples, it is known that introduction of carboxamide groups (X 
= NR2) increases the redox potential relative to X = OR(see 8a and 8b), and introduction of substituents 
at the 2,6-positions of the 1 ,Cdihydropyridine ring also has the same effect (see 7a and 8a). As a marker 
NADH (2a) has I? = -361 mV.5 

+ Mg2+ )-.-fig - >&-big 

Hard electrophiles like Mg(C104)2 are used to activate abiotic systems. In the enzyme liver alcohol de- 
hydrogenase (LAD) a considerably different catalytic apparatus is present; a zinc ion coordinated to two 
cysteines and a histidine serves as a coordinating site for the carbonyl compound/alcoholate, as illus- 
trated in equation (10). This zinc ion has amphoteric properties consistent with the capacity to activate 
the reaction in both directions without being consumed, in other words to act as a catalyst. Synthetic 
models of this catalytically active zinc have been shown to possess some catalytic activity in analogy to 
the enzyme (see Section I .3.3.5.1 iii). 

Various experimental and theoretical approaches suggest that in the transition state only slight, if any, 
negative charge is present on the hydrogen atom being transferred; B in Scheme 1 rather than A.6 In fact 
argument on the basis of precedent suggests that the transition state may actually involve a positively 
charged hydrogen atom (C in Scheme 1). For example, the bridged 1,5-hydridocyclodecyl carbocation 
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(A) is a model for the transition state for hydride transfer? The situation in (A) is a particularly good 
model for hydride transfer from an sp3 carbon to an sp2 carbonium ion center. NMR investigations of (A) 
indicate that the hydrogen undergoing transfer has indeed only about 0.1 electron. 

A 

B 

C 

C-H + c+ - [ 

Scheme 1 
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Simple frontier orbital arguments have been made on how a transition state analogous to C (Scheme 1) 
could be stabilized by the carboxamide of nicotinamide or amide units from the peptide chain. This is, of 
course, the essence of complementarity in an enzyme.6 More rigorous calculations (Section 1.3.3.5. li) 
indeed indicate participation of the carboxamide in stabilization of the transition state for hydride trans- 
fer. These simple schemes can be put in even more primitive acidbase terms. The hydrogen being trans- 
ferred has the character of an acid and as such will be stabilized by interaction with bases like carbonyl 
oxygen. One may expect acceleration of hydride transfer when such opportunities for stabilization are 
present. 

1.3.3 COMPOUND CLASSES 

1.3.3.1 Hydride Transfer from Formic Acid 

Formic acid is an exception among organic acids in having reducing capacity because of its combined 
acid/aldehyde character and the possibility for exothermic release of carbon dioxide on hydride donation. 
Ammonium formate, NH4C02H, has long been used for reductive alkylation of amines. This is the Leuc- 
kart reaction, which has been reviewed.8 In this process aldehydes or ketones are used to alkylate am- 
monia and form a primary amine (ll), as depicted in equation (1 1). The reductive step is the reaction of 
formate with an iminium ion or its equivalent (equation 12).9 

+ 2H2O + NH, + C02 ( 1 1 )  r;2 R‘ ’ R2 R‘ 
+ 2 NH4COzH - 

(11) 

Formic acid also reduces stable iminium functionalities (but not in general carbonyl groups). Acridi- 
nium ions are also readily reduced. This process bears some outward resemblance to the enzymatic trans- 
formation of formate to carbon dioxide by formate dehydrogenase, although a molybdenum/sulfur 
cluster is probably the hydride acceptor in the enzyme.IO 

Probably the most use has been made of the Eschweiler-Clarke modification wherein formaldehyde is 
used together with formic acid to methylate amines.” This procedure is especially useful for the clean 
preparation of N,N-dimethylamines, a particularly useful example being the N,N-dimethylation of amino 
acids. l 2  

1.3.3.1.1 Catalysis 

The synthetic potential of reductions by formate has been extended considerably by the use of am- 
monium formate with transition metal catalysts like palladium and rhodium. This forms a safe alternative 
to use of hydrogen. In this fashion it is possible to reduce hydrazones to hydrazines, azides and nitro 
groups to amines, to dehalogenate chloro-substituted aromatics, and to carry out various reductive 
removals of functional groups. For example, phenol triflates are selectively deoxygenated to the aromatic 
derivatives using triethylammonium formate as reductant and a palladium catalyst.I3 These recent appli- 
cations have been reviewed. l 4  

Catalyzed reductions with ammonium formate proceed with retention of configuration, at least for the 
case of nitro compounds. Treatment of steroid derivative (12) with ammonium formate in methanolic 
solution and a catalytic amount of palladium on charcoal gave exclusively amino steroid (13), as shown 
in equation ( 1 3).15 A similar technique has been used to produce members of the ephedrine family. 

Hydrogenation of itaconic acid (14) with Rh(COD)C12 catalyst and commercially available triethylam- 
monium formate as hydrogen source delivers (S)-(15) in good enantiomeric excess (equation 14); with 
hydrogen as reductant instead of ammonium formate a 94% ee is obtained.I6 
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- I @  HC02NH4/10% Pd(C), 20 "C 

82% 

"2 

AcO 

NO2 

(12) (13) 

Et,N/HO&M/Rh(COD)Cl,, 45 "C 

H02C 100% * ::;:I %,,, ""'X 
(15) 84% ee (14) 

An attractive method for the regeneration of NAD(P)H (see also Section 1.3.3.5.1) is via regioselective 
reduction of NAD(P)+ by formate ion, catalyzed by a rhodium deri~ative.'~ 

Ortho esters or amides or mixed ortho derivatives of formic acid might also be expected to be fairly 
good hydride donors. The absence of proton acidity is attractive for potential application in catalyzed re- 
actions. This type of reaction is, however, rather uncommon, owing to ready loss of a heteroatom and 
formation of a stabilized carbocation.'* Compound (16) represents an interesting case that has been 
examined by Wuest et al.I9 In the indicated conformation the lone pairs on the nitrogen atoms are anti- 
periplanar to the carbon-hydrogen bond; at first sight good stereoelectronic activation of the hydride-do- 
nating potential would be expected. Although (16) will generate molecular hydrogen in the presence of a 
strong acid like HBF4 (equation 15) with generation of (17), reduction of ethyl phenylglyoxyiate (9a) to 
ethyl mandelate (loa) in the presence of Mg2+ occurs with hydride donation from a methylene carbon 
(Scheme 2), as evidenced by the formation of (19). On the other hand (20) does provide under analogous 
conditions (loa) and ion (21; equation 16). 

(16) 

110 "C 
(16) + HBF4 - 

H 
(16) 
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1.3.3.2 Hydride Transfer from Aldehydes 

The Cannizzaro reaction (Scheme 3), in which a nonenolizable aldehyde (22) disproportionates in the 
presence of strong base, usually NaOH, to an acid (25) and alcohol (26), is one of the longest known or- 
ganic reactions. The crossed version wherein excess formaldehyde is used as the reductant is especially 
popular. Geissman has adequately reviewed these variations.20 Current mechanistic thinking entails hy- 
dride transfer from a tetracoordinate intermediate (23) formed on addition of hydroxide to the aldehyde. 
The most straightforward course of reaction is rate-determining transfer of hydride via a linear or bent 
transition state (24) to a second molecule of aldehydes2' MNDO-SCF calculations support a linear geo- 
metry for transition state (24) with only 0.1 1 electron on the hydrogen atom.22 

n a- 
4 H  - /i + HO- - 

R3C OH R3C H 

(22) R # H (23) 

Scheme 3 

Intermediate (23) could also react via a ketyl radical (27) and hydrogen atom (equation 17). Ketyl radi- 
cal intermediates have been detected, isotopic exchange experiments suggest radical pathways, and cal- 
culations indicate that a radical pathway could well be followed, particularly in the case of aromatic 
 aldehyde^.^^,^^ 

An additional complication in mechanistic interpretation is the fact that methoxide (reactions are often 
run in methanol) serves also as an effective hydride donor towards aldehydes and the derived formalde- 
hyde may participate in a crossed Cannizzaro reaction.21 The conditions of the Cannizzaro reaction are 
fairly extreme (strong base, reasonably high temperatures) and complex mechanistic behavior is there- 
fore not surprising. 

1.3.3.2.1 Catalysis 

Various methods, many with an eye towards industrial application, have been examined to accelerate 
Cannizzaro reactions. For example copper-silica  catalyst^,^^ Na2S, Na2S203 or NazS03 supported on 
A1203, and ultrasound all have been reported to accelerate certain Cannizzaro processes.26 An extremely 
promising development is the use of transition metal catalysts, which may be employed under neutral 
conditions in the absence of strong base, This permits the use of enolizable aldehydes like (28). which 
under basic conditions would immediately be consumed via aldol reactions. For example, in the presence 
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of H&u(C0)8(PBu3)3 or Ru2(C0)4 (MeC02)2(PBu3)2, the disproportionation of (28) to (29)/(30) indi- 
cated in equation (1 8) occurs readily. Small enantiomeric excesses of acid have been obtained when an 
optically active ruthenium complex is used as ~atalyst.~' 

* TCHO cat. Ru - 
+ T O H  

In view of the hydride-donating potential of (23), one might anticipate similar reactivity for adducts 
derived from, for example, amines and thiols. Intermolecular demonstrations of such reactivity are 
scarce; on the other hand intramolecular examples are well known, although they may be mechanisti- 
cally ambiguous. The prototype reaction is the intramolecular disproportionation of glyoxal (31) to gly- 
colic acid (32), shown in equation (19). This reaction may be induced by hydroxide.28 With the aid of ah 
initio and MNDO-SCF-MO calculations a highly bent transition state has been calculated for hydride 
transfer.29 

Chemically analogous transformations occur enzymatically. For example, in the glycolase system glu- 
tathione (34; GSH, Glu-Cys-Gly) catalyzes the conversion of methylglyoxal (33) to lactic acid (35), as 
shown in equation (20). This transformation is initiated not by hydroxide, but by the addition of thiolate 
from GSH to the aldehyde carbonyl group.3o 

The enzyme systems are complex; two reactions are catalyzed, namely formation of a thioester and its 
subsequent hydrolysis to free acid. Because little or no tritium or deuterium from solution is incorporated 
into the rearranged product, a hydride shift was assumed.31 With optically pure thiols like (36) the rear- 
rangement of (37) to (lob) can be catalyzed (equation 21). The methyl mandelate formed has a very 
modest enantiomeric excess?2 

NMe2 

0 (36) OH 
+ MeOH - 

(37) (lob) 

Ph A C02Me PhKCHO 85% 

Evidence later became available that indicated that the lack of isotope incorporation from solvent in 
enzymic experiments is mi~leading .~~ Trapping experiments have established quite conclusively that an 
enediol (38) is a kinetically competent intermediate. Hydride transfer occurring through a transition state 
like (39; equation 22) is therefore not required.34 

The glyoxalase system bound on a solid phase has been used for the asymmetric synthesis of a-hy- 
droxy acids (equation 23). Aldehyde (40  R = Pr") provides the acid (42) in 79% yield and in >99% ee,35 
The enzyme system GX-I/GX-I1 is not especially stable when isolated on a matrix and scale-up is diffi- 
cult because large quantities of GSH are required. 
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n HO OH 

R )i I R' 'CHO R" 'SR 

Intramolecular redox reactions via enediol chemistry are, of course, well known. Ascorbic acid and the 
multitude of known related structures which readily form enediols have even been coined 'reductones' 
by von Euler and E i ~ t e r t . ~ ~  

1.3.3.3 Hydride Transfer from Alcohols and Amines 

The classical Meerwein-Ponndorf-Verley (MPV) process, named after the independent originators, 
can be illustrated by the reduction of crotonaldehyde (43) by aluminum isopropoxide (44) in isopropyl 
alcohol (equation 24). Aluminum isopropoxide transfers hydride reversibly to a carbonyl acceptor. 
Acetone is formed as a volatile side product, which can be removed during reaction. The reaction of 
equation (24) is forced even further to the right by the use of excess isopropyl alcohol. MPV reactions 
have been reviewed.37 In the Oppenauer variant of this reaction an alcohol is oxidized to a ketone, and 
acetone is used as hydride acceptor in the presence of a strong base like t-butoxide. This reaction was 
originally developed for the selective oxidation of sterols. The synthetic aspects of this procedure have 
also been reviewed.38 

Pr'OH yo + (Pri0)3AI - -OH + MezCO (24) 
H 60% 

Examples of amines serving as hydride donors are scarce (for a special case, see Section 1.3.3.5.3). 
That this reaction is possible is exemplified by a side reaction that occurs when simple aldehydes are 
treated with lithium diisopropylamide (46); reduction of the aldehyde with formation of an imine (47) 
occurs (equation 25).39 

A mass of experimental evidence on MPV reactions, much of which has been summarized by Morri- 
son and Mo~her,4~),~' points to hydride transfer through a six-membered Lewis salt (50; equation 26). No 
account of aggregation is taken in this The observation (equation 26) that the major enantiomer 
obtained from reductions with optically pure aluminum alkoxides is correctly predicted by (50) provides 
additional support for the six-membered intermediate postulate. Examples of reductions by alkoxides 
wherein this geometry is unattainable will shortly be discussed, however. 

Calculational results also support a transition state formed from the six-membered Lewis salt (50). As 
calculated at the 3-21G level the transition state for the reaction of lithium methoxide with formaldehyde 
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involves a bent C-H-C bond with rather low bending energie~?~ Moreover, the hydrogen atom being 
transferred is calculated to bear little negative charge. 

Assessment of the role of the cation in MPV reduction is difficult. Conversion of alcohol to alkoxide 
certainly enhances the reactivity towards hydride donation, and aluminum ions aid via chelation in ar- 
ranging alkoxide and carbonyl compound properly for reaction. However, alkoxides bearing cations 
other than aluminum may also exhibit good hydride-donating tendencies. Lithium isopropoxide reduces 
steroidal ketones efficientlp and magnesium alkoxides derived from chiral alcohols have been used 
extensively in chiral syntheses. Isobornyloxy magnesium bromide (52) has been used widely for this 
purpose (equation 27).41 ' 

r 7 

Proper orientation plays a large role. For example (54) rearranges cleanly to (55) merely with sodium 
sulfite or dilute sodium hydroxide (pH 10.5), an equilibrium mixture of 75% (55) and 25% (54) being 
formed (equation 28).45 

The rather complex conversion of (56) to (58) depicted in Scheme 4 doubtless involves an intramole- 
cular hydride shift through a boat conformation (57). Benzaldehyde generated by this process undergoes 

L J 

Scheme 4 
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subsequent aldol condensation to give (58). This entire sequence occurs under mildly basic Schotten- 
Baumann  condition^.^^ 

Thus intramolecular hydride transfers occur quite readily if the conformation is suitable for the effi- 
cient interaction of acceptor, usually carbonyl, and hydride donor carbon atom. In the transformation of 
(59) to (62; Scheme 5) intramolecular hydride transfer occurs from an amine (59) rather than an alco- 
hol.“’ This reaction is probably mechanistically akin to the chemistry discussed in Section 1.3.3.5.3. 

r- 

In the presence of a metal isopropoxide (63) undergoes either intermolecular reduction to form (66), or 
reacts intramolecularly to form (65). The latter appears to be the product expected from transition state 
(64), derived from a boat conformation (Scheme 6). The intramolecular reaction is much faster than its 
intermolecular competitor with Ba2+ or K+ as cation but when A13+ is the cation, i.e. classical MPV con- 
ditions, then only intermolecular reduction occurs.48 

0 H 

(65) 

-OH HO 

Scheme 6 

Hydride is transferred intramolecularly in (67; equation 29) in a degenerate pr0cess.4~ Clearly the six- 
membered transition state characteristic of the MPV reaction cannot be achieved here because the orient- 
ation of hydroxy and carbonyl is incompatible with simultaneous coordination to a metal ion. The rates 
depend on the cation; if the alkoxide is a solvent-separated ion pair the hydride-donating potential in the 
intramolecular reaction is increased, consistent with the greater charge localized on alkoxide oxygen. 

- M+ -CHzSOMe/DMSO e -  ,111 Ho 
HG o 
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Alcohols also transfer hydride to carbonium ions.50 In seminal experiments Bartlett5' demonstrated 
that isopropyl alcohol as well as other alcohols readily transferred hydride to various triaryl carbonium 
ions; oxidation of the alcohol and reduction of the carbonium ion is the result. 

In a similar fashion ethers, acetalss2 and formic acid may serve as efficient hydride donors towards 
carbonium ions, aryldiazonium salts (reduction with loss of nitrogen occurs) and pyrylium salts. A 
review of this chemistry is available.53 

1.3.3.3.1 Catcrlysis 

Promise is held in MPV reactions carried out under catalytic conditions. Instead of, for example, stoi- 
chiometric amounts of aluminum as the metal ion activator, catalytic quantities of complexes of rhodium 
and iridium can sometimes be used to bring about the same reactions. Although the catalytic mechanisms 
have not been established, postulation of the usual six-membered transition state in the critical step of 
hydride transfer appears reasonable. The strongly basic conditions of the MPV reaction are avoided. Re- 
ductions of aryl ketones (69; equation 30) using (excess) isopropyl alcohol as hydrogen donor and at par- 
tial conversions have led to the formation of alcohol (70) in modest enantiomeric excesses with various 
chiral 

COR2 
I HoY R2 

R' I 
R'  

Metal carbonyls like Mo(CO)6 or Mn2(CO)lo will catalyze the reduction of carbon tetrachloride to 
chloroform by isopropyl alcohol. Apparently these are radical reactions initiated by abstraction of a 
chloride from carbon tetrachloride by the metal complex.58 

Homogeneous (or heterogeneous) catalyst systems offer the exciting perspective of high efficiency, 
optimal use of (chiral) ligands in enantioselective reactions, and the possibility of taking many different 
compounds as 'hydride' sources. The use of isopropyl alcohol has been illustrated in this regard, but di- 
oxane, dihydrofuran, aldehydes, formic acid, cyclohexene or N-benzylaniline are some of the other com- 
pounds that already have been employed as  alternative^.^ 

1.3.3.3.2 Photochemical reactions 

Alcohols (as well as amines, sulfides and many hydrocarbons) may act as overall hydride donors to- 
wards excited nonbonding-.rr* states of carbonyl compounds and heterocycles. The synthetic as well as 
the photophysical aspects of these processes have been discussed ex tens i~e ly ,~~  These reactions will not 
be dealt with further here. Singlet oxygen also accepts hydride from alkoxides in the gas phase; the 
mechanisms of such reactions have received considerable study.60 

1.3.3.4 Hydride Transfer from Hydrocarbons 

Cycloheptatriene and derivatives thereof donate hydride readily to a variety of carbonium ion ac- 
ceptors. The position of the end equilibrium depends on the thermodynamics of the exchange.61-h3 These 
reactions are prototypes of a broad area of carbonium ion chemistry wherein carbonium ions equilibrate 
via intra- and inter-molecular hydride shifts between a donor C-H bond, usually sp3 hybridized, and a 
carbonium ion acceptor. This chemistry is often achieved with heterogeneous catalysts and is of great in-  
dustrial significance; it lies outside the emphasis of this review, however. Excellent treatises are avail- 
able,4q64 and a review has appeared on the use of caniers like adamantane to promote hydride transfer in 
hydrocarbons under strongly acidic  condition^.^^ 
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Although not many examples are known, properly constrained organic compounds can transfer the ele- 
ments of hydrogen in what appears to be a concerted process akin to reductions by diimide, HN-NH. 
The reduction of 1,2-dimethyIcyclohexene (72) by cis-9,lO-dihydronaphthalene (71) is an example 
(equation 31). Yields are only moderate, but the stereospecificity is consistent with a concerted pro- 
cess.66 

1.3.3.5 Hydride Transfer from Heterocycles 

Heterocyclic redox couples do not differ in any profound chemical sense from other hydride donors 
discussed here. Practical aspects such as reasonable stability of both partners of the redox pair as well as 
synthetic accessibility, do play a major role, however. In the majority of cases a (hetero)aromatic cation 
is formed, the developing aromaticity being the driving force for the loss of hydride. By far the most 
used couple is the dihydropyridine/pyridinium salt (or pyridine) combination already discussed. 

I .3.3.5.1 I ,4-Dihydropyridines 
The hydride-donating potential of 1.4-dihydropyridines has already been discussed in a mechanistic 

context in Section 1.3.2.3. Commonly available 1,4-dihydropyridines are the 'Hantzsch esters' (7; X = 
OR), obtained from condensation of a P-keto ester with ammonia and an aldeh~de.~' By far the simplest 
syntheses of Hantzsch esters involve condensation of ammonia (substituted amines react in general poor- 
ly) and an aldehyde if a hydride equivalent at the 4-position is desired. The Hantzsch synthesis has been 
used in many guises, also to produce nonsymmetrical systems. The interest in these compounds as cal- 
cium antagonists has doubtless stimulated the extensive synthetic effort.68 

Hantzsch esters like (7b) react with appropriate acceptors to provide reduced product and pyridine 
(79, as shown in equation (32). The elements of hydrogen are transferred, but there are no effective 
ways to transform (75) cleanly back to (7b) so that a catalytic cycle may be established. 

H 

Derivatives of 1,4-dihydronicotinamide (2) and 1,4-dihydropyridine-3,5-dicarboxylic acid (8) are ob- 
tained from the corresponding pyridines by alkylation followed by reduction with sodium dithionite, as 
illustrated for (76) in equation (33). The absolutely regioselective reduction by dithionite of pyridinium 
salts to 1 ,Cdihydropyridines is true synthetic good fortune; most other reducing agents reduce pyridin- 
ium salts nonregioselectively and often with reduction beyond the dihydro stage. 
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In general only very electron-deficient double bonds will react spontaneously with 1,4-dihydropyr- 
idines. (This statement applies to nonenzymic chemistry; enzymatically, as in LAD, NAD(P)H, with a 
lesser reduction potential than many of the 1,4-dihydropyridines used in abiotic reactions, reduces unac- 
tivated carbonyl groups.) Thiobenzophenone, quinone, maleic acid, and hexachloroacetone react sponta- 
neously with simple dihydropyridines and undergo reduction (the carbon-carbon double bond of maleic 
anhydride is reduced).69 Trifluoroacetophenone will also often react spontaneously with 1,4-dihydro- 
Dvridines. 
.I 

Reduction of iminium salt (77) is illustrated in equation (34). On hydrolysis (78) is obtained in good 
yield.70 

dl + (75) (34) - &  (7a)/MeCN/reflux/H20 

70% 
0 

H 
(78) 

Cjc10,- 
(77) 

More complex pathways can be followed dependent on the structure of the hydride acceptor. For 
example, dihydroacridine reacts cleanly with 2,3,5,6-tetracyanobenzoquinone to generate a pyridin- 
iumhadical anion pair.7’ 

The acceptors thus far discussed react spontaneously. By far the greatest amount of work has been 
done by use of an electrophilic activator, present in stoichiometric amounts, to activate the receptor, 
usually carbonyl. Dry Mg(C104)z is particularly effective;72 zinc ions are sometimes used although their 
effectiveness is often lower. Presumably the magnesium ion polarizes the carbonyl group making it more 
electrophilic and a better hydride acceptor (equation 9). Ethyl phenylglyoxylate (9a) is not reactive 
enough to react spontaneously with (2b); however, on addition of a stoichiometric amount of Mg(C104)~ 
spontaneous reduction occurs at room temperature in the dark (equation 8). 

( i )  Enantioselective reductions 
In a timely experiment Ohno demonstrated that 1 ,Cdihydropyridine (R)-(79) in the presence of 

Mg(C104)2 reduced (9a) to ( l o a )  with modest (18%) enantiomeric excess.73 This observation gave rise to 
an enormous amount of work on the design, synthesis and reactions of optically active 1A-dihydro- 
pyridines. 

Ph 

Before further discussion some consideration of the structure and reactivity of 1,4-dihydropyridines is 
in order. A pyridinium salt is almost certainly capable of accepting a hydride from a 1,4-dihydropyridine, 
As long as hydride transfer occurs between the 4-positions of structurally analogous I ,4-dihydropyridine 
and pyridinium salts, the reaction is thermoneutral and leads to no net change. An example is given in  
equation (35).74 At 25 “C only ‘blind’ exchange between the 4-positions occurs and this can only be 
made visible by isotopic labeling. This ‘4,4-exchange’ reaction can be used to establish the relative redox 
potentials of 1,4-dihydropyridines (Section 1.3.2.3). But at 67 ‘C irreversible competitive hydride trans- 
fer to the 2(6)-position occurs to form the 1,2-dihydropyridine; all the dihydropyridine present eventually 
falls into this thermodynamic pit. In any reaction whereby pyridinium salt is generated during the 
reaction in the presence of unconsumed 1,4-dihydropyridine, exchange and isomerization may be com- 
plicating factors especially in the case that the substrates to be reduced are only sluggishly reactive. 
Additional mechanistic and synthetic aspects of these types of hydride transfers have been 
~ o n s i d e r e d . ~ ~ - ~ ~  
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An additional complication peculiar to derivatives of 1,4-dihydronicotinamide (2) is the pronounced 
sensitivity of the enaminic 5-position to electrophilic The (reversible) addition of water to 
1,4-dihydronicotinamides (protonation at the 5-position and addition of hydroxide to the 6-position) has 
caused difficulties in kinetic  measurement^^^ and the instability of NADH towards acid is doubtless also 
the result of chemistry initiated at the enaminic 5-carb0n.~~ This problem is not, or only barely, present in 
1,4-dihydropyridines like (7) and (8) which bear electron-withdrawing substituents at the 5- as well as 
3-positions. 

With this knowledge in mind, enantioselective reductions by chiral 1.4-dihydropyridines can be con- 
sidered in more detail. Two types will be used to illustrate cogent points: 1,4-dihydropyridines wherein 
C-4 of the heterocyclic ring is stereogenic, and I ,4-dihydropyridines incorporated into a macrocyclic 
framework that contains stereogenic centers. 

It has been found that (4R,9R)-(81) in the presence of a stoichiometric amount of Mg(C104)2 affords 
(lob) in virtually enantiomerically pure (R)-form (equation 36).80 Similar reductions of 2-benzoylpy- 
ridine, 2-acetylpyridine, and 4-chlorotrifluoromethylacetophenone proceeded with enantiomeric excesses 
ranging from 60-100%. 

\ Mg(CIO,),, PhCOCOzMe MeCN, (9b) 25 "C Ph 
100% 

w + &." H (36) 

I 
' L T  

I Y  
I 

Me Me 

(4R,9R)-(81) (lob) 97.6% ee ( 9 R ) - W )  

The stereochemical situation in these experiments may be more involved than one would anticipate at 
first sight. Buck et have succeeded in resolving (83). These enantiomers can only be the result of 
axial chirality caused by a torsional barrier to rotation about the aromatic-carbonyl bond being high 
enough to freeze the amide groups out of plane in the pyridinium salt. 

0 

NEt, Et2N 

I 
Me 

N 
I 

Me 
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Buck and Donkerslootg2 had suggested on the basis of MIND0/3 calculations that the carbonyl dipole 
of the amide group will be oriented in the direction of a hydride approaching C-4 of (83) (or departing 
from the corresponding 1,4-dihydropyridine). This hypothesis is supported by several lines of ex- 
perimental evidence. In the crystal structure the carboxamide group of (4R,9R)-(81) is 65' out of plane 
and the oxygen is indeed oriented along the line of the carbon-hydrogen bond at C-4.83 Circumstantial 
evidence has also been accumulated that nicotinamidium salts with locked conformations about the car- 
boxamide group are reduced on the oxygen side of the carb~xamide .~~ 

A model for reduction (84) proposed by Ohnog5 entails folding the carbonyl back over the dihydropy- 
ridine ring; magnesium is complexed simultaneously to both the heterocyclic nitrogen and carbonyl 
oxygen. It is not clear how axial chirality should be incorporated in this model. 

More potent electrophilic activators can be used with 1,4-dihydropyridines more stable to acid condi- 
tions. Considerable stabilization is achieved by fusion of an aromatic ring to the 5,6-positions. For 
example (85) will reduce benzaldehyde to benzyl alcohol in moderate yield in the presence of benzene- 
sulfonic acid (equation 37).86 An optically active variant analogous to (81) has also been studiedaE7 In 
addition to proton sources, electrophiles like A1Cb and TiCL may also be used.88*89 

Ph i 
(85) 

Ph 

(86) 

The presence of axial chirality embodied in the carboxamide linkage is certainly no prerequisite to 
high enantioselectivities. In a very rapid intramolecular reaction the carbonyl group of glyoxylate is re- 
duced in >99% ee, as shown in equation (38).90 The carbonyl group is assumed to be oriented back over 
the dihydropyridine ring during reduction. 

0 
p' 

c 

I ' Ph 

100% 

I' Ph 
(87) (88) >99% ee 

A considerably different approach to enantioselective reductions is represented by chiral 1 ,Cdihydro- 
pyridine (89).91 The anticipation was that a structured ternary complex could be formed (equation 39). 

As in other experiments with 1,4-dihydropyridines only activated carbonyl compounds like (9 )  could 
be reduced; (9a) is reduced to (S)-(loa) in 80% yield and 86% ee at room temperature in the presence of 
a stoichiometric amount of Mg(C104)2 (equation 40). This agrees entirely with the prediction embodied 
in equation (39) if the phenyl group is regarded as the larger and the ester as the smaller substituent. 
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Me 

(89) 

Me 

(89)-complex 

Mg(C104)2/MeCN/20 "C H ,OH 
c 

Ph CO,Et 
(9a) + (89) 

80% 
(loa) 86% ee 

Macrocycles related to (89) but derived from alanine, phenylalanine, t-leucine?2 proline and phe- 
nylglycine have been prepared. The enantioselectivities for the reduction of (9a) increase with the size of 
the amino acid substituent (proline 0% ee, methyl 65% ee, benzyl 87% ee, isopropyl 86% ee). In all 
cases the natural amino acids of (S)-configuration always deliver an excess of the @)-enantiomer of the 
alcohol. 

The bridge that holds the two amino acid carboxylate groups can be varied in shape and length. For 
bridges five atoms long, i .e . - (CH2)20(CH2)~ or -(CH2)5-, up to eight atoms long the enantioselec- 
tivities remain high. For longer bridges considerable loss of enantioselection occurs, apparently because 
of the greater conformational flexibility. 

From the body of experimental data available a model fairly close to that initially postulated (equation 
39) has been developed, except that the carbonyl group is skewed relative to this model about 120". 

It is conceivable that all the various geometries suggested for arrangement of dihydropyridine and car- 
bonyl during the transition state for hydride transfer may be correct. Hydride transfer could occur via 
various orientations analogous to alkoxides; the classical six-membered transition state of the MPV re- 
ductions is not mandatory (Section 1.3.3.3). MIND0 calculations on the transition state for thermoneu- 
tral hydride transfer between a 1,4-dihydropyridine and a pyridinium salt indicate virtually no energy 
barrier to rotation of the participants, i.e. (90) is as stable as (91).93 

(90) 

In other words the relative orientations of hydride donor and double bond acceptor may not be as cru- 
cial as once thought. 

( i i )  Oxidative reactions 
The oxidation of primary and secondary alcohols by pyridinium salts, i.e. the reverse of the reactions 

just discussed, is seldom seen. An experimental difficulty is that MPV conditions, that is formation of 
metal alkoxides, must be used to obtain any reaction at all. Under these strongly basic conditions most 
pyridinium salts are unstable. There is a dearth of processes of obvious synthetic usefulness based on this 
approach." 
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A notable exception is catalytic oxidation wherein a pyridodipyrimidine is used as a shuttle in the oxi- 
dation of alcohols by molecular oxygen. Pyridodipyrimidine (92) oxidizes cyclohexanol to cyclohexa- 
none and the dihydro form (93) is oxidized in situ back to (92) by oxygen (equation 41). The yield of 
cyclohexanone is >22 000% based on (92).95 

O H  H o  

p h A W N d p h  + 8 - p h x p N * p h  ' N '  N A O  + 6 (41) 

-0 I +  ' N A O  I 
I I I 

0 
H Ar H Ar H 

t 0 2  

(iii) Catalyzed hydride transfer 
Few truly catalytic systems have been reported. An N-alkylated 1,4-dihydmpyridine forms a pyridin- 

ium salt on hydride loss. In principle the pyridinium salt may be recovered and reduced regioselectively 
with sodium dithionite (equation 33). This reaction is very general and fails only when the 1 ,Cdihydro- 
pyridines are excessively strained or too reactive to be isolated. 

Attempts to design systems wherein Na2S204 is used as a continuous electron source via an in situ re- 
duction of the pyridinium salt formed have met with little success. In principle one would expect a two- 
phase system consisting of NazS204 in the aqueous layer and 1,4-dihydropyridine/substrate in the 
organic layer to be effective. The charged pyridinium salt will have some solubility in water so that it can 
be reduced. Unfortunately the electrophilic activators tend to remain in the aqueous rather than organic 
layer and Na2S204 has a pronounced tendency to reduce directly most potential ketonic substrates. These 
problems can be circumvented, at least on a small scale, by using a waterholuene two-phase system, zinc 
metal as electron source, the bis-N-methylpyridinium salt of 4,4'-bipyridine as electron carrier, and a 1,4- 
dihydronicotinamide/nicotinamidium salt couple as reductor. Reasonable rates of reduction of (9a) to 
(loa) can be obtained?6 Attachment of the 1,4-dihydropyridine to a polymer or other solid matrix is an- 
other potential solution to the problem of regeneration. 

Certain transition metal complexes exhibit activating properties and act with turnover on the metal 
center analogously to the catalytically active zinc ion in the active center of liver alcohol dehydrogenase. 
Various chiral europium shift reagents, for example Eu(hfc)3, induce reduction of (9b) by 1,4-dihydroni- 
cotinamides. Turnovers of about 100 are obtained on the metal complexes and methyl mandelate is 
formed with enantiomeric excesses of 25-44%~?~ 

Complex (94) (the corresponding Zn2+ complex is insoluble) will induce the same reduction with tum- 
overs of about 100 on the complex. This complex approximates the coordination about zinc in the active 
site of liver alcohol dehydrogenase?* 

-H 

I .3.3.5.2 Other heterocyclic hydride donors 

The 1,4-dihydropyridine/pyridinium salt couple is by far the most common six-membered heterocyclic 
ring redox couple. Other combinations are possible, for example pyrimidines and pyrazines. However, 
the dihydro forms tend often to be poorly defined, consist of more than one regioisomer, and/or are too 
reactive to be readily handled. 
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Five-membered heterocyclic ring systems can also act as redox shuttles. An example using an un- 
charged form of the reduced heterocycle is shown in equation (42).99*100 The N-alkylated derivatives of 
(93, which provide positively charged ions on hydride loss, seem to be somewhat more reactive.101g102 

(95) (96) (97) 87% (98) 98% 

1.3.3.5.3 Tertiary anilines as hydride donors 

Although also a special case of a MPV reduction (Section 1.3.3.3) some unusual reactions of practical 
import will be considered here because of the heterocyclic characteristics. Donation in an intramolecular 
reaction of a hydride from a tertiary aniline derivative to generate an iminium ion initiates the reaction. 
An example is given in Scheme 7. Tertiary aniline derivative (99) rearranges thermally apparently via in- 
termediate (100) to pyrrole[ 1 ,Za]quinoline ( IOl).lo3 The highly electron-deficient double bond is clearly 
the hydride acceptor; in this case exclusively the most substituted iminium salt is formed. Subsequent 
ring closure provides the end product (101). Formation of the more substituted iminium ion is not always 
the case.104,105 

NC %N 1 
(99) 

1 

J 

Scheme 7 

Extensive use of this process for synthesis of various heterocycles has been made. The cited examples 
are probably the best studied of a broad set of unusual reactions of tertiary aniline derivatives wherein 
the aromatic ring bears an orrho substituent. These examples have been compiled in a remarkably pre- 
scient review by Meth-Cohn and Suschitzky. lo6 

13.3.6 Hydride Transfer from Organometallics 

Hydrogens located on a carbon adjacent to a negatively charged atom (Le. p) are always potential 
sources of hydride; the possibility of formation of a double bond (equation 43) is an effective driving 
force. As seen with MPV reductions (X = 0) the success of the hydride transfer depends also on the 
thermodynamics of the reaction, the possibility of finding a proper orientation of the reacting partners, 
the cation and the nature of ion pairing. The possibilities for carbanions are in general greater since the 
carbanionic character is profoundly affected by the choice of metal counterions. Covalency, back dona- 
tion possibilities from the metal, as well as ligation of the carbanion acceptor to the metal with concomi- 
tant increase of effective molarity are some of the additional factors to be considered. 

The additional stereochemical control available in carbanions relative to alkoxides arises both from the 
extra ligation about carbon and the contributions of the metal. The stereochemistry of hydride transfer 
from organostannanes has been particularly well investigated. Coordinatively saturated metals like tin 
function less well as Lewis acids in a cyclic mechanism, and tend to induce hydride loss through an anti- 
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periplanar conf~rrnation.'~~ The hydride transfer reactions of organometallics have long been known and 
are in many cases chiefly an annoying complication to C-C bond formation, especially in the reactions 
of Grignard reagents. 

1.3.3.6.1 Divalent metals: Gtignard reagents and organozinc compounds 

An example of reduction of a ketone by a Grignard reagent is given in equation (44).Io8 The combina- 
tion of a hindered ketone (103) and branched Grignard reagent (102) inhibits carbanionic addition to the 
carbonyl group (<3% occurs) and promotes reduction. On the basis of extensive work ably reviewed by 
Momson and Mosher,IW it appears that a MPV-like transition state (106) is involved. Not an antiperipla- 
nar but a syn arrangement of metal and departing hydride is involved in this case. Stereochemical ana- 
lyses are complicated by the complex nature of Grignard reagents and the complexation of ether 
molecules to the magnesium. The scope and limitations and the possibilities for enantioselective syn- 
thesis have been discussed in detail.lW The use of chiral Grignard reagents for enantioselective syntheses 
has been largely supplanted by boron reagents (Section 1.3.3.6.2ii). 

Dialkylzincs are on the whole less reactive towards addition to carbonyl groups.Ii0 Diethylzinc re- 
duces benzophenone without significant formation of a tertiary alcohol by addition.lll Reaction of phe- 
nyl isopropyl ketone (107) with (+)-bis[(S)-2-methylbutyl]zinc (108) affords a modest enantiomeric 
excess of alcohol (109) and alkene (110; equation 45).'12 The kinetics of the reaction are second order; a 
six-membered transition state analogous to the Grignard reduction seems probable. Reaction is clearly 
sluggish compared to the corresponding Grignard reagents. The enantiomeric excesses obtained are not 
high and the factors that lead to enantioselection are not readily identified. As in the case of the Grignard 
reagents, the coordination about zinc is uncertain. This latter point is no triviality; the reactivity and 
potential for enantiomeric recognition are profoundly affected by the nature of the ligation. I I 3  

(109) 15.2% ee (110) 

1.3.3.6.2 Trivalent metals: alkyl-aluminum and -boron compounds 

(i) Alkylaluminums 
Trialkylaluminum compounds and trialkylboranes seem to reduce carbonyls in the same fashion as 

Grignard reagents and dialkylzincs. The reactivity towards carbonyl groups is greater than that of dial- 
kylzincs, despite the third substituent, which does provide, however, additional opportunities for recogni- 
tion. The compounds are well defined and can encompass a fairly wide range of alkyl substituents. This 
is especially true of the trialkylboranes. 



100 Reduction of C=X Bonds 

Triisobutylaluminum (racemic) is commercially available in toluene solution. Triethylaluminum and 
related compounds are used, of course, commercially in Ziegler-Natta polymerization. I l 4  These solu- 
tions can be handled safely in contrast to the pure materials, which are violently reactive. The applica- 
tions of triisobutylaluminum have been reviewed.II5 Its use is difficult to divorce from its chemical 
relative, diisobutylaluminum hydride, which is probably more often used for reductions of carbonyl 
groups. This latter reagent reduces, of course, via the reactive aluminum-hydride bond. The thought that 
the dialkylaluminum is less bulky than the timer is misleading; there is a greater tendency of the former 
towards aggregation.ll6 

Triisobutylaluminum (lll), of the trialkylaluminums, is probably used most often for reductions. The 
reducing capacity of only one of the isobutyl groups is used. Reduction of carbonyl groups apparently 
occurs by the now familar MPV six-membered ring mechanism found with Grignard reagents and dial- 
kylzincs (equation 46). Alkynes and nitriles (benzonitrile has been studied) are also reduced by triisobu- 
tylaluminum via analogous six-membered ring transition states. The very bulky reagent (115), prepared 
from diisobutylaluminum hydride and 2,6-di-f-butyl-4-methylphenol is useful for the stereoselective re- 
duction of the a$-unsaturated carbonyl functionality of prostaglandins; reduction of (114) affords a ratio 
of (15S):( 15R)-alcohols of 9223 (equation 47).ll7 The (15S)-diastereomer is the desired product and also 
the more difficult to obtain. 

52% 1' I"..,,, 
(2% threo) H 

D 

I 
-- 

.^I 

(111) (112) R = (S)-C(OH)(n-C5HI I)H (113) 

But 
toluene/-'lO "C 

c +k 95% 

%+ 04 
BU$AIO 

But 

(114) (115) 
HO 0 

HO OH 

(116) 92:8 de 

Quite extensive studies of the reduction of (chiefly phenyl) ketones have been camed out with opti- 
cally active trialkylaluminum (117). Enantiomeric excesses are at best only moderate. Again it is diffi- 
cult to develop a model that rationalizes the interactions between groups that determine the enantiomeric 
recognition capacities of the reagent. Comparisons of reactivity and recognition capacities of RMgCI, 
R3AI. and RzBe reagents with the same R-groups have been made.Il8 

Much better results in enantioselective reductions have been obtained with reagent (118) derived from 
P-pinene.IIse For example, reduction of (119) affords the corresponding alcohol (120) in excellent 
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enantiomeric excess (equation 48). Good results have also been obtained in the reductions of a number of 
other carbonyls. 

(ii) Reductions by trialkylborons 
Quite practical reagents, although of relatively high molecular weight per hydride equivalent, have 

been developed from sterically crowded trialkylboranes, derived from addition of a dialkylborane to an 
alkene (equation 49).lI9 That trialkylboranes can react with carbonyl groups via donation of hydride and 
freeing of an alkene was apparent from the reaction of tributylborane (121) with formaldehyde (equa- 
tion 50).I2O 

The trialkylborane (123) derived from addition of 9-borobicyclo[3.3.1 Inonane to a-pinene reduces 
benzaldehyde-a-d (124) in nearly 100% ee (equation 51) after correction for optical purity of (123) 
(commercial a-pinene is only about 92% enantiomerically pure).l2I Only a single hydride equivalent, the 
tertiary hydrogen of pinene, is transferred. Under analogous conditions simple aldehydes are reduced to 
a-d-alcohols in 81-100% ee.122 

(123) (124) (125) 100% ee (126) 

Again rationalization of the stereochemical course of reaction is not easy. The Lewis salt (127), 
formed by complexation of oxygen with boron (equation 52), may be the actual reactive species. To 
explain the stereochemistry of reduction observed in equation (51), (128) has been suggested, with the 
R-group oriented over the pinane ring in what seems at first glance an abuse of stereochemical logic. The 
explanation may lie in the formation of a 'pocket' in which the alkyl group can fit in hydrophobic 
surroundings. 

The rates of hydride transfer with (123) are only moderate with aldehydes in THF solution. However if 
no solvent is used and reaction times of several days are tolerated both aliphatic and aryl ketones can be 
reduced to the corresponding secondary alcohols (equation 53).123 Although reactions are sluggish, 
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several hours in THF solution at room temperature being required for reaction, alkynic ketones (131) are 
reduced by (123) in quite reasonable enantiomeric excesses (equation 54).'" 

0 4 + (128) 
Ph 

(131) 

R 
Ph 
Pi 

Ph 

neatJi0 d/25 'C 
* 

80% Ph 

(130) 97% ee 

(53) 

i ,  THFl35 "C 

ii ,  hydrolysis 
(54) 

R 

(132) 

R' yield (%) ee(%) 
Bun 72 89 
H 78 91 

Me 77 8515 de 

CO2Et 64 92 

Synthetic applications of this methodology have been made'2s and mechanistic investigations have 
been camed out.126 Reagents (133) and (134), derived, respectively, from addition of 9-borobicy- 
clo[3.3.l]nonane to P-pinene and nopol benzyl ether, are also capable of delivering a single hydride 
equivalent with good enantioselectivity.'z7~12* 

The boroadamantane (135), formed by addition of methyllithium to the corresponding trialkylborane, 
transfers a bridgehead hydride to acetyl chloride to form (136), as shown in equation (55).129 

Me Li+ 
I 

+ MeCOCl D + MeCHO ( 5 5 )  
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1.3.3.7 Hydride Transfer from Transition Metal Alkyls 

Considerable mechanistic examination of hydride transfer from transition metal alkyls where M is, for 
example, CsHsFe(C0)2 or CsHsRe(N0)PPhs has been carried out. Hydride transfer may occur either 
from an a- or P-position on the alkyl framework, dependent on structural features and the identity of the 
transition metal. Stereoelectronic effects, kinetic factors, and electronegativity considerations have been 
considered in recent review  article^.^^^^'^^ Because of the excellent coverage already available, no 
detailed discussion will be given here. 
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1.4.1 INTRODUCTION 

Dissolving metals have been used as reducing agents in organic synthesis for well over a century and 
for many years metal-alcohol or metal amalgam-water systems were the principal methods employed 
for the reduction of aldehydes and ketones to primary and secondary alcohols, respectively. The same re- 
agents were employed for the reduction of imines and oximes to the corresponding amines. Catalytic hy- 
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drogenation was the only viable alternative to dissolving metal reductions until the development of the 
Meerwein-Pondorff-Verley reduction in the mid 1920s and the introduction of complex metal hydrides 
in the years following World War 11. 

Although complex metal hydrides have, to a large extent, replaced dissolving metal systems for the re- 
duction of carbonyl compounds and their derivatives, dissolving metal reductions frequently offer ad- 
vantages for the control of stereochemistry. In particular, the dissolving metal reduction of hindered 
cyclic ketones provides a highly stereoselective method for the preparation of equatorial alcohols, which 
are difficult to prepare by other methods. The prototype for this synthetic methodology was the nearly 
simultaneous observation that Li-NH3-alcohol' or Na-propanol2 reduction of 1 1 -keto steroids gives ex- 
clusively the equatorial 1 la-alcohol, while metal hydride reduction of these hindered ketones gives the 
axial 1 1 @-alcohol. 

The stereochemical course of these, and other similar reductions, led Barton to suggest that dissolving 
metal reductions of ketones and oximes to secondary alcohols and primary amines would lead to mix- 
tures of products rich in the thermodynamically more stable p r o d ~ c t . ~  However, in the early 1960s a 
number of reports appeared in which the reduction of ketones gave primarily the thermodynamically less 
stable epimeric alcohol. These observations have prompted a continuing series of investigations into the 
mechanism of these reductions. 

In contemporary organic synthesis, dissolving metal reductions still provide the most effective method 
for reducing hindered cyclic ketones steroselectively to the more stable secondary alcohol, and in many 
cases are more stereoselective than complex metal hydrides for the reduction of unhindered cyclic 
ketones. These procedures also continue to be useful for the reduction of oximes and imines to the corre- 
sponding amines. Although many of the dissolving metal reductions employed in organic synthesis are 
carried out using either active metals (Li, Na, K) in liquid "3, or the same metals in alcohols, a number 
of variations on these precedures have been developed, and several low-valent metal ions, most notably 
Sm2+, have been found to give improved chemoselectively. However, all of these reactions are mechan- 
istically similar in that they proceed by initial addition of a single electron to the substrate to form a radi- 
cal anion, the fate of which is determined by a complex set of variables. Among the more important of 
these variables are the structure of the substrate, the metal or metal ion used as reducing agent, and the 
solvent system. 

1.4.2 MECHANISM OF CARBONYL REDUCTION 

1.4.2.1 Early Mechanistic Studies 

The overall transformation effected in the reduction of an alde..yde or a ketone to the corresponding 
alcohol by a dissolving metal is conceptually simple: however, the reaction is actually quite complex, 
and an evolving series of mechanisms has been suggested to explain the experimental observations. His- 
torically, the reducing properties of dissolving metals were attributed to 'nascent hydrogen', but it is now 
recognized that these reactions proceed via single electron transfer (SET) reaction paths. 

It was suggested in the 1950s that the reduction of aliphatic ketones by dissolving metals proceeded by 
two sequential one-electron additions to provide a dianion (equation 1). This mechanism was based on 
the observation that benzophenone affords a dianion on reaction with excess Na in liquid "3, and it was 
inferred that aliphatic ketones would behave similarly. A number of workers presented mechanistic ra- 
tionalizations for the stereochemical course of the dissolving metal reductions of cyclic aliphatic ketones 
based on this dianion concept. However, in a 1972 review, it was noted that the reduction potentials of 
alkali metals were not sufficient to effect the addition of two electrons to an aliphatic carbonyl group, 
and an alternative mechanism was suggested which with some modification is now generally accepted: 

R R R 

R R R 

The contemporary view of these reductions recognizes that the reactions of carbonyl compounds with 
dissolving metals follow one of two general reaction paths. One of these prevails in reductions carried 
out in the absence of proton donors, the other in reductions in the presence of an alcohol or other proton 
source, frequently NH4Cl. Two recent reviews present rather different mechanistic explanations for these 
reactions, particularly those in liquid NH3 in the absence of added proton  donor^.^^^ 
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1.4.2.2 Reduction in the Absence of Proton Donors 

For reductions camed out in the absence of an added proton donor the usual solvents are liquid "3, 
usually with an ethereal cosolvent, or less commonly an ether (THF, DME or diethyl ether). The reduc- 
ing agent is usually one of the common alkali metals (Li, Na, K), although Rb, Cs and alkaline earth me- 
tals have also been At least in the case of camphor both types of solvent systems give similar 
ratios of epimeric alcohols; however, product ratios may vary as a function of the metal used as reducing 
agent.47 In reductions camed out in ethereal solvents the use of ultrasound increases the rate of the re- 
action, but does not affect the product di~tribution.~ 

A number of experimental details have contributed to an understanding of the mechanism of reduc- 
tions camed out under these conditions. Among the more important observations are the facts that 
ketones react with one and only one equivalent of alkali metal in "3; enolizable ketones afford equal 
amounts of enolate and alcohol, while nonenolizable ketones give metal ketyls which are stable at low 
temperat~re:,~-~ Also, pinacol formation is a major reaction path with Li, but K affords little or no pina- 
C O ~ . ~ . ' ~  Finally, a-deuterio ketones afford product alcohols in which deuterium has been transferred to 
the carbinol carbon of the product alcohol or  alcohol^.^^'^ 

The substrate ketone which has been investigated most extensively is camphor (1; equation 2), both as 
one optical antipode (usually the (+)-enantiomer) and as the racemate. In addition to borneol (2) and iso- 
borneol (3), reduction using Li-NH3 or Li-THF gives up to 70% yield of dimeric reduction products, 
while Na-NH3 gives 20%." Pinacols are not usually obtained when K is used as the reducing agent. Al- 
though (+)-camphor can, in theory, afford three pinacols, only two, which correspond to ex-endo and 
endo-endo coupling have been i ~ o l a t e d . ' ~ , ~ ~ * ' ~  A third dimeric reduction product which apparently arises 
by P-cleavage of an intermediate alkoxy1 radical has also been observed.I3 Although the relative propor- 
tions of isomeric pinacols varies as a function of reaction conditions, the ratios of epimeric alcohols are 
apparently independent of the composition of the pinacol  mixture^.'^ For a detailed discussion of pinacol 
formation see Volume 3, Chapter 2.6. 

+ dimeric products (2) A0 M-"3- + & OH 
OH 

It has been long known that different ratios of product alcohols (2 and 3) are obtained in the reduction 
of (+)-camphor with various metals in liquid ammonia. On the other hand, reduction of (&)-camphor with 
Li, Na or K in liquid NH3 affords, within experimental error, the same 82:18 ratio of (2):(3). An explana- 
tion in terms of diastereomeric bimolecular reactions has been presented. l4 

On the basis of these observations and a variety of other experimental data, a mechanism has been sug- 
gested which in modified form is presented in equations (3) to (5).5 The first step (equation 3) is the re- 
versible transfer of an electron to a carbonyl group, generating a metal ketyl, which may be in 
equilibrium with a dimer or higher aggregate, although not necessarily of the structure depicted. The po- 
sition of the equilibrium for the addition of an electron to a carbonyl group is a function of the difference 
in reduction potential of the carbonyl group and the oxidation potential of the metal. Unfortunately the 
reduction potentials of aldehydes and ketones in liquid NH3 are not known, but for the reaction of cam- 
phor with an alkali metal Kes has been estimated, using reduction potentials in other solvents, to be 3.4 x 
lo2 based on AV = 0.15 V.7 The intervention of ketyl aggregates in these reactions was inferred from 
studies camed out on aromatic and nonenolizable aliphatic  ketone^.^ Regardless of the exact nature of 
the intermediate at this stage, it must be formed at a considerably greater rate than its subsequent irre- 
versible conversion to products, because it has been observed that in reductions of (+)-camphor carried 
out with mixtures of alkali metals and the salt of a second metal, the products reflect a weighted average 
of that predicted assuming a mixture of metals." 

R 

R 

, M + ._. R e- R y o -  = R pi::: + ,.;:.CY* 

.' M 
)=o 
R R R 

(3) 
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R M+. R R - )L 0::: + ,,;::c* R+O- + enolate ( 5 )  
R M R H 

Pinacol formation (equation 4) is considered to occur via coupling of two ketyl units, either within a 
higher aggregate as depicted or by direct coupling of two ketyls. Production of alcohols by hydrogen 
transfer (equation 5 )  probably occurs either within a ketyl aggregate or by the direct interaction of two 
metal k e t y l ~ . ~ * ~ J ~  

In a recent review it was once again suggested that these reductions proceed by way of the vicinal di- 
anion path.6 This argument has again been refuted on the basis of reduction potentials and stoichiometry’ 
and most convincingly by a consideration of the relative acidities of the various species present in the re- 
action medium.15 

1.4.2.3 Reduction in the Presence of Proton Donors 

In terms of synthetic utility, the reduction of carbonyl compounds by a dissolving metal in liquid NH3 
in the presence of an alcohol, water or “4CI is far more common and usually far more efficient than re- 
duction in the absence of a proton donor. Historically these reductions were camed out using active me- 
tals, usually Na, in alcohols and the experimental results are similar in both 

Although reductions under these conditions are more common than those carried out in the absence of 
a proton donor, relatively few mechanistic studies have been carried out. It is known that in the presence 
of NH4CI the reduction of (+)-[3,3-*H2]camphor by Li, Na or K in liquid NH3 gives very little product 
resulting from deuterium transfer.’O In the presence of water or ethanol-water mixtures some deuterium 
transfer occurs, but to a lesser extent than is observed in the absence of an added proton donor, which in- 
dicates that the disproportionation path presented in equation ( 5 )  is attenuated in the presence of strongly 
acidic proton donors.I0 The generally accepted alternative mechanism is that suggested by House,“ in 
which a ketyl is protonated to give a carbon radical which is subsequently reduced to a carbanion (equa- 
tion 6) which on protonation provides the product alcohol. Although the details of the mechanism are not 
certain, it appears that the stereochemical course of the reaction is relatively insensitive to the nature of 
the metal used for reduction since (+)-camphor gives a borneo1:isoborneol ratio of 9.0-9.5: 1 using Li, Na 
or K in NH3 with NH4CI present.l0 With less acidic proton donors there is competition by reduction via 
protonation and hydrogen transfer.s.10 

R H+ R R 

R -H+ R R 

- P o -  - )?-OH );OH (6) 

Although it was once believed that reductions by dissolving metals in alcohols or liquid NH3 would in- 
variably provide the thermodynamically more stable alcohol as the major p r o d ~ c t , ~  it has been known for 
many years that the thermodynamically less stable epimeric alcohol is sometimes the major product on 
either metal-alcohol or metal-”3-proton donor reduction.46 A detailed explanation for the stereoc- 
hemistry of these reductions based on a combination of steric and frontier molecular orbital interactions 
has been presented.6 

It must be emphasized that reduction of carbonyl compounds by dissolving metals, either in the 
presence or absence of an added proton donor is a kinetically controlled process. This was tacitly stated 
in 1972,4 and has been repeated or implied in more recent reviews of this  topi^.^,^ A recent study of the 
reduction of several bicyclo[2.2. llheptanones using alkali metal-NHs-NHK1 systems emphasizes that 
these reductions are kinetically controlled. l6  

A variety of other less common reaction conditions, which employ a variety of either dissolving metals 
or low-valence metal cations, have been used to effect the reduction of carbonyl groups to primary or 
secondary alcohols. Although the mechanisms of these reactions have not been explored in detail, they 
almost certainly proceed by mechanisms similar to those outlined above. 
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1.4.3.1 Reaction Medium 

1.4.3.1 .I Alcohols and water 

The reduction of various substrates by dissolving metals in alcoholic and aqueous media is a very old 
procedure in synthetic organic chemistry. In addition to aldehydes, ketones, imines and other unsaturated 
nitrogen compounds, many other functional groups are reduced under these conditions. Historically, the 
most common reduction conditions were Na in ethanol, and the reductions were carried out by adding 
the metal to a solution of the substrate in alcohol and the reaction mixture was heated at reflux for va- 
rying periods of time. Other reduction systems included Na-Hg amalgam in water or alcohols and, for 
easily reduced compounds such as aldehydes and aromatic ketones, Zn-NaOH or Fe-acetic acid have 
been used.4 

Although reductions of ketones by active metals in alcohols have been largely supplanted by other 
procedures in modem synthetic chemistry, these methods still find occasional use. A modification em- 
ploying K in t-butyl or t-pentyl alcohol has been used for the stereoselective reduction of 7-keto steroids 
in high and the Li-ethanol and Na-ethanol reductions of 16-keto steroids have been investi- 
gated.19 Both traditional Na-ethano12c22 reductions and a variation using Na-propan-Z-cd in t o l ~ e n e ~ - * ~  
have also been used recently in selected systems. 

In terms of product distribution, reductions in these protic media are similar to those obtained using 
metal-NH3-proton donor systems and it is generally accepted that they proceed by similar mechan- 

However, in terms of synthetic utility, metal/alcohol systems suffer from two inherent liabilities. 
The first, which has been commented upon in various reviews, is the possibility of equilibration of 
epimeric product alcohols as their alkoxide via a Meerwein-Pondorff-Verley-type Thus, 
although the initial product distribution is the result of a kinetically controlled reduction, prolonged heat- 
ing of the reaction mixture will lead to mixtures approaching the composition predicted on the basis of 
thermodynamic control. It has been suggested that equilibration via hydrogen transfer from the solvent 
alcohol may be alleviated by carrying out metal-alcohol reductions in t-butyl alcohol$ other tertiary al- 
cohols appear to be equally effective.ls 

The second inherent problem is encountered in the reduction of ketones with a proton-bearing chiral 
center adjacent to the carbonyl group. In this case, enolate formation may lead to equilibration before re- 
duction. For example, reduction of a 98.6: 1.4 mixture of menthone (4) and its epimer isomenthone (5) 
with Na or K in ethanol gave approximately 15% of a mixture of alcohols (8) and (9), in addition to 82% 
of menthol (6) and a small amount of neomenthol(7)?* because of partial isomerization. 

Enolization is an inherent problem with any metal-alcohol reducing system, and cannot be avoided 
due to the inevitable formation of metal alkoxides. This side reaction also occurs, although to a some- 
what lesser extent, in the reduction of (4) with Na in moist ether.22 

Q +  %OH 

A 
(6) 

(7) 



112 Reduction of C=X to CHXH by Dissolving Metals 

1.4.3.1.2 Ammonia, added proton source 

In terms of mechanism and stereochemical consequences, reductions by dissolving metals in liquid 
NH3 are very similar to reductions by the same metals in alcoholic media.M However, reductions carried 
out in liquid ammonia do not suffer from the same inherent problems as those by metals in alcohols. 
There is no evidence for equilibration of the product alcohols, and ketones which undergo epimerization 
prior to reduction with metals in alcohols are reduced cleanly by metals in "3. For example, menthone 
(4) on reduction with Li-NHs-ethanol gives a mixture of alcohols (6)  and (7), with no trace of alcohols 
(8) and (9).zz 

The conventional method for carrying out reductions under these conditions consists of adding the ap- 
propriate metal to a solution of the compound to be reduced in a mixture of liquid "3 and an ethereal 
cosolvent, usually ether or THF, plus the proton donor, commonly NH4Cl or an alcohol. The use of 
NH4CI has been advocated due to the observation that reduction by hydrogen transfer (Section 1.4.2.2) is 
effectively suppressed under these conditions.IO However, NH4Cl is a very strong acid which is only 
sparingly soluble in NH3-ether mixtures and in preparative scale work a large excess of metal must be 
used to ensure complete reduction.z4 A suitable alternative is the use of an excess of a primary alcohol 
(methanol or ethanol) which affords little of the product obtained by hydrogen transfer.z5 This procedure 
results in a homogeneous reaction mixture, and complete reduction is obtained with only a modest ex- 
cess of Tertiary alcohols and relatively small amounts of primary alcohols lead to product mix- 
tures resulting from reduction by a combination of hydrogen transfer and p r o t o n a t i ~ n . ~ , ~ ~  

Reductions camed out under these procedures do not lead to bimolecular products and usually afford 
excellent yields of reduction products. Dissolving metal reductions in liquid NH3 in the presence of a 
proton donor are usually the method of choice for effecting the reduction of a substrate by a dissolving 
metal. 

1.4.3.1.3 Ammonia, no added proton source 

As noted above (Section 1.4.2.2) reduction of carbonyl compounds under these conditions proceeds 
with hydrogen transfer to afford an equimolar mixture of alkoxide and enolate, plus varying quantities of 
dimeric reduction products. As a consequence, at least in theory, this procedure should afford an equimo- 
lar mixture of recovered ketone and reduction product. This appears to be the case if less than one equiv- 
alent of metal is used; however, with excess metal, camphor,lO-ll some 12-keto steroidsz5 and several 
1 -decalonesz4 afforded 7699% yields of secondary alcohols. The explanation which has been offered is 
that the product enolate is protonated by NH3 to regenerate the starting ketone, which is recycled through 
the reduction process.1° 

The usual experimental procedure for carrying out reductions in the absence of an added proton donor 
entails the addition of a metal (Li, Na, K) to a solution of the substrate ketone in a mixture of NH3 and an 
ethereal cosolvent, usually ether or THF at the reflux temperature of liquid "3. The metal is added until 
a permanent blue color is obtained and the reaction is stirred for 10 to 30 min. The excess Li is decom- 
posed, traditionally with NH4Cl or an alcohol; however, sodium benzoate is probably superior.6 

Reductions by dissolving metals in liquid NH3 in the absence of proton donors, are, in general, inferior 
in terms of general synthetic utility to reductions carried out under other conditions. In many cases, par- 
ticularly when Li is used as a reducing agent, bimolecular reduction is difficult to predict and the ratios 
of epimeric alcohols may vary as a function of the metal used as the reducing 

1.4.3.1.4 Other solvents 

The vast majority of the dissolving metal reductions of carbonyl compounds which have been camed 
out synthetically have used either alcohols or liquid NH3 as the solvent."-6 However, a variety of other 
solvents have been employed, frequently in connection with studies of the mechanism of the reductions 
or in exploratory synthetic studies. 

Ethereal solvents, principally THF, either with or without sonication, have been reported to give re- 
sults similar to those obtained on reductions in NH3 with no added proton donor, and pinacol formation 
as a major reaction A potentially useful selective reduction of unhindered cyclohexanones in the 
presence of other ketones using AI amalgam in aqueous THF has been described and will be discussed in 
detail subsequently (Section 1 .4.3.3.2).z8 In this procedure aliphatic ketones give no pinacols; however, 
aromatic ketones give only the corresponding pinacoLZ8 
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A number of steroidal and triterpenoid ketones have been reduced with Li-ethylenediamine to give re- 
sults consistent with those anticipated by analogy with NH3.29-31 In addition to NH3 and aliphatic 
amines, a number of other solvents provide relatively stable solutions of solvated electrons, usually using 
Na as the metal. These solvents, which include HMPA, N,N-diethylacetamide and N-ethylpyrrolidone, 
provide a medium for producing Na ketyls, which have been reacted with alkenes both inter- and intra- 
molecularly?2 In these reactions, secondary alcohols are by-products, and presumably conditions could 
be found which would provide a viable synthetic method for the reduction of ketones to secondary alco- 
hols. These solvents, however, would appear to offer no advantages compared to "3. 

The reduction of a number of ketones by alkali metals in HMPA has been carried out, both in the 
presence and absence of added proton  donor^.^^.'^ The results are qualitatively similar to those obtained 
using the corresponding metal in NH3 under similar conditions. If deuterated t-butyl alcohol is used as 
the proton donor, high levels of deuterium incorporation at the carbinol position are ~btained.~' Due to 
the carcinogenicity of HMPA it cannot be considered as a viable solvent for preparative chemistry and it 
also offers no advantage over other solvents. 

1.4.3.2 Metal 

In reductions carried out by dissolving metals in alcohols, Na in primary alcohols or K in tertiary alco- 
hols are the most common systems. Somewhat different epimeric mixtures are occasionally obtained 
with these systemsI8 and it has been reported that Li-ethanol does not reduce a menthone/isomenthone 
mixture.22 

All five Group I metals (Li, Na, K, Rb and Cs) and three Group I1 metals (Ca, Sr, Ba) have been used 
in NH3 to effect the reduction of ketones to secondary alcohols.4-6*1* In addition, it has been reported that 
Yb-NH3 reduction of a$-unsaturated ketones affords the saturated alcohol as the major product, which 
presumably arises via reduction of the intermediate saturated ketone.34 Reduction of (+)-camphor with 
Yb-NH3 both in the absence and presence of "421 affords the same 86: 14 ratio of borneol (2) to iso- 
borneol (3). In the presence of NHKl, the ketone is completely consumed and dimeric reduction prod- 
ucts are not observed.35 Excess Yb-THF-HMPA effects bimolecular reduction of aromatic ketones,36 
but aliphatic ketones are apparently inert to YbTHF.35g36 

A variety of other electron transfer reagents have been employed in reactions which appear to be 
mechanistically similar to the more common metal-NH3 or metalalcohol systems. These include K- 

Zn-KOH-DMS039 and both Li40 and AP8 amalgams. The amalgams from Zn, Mg, Ni, Cu, 
Sn and Pb have been found not to be effective in the reduction of cyclohexanone in aqueous THF.'" 
Also, several low-valent metal cations have been employed in the reduction of carbonyl compounds to 
alcohols. Among these reagents are low-valence salts of Ti,"246 Ce4' and Sm."8*49 

Some of these procedures have considerable potential as chemoselective reagents for the reduction of 
different types of carbonyl groups as will be discussed below. However, others, in particular Ce1245 and 
low-valence Ti are primarily of interest as reagents for dimeric reduction and are of little syn- 
thetic utility in reductions to form alcohols (see Volume 3, Chapter 2.6). 

1.4.3.3 Chemoselectivity 

1.4.3.3.1 Metul-ammonia and metal-alcohol systems 

Under the usual reaction conditions alkali metal-NH3 and alkali metal-alcohol systems are very 
powerful reducing systems. As noted above (Section 1.4.2.2) the reduction potentials of various func- 
tional groups in liquid NH3 are not known. However, if it is assumed that the same relative order of re- 
duction potentials is maintained in aqueous and nonaqueous systems, then it is apparent that in 
polyfunctional molecules the functional group with the least negative reduction potential should be re- 
duced most readily. The reduction potentials (versus saturated calomel electrode) for aliphatic ketones 
range from -2.3 to -2.7 V and aromatic carbonyl compounds are considerably less negative (approxi- 
mately -1.5 V).so Many common functional groups, including conjugated dienes, aromatic hydrocar- 
bons, unsaturated carbonyl, halo, nitro and nitroso compounds all have reduction potentials less negative 
than those of aliphatic ketones and do not survive dissolving metal reductions using alkali metals in NH3 
or alcohols. Although carboxylic acids are stable to metal-NH3  reduction^,“^^ they are reduced to alde- 
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hydes by Li in methylamine (see Chapter 1.12, this ~ o l u m e ) . ~  The reduction of esters to primary alcohols 
with Na in alcohol is the classical Bouveault-Blanc reduction (see Chapter 1.10, this ~ o l u m e ) . ~  

Both disubstituted alkynes (Chapter 3.3, this volume) and isolated terminal double bonds may be re- 
duced by alkali metals in "3, but isolated double bonds are usually stable to these conditions. However, 
16,17-secopregnanes (10; equation 8) afford mixtures of cyclization products (11) and (12) in 61% to 
80% yield with Na naphthalenide-THF, Na-NHpTHF, Na-THF or Li-NH3-THF. With Na-"3-THF- 
t-butyl alcohol, a 91% yield of a 72:28 mixture of (11):(12) (R = Me) is ~btained.~ '  This type of radical 
cyclization of alkenes and alkynes under dissolving metal reduction conditions to form cyclopentanols in 
the absence of added proton donors is a general reaction, and in other cases it competes with reduction of 
the carbonyl g r o ~ p . ~ - ~ ~ , ~ ~  Under the conditions of these reactions which involve brief reaction times, 
neither competitive reduction of a terminal double bond nor an alkyne was ~ b s e r v e d . ~ ~ , ~ ~  However, al- 
lenic aldehydes and ketones (13) with Li-"3-t-butyl alcohol afford no reduction products in which the 
diene system survives.53 

(13) n = 2,3;  R = H, Me 

In addition to the inherent problems associated with easily reduced functional groups in dissolving 
metal reductions, ketones with an a-hetero substituent suffer removal of the a-substituent rather than re- 
duction of the carbonyl group (Chapter 4.8, this volume). Cyclopropyl ketones constitute a special 
example of reduction of a-substituted ketones in which the ketyl formed by addition of one electron to 
the carbonyl group behaves as a cyclopropyl carbinyl radical, providing ketonic products arising from 
cleavage of the cyclopropane ring.5&56 

The metal-NH3 reductions of carbonyl groups are exceedingly fast reactions; for the reaction of 
acetone with an ammoniated electron the rate is 9 x lo7 M-I s-',~' Although many, particularly older, 
published experimental procedures for the metal-NH3 reduction of ketones employ prolonged reaction 
times with excess metal, these conditions are unnecessarily harsh. The reactions of carbonyl compounds 
with metals in "3 are effectively instantaneous and by using short reaction times it appears that reduc- 
tion of terminal alkenes and disubstituted alkynes can be avoided.52 In addition to the functional groups 
mentioned above, alcohols, amines and ethers, other than epoxides, are usually stable to reductions of al- 
deh ydes and ketones by dissolving 

Aromatic ketones represent a rather special case in dissolving metal reductions. Under many condi- 
tions pinacol formation is the predominent reaction path (see Volume 3, Chapter 2.6). Also, the reduction 
potentials of aromatic carbonyl compounds are approximately 1 V less negative than their aliphatic 
 counterpart^.^^ The reductions of aromatic ketones by metals in ammonia are further complicated by the 
fact that hydrogenolysis of the carbon-oxygen bond can take place (Chapter 1.13, this volume) and Birch 
reduction may intervene (Chapter 3.4, this volume). 

The course of reductions of aromatic ketones is far more dependent on the exact reaction conditions 
than those of aliphatic ketones. A series of aromatic ketones, of which 1-tetralone (14; Scheme 1) is typi- 
cal, on reduction with excess Li-NH3 in the presence of a trace of Co or A1 and quenching with NH4CI 
gave almost exclusively tetralin (15).58.59 However, quenching with sodium benzoate5x or inverse 
quenching into aqueous NH4Cl gave 1-tetra101 (16) as the major product.59 Reduction at -78 "C with Li 
gave significant amounts of dimeric reduction products. Up to 31% of a Birch reduction product was ob- 
tained when Li or Na was added to a solution of (14) in THF-NH3.s9 
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i ,  Li-NH,-THF, -33 "C; ii, NH4CI; iii, NaOBz 

Scheme 1 

The metal-NH3 and metal-amine reductions of acetophenone and acetyl derivatives of polycyclic aro- 
matics are complex and afford primarily mixtures of Birch reduction products. In some cases a ketonic 
carbonyl survives the reduction, and in some cases it is reduced to the corresponding 

1.4.3.3.2 Other systems 

Reduction of aromatic ketones using dissolving metal systems other than alkali metals-NH3 in the ab- 
sence of proton donors usually provide good yields of pinacols (see Volume 3, Chapter 2.6) with only 
small amounts of the secondary alcohol as by-product. A detailed study of the reduction of acetophenone 
by Li amalgam in several solvents using a variety of proton donors has been carried In benzene the 
ratio of carbinol to pinacol was found not to vary in a regular way with the pKa of the proton donor. 
Using ethanol as a proton donor and a variety of solvents the carbino1:pinacol ratio was greatest in sol- 
vents which coordinate poorly with Li (cyclohexane, benzene, ether). In polar solvents which coordinate 
well with Li ions (propan-2-01, acetonitrile, THF) the pinacol was the major product. In the presence of 
optically active quaternary ammonium salts some asymmetric induction was observed, but the optical 
purity of the 1-phenylethanol did not exceed 8.9%.40 

A potentially useful chemoselective dissolving metal reagent for the reduction of aromatic ketones in 
the presence of other functional groups is the combination Zn-DMSO and aqueous potassium hydrox- 
ide.39 In three examples (benzophenone, fluorenone and 4-benzoylpyridine), the yields of secondary al- 
cohols were over 90%. Two other ketones (xanthone and thioxanthone) gave mixtures of alcohol and the 
hydrocarbon obtained by hydrogenolysis of a carbon-oxygen bond.39 

In general, the reduction of aromatic carbonyl compounds to the corresponding alcohols by dissolving 
metals is not a particularly valuable synthetic procedure. Better yields and chemoselectivity are usually 
obtained using complex metal hydrides. 

In contrast to traditional dissolving metal systems, low-valence metal cations, particularly Sm2+, show 
considerable chemoselectivity in carbonyl reductions. In some cases these reagents can effect transfor- 
mations which are difficult using metal hydrides or other traditional reducing agents. It has been sug- 
gested, and is almost certain, that these reductions are mechanistically similar to alkali metal 
red~ctions.4~ 

Samarium diiodide is usually prepared in situ by the reaction of Sm metal with 1,Zdiiodoethane in 
THF,"8,64 but a more convenient method appears to be the direct interaction of a slight excess of the met- 
al with iodine in THF.65 Although this reagent has found its principal utility as a reagent for effecting 
Barbier-type coupling reactions, in the presence of a proton donor it is an effective reagent for the reduc- 
tion of aldehydes and ketones to the corresponding a l~ohols . "*~~~ With methanol as a proton donor, alde- 
hydes and aromatic ketones are reduced efficiently to the corresponding alcohol. Aliphatic ketones are, 
however, only partially reduced at room temperatures in THF solution. This provides an effective and 
experimentally simple method of effecting the selective reduction of an aldehyde in the presence of an 
aliphatic ketone.48 This procedure appears to be at least as efficient as other procedures for the selective 
reduction of aldehydes.66 With water as the proton donor, 2-octanone is reduced to the corresponding al- 
cohol in 64% yield; in the absence of proton donors pinacols are the major product in the reaction of car- 
bonyl compounds with S m h M  Ytterbium diiodide behaves similarly, but is not as effective a reducing 
agent.48 

Although SmI2 is more chemoselective than traditional dissolving metal reagents, it does react with 
sulfoxides, epoxides, the conjugated double bonds of unsaturated ketones, aldehydes and esters, alkyl 
bromides, iodides and p-toluenesulfonates.48 It does not, however, reduce carboxylic acids, esters, phos- 
phine oxides or alkyl chlorides.48 In common with most dissolving metal systems, ketones with an a- 
hetero substituent suffer loss of the substituent rather than reduction of the carbonyl group.67 
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Other low-valence metal ions which can effect selective reductions are VC12 and TiCl3, both in 
aqueous THF, which selectively reduce benzils (17; equation 9) to the corresponding benzoin (18).46 A 
similar chemo- and enantio-selective reduction of benzil employs the combination SmIrHMPA-quin- 
idine, which affords the (R)-enantiomer of benzoin (56% ee). Other chiral reagents are not as effective.68 
In basic media (methanol-NH40H or NaOH), Tic13 reduces both benzil (17) and benzoin (18) to the 
corresponding diol in 98% yield, with a (+):meso ratio of approximately 3:l.43 Acetophenones and sub- 
stituted acetophenones with alkaline Tic13 usually give pinacols; however, p-amino- and p-hydroxy- 
acetophenone afford the corresponding alcohols in good ~ i e l d . 4 ~  

R = H, Me, OMe, Ph 

Aluminum amalgam in aqueous THF is a reagent which shows some promise for the selective reduc- 
tion of unhindered cyclohexanones in the presence of a variety of other aliphatic ketone~.~*.~ '  Reduction 
of cyclohexanone and 3- and 4-methylcyclohexanone gave, respectively, 94%, 71% and 70% yields 
(GLC) of the corresponding secondary alcohols; however, cyclooctanone, cyclononanone, cyclododeca- 
none, norcamphor, menthone, and 2-, 3- and 4-heptanone gave at most traces of reduction products. Cy- 
clobutanone, cyclopentanone and cycloheptanone gave 12-33% yields of the corresponding alcohols.2R 
Aromatic ketones gave good yields of pinacol under these conditions.28 Based on preliminary competi- 
tive rate studies cyclohexanones are reduced approximately 10 times faster than cyclopentanones by A1 
amalgam-aqueous THF.'" 

1.43.4 Stereoselectivity 

I .4.3.4.1 Generalizations 

It was originally believed that the dissolving metal reduction of cyclic ketones would invariably afford 
the more stable of a pair of epimeric ketones as the major p r o d ~ c t . ~  Although it has since been estab- 
lished beyond reasonable doubt that these reactions are kinetically controlled and that the less stable 
epimeric alcohol frequently predominates,4-6J6 the belief persists that these reductions are under thermo- 
dynamic c o n t r 0 1 . ~ ~ ~ ~ ~  

Reductions of cyclic ketones by dissolving metals are frequently highly stereoselective and these re- 
ductions have been used to obtain secondary alcohols which are difficult or impossible to prepare by 
metal hydride reduction. In terms of yield, the best results are usually obtained either by reductions with 
alkali metals (commonly Li) in liquid NH3 in the presence of proton donors4-6qlo or with active metals in 
an alcoh01.~3~ Although a number of explanations have been advanced for the stereoselectivity of these 
reductions, they are all rationalizations with dubious predictive value.M There are, however, a number 
of empirical generalizations which are based on a considerable body of experimental data, specifically: 
( i )  cyclohexanones with one or no a-alkyl substituents afford almost exclusively the equatorial alcohol; 
( i i )  very hindered cyclic ketones afford almost exclusively the thermodynamically more stable alcohol; 
( i i i )  2,2- or 2,6-disubstituted cyclohexanones may afford the less stable epimeric alcohol as the major 
product; and (iv) bicyclo[2.2. Ilheptanones afford the endo-alcohol without regard to the relative stability 
of the exo- and endo-alcohols. 

In reductions carried out in the absence of an added proton donor, it is difficult to predict the stereoc- 
hemical consequences of a given reduction. The details of reductions under various conditions are dis- 
cussed in Sections 1.4.3.4.2 through 1.4.3.4.6. 

I .4.3.4.2 Cyclohexanones with one or no a-substituents 

Reduction of a series of cyclohexanones (2- and 4-methyl, 4-isopropyl, 4-t-butyl and 3,3,5-trimethyl), 
both in the presence and absence of proton donors gave a 99:l ratio of equatorial to axial alcohol. For 3- 
methylcyclohexanone the ratio was 94:6.'O Also, reduction of menthone (4) affords a 97:3 ratio of equa- 
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torial alcohol to axial alcohol at -30 oC22 These are somewhat larger ratios of equatorial to axial alcohol 
than can be obtained by equilibration and considerably greater than can be obtained by conventional 
complex metal hydride reduction. Although LAH reduction of 4-t-butylcyclohexanone affords an equa- 
toria1:axial ratio (90: 10) which is comparable to that obtained using dissolving metals, reduction of 3,3,5- 
trimethylcyclohexanone by either LAH or sodium borohydride gives the axial alcohol as the major 
product.71 

Although the metal-NH3 reduction of unhindered cyclohexanones usually affords equatorial alcohols 
with greater stereoselectivity then metal hydride reductions, this method has not been used frequently in 
synthesis. An exception is the highly stereoselective reduction of ketoxime (19; equation IO), an inter- 
mediate in the synthesis of (*)-perhydrohistrionicotoxin, which gave an excellent yield of equatorial al- 
cohol (20) on reduction with Na-"3. This reduction is noteworthy in that the oxime survives the 
reduction, which was carried out below the boiling point of liquid NH3 for a relatively short period of 
time (30 

* (10) HO-N PiOH,  -78 "C HO-N / &OH 

Na-NH3 

An unhindered keto triterpene, friedelan-3-one (21), with a large excess of Li in refluxing ethylene- 
diamine has been reported to give a good (85-90%) yield of equatorial alcohol (22).29930 Reduction of a 
second 3-ketofriedelane which also contained a sterically hindered lactone afforded the 3a-01 with con- 
comitant hydrogenolysis of the lact0ne.7~ The hydrogenolysis of esters by alkali metals in amines is a 
general method for the conversion of alcohols to the corresponding alkane.74 

(21) R,  R' = 0 
(22) R = H, R = OH 

Although metal-alcohol reductions of ketones suffer from possible epimerization of the product alco- 
hol as well as isomerization of the substrate ketone (see Section 1.4.3.1.1), it was found possible to em- 
ploy the latter type of epimerization to advantage in the preparation of an alcohol used as a chiral 
director in asymmetric synthesis.23 In this preparation an 85: 15 mixture of ketones (23) and (24; equation 
1 1 ) was reduced with Na-isopropyl alcohol in toluene to afford alcohol (25) as the only isolated product 
in good yield.23 

Metal-alcohol reductions have also been used in the stereoselective reduction of 3a-hydroxy-7-keto- 
cholanic acid (26) to the commercially important equatorial 7p-01 (27).I7*l8 These reductions have been 
carried out with several alkali metals in secondary and tertiary alcohols, where reduction with K in ter- 
tiary alcohols is more stereoselective than Na-isopropyl a l c ~ h o l . ' ~ * ~ *  These reductions afford the equa- 
torial alcohol as the major product in good yield, in contrast to sodium borohydride reduction, which 
provides the axial alcohol (28) almost exclusively. 
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(26) R, R = 0 
(27) R = OH, R’ = H 
(28) R = H, R = OH 

1.4.3.4.3 Sterically hindered cyclohexanones 

Dissolving metal reductions remain the method of choice, and are frequently the only viable method, 
for the reduction of sterically hindered cyclohexanones to equatorial alcohols. In the early 1950s it was 
found that reduction of 1 1 -keto steroids using either Na-propan-l-oI2 or Li-NH3-dioxane-ethanol’ gave 
good yields of the equatorial 1 la-alcohol. 1 1-Keto steroids, such as androstan-1 1-one ( 2 9  equation 12) 
have two axial methyl groups in a 1,3-relationship to the carbonyl group and afford exclusively the axial 
1 1 p-ol(30) on reduction with metal hydrides. 

Reduction of the ketone (29) in NH3-ethanol gave a quantitative yield of a mixture in which the equa- 
torial l la-01 (31) pred~rninated.~~ With Li-NH3-NH4CI a quantitative yield of alcohols was also ob- 
tained, but quite surprisingly the ratio of (31):(30) was 5545, which is similar to that obtained using 
alkali and alkaline earth metals (Li, Na, K, Cs, Sr) in the absence of a proton donor. Under these condi- 
tions Ca and Ba gave 79:21 and 6535 ratios of (31):(30), respectively. In none of these reductions is 
there any evidence for pinacol f~rrnation.’~ Reduction of 19-keto-a-agarofuran (32; equation 13) using 
excess Li-NH3-ethanol gave almost exclusively the equatorial 9a-01 (34), while LAH gave the axial 
9p-01 (33) as the only isolable product.26 As expected with a severely hindered ketone, no pinacols were 
obtained with any alkali metal-proton donor combination.26 

Although alkali metal-NH3 reductions are usually preferable to Na-alcohol reductions in terms of 
yield and convenience, the stereochemical consequences of both systems are similar, at least for all steri- 
cally hindered systems studied thus far. Illustrative examples are the reductions of bicycle[ 3.3.1 Inonan- 
ones (35; equation 14) and (36; equation 15).20 In both cases the equatorial alcohols (37) and (38) were 
obtained in excellent yield and with complete stereoselectivity. LAH reduction of ketone (35) gave only 
the epimeric axial alcohol, while (36) gave a mixture of (38) and its epimer.20 
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@ -  (35) 

Na-EtOH reflux 95% $OH 

(37) 

Na-EtOH +Po reflux 95% - 

119 

(14) 

Several sterically hindered keto triterpenes, including friedelan-7-one (39; equation 16), were reduced 
with a large excess of Li in refluxing eth~lenediamine.~~ This exceedingly hindered ketone (three axial 
methyl groups with a 1,3-diaxial relationship to the carbonyl) affords only the equatorial 701-01 (40) in 
good yield. Other ketones which were reduced under these conditions are considerably less hindered than 
ketone (39), but all gave the equatorial alcohol in good yield.29 4 reflux, Li-H2N(CH2),NH2 5 8 ~ 9 0 %  h, then NH,CI 8 (16) 

““’OH 

(39) (40) 

1.4.3.4.4 Moderately hindered cyclohexanones 

A group of moderately hindered cyclohexanones which has been thoroughly studied is the 12-keto ste- 
roids, in which the stereochemical course of the reduction is governed by the structure of the C-17 alkyl 
g r o ~ p . ~ , ~ , ~ ~  Reduction of 12-keto steroids which have a secondary substituent on C-17, (41), (42) and 
(43), gave mixtures of alcohols with Li-”3-methanol in which the axial 12u-ol, (4% (46) and (471, 
was the major product (70-80%).5925 However, reduction of SP-pregnan- 12-one (44) under the same con- 
ditions gave a mixture containing only 1 1 % of the axial alcohol. Similar results were obtained using Na- 
propan- 1-oL6 Reduction of ketones (41) and (42) with Li-NH3 in the absence of an added proton donor 
gave mixtures of epimeric alcohols containing from 1O-20% of axial alcohols (45) and (46). Consider- 
able quantities of pinacol were obtained under these conditions and pinacol was the major product from 
the reduction of ketone (44) in the absence of a proton donor.2J Sodium borohydride reductions of 
ketones (41), (42) and (43) were comparable in terms of yield and stereoselectivity to reduction by 
Li-NH3-alcohol. However, borohydride reduction of ketone (44) gave an approximately 1 : 1 mixture of 
alcohol (48) and the equatorial l2P-01.~~ 

Although they have apparently not been studied in detail, dissolving metal reductions of 1-keto ste- 
roids appear similar to those of the 12-keto steroids. In one report, cholestan-I-one (49; equation 17) on 
reduction with Na in either ethanol or I-pentanol gave the axial alcohol, cholestan-la-01 (SO), as the 
major reduction product in unspecified yield.76 The equatorial 1 P-01 was detected by TLC, but could not 
be isolated. 



120 Reduction of C-X to CHXH by Dissolving Metals 

(41) R = Pr 
(42) R = Et 
(43) R = Me 
(44) R = H 

Na-EtOH or - 
n-C,H, ,OH 

H 

(49) 

(45) R = Pr 
(46) R = Et 
(47) R = Me 
(48) R = H 

I7 dP H 

(50) 

The other group of moderately hindered cyclohexanones which has been examined in detailed is a 
group of substituted 1-decalones, which gave results similar to those of the 12-keto steroids on Li-NH3 
reduction.24 These decalones were all derived from protected diketone (51) and included two different 2- 
monosubstituted derivatives (52) and (53). These decalones were reduced both in the presence of a 
proton donor (NH4Cl) and under anhydrous conditions in yields of 69-99%. The axial alcohol was the 
major product in the presence of a proton donor, while the equatorial alcohol was predominant in its ab- 
~ e n c e . ~ ~  

(51) R = H 
(52) R = CH2CH=CMe2 
(53) R = CH,CO,H 

The reductions of I -  and 12-keto steroids and their 1-decalone derivatives graphically illustrate the fact 
that dissolving metal reductions of ketones do not necessarily afford the more stable of a pair of epimeric 
alcohols. As a corollary, while the reduction of cyclic ketones is a synthetically useful procedure for the 
stereoselective preparation of secondary alcohols, it cannot be assumed that the thermodynamically 
stable alcohol will be the product which is obtained stereoselectively. 

I .4.3.4.5 Bicyclo[2.2.l]heptan-2-ones 

The dissolving metal reductions of bicyclo[2.2.1 Iheptanones have been studied extensively, and i t  has 
been established that both metal-alcohol and metal-"?-proton donor systems provide the endo-alcohol 
regardless of its stability relative to the ex0 isomer.4-6,i0*i6.70 In the case of camphor (1) which has been 
studied in the most detail, the ratio of endo-alcohol (borneol; 2) to exo-alcohol (isoborneol; 3) is very 
close to 90: 10 for all metal-"? conditions employed. The variables include temperature (-33 and -78 
oC),16 cosolvent (ether and THF),I6 metal (Li, Na, K, Rb)I6s7O and proton donor (NH4C1 and e t h a n ~ l ) . ' ~ ? ~ "  
The same results are obtained with both (+)- and (k)-camphor.16 These results are, coincidentally, almost 
identical to the equilibrium ratio for alcohols (2) and (3).16 
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In addition to camphor (l), the metal-NH~proton donor reduction of four other bicyclo[2.2. Ilheptan- 
2-ones and bicyclo[2.2.l]hept-5-en-2-one (54) have been studied sy~tematical ly . '~ ,~~ The other ketones 
include the parent bicyclo[2.2.l]heptan-2-one (55), fenchone (56), 1 -methylbicyclo[2.2.l]heptan-2-one 
(57) and 7,7-dimethylbicycloheptan-2-one (58). The results of these reductions and, where known, the 
equilibrium ratio of the alcohols are summarized in Table 1, In all cases and under the conditions noted, 
the endo-alcohol is produced stereoselectively. 

Table 1 Metal-Ammonia Reductions of Bicyclo[2.2. llheptanones and Equilibrium Ratios of the Corresponding 
Alcohols 

Ketone Metal Cosol vent Proton Endo:exo Endo:exo Ref 
donor (reduction) (equilihrilim 

- 
Li THF NbCI 99: 1 5050 16 
Li Et20 NbCI 89:Il 595 16.70 

69 8 5 1 5  
- 16,70 

Li Et20 EtOH 
Na Et20 NH4CI 89: 1 1 

69 85: 15 
- 16,70 

Na Et20 EtOH 
90:lO 

- 70 
K Et20 NbCI 
K Et20 EtOH 90: 10 
Li THF NbCI >99 1 72:28 16 
Li Et20 NH4Cl 91:9 40:60 16 
Li Et20 NbCI 83:17 Unknown 16 

- 
(54) 
(55) 
(55) 
(55) 
(55) 
(55) 
(55) 
(56) 
(57) 
(58) 

- 

The reduction of bicycloheptanones, particularly camphor (1) in the absence of added proton donors 
has been studied extensively in connection with the mechanism of the dissolving metal reductions and 
are discussed in Section 1.4.2.2. As previously noted, reductions under these conditions are of consider- 
ably less utility in synthesis than those carried out in the presence of a relatively acidic proton donor 
(NH4CI or ethanol). 

The stereoselective dissolving metal reduction of bicycloheptanones has been applied to the synthesis 
of two tricyclic sesquiterpenes, longiborneol (59; equation 18) and ylangoborneol (60; equation 19). Al- 
cohol (59) was originally prepared by metal-alcohol reduction of longicamphor (61)77 and in improved 
yield using a metal-"3-alcohol procedure.78 Using a similar procedure, ylangocamphor (62) gave alco- 
hol (60) in excellent yield.79 Reduction of ketone (62) using LAH afforded exclusively the ex0 isomer of 
alcohol (60). 

Na-PPOH, reflux, 58% 

0 '  Ca-NH3-PrnOH, 97% 

(61) 

Ca-NH?, -33 "C 
w 

then EtOH 

a HO 

(59) 

OH 

(60) 
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1.4.3.4.6 Cyclopentanones 

The stereochemistry of the reduction of substituted cyclopentanones has not been studied in great de- 
tail and it is not possible to make detailed generalizations regarding their course. Based on limited ex- 
perimental data, it appears that metal-alcohol and metal-"3-proton donor reductions of 
alkyl-substituted cyclopentanones will usually afford a greater than equilibrium ratio of the thermo- 
dynamically more stable alcohol. In the absence of an added proton donor, pinacol formation may be a 
problem and different metals may give different ratios of epimeric alcohols. 

The reductions of two steroidal ketones, androstan-17-one (63)75 and androst-5-en-16-one (64)19 under 
various conditions have been studied in some detail. In the case of 17-ketone (63) the p-01 (65) is the 
stable epimer and for the 16-01 (66), the a-isomer is more stable. Dissolving metal reductions of both 
ketones in the presence of proton donors gave the more stable alcohol as the major product; however, re- 
duction of 17-keto steroid (63) is considerably more stereoselective as noted in Table 2. Although pina- 
cols are not usually obtained in dissolving metal reductions carried out in the presence of proton donors, 
ketone (63) gave from 6 to 34% of dimeric products under these conditions (Li, 6%; Na, 34%; K, 
13%).75 

H 

(63) R, R = 0 
(65) R = OH, R' = H 

(64) R, R = 0 
(66) R = H, R =OH 

Table 2 Dissolving Metal Reductions of Androstan-17-one (63) and Androst-5-en-16-0ne (64) 

Ketone Reduction conditions a-ol:pol (Reduction) a-ol:p-ol (Equilibrium) Re5 

Li-NH3-EtOH 3:97 4258  15 
Na-NH3-EtOH 0:loo - 15 
K-NHyEtOH 0:loo - 75 
Li-EtOH 63:37 82:18 19 

19 Na-EtOH 85:15 - 
Li-NH3-THF 55:45 - 19 
Na-N H3-THF 4 2 5 8  - 19 
K-"3-THF 22:78 - 19 

(63) 
(63) 
(63) 
(64) 
(64) 
(64) 
(64) 
(64) 

In the absence of an added proton donor, the 17-keto steroid again gave the 17p-01 (65) as the pre- 
dominant or exclusive product with seven metals (Li, Na, K, Cs, Ca, Ba, Sr) in "3. All the alkali metals 
gave the 17p-01 (65) exclusively and the alkaline earth metals gave only 2-5% of the a-01. With the ex- 
ception of Ca, all of the metals gave pinacols in yields of 3% (Cs) to 28% (Li).75 Reduction of 16-keto 
steroid (64) with alkali metals-NH3 in the absence of an added proton donor gave less 16a-01 with Na 
than with Li and still less with K (Table 2).19 Pinacols were not reported in the reductions of ketone (64). 

A series of dialkylcyclopentenones (67) has been reduced with Li-NH3 in the presence of various 
proton donors (phenol and methyl, ethyl, isopropyl and t-butyl alcohols).80 These reductions gave com- 
plex mixtures of products, most of which were cyclopentanols (as), arising from sequential conjugate re- 
duction to the cyclopentanone followed by reduction to the saturated secondary alcohol. In all cases, and 
regardless of the relative stereochemistry of R, R' and X, the major product was a secondary alcohol in 
which the hydroxy group was trans to the adjacent alkyl group (68).80 

(67) (68) 

X = H or OH; R = R' = Me; R = Me, R' = But; R = Me, R' = Prl 
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A stereoselective Li-NH3 reduction of a cyclopentenone has been employed in two different syntheses 
of the cytotoxic sesquiterpene coriolin (69; Scheme 2). In one synthesis, tricyclic ketone (70) was re- 
duced stereoselectively to alcohol (71) using Li-NH3-1nethanol.~' In the second synthesis, tetracyclic 
enone (72) was converted in a single step to (71).82 This reduction proceeds by initial cleavage of the 
cyclopropyl ketone unit of (72) to give ketone (70), which is then reduced to (71). 

\ 

H 

several steps 
t 

Scheme 2 

Metal-alcohol reductions of substituted indanone (73; equation 20) which afford mixtures of alcohols 
(74) and (75) have been describeda2' Although alcohol (75) is the more stable isomer, Li and Na both af- 
ford alcohol (74) as the major reduction product (74:75 = 60:40). Aluminum gives a (74):(75) ratio of 
90:10, but with K it is 30:70. Prolonged (12 h) heating of the A1 and K reactions changes the ratios to 
(70):(30) and (10):(90), respectively.2' It is apparent that some equilibration is occurring under these 
conditions, but it is not clear if the results after 3 h represent partial equilibration or if they are truly the 
result of kinetically controlled reductions. 

* m,,; + 03"" (20) m,,,, \ toluene/reflux \ 

ph Li-, Na-, K- or AI-R'OH 

0 OH OH 
(73) (74) (75) 

1.4.4 REDUCTION OF C-N AND C-S 

1.4.4.1 Reduction of Imines and Oximes 

1.4.4.1.1 Reduction of imines 

The reduction of imines to amines (equation 21) by dissolving metals is usually carried out using ac- 
tive metals in a protic solvent, typically Na-alcohol, Zn-NaOH and A1 or Mg in alcohols.x3-xs Although 
the mechanism of these reductions has not been investigated in detail it is almost certainly analogous to 
that of the reduction of ketones (Section 1.4.2). It has been established that radical anions are intermedi- 
ates in these reductions and in the absence of a proton donor reductive dimerization is the principal re- 
action path.x6 

R IR * Ry"R R 
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The reduction of a series of 1,3-diimines (76) has been investigated in which the dissolving metal re- 
ductions have been carried out both in the presence8' and absenceg8 of proton donors. These compounds 
exist as a tautomeric mixture of two enaminoimines (77) and (78) and the diimine (76). Reduction by 
Na-propan-2-01 of five examples (Ar = Ph, p-tolyl; R = Me; R' = Ph, P-tolyl, cyclohexyl) gave excellent 
(90-99%) yields of diastereomeric mixtures of three of the four possible fully reduced diamines in which 
no isomer comprised more than 50% of the reaction mixture. Diamines (79) were not observed, and their 
absence was attributed to steric  factor^.^' On reduction with Li-THF for several hours, followed by 
quenching with methanol, ethanol or water a number of these tautomeric mixtures (76, Ar = Ph, @-tolyl; 
R = H, Me, PhCH2, CH24H-CH2; R' = Ph, P-tolyl, Me, cyclohexyl) gave saturated ketones, (80) in 
70 to 93% yield.@ 

The metal-alcohol reduction of imines usually produces the reduced amine in good yield; however, 
the reduction of some allylic imines (81, R = Prn,Bun) with Na-alcohol proceeds with hydrogenolysis to 
give alkene (82).89 

Ph Ph Ph 

R' NH2 - R * -  R - R' RkHAr Ry NAr 

Although by far the most usual method for the dissolving metal reduction of imines is metal-alcohols, 
a few other systems have been explored with mixed results. In one of these, the reduction of three imines 
(83)-(85) with potassium graphite (CgK) in anhydrous THF gave the corresponding amines in 83-90% 
yields at room temperature in 30 m h W  Much less favorable results were found in the reduction of ben- 
zalaniline (86) with SmI2 in methanolic THF which gave N-benzylaniline in 50% yield, with much re- 
covered starting material. An attempted Barbier-type coupling reaction employing (86), I-iodobutane and 
SmI2-THF gave a mixture of products of which N-benzylaniline constituted 60%.61 

1.4.4.1.2 Reduction of oximes 

The reduction of oximes to primary amines by dissolving metals, usually Na-alcohol, is an established 
synthetic procedure which has been employed for many y e a r ~ . * ~ , ~ ~  Although in some cases LAH reduc- 
tion is superior, the reduction of many oximes with LAH leads either to aziridines or Beckman-type re- 
arrangement~.~' 

The reduction of a series of bicyclic and tricyclic ketoximes using both Na-ethanol and LAH has been 
carried out and the product mixtures analyzed in detail.Y2 In this investigation it was found that reduction 
of the oximes derived from two tricyclo[2.2. 1.02,6]heptan-3-ones (87) and (88) with either LAH-THF or 
Na-ethanol gave mixtures of ex0 (89) and (90) and endo (91) and (92) amines. Neither method of reduc- 
tion was particularly stereoselective and the yields were somewhat better with LAH (87; 76% versus 
67% and 88; 67% versus 44%). In contrast, reduction of the oximes of three bicyclo[2.2.l]heptan-2-ones 
(93)-(95) with LAH-THF gave significant quantities of azabicyclo[3.2.1 ]octanes (96)-(98) in addition 
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to mixtures of ex0 and endo primary amines. Reduction of oximes (93)-(95) with Na-alcohol gave only 
mixtures of epimeric amines?* These results, outlined in Table 3, show that the endo-amine is the major 
stereoisomer, although the unsubstituted oxime (93) had previously been reported to give an exo:endo 
ratio of 7525 on Na-alcohol reduction and exclusively the endo-amine on LAH reduction.93 

"NOH "2 

(87) R = Me 
(88) R = Et 

(89) R = Me 
(90) R = Et 

(91) R = Me 
(92) R = Et 

R 'NOH R 

(93) R = H 
(94) R = Me 
(95) R = Et 

(96) R = H 
(97) R = Me 
(98) R = Et 

Table 3 Reduction of Oximes of Bicyclo[2.2.l]heptan-2-ones" 

Oxime Conditions Yield Rearrangement Amine Exo:endo 
(%) (rel. %) (rel. %) 

Na-EtOH, 80 'C 67 0 100 2273  
(93) LAH-THF, 65 "C 79 36 64 36:64 
(93) Na-EtOH, 80 'C 52 0 100 32:68 %! LAH-THF. 65 'C 87 60 40 10:90 
(95 j Na-EtOH, 80 'C 50 0 100 14:86 
(95) LAH-THF, 65 'C 59 52 48 I0:90 

The chemoselective reduction of a series of 2-oximo-1 -tetralones (99-103 equation 22) to the corre- 
sponding aminotetralones has been camed out using Zn-HOAc-AczO in 5 5 4 5 %  yield. The amino 
group is acetylated under these conditions and the 2-acetamidotetralone is the product which is iso- 
lated?4 

(22) dNHAc \ 

&NOH Zn-AcOH-Ac20 

(99) unsubstituted; 65% 
(100) 5-OMe; 62% 
(101) 6-OBn; 65% 
(102) 7-OBn; 60% 
(103) 5,8-di-OMe; 55% 

The reduction of oximes by SmI2 has been attempted, but complex mixtures of products are ob- 
tained.@ In the case of benzaldehyde oxime (104: equation 23) two dimeric reduction products (105) and 
(106) were isolated, apparently in good yield.@ 

)= NOH 

(104) (105) (106) 

H 
Ph - N,, Ph (23) I P h y P h  + 

Ph SmIz-MeOH 

H THF "2 
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1.4.4.2 Reduction of Thioketones 

There is apparently only one report of the dissolving metal reduction of thioketones; thiobenzophe- 
none (107) has been reduced with excess Na-THF to give dianion (108), which on acidification gave 
thiol (109). The thiol was not isolated, but was oxidized with iodine to give the corresponding disulfide 
in 65% overall yieldeg5 The mechanism of the reduction is suggested to be the sequential addition of two 
electrons to the thiocarbonyl, which was confirmed by electron spin resonance spectroscopy studies of 
the intermediate thioketyl, and trapping dianion (108) with a variety of ele~trophiles.~~ 

Reduction of C=X to C H X H  by Dissolving Metals 

Ph Ph Ph 

Ph F s  Ph p- Ph P H  

(107) (108) (109) 
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1.5.1 INTRODUCTION 

Electrochemical methodology has proven to be a useful tool for carrying out certain redox reactions 
which normally require stoichiometric amounts of (organo)metallic reagents.’ The reagent in this case is 
an electrode which, when negatively charged (cathode), can transfer an electron onto a substrate mole- 
cule in solution (i.e. reduction), or, when positively charged (anode), can abstract an electron from it (Le. 
oxidation). In this chapter a review will be presented dealing with the cathodic reduction of c3eo and 
C=N groups. In order to make the text more intelligible for the synthetic chemist who may not be famil- 
iar with electrochemical jargon, a short review of the basic principles of eiectrosynthesis is presented 
here. 

In a cathodic reduction process electrons are transferred from the electrode surface onto the substrate 
molecules only if the former possess enough potential energy, Le. if the electrode potential is negative 
enough. Each organic compound has its own reduction potential (expressed in volts) at which it is re- 
duced but the value depends greatly on the solvent, supporting electrolyte and the presence of other com- 
pounds that may interact with the substrate or electrode surface. In anodic oxidations the term ‘oxidation 
potential’ is used, referring to the electrode potential at which electrons will be transferred from the sub- 
*This chapter is dedicated to the memory of Dr. Manuel M. Baker 
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strate to the positively charged anode surface. Thus, the higher the oxidation potential of a compound, 
the more difficult it is to oxidize it. In an electrochemical reaction electrons will only flow in a closed 
circuit (Figure 1) which includes a ‘counter electrode’ (sometimes called ‘auxiliary electrode’). The cath- 
ode receives electrons from the counter electrode, which becomes positive (anode) with the help of a 
power supply (potentiostat), which serves as an ‘electron pump’. As a result an oxidation process needs 
to take place near the anode surface to maintain the current flow. The electrode at which the desired re- 
action occurs is called the ‘working electrode’. The term ‘electrode potential’ is in reality a potential dif- 
ference measured relative to a reference electrode, such as the ‘saturated calomel electrode’ (SCE) or the 
silver-silver halide electrode. Whenever a potential value is reported for a compound, the type of refer- 
ence electrode must be indicated. When the reduction is carried out at a constant potential (see Figure l), 
the potentiostat uses the reference electrode as a zero point against which it will maintain the negative 
potential value required at the cathode surface. In order to maintain electroneutrality in the solution dur- 
ing the electrolysis it is necessary to add a so-called ‘supporting electrolyte’ which makes the medium 
electrically conductive. The most popular are the tetraalkylammonium salts (e.g. BwNBr) and alkali 
metal salts (e.g. LiC104), although virtually any soluble salt can be used. The solvent required for dissol- 
ving these salts must be very polar (high dielectric constant) and, therefore, electrosynthetic reactions are 
usually carried out in dimethylformamide, acetonitrile, dimethyl sulfoxide, alcohols, water and some- 
times even ethers (e.g. tetrahydrofuran). 

Potentiostat 

+ Reference - 

Ammeter 

Coulometer 

Figure 1 Controlled potential electroreduction in H-cell 

The cell shown in Figure 1 (also called an H-cell because of its shape) is a divided cell, wherein a por- 
ous glass frit or polymer (e.g. Nafion) prevents the anolyte and catholyte solutions from mixing with 
each other. In some cases, however, a simple beaker can be used (undivided cell). 

Once the potential is dialed on the potentiostat and the electrodes are activated, a current flows through 
the cell but decreases gradually until all the substrate at the working electrode is converted into products. 
The current is monitored with an ammeter (Figure 1) and it is also common to include a coulometer so 
that at the end of the electrolysis the total charge that has passed through the cell can be measured. For 
instance, in a ‘one-electron’ process a total charge of 96 487 C will be consumed by 1 mol of substrate 
knowing that 1 mol of electrons (each carrying a charge of 1.6 x C) is required. That total charge of 
1 mol of electrons is commonly referred to as one Faraday (1 F = 96 487 C) and the electron consump- 
tion is expressed in Faraday per mol of substrate (F mol-I). Suppose that one deals with a well-estab- 
lished one-electron process and at the end of the experiment the coulometer indicates the consumption of 
2 F mol-’, then it is obvious that 1 F mol-I of electricity must have been consumed by impurities or sec- 
ondary electron transfer reactions. While it is theoretically possible to obtain 100% chemical yield in 
such an electrolysis, the ‘current efficiency’ or ‘current yield’ is 50%: only 50% of the current is used for 
the desired reaction. 

In the electrochemical literature one often encounters reports dealing with electrolyses carried out 
under a constant current ( i .e.  galvanostatic), expressed as ‘current density’ ( e . g .  A cm-2), instead of a 
constant potential. Such experiments do not require the use of a reference electrode and may also take 
less time, but a major drawback is that the potential value of the working electrode increases gradually as 
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the substrate in the solution is consumed. For a reduction it means that the cathode potential becomes 
more negative and consequently the product selectivity may suffer if the composition of the reaction 
mixture is not carefully monitored during the electrolysis. 

There are many electrochemical reactions known that involve the use of so-called ‘mediators’, which 
are basically redox catalysts. The active form acts as an electron transfer agent to convert the substrate 
into products. The catalyst is then regenerated at the electrode surface and the cycle can be repeated until 
all the substrate is consumed. Such an ‘indirect’ electrode reaction is schematically shown in Figure 2 for 
the case of an electroreduction. The mediator is reduced to its active form at potentials that can be up to 
600 mV more positive than the potential required for direct reduction of the substrate. 

Cathode 

Reduced substrate Medo, 

A C  
Organic substrate 

Medred 

Figure 2 Indirect electroreduction 

Before embarking on an electrosynthesis it is desirable to know the potential at which the desired re- 
action is expected to occur. That information can be obtained from electroanalytical techniques, such as 
polarography and cyclic ~ol tammetry.~,~ 

These basic principles will hopefully clarify some data presented in the following review that covers 
the literature from 1979 until the present, dealing with the electroreduction of a carbonyl group to an al- 
cohol, and of an imino group to the corresponding amine. Earlier literature on this topic has been re- 
viewed elsewhere.’ 

1.5.2 KETONES AND ALDEHYDES 

1.5.2.1 Nonalkenic Ketones and Aldehydes 

1.5.2.1.1 General mechanism and products 

The product distribution obtained in the cathodic reduction of ketones and aldehydes depends strongly 
on the right choice of the solvent (aqueous or nonaqueous), the supporting electrolyte, the electrode ma- 
terial and additives. Scheme l shows a simplified overview of the reduction pathways that lead to alco- 
hols (pinacols 2 and methanols 3) or deoxygenated products (4). In solutions containing aqueous acid the 
carbonyl group exists partly in the protonated form, which is more electrophilic and thus easier to reduce 
to the neutral radical (1). In some cases complete reduction of the carbonyl group to a methylene group 
(as in 4) can be observed. 

Van Tilborg and coworkers have reported synthetically useful data that support this mechanistic 
s ~ h e m e . ~ . ~  They found that the reduction of acetophenones often leads to nearly quantitative yields of 
pinacols in aprotic media, as shown in equation (1). 

Presumably a layer of tetraalkylammonium ions is formed at the mercury surface from which the radi- 
cal anion of acetophenone is quickly expelled into the bulk solution, where pinacolization can take place. 
An increased bulk of the alkyl chain of the ketone caused a lower selectivity: reduction of isobutyrophe- 
none afforded, besides 68% pinacol, 17% of the corresponding alcohol. Reduction of isobutyrophenone 
under protic conditions gave predominantly alcohol and only 13% of the pinacol. Aryl alkyl ketones also 
undergo pinacolization in excellent yields when lithium ions are added to the aprotic medium.6 However, 
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i ,  Hg, -2.0 V (SCE), 1.3 F mol-’, Et4NC104, MeCN, 98% 

in the case of diary1 ketones a disproportionation of the radical anion has been observed in the presence 
of lithium ions, affording the corresponding  alcohol^.^ Dialkyl ketones have received much less attention 
in such reduction studies, mainly because they can undergo aldol-type reactions when enolizable protons 
are present within the m~lecu le .~  

Pletcher and Razaq studied the four-electron reduction of acetophenone to ethylbenzene in strongly 
acidic media.8 Such an electroreduction is analogous to the classical Clemmensen reaction, which is car- 
ried out with amalgamated zinc in concentrated hydrochloric acid. 

The pathway for the cathodic reduction of acetophenone can be profoundly altered when the aromatic 
ring is complexed inside the hydrophobic cavity of P-cyclodextrin? Products resulting from ortho and 
para coupling to the carbonyl carbon are isolated in excellent yield, as shown in equation (2). 

Ho@L ~, . L ...... I 2 \ + % (2) 

P-CD-complex 0 

( 1 : l )  

i ,  Hg, -1.34 V(Ag/AgI), 1.5 F mol-’, Bu4NBF4, DMF, 90% 

1.5.2.1.2 Indirect electroreduction 

The reduction potential of an unactivated carbonyl group in aprotic media lies so close to the reduction 
potential of the supporting electrolyte that the latter is often reduced first. Kariv-Miller and coworkers re- 
cently exploited this seemingly undesirable effect in the development of extremely powerful electrore- 
duct ion^.'^'^ They showed that the tetraalkylammonium cation can act as a mediator, which accepts an 
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electron from the cathode and transfers it onto the carbonyl group. The reduction of cyclohexanone (5) 
shown in Scheme 2 serves as an example of the high yields and high selectivities that can be obtained by 
this method. Addition of dimethylpyrrolidinium ions (DMP) causes the reduction to occur at less nega- 
tive potentials (compared to BUN+ ions) and at the same time favors pinacolization (Le. the one-electron 
process). The D M P  ion is reduced by one electron to generate a radical species that reacts with the mer- 
cury cathode, forming a black solid material characterized as DMPHg5. The latter is believed to be the 
active reducing agent in these indirect electroreductions. 

OH H( 
A 

* dy) DMP+ 

v -2.7 V (SCE) 

95% (5) 

Scheme 2 

75% 

1.5.2.1 3 Electroreduction in the presence of transition metal ions 

Several studies have been done on the product distribution resulting from electroreduction of ketones 
and aldehydes in the presence of transition metal i o n ~ . l ~ - ~ ~  The complexation of such ions with the car- 
bonyl group causes the latter to be reduced at less negative potentials and also determines the regio- and 
stereo-chemical outcome of the reduction. Sopher and Utley showed that favors the pinacolization 
of ketones and a l d e h y d e ~ . ~ ~ J ~  Controlled potential electrolysis of benzophenone (Hg cathode, DMF, 
NaC104) required a potential of -1.3 V (versus Ag/AgI) to afford 80% alcohol, while addition of 1 equiv. 
of CrCb resulted in the formation of the pinacol (70%) and alcohol (10%) at only -1.0 V. The cathodic 
reduction of sterically hindered aromatic ketones and aldehydes in the presence of Cr3+, Mn2+, Fe2+, 
Co2+, Ni2+ and Zn2+ also gave good yields of the corresponding pinacols with predominantly the racemic 
diastereoisomer.1g-21 A stereoselective pinacolization (100% racemic diastereoisomer) of acetophenone 
(6) was observed when the electroreduction was carried out in the presence of Eu- ions (equation 3).22 

(6) 100% racemic isomer 

i, EuCI3-6H20, Hg, -1.4 V (AdAgI), Bu4NC104, DMF, 97% 

1.5.2.1.4 Stereocontrol in the electroreduction of ketones 

An important issue in the reduction of a carbonyl group is the degree of stereocontrol that can be ob- 
tained by using a particular set of conditions. A few systematic studies dealing with stereocontrol in 
cathodic reductions of cyclic ketones were reported independently by Utley23-25 and Shono26 in the early 
1970s. More recently, Le Guillanton reported a study on the electroreduction of 2-ethoxycarbonyl cy- 
cloalkanones (7) in aqueous media, as shown in equation (4).*' Both cis- and trans-Zhydroxy esters (8a) 
and (8bf were isolated in a ratio depending strongly on the nature of the supporting electrolyte and the 
cathode material. 

o C O 2 E t  OH + +Et 

(4) 

(7) (84  (8b) 

i ,  Hg, -2.2 V (SCE), Et4NI, H 2 0 .  EtOH, 90% 

The most important parameter was the temperature: at -6 "C cis isomer (8a) predominated (cktruns = 
65:35), while at 80 'C the thermodynamically more stable trans isomer (8b) was the major compound 
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(ci,r:rruns = 15:85), suggesting that the isomers result from an equilibrium of an intermediate radical or 
anionic species. The electroreduction of acyclic ketones with a chiral center (optically inactive) at the 
a- and P-positions has been studied by Nonaka and  coworker^.^^,^^ Unfortunately the yields were gener- 
ally very low for aliphatic ketones, probably because the reactions were camed out under extreme pH 
conditions. Tetraols are formed stereoselectively in the coupling of 2-substituted indan- 1 - ~ n e s . ~ O + ~ ~  

I S.2.1.5 Asymmetric electroreduction of a carbonyl group 

The development of asymmetric electroreductions remains a major challenge in spite of the many dif- 
ferent approaches that have been tested during the last two decades. The literature on this topic prior to 
1979 has been reviewed. 194.32  Chirality can be induced during electropinacolization of acetophenones by 
using chiral supporting electrolyte salts4 The enantiomeric excess (ee) in the (RS,RS)-pinacols varied be- 
tween 3 and 25%, depending on the nature of the chiral supporting electrolyte, the applied potential and 
the solvent. Anhydrous media gave the highest optical yield.32 Chemically modified electrodes, such as 
poly-L-valine coated graphite electrodes have been tested but they gave less than 7% optical yield in the 
reduction of phenylglyoxylic acid.33 A very intriguing method reported by Takahashi deals with the elec- 
trolytic reduction of phenylglyoxylic acid in a magnetic field of 1680 G (1 G = 10-1 T), affording dextro- 
rotatory mandelic acid with 21 % 

1.5.2.2 Alkenic and Alkynic Ketones and Aldehydes 

1.5.2.2.1 Nonconjugated alkenic ketones 

Kariv-Miller and coworkers have developed indirect electroreductive cyclizations with the dimethyl- 
pyrrolidinium ion (DMPf) as a mediator. Preparative electrolysis of 6-hepten-2-one (9) at a graphite 
cathode afforded cis-dimethylcyclopentanol (10) in 90% yield (equation 5).13 The reduction is believed 
to occur via the ketyl radical anion, which cyclizes onto the alkenic bond.I0 In the absence of DMPf 
simple reduction to 6-hepten-2-01 takes place.13 Very recently it was shown that instead of DMP+ several 
aromatic hydrocarbons can be used as mediators to initiate the cyclization reaction.l0 The carbonyl group 
can also be cyclized onto an alkynic bondI2 and even an aromatic ring. 12935  

(9) (10) 

i ,  C, -2.75 V (SCE), DMF, DMP' BF,-, Bu4NBF4, 90% 

1.5.2.2.2 cu,pUnsaturated ketones and aldehydes 

When an alkenic bond is conjugated with the carbonyl group, the carbonyl carbon and the P-carbon 
become the two reactive centers and a variety of products can be obtained depending on the medium.[ 
Presence of water in the reduction of 4-methyl-2-cyclohexenones results in a mixture of products.36 
However, when the @position is substituted such as in retinal (ll), pinacolization takes place to form the 
pinacol (12) in 89% yield, provided that the electroreduction is carried out in an aprotic medium in the 
presence of a mild proton donor, such as diethyl malonate (equation 6).37 

i ,  Hg, 1.09 F mol - I ,  Bu4NC104, MeCN, CH2(C02Et),, 89% 



Reduction of C=X to CHXH Electrolytically 135 

Similarly, the pinacols of p-ionone could be obtained in 75% yield by carrying out the electrolysis in 
the presence of chromium(II1) chloride.I6 Touboul and Dana observed a unique case of enantiomeric rec- 
ognition when they reduced a series of racemic 1,9,10,10a-tetrahydro-3(2H)-phenanthrones (13). Pina- 
colization occurred with formation of a new carbon-carbon bond preferentially between identical 
enantiomers, as shown in equation (7).38. 

i 
(7) 

(13) 
i, Hg, -1.4 V (SCE), 0.96 F mol-', EtOH, AcOH, 79% 

1.5.2.3 Electrocatalytic Hydrogenation 

A different type of electroreduction is the catalytic hydrogenation of organic compounds at an acti- 
vated electrode surface in an aqueous medium. The water is cathodically reduced to hydrogen gas, which 
reacts immediately wi;h the dissolved organic substrate. Lessard and coworkers found that benzophe- 
none can be reduced'to berfzhydrol in nearly quantitative yields using a Raney nickel cathode.39 Other 
catalytic electrode materials, such as palladium black40 and platinized platinum,'" have also been used. 
Chiba and coworkers showed that a series of aromatic and aliphatic ketones and aldehydes can be re- 
duced to the corresponding alcohols with Raney nickel electrodes in a methanolic medium.42 Under cer- 
tain conditions the ketone can be reduced directly to the h y d r ~ c a r b o n . ~ ~ , ~  

1.5.3 IMINES AND OXIMES 

1.5.3.1 Electroreduction of Acyclic and Cyclic Compounds with a C=N Bond 

1 S.3.1.1 General mechanism and products 

The mechanism of the cathodic reduction of carbon-nitrogen double bonds is not very different from 
that of a carbonyl group. As shown in Scheme 3, an initial one-electron reduction leads to a radical anion 
(14), which in most cases is quickly protonated due to its high ba~icity.4~ The resulting neutral radical 
(15) can dimerize to form vicinal diamines (16)46-47 or can be further reduced to lead to the amine (17) 
after a second protonation. Reversibility has been observed with several imines for the first and second 
electron transfer ~ t e p . 4 ~ 9 ~ ~  

(16) (racemic + meso) 

Scheme 3 
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The equilibrium existing in an aqueous medium between a Schiff base and its corresponding aldehyde 
or ketone can be exploited in reductive aminations, as shown recently by Pienemann and Schafer.5O Be- 
cause of its slightly more positive reduction potential compared to a carbonyl group, the Schiff base can 
be selectively reduced in a controlled potential electrolysis, to yield an amine in high yields, as shown in 
equation (8). This method is applicable to a variety of ketones and aldehydes. 

i ,  PSNH2, Hg, -1.68 V (SCE), H20, EtOH, 81% 

A nice example of regioselectivity that can be obtained with controlled potential electrolyses has been 
reported by tal le^?^ Electroreduction of the 2-phenyl-6H- 1,3-thiazine (18) in aqueous ethanol with an 
acetate buffer and a mercury pool cathode afforded the dimer (19; 80%) at a working potential of 
-0.80 V (SCE) or the 2,3-dihydro compound (20: 75%) at -1.40 V (SCE) (Scheme 4). 

* phy& 

J ; w $ /  vs 2 phf& LIAIH, 

0 OH 0 0 
(19) (18) (21) 

1 -1.4 V 

Scheme 4 

In contrast, sodium borohydride or lithium aluminum hydride reduced the carbonyl group to the alco- 
hol (21) leaving the C-N double bond intact. 

Imino lactones, such as (22), can be reduced cleanly to the morpholinone (23) in an aprotic medium 
using diethyl malonate as a mild proton donor (equation 9).51 The electroreductive behavior of this class 
of activated imines is presently under study. 

i, Hg, -1.83 V (SCE), 1.9 F mol-', Bu4NBr, DMF, CH2(C02Et)2, 8 1 %  

1.5.3.1.2 Electroreductive cyclization 

Schiff bases have been used in electroreductive cyclizations, leading to heterocyclic compounds. The 
bisimine (24), when reduced in glyme, affords the piperazine (25) in 42% yield after quenching with 
methyl iodide (equation When the solvent is changed to dirnethylformamide, saturation of the 
imino bonds takes place without ring closure. Transannular ring closure of diazocine (26) led to indolo- 
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indole (27) with a cis ring junction in 94% yield, as shown in equation (1 1). The radical anion generated 
from an imino bond can also act as a nitrogen base and consequently intramolecular deprotonation re- 
actions may compete with the cyclization process if acidic protons are present in the chain.53 

Me 
N w  Ph i, 2e-(Hg), Bu4NClO4, glyme 

( ~ 6  Ph ii, Me1 

Ph H 

2e- - 
94% \ N Ph 

Ph 

(26) 

1.5.3.2 Electroreduction of Oximes 

Another method for reductive amination of carbonyl compounds is based on the electroreduction of 
oximes in aqueous media. Thus, sugar oximes were reduced to their corresponding glycamines in good 
yields (Hg, KCl, acetate buffer).54 Similar reductions of oximes derived from furfural, salicylaldehyde, 
benzophenone and cyclohexanone have also been d e s ~ r i b e d ? ~ - ~ ~  but reports of preparative electrolyses 
in strictly aprotic media seem to be absent in the literature. 

1.5.33 Asymmetric Electroreduction of a C-N Bond 

The asymmetric electroreduction of an imino group has also been the subject of several studies. The 
use of modified  electrode^?^ or chiral additives that supposedly create a chiral environment close to the 
electrode surface, give only low optical  yield^.^*,^^*@' Other strategies will have to be explored in order to 
obtain high optical purities useful for synthetic work. 
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1.6.1 INTRODUCTION 

This chapter deals with heterogeneous and homogeneous catalytic hydrogenation of the C=X bond, 
mainly compounds containing carbon-xygen and carbon-nitrogen double bonds.*-8 Various catalysts 
are employed for the hydrogenation reaction, the most widely used for heterogeneous catalytic hydroge- 
nation being based on Fe, Ni, Co, Ru, Rh, Pd, Os, Ir and Pt, with the most popular catalysts based on Pt, 
Pd and Ni. The so-called copper chromite has also been used for hydrogenation of C=X double bonds. 

Heterogeneous catalytic hydrogenation is a classical method of hydrogenation for preparative organic 
chemistry. Recently various reducing reagents of the metal hydride type have become popular in syn- 
thetic organic chemistry; however, classical heterogeneous hydrogenation is still an important and con- 
venient method for the preparation of organic compounds both on the macro and the micro scale. 

Some metallic elements such as rhodium have been used for homogeneous catalytic hydrogenation in 
a properly designed complex. However, most homogeneous catalytic hydrogenations, including asym- 
metric reactions, have been applied to substrates containing a carbonxarbon double bond, and few have 
been applied to the reduction of carbon-xygen double bonds. 

Heterogeneous catalytic hydrogenations using chirally modified metal catalysts have been carried out 
successfully. This method is interesting chemically and could be a useful production method for chiral 

139 
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organic compounds. However, the application of this type of modified catalyst is, for the present, rather 
limited. 

1.6.2 HETEROGENEOUS CATALYTIC HYDROGENATION OF THE C=O BOND 

1.6.2.1 Hydrogenation of Aldehydes 

Saturated aliphatic aldehydes are easily reduced to the corresponding alcohols in high yield by hete- 
rogeneous catalytic hydrogenation. Saturated aliphatic aldehydes are converted to the corresponding al- 
cohols quantitatively using Raney nickel," l and hydrogenation of glucose over nickel to produce 
sorbitol has been used on an industrial scale.lZ Platinum oxide is also an efficient ~ata1yst.l~ 

Unsaturated aliphatic aldehydes can be selectively hydrogenated in three ways: reduction of (a) the al- 
dehyde group, (b) the carbon-carbon double bond, or (c) both the aldehyde and carbon-carbon double 
bond. A rhenium catalyst was suitable for selective hydrogenation of the carbonyl group;l4 crotonalde- 
hyde (1) was hydrogenated, using osmium on charcoal, to crotyl alcohol in high yield.15 In contrast, cro- 
tonaldehyde was converted to butyraldehyde using a palladium catalyst prepared by reduction of Pd salts 
with sodium borohydride.I6 Finally, using a nickel catalyst, crotonaldehyde was reduced to n-butanol 
(Scheme l), indicating that the palladium or osmium catalyst is more selective than the nickel catalyst. 
Similar catalytic hydrogenations of cinnamaldehyde were also carried out. The substrate was reduced to 
cinnamyl alcohol by osmium on charcoal, l5 to hydrocinnamaldehyde using a palladium catalyst16 and to 
hydrocinnamyl alcohol by Raney nickeL9 Palladium17 and platinum1* catalysts, modified with iron(I1) 
ion and zinc acetate, were also effective for selective hydrogenation of the carbonyl group of unsaturated 
a1deh~des.l~ 

H2, \ Ni -OH 

Scheme 1 

2,2-Dimethyl-4-pentenal was hydrogenated to form 2,2-dimethylpentanal using 5% palladium on 
alumina.I6 On the other hand, the substrate was converted to 2,2-dimethylpentanol using Raney nickel 
under stronger  condition^.'^ Similar hydrogenation of citral (2) to geraniol (3) has been camed out using 
a modified platinum oxide catalyst (equation 1).20 

The catalytic hydrogenation of benzaldehyde to benzyl alcohol has been camed out using various 
catalysts. Prolonged hydrogenation results in the formation of toluene, and hydrogenation must be 
stopped when the uptake of hydrogen reaches the theoretical value. 13*z1-z3 Further hydrogenolysis of the 
resulting benzyl alcohol tends to proceed to a larger extent when a platinum catalyst is employed as com- 
pared to palladium. N i ~ k e l , ' ~ * ~ ~  Raney nickel9 and copper chromitez5 are suitable for hydrogenation of 
benzaldehyde to benzyl alcohol practically without any hydrogenolysis. The use of platinum oxide modi- 
fied by the addition of iron(1I) chloride is also a good catalyst for hydrogenation, preventing further hy- 
drogen01ysis.l~ Benzaldehyde is hydrogenated to benzyl alcohol using a platinum catalyst in ethanol,z2 
but in acetic acid it is further hydrogenolyzed to toluene.zz Benzaldehyde is similarly converted to tol- 
uene with a palladium catalyst in acetic acid?6 and fluorene-l-carbaldehyde and furfural are converted to 
1 -methylfluorene and methylfuran, r e s p e c t i ~ e l y . ~ ~ . ~ ~  
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1.6.2.2 Hydrogenation of Ketones 

Heterogeneous catalytic hydrogenation of saturated ketones proceeds easily to form secondary alco- 
hols using various metal catalysts such as platinum, palladium, nickel, copper chromite and rhodium. 
However, the rate of hydrogenation of ketones is generally lower than that of the corresponding alde- 
hydes. Catalytic hydrogenation over platinum oxide?8 rhodium, r u t h e n i ~ m ~ ~ - ~ ~  and Raney nickeli0 gives 
the corresponding alcohols under mild conditions. On the other hand, hydrogenation over nickeP4 and 
copper chromitez5 requires stronger reaction conditions, although it still proceeds almost quantitatively. 
For example, hydrogenation of acetone over Raney nickel (25 "C, 1 atm) or copper chromite (150 'C, 
100 atm) gives isopropyl alcohol in almost 100% yield. 

Heterogeneous catalytic hydrogenation of aromatic ketones takes place easily to form the correspond- 
ing alcohols using various metal catalysts. Special care should be taken to avoid further hydrogenolysis if 
the products are of the benzyl alcohol type. Acetophenone was hydrogenated over palladium oxide in 
ethanol to form the secondary alcohol in good yield without hydrogenolysis. However, the same reaction 
in acetic acid gave the hydrogenated and hydrogenolyzed product ethylcyclohexane~8~z9 and nitroaceto- 
phenone was converted to ethylaniline over a palladium catalyst at room temperature in acetic acid.3i 
Noble metal catalysts tend to hydrogenate the aromatic ring and also hydrogenolyze the resulting 
benzylic alcohol. The hydrogenation of acetophenone over rhodium-platinum oxide in ethanol gave 1 - 
cyclohexylethanol in good yield, whereas hydrogenation of the same substrate over palladium or plati- 
num oxide in acetic acid in the presence of hydrochloric acid gave ethylbenzene.28 The same 
hydrogenation reaction using nickel and copper chromite gave 1-phenylethanol without hydrogeno- 

Hydrogenations of acetylpyridines were carried out similarly, and yielded various products depending 
on the reaction conditions and especially on the catalyst used.3z Thus 4-acetylpyridine was hydrogenated 
over palladium oxide to form the corresponding alcohol, 4 4  1 -hydroxyethyl)pyridine, with a small 
amount of the pinacol(4), but it was converted mainly to the pinacol using palladium on charcoal or rho- 
dium on alumina. However, under different conditions, the pyridyl ring of 3-acetylpyridine was reduced 
to a mixture of 3-acetyl-l,4,5,6-tetrahydropyridine and 3-acetylpiperidine. 

lysis.9.102425 

Hydrogenation of cyclic ketones yields secondary alcohols. In these reactions, the stereochemistry of 
the products depends on the reaction  condition^.^^ 

Heterogeneous catalytic hydrogenation generally takes place with syn addition to the double bond. An 
empirical rule for heterogeneous hydrogenation of cyclohexanones over Pt or Ni catalysts has been pro- 
posed by von Auwers and Skita.3"36 According to this rule, when Pt is employed as a catalyst, cis com- 
pounds are obtained under acidic conditions, while the reaction tends to favor the trans isomer in neutral 
or basic conditions. Barton has also expressed the rule of hydrogenation in terms of the conformations of 
the product; the catalytic hydrogenation of a derivative of cyclohexanone should yield the axial alcohol 
predominantly in acidic conditions, while in neutral conditions the equatorial alcohol is obtained pre- 
d~minan t ly .~~  Table 1 shows the results of catalytic hydrogenation of cyclohexanone derivatives under 
various 

In the reactions (a) and (b), the percentage of the cis products depended on the catalysts and the sol- 
vent, hydrogenation over platinum or platinum oxide giving the cis isomer, but giving the trans isomer 
with a basic catalyst (Raney Ni).44 Hydrogenation in acidic media favors the formation of axial hydroxy 
products, and alkaline conditions gave alcohols with an equatorial hydroxy In reaction (c), a 
higher proportion of the cis product was obtained. 

Several factors such as the structure of the substrate, the catalyst, the solvent, the reaction temperature, 
the pressure of hydrogen and other reaction conditions determine the stereochemistry of the catalytic hy- 
drogenation of cyclic ketones,36 and it is sometimes difficult to predict the major product of catalytic hy- 
drogenation. One reason for the complexity of the stereochemistry of the hydrogenation of cyclic 
ketones, at least in part, is related to the isomerization of the products under the reaction conditions. 
Some cyclohexanols were isomerized in the presence of platinum or nickel catalysts at room temperature 
or at higher temperature under a hydrogen atmosphere, and the isomerization reached a cis-trans equili- 
b r i~m.4~  For example, trans-3,3,5-trimethylcyclohexanol isomerized in the presence of a nickel catalyst, 
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Table 1 Catalytic Hydrogenation of Cyclic Ketones 

Substrate Solvent Catalyst Percentage of cis-product 

0 

AcOH, HCl 
AcOH 
MeOH 

AcOH 
AcOH 
EtOH 

AcOH, HCl 
AcOH 
MeOH 

80 
47 
26 

73 
38 
23 

93 
70 
70 

and reached equilibrium (cis:truns = 73:27). The presence of alkali accelerates the is~merizat ion~~ and, 
therefore, isomerization of cyclohexanol takes place in the presence of basic catalysts such as Raney 
nickel or Adams' platinum oxide.46 However, isomerization occurred to a much lower extent when an 
acid-washed platinum catalysts was used.47 The mechanism of the isomerization has been considered in 
two ways as shown in equation (2).39,48 Reaction (a) is an equilibrium between the cis and trans isomers 
by dehydrogenation and subsequent hydr~genation.'~ A kinetic study of the isomerization suggests that 
the racemization reaction takes place directly following adsorption of the alcohol on the catalyst (re- 
action b).47,48 

hexanone 

J - cis-hexanol - trans-hexanol 
(b) 

Unsaturated ketones can be hydrogenated to saturated alcohols, or to saturated ketones by controlled 
catalytic hydrogenation. The latter is not the subject of this article and hydrogenation to saturated alco- 
hols will be discussed. Hydrogenation of a ketone group to a secondary alcohol was achieved for chal- 
cone (benzylideneacetophenone) and phenylbutan-Zone using platinum oxide49 or copper chromite,25 
and a nickel catalyst was also used for the hydrogenation.I0 Chalcone was converted to the unsaturated 
alcohol using a modified colloidal palladium.50 A temperature effect in the catalytic hydrogenation of 
unsaturated aromatic ketones was observed using nickel cataly~t.~'  The carbon<arbon double bond was 
hydrogenated at room temperature, while the carbonyl group was reduced to an alcohol at 120 "C; at 
even higher temperatures (260 'C) the phenyl group was hydrogenated to a cyclohexyl group. 

a-Keto alcohols (acyloins) were hydrogenated to the mixture of glycols (5) over copper chromite 
under relatively strong conditions (150 'C, 100 atm; equation 3).52 Benzoquinone was converted to 
hydroquinone easily over a palladium catalyst under mild  condition^,^^ and 1 ,Ccyclohexanedione was 
hydrogenated to 4-hydroxycyclohexanone using ruthenium on silica.54 

* 

(3) 

* 
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1.6.3 HETEROGENEOUS CATALYTIC HYDROGENATION OF THE C-N BOND 

1.6.3.1 Hydrogenation of Oximes and Hydrazones 

The carbon-nitrogen double bonds of oximes and hydrazones are hydrogenated to form the corre- 
sponding amines by heterogeneous catalytic hydrogenation. 

The oximes of cyclohexanone and cycloheptanone were converted to cyclohexylamine9 and cyclohep- 
t ~ l a m i n e ~ ~  in good yield over Raney nickel or rhodium on alumina, respectively. Benzaldehyde oxime 
was converted to benzylamine over a nickel catalyst in good yield.56 The stereochemistry of the hydroge- 
nation is different depending on the catalyst and the reaction conditions. The catalytic hydrogenation of 
2-alkylcyclohexanone oxime (6) over platinum yielded cis-2-alkylcyclohexylamine as the major 
product?' and hydrogenation over Raney nickel gave the trans product (Scheme 2h5* Other stereoc- 
hemically interesting results are obtained by heterogeneous catalytic hydrogenation of the monooximes 
of diketones such as compounds (7)59860 and (8).61 These were both hydrogenated to form er-ythro-amino 
alcohols over platinum oxide and palladium c a t a l y ~ t s . ~ ~ , ~ ~  The stereochemistry of the catalytic hydroge- 
nation will be discussed later along with studies on asymmetric syntheses using heterogeneous catalytic 
hydrogenation (Section 1.6.4). a ioH H,, Pt, AcOH 

- a r H 2  

H,,RaneyNi 

(6) 
Scheme 2 

P h q  ph 

NOH NOH 

The phenylhydrazone of acetone was hydrogenated to form N-isopropyl-N-phenylhydrazine over col- 
loidal platinum.64 However, a similar hydrazone, 1 -(N-acetyl-2-piperidyl)acetone phenylhydrazone, was 
hydrogenated and hydrogenolyzed to form 1 -(N-acetyl-2-piperidyl)-2-aminopropane in good yield.65 

1.6.3.2 Hydrogenation of Schiff's Bases (Aldimines and Ketimines) 

Hydrogenation of a mixture of amines and aldehydes or ketones results in the formation of unsymme- 
trical secondary amines. The hydrogenation of the intermediate aldimine or ketimine can be carried out 
by heterogeneous catalytic hydrogenation over metal catalysts such as platinum, palladium, nickel or 
Raney nickel. The overall reaction can be regarded as an alkylation of the amino compounds, and also as 
a reductive amination of the aldehyde or ketone (Scheme 3). 

' 'R3] catalyst R"' . 

R1, R2, R3, = H, alkyl, aryl 

Scheme 3 

H 

The intermediate aldimine or ketimine is prepared from the amine and the aldehyde or ketone in an or- 
ganic solvent, and is usually hydrogenated without isolation. However, in some cases, the intermediate 
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azomethine compounds are isolated and then hydrogenated. Extensive studies on this two-step hydroge- 
nation have been carried out, and the reactions have been reviewed by Emerson.’ Therefore, the catalytic 
hydrogenation of aldimines and ketimines are not included in this review. 

Catalytic hydrogenation of aldehydes and ketones in the presence of ammonia is used for the prepara- 
tion of primary amines. The reaction product usually contains the secondary amine and an excess of am- 
monia should be used to minimize its formation. On the other hand, symmetrical secondary amines can 
be synthesized by catalytic hydrogenation using an excess of aldehyde.& 

The synthesis of a-amino acids has been carried out from a-keto acids by reductive amination using a 
platinum or palladium catalyst, mimicking their biosynthesis. Thus leucine,68 phenyl- 

aspartic acid67 and glutamic a ~ i d ~ ~ , ~ ~  have been synthesized by reductive amination. When 
an optically active primary amine is used, asymmetric induction can proceed in the course of the reduc- 
tive amination. 

1.6.4 DIASTEREOSELECTIVE ASYMMETRIC HYDROGENATION 

1.6.4.1 Asymmetric Hydrogenation of the C-0 Bond 

Catalytic hydrogenation of esters of a-keto acids with optically active alcohols using metal catalysts 
has been carried out.71-73 The alcohols used were (-)-menthol and (+)-borneol, and the catalysts used 
were PtO2, Pd/C, Pd/CaCOs, PdDaS04 and Raney nickel. The optical purities of the resulting a-hydroxy 
acid esters were not high. When (-)-menthyl benzoylformate (9) and (+)-bomyl benzoylformate were 
hydrogenated over Raney nickel, PtO2 or alkali-treated Pd/C, the major products were (-)-and (+)-man- 
delate, re~pectively.’~ However, when acid-treated catalysts were used, the hydrogenation products were 
(+)- and (-)-mandelate, respectively (Scheme 4). Thus the configuration of the resulting mandelic acid 
was not determined by the chiral source but by the manner in which the catalyst was m ~ d i f i e d . ~ ~ . ~ ~  Simi- 
lar inversion of configuration was observed in the catalytic hydrogenation of (S)-(-)-a-phenethyl ben- 
~oy l fo rma te~~  and menthyl a-naphthylglyo~ylate.7~ However, in the catalytic hydrogenation of menthyl 
pyruvate, the change in configuration of the product using a basic or an acidic catalyst was not ob- 
served.75 The change was observed in the hydrogenation of aromatic a-keto acid esters, but not when ali- 
phatic a-keto acid esters were In order to explain the changeover in configuration, the 
substrate was presumed to prefer an s-trans conformation when an alkali catalyst was used, and an s-cis 
conformation with an acidic The interconversion was explained by the formation of a 
hemiketal (equation 4),77 so that the s-trans conformer was converted to an s-cis conformer in acidic 
media and then hydrogenated to form the a-hydroxy acid ester that has a configuration opposite to that - -  
obtained using the basic catalyst. 

0 

’ AA * 
basic or acidic 

catalyst 

Scheme 4 

(R)-mandelic acid 

@)-mandelic acid 

(S)-lactic acid 

The catalytic hydrogenation of the benzoylformic acid amides of optically active amino acid esters 
was carried When the (S)-amino acid ester was used, the resulting mandelic acid had the @)-con- 
figuration. When pyruvic acid amides of optically active benzylic amines were hydrogenated over palla- 
dium, optically active lactic acid was obtained in relatively high enantiomeric excess (ee 60%).79 The 
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0 - H  n n R' 
nl 

s-trans 
(basic catalyst) 

.. n t  
OR2 

s-cis 
(acidic catalyst) 

asymmetric hydrogenation shows a solvent and also a temperature effect.8O The catalytic hydrogenation 
of pyruvic acid amides of optically active amino acid esters also showed a solvent effect: with a polar 
solvent, the configuration of the lactic acid was (R), but with a less polar solvent, the percentage of the 
(S)-isomer increased.8' The solvent effect was explained by assuming competing substrate-catalyst com- 
plexes (10) and (ll), as shown in Scheme 5 (chelation mechanism). In the less polar solvent, the interac- 
tion between the ester carbonyl and the catalyst was greater, and (11) could be the major conformation 
resulting in (S)-lactic acid. Asymmetric catalytic hydrogenation of N-pyruvoyl-(S)-proline esters was 
carried out under various conditions to afford N-[(S)-lactoyll-(Qproline esters with a diastereomeric ex- 
cess (de) of up to 6O9LE2 The effects of temperature and the bulkiness of the ester groups were studied, 
and the steric course explained by the chelation mechanism which will be described later. Catalytic hy- 
drogenation of benzoylformic acid amide with optically active trans 23-disubstituted pyrrolidine was 
carried out over PdIC, and the de of the product was 56%.83 

(R)-lactic acid (S)-lactic acid 

A 

H,, Pd /C H2, Pd IC 1 

1.6.4.2 Asymmetric Hydrogenation of the C-N Bond 

Numerous asymmetric catalytic hydrogenations of carbon-nitrogen double bonds have been carried 
O U ~ . ~ ~ + ~ ~  Some of the substrates used are oximes and hydrazones, but most of the reactions were carried 
out using Schiff's bases of ketones. a-Keto acids are precursors of a-amino acids in biosynthesis, and 
therefore a-keto acids have been used for the asymmetric syntheses of a-amino a ~ i d s . ~ ~ . ~ ~  

An aqueous alkaline solution of a mixture of (S)-arginine and pyruvic acid was hydrogenated over 
platinum oxide to yield (+)-isooctopine ( 12),86,87 a diastereomer of natural octopine, with 70% de (equa- 
tion 5 ) .  Detailed syntheses and properties of the diastereomers of octopine have been reported.88 

" NH 

H NH 
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A systematic study of the catalytic hydrogenation of the Schiff's bases prepared from a-keto acids and 
optically active benzylic amines in organic solvents has been carried out, and some of the results sum- 
m a r i ~ e d . ~ ~ , ~ ~  The resulting imino acids were hydrogenolyzed to obtain a-amino acids (equation 6). The 
reaction is actually a hydrogenolytic asymmetric transamination between amino compounds and a-keto 
acids. The chemical yields were in the range 20-80% and the enantiomeric excesses of the resulting 
amino acids were 12-8 1 %. The sense of the asymmetric hydrogenation was based on the Prelog rule.89*90 
Asymmetric syntheses of alanine, a-aminobutyric acid, phenylglycine, phenylalanine and glutamic acid 
were carried out starting with the Schiff's bases prepared from the corresponding a-keto acids and opti- 
cally active a-(S)-methylbenzylamine [Me(-)], a-(S)-ethylbenzylamine [Et(-)] and c~-@)-( 1 -naph- 
thy1)ethylamine [ N a ~ h ( + ) ] . ~ ' . ~ ~  The results obtained using a-methylbenzylamine were similar to those 
obtained earlier.89 However, the results with the other amines were quite different from those expected 
from the steric course proposed.90 The results, shown in Table 2?1,92 suggest that the most probable con- 
formation of the substrate in the catalytic hydrogenation could be structure (13). Structure (13) results in 
the formation of (S)-amino acid when (S)-amine is used, and the substituent effect of the a-keto acid can 
be explained by assuming conformation (13). The substrate initially interacts with the catalyst to form a 
substratexatalyst complex, as shown in structure (14), which is adsorbed onto the catalyst from the less 
bulky face of the molecule, where the catalytic hydrogenation takes place. 

Table 2 Asymmetric Synthesis of Amino Acids by Catalytic Hydrogenationg2 

a-Keto acid Amine Amino acid ee (%) 

Me C 0 C 0 2 H Me(-) (S)-Alanine 67 
Et(-) (S)-Alanine 52 

(R)-Alanine 83 
44 

Naph(+) 
EtCOCOzH Me(-) (S)-Butyrine 

Et(-) (S)-Butyrine 33 
PhCOC02H Me(-) (S)-Pheny lglycine 30 

Et(-) (S)-Phenylgl ycine 24 
PhCH2COC02H Me(-) (S)-Phenylglycine 14 

Et(-) (S)-Pheny lglycine 10 
H02C( CH2)2COC02H Me(-) (S)-Glutamic acid 12 

Et(-) @)-Glutamic acid 6 

The 'chelation mechanism' has been tested in several hydrogenation reactions of the Schiff's bases of 
a-keto acids and their derivatives in organic solvents. A solvent effect in the hydrogenolytic asymmetric 
transamination between benzylic amines and a-keto acids9' and their  ester^^^.'^ was observed (Table 3). 
The effect is explained by the chelation mechanism as shown in Scheme 6 using the unchelated structure 
(15). Ethyl phenylglycinate can also be used as a chiral source for the asymmetric synthesis of amino 
acids, due to the ability of phenylglycine to be hydrogenolyzed to phenylacetic acid and ammonia in al- 
kaline  condition^.^^.^^ Similarly an amino alcohol, 2-amin0-2-phenylethan01,~~ amphetamine97 and 
rnethylben~ylamine~~ have all been used as chiral sources which can also be hydrogenolyzed. 

Studies on the transamination reaction between t-butyl esters of optically active amino acids and 
methyl pyruvate were carried out, as shown in Scheme 7.99 The resulting iminodicarboxylic acid (16) 
was partially hydrolyzed and then oxidized with r-butyl hypochlorite to form alanine. The oxidation is a 
generally applicable one, and the optical purity of alanine is high (50-70%). Similar asymmetric trans- 
amination between an (S)-amino acid and ketones was carried out.IM) Catalytic hydrogenation of the 
Schiff's bases prepared from a-keto acid esters and amino acid esters was carried out, and a substituent 
and temperature effect observed (de 40-70%). 
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Table 3 Solvent Effect in the Asymmetric Synthesis of Alanine Using Me (-)91 

Solvent Yield (%) Configuration ee (%) 

Hexane 75 (8 
AcOEt 49 (S) 
DMFA 47 (S) 
*OH 56 (8 
MeOH 61 (9 
Me0H:HZO (1:2) 75 (9 
Me0H:HZO (1 :4) 76 (S) 

75 
60 
50 
46 
38 
35 
29 

(S)-amino acid (!?)-amino acid 

t t 

polar solvent 
H R  OEt (higher temperature) - 

less polar solvent 
. .  (lower temperature) 

- Y O 2 ,  
"2 

(Si- Alanine 

R = Pr', PhCH2, Bu', Bu'02CCH2 , Bu'02CCH2CH2 

Scheme 7 

In the hydrogenolytic asymmetric transamination between a benzylic amine and oxalacetic acidio2 the 
Schiff's base was hydrogenated in ethanol over palladium, but alanine rather than aspartic acid was the 



148 Reduction of C=X Bonds 

product (ee 5249%; equation 7). A fast decarboxylation of the Schiff's base must have taken place. A 
study of the time course of the reaction indicated that after half an hour at room temperature, the Schiff's 
base of oxalacetic acid (17) was converted to that of pyruvic acid (18). Thus the reaction using oxalacetic 
acid is actually the same as using pyruvic acid in ethanol. The reaction is interesting in connection with 
aspartic acid P-decarboxylase. 

A clear temperature effect in the hydrogenolytic asymmetric transamination between optically active 
amines and ethyl pyruvate was observed (-20 to 65 "C).*037'" At relatively low temperatures, when the 
optically active amine had the (S)-configuration, the resulting alanine also had the (S)-configuration. The 
ee of the @)-alanine (80% ee at -20 "C) decreased as the reaction temperature increased, and at higher 
temperature (50 "C) the configuration of the alanine inverted to the (R)-configuration. 

The temperature effect could be explained by the chelation mechanism?'+92 The Schiff's base com- 
posed of a-keto acid and optically active amine interacted with the catalyst to form a substrate+atalyst 
complex (14) at lower temperature; at higher temperatures, the population of the unchelated structure 
(15) would increase as shown in Scheme 6. Asymmetric hydrogenation involving (R)-a-phenylglycinate 
and ethyl pyruvate has also been ~ tudied .9~7~~ 

An asymmetric catalytic hydrogenation of the Schiff's base of a-ketoacylamide derivatives 
R'C(=NR3)CONHR2 (19) was camed In the synthesis of phenylglycine, when the chiral center 
was changed from (S)-a-methylbenzylamine to (S)-a-ethylbenzylamine, the configuration of the product 
was inverted.92 In order to clarify this inversion in the sense of the induction, the Schiff's bases of pyr- 
uvylamino acid isobutyl esters were hydrogenated over palladium on charcoal.lM When the chiral 
moiety was @)-alanine, the configuration of the newly formed alanyl residue was predominantly ( R )  
(ratio of diastereomers: 82: 18). However, when (S)-a-aminobutyric acid was used, the configuration of 
the resulting alanine was inverted, and the ratio of diastereomers was now 29:7 1. The change of configu- 
ration in the catalytic hydrogenation was also explained by the chelation mechanisrn.IM 

Finally, some historical background for the 'chelation mechanism' in heterogeneous catalytic hydroge- 
nation is given. It is known that the catalytic hydrogenation of benzil monooxime yields diphenyletha- 
nolamine. If the conformation of the substrate were planar and anti, as expected from steric and 
electronic properties, the resulting product would be the threo isomer as shown in equation (8). However, 
the resulting ethanolamine was predominantly the erythro isomer (equation 9).lo7 Benzoin oxime also 
gave eryrhro-diphenylethanolamine.108~110 Similar results have been reported in the synthesis of thre- 
onine59*60*62.63 and phenylserinelwJ I by catalytic hydrogenation (Scheme 8). The catalytic hydrogena- 
tion is so specific that optically active erythro-diphenylethanolamine was converted to benzoin, and the 
oxime could be converted back to the original optically active eryrhro-diphenylethanolamine.' l o  There- 

(threo) 
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fore, there must be some interaction between the substrate and the catalyst leading to an s-cis conforma- 
tion. Chang and Hartung"1J12 proposed an interesting mechanism for the heterogeneous catalytic 
hydrogenation of a-oximino ketones that explains the stereoselectivity of the reaction whereby a single 
racemic modification is produced. This explanation can be regarded as a kind of chelation mechanism. 
Thus the predominant formation of the erythro isomer in the catalytic hydrogenation of benzil monoox- 
ime, benzoin oxime, ethyl acetoacetate oxime and ethylbenzoylacetate oxime can be explained by the 
formation of a substrate-catalyst complex prior to hydrogenation. Physicochemical evidence for the for- 
mation of a substrate4atalyst complex has also been obtained by IR absorption spectra of several sub- 
stances on nickel or palladium surface~."~-"~ 

Ph 7 H2 L * 

Ph 
OH 

Scheme 8 

Ph& ph 

"2 

(erythro) 

threonine (erythro) 

threonine (erythro) 

phenylserine (erythroj 

diphenylethanolamine (erythro) 

(9) 

1.6.5 HETEROGENEOUS CATALYTIC HYDROGENATION USING A CHIRAL CATALYST 

Heterogeneous catalytic hydrogenation of a carbon-nitrogen double bond over a metal catalyst in the 
presence of a chiral compound was first carried out by Nakamura.' l6 Acetophenone oxime was hydroge- 
nated over platinum black with ethyl menthoxyacetate or tartaric acid to give a-methylbenzylamine with 
15-18% ee. 

Enantioselective heterogeneous catalytic hydrogenation using a chiral catalyst was pioneered by Aka- 
bori and lzumi, who prepared a palladium catalyst supported on silk fibroin. The oxime acetates of di- 
ethyl a-ketoglutarate or of ethyl phenylpyruvate were hydrogenated to form glutamic acid (7-1 5% ee) 
and phenylalanine (30% ee).117-119 Similarly, a palladium-poly-L-leucine catalyst was used for the asym- 
metric synthesis of phenylalanine.120 

1.6.5.1 Hydrogenation Using a Chirally Modified Catalyst 

Systematic studies on the enantioselective heterogeneous catalytic hydrogenation of carbonyl com- 
pounds were carried out by Izumi using Raney nickel modified with various chiral reagents. Hydroxy 
acids or amino acids were used for the modification of the nickel catalyst, and (+)-tartaric acid (2R,3R) 
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was found to be the best chiral modifying reagent. The substrates used were P-keto esters,'21*122 P-keto 
a l c ~ h o l s l ~ ~ , ~ ~ ~  and ketones.125 Among these substrates, methyl acetoacetate is the best, and the hydroge- 
nation of this compound has been investigated extensively using the chirally modified nickel catalyst 
(equation 10). The heterogeneous catalytic hydrogenation of carbonyl compounds using chirally modi- 
fied nickel catalysts has been reviewed by Izumi,126 Klabun~vski i , '~~ Fish128 and Tai.129 

OH 
c A C 0 2 M e  

0 HZ 

modified Ni 
L C 0 2 M e  

More than a hundred modifying reagents, which include amino acids and their derivatives, peptides, 
amino alcohols and hydroxy acids have been tested.126 a-Amino acids or a-hydroxy acids were found to 
be effective modifying reagents in asymmetric hydrogenation. The order of the efficiency of the mod- 
ifying reagents using Raney nickel in the hydrogenation of methyl acetoacetate is as follows: tartaric acid 
> malic acid > glutamic acid > aspartic acid > valine. The (S)-a-amino acid modified nickel gave methyl 
(R)-P-hydroxybutyrate in excess and (S)-a-hydroxy acid modified nickel gave (S)-P-hydroxybutyrate in 
excess (Scheme 9).I3O The pH and the temperature strongly affect the ee of the product. Sodium hydrox- 
ide is the best alkali hydroxide in the modification process, and when LiOH, KOH, RbOH and aqueous 
ammonia are used for the modification, the catalyst gives a low ee in the product.13' 

, COzMe , COzMe 

y b M e  - HZ (Ri 'r" y H  - HZ 4-y 
Ni (B) OH Ni (A) (S) 

H 

re face si face 

Ni (A): Modified with (S,S)-tartaric acid, (S)-malic acid, (R)-glutamic acid and (R)-valine 
Ni (B): Modified with (R,R)-tartaric acid, (R)-malic acid, (S)-glutamic acid and (S)-valine 

Scheme 9 

Several other metal catalysts (Raney Co, Fe, Cu and Ru) have been investigated, but nickel catalysts 
show the highest activity in the asymmetric hydrogenation of ethyl a~et0acetate. l~~ Various nickel cata- 
lysts such as Raney nickel nickel nickel a nickel cata- 
lyst on K i e s e l g ~ h r , ' ~ ~ ? ' ~ ~  nickel on or on s i l i ~ a , ' ~ ~ * ' ~ ~  and a palladium-containing nickel 
catalyst on Kieselguhr'40 have been tested under various modifying and hydrogenation conditions. 

The optical purity of the product is dependent not only on the preparation method of the catalyst, but 
also on the reaction conditions. Variables include the pressure of hydrogen, the solvent, the reaction tem- 
perature and others. The optical purity of the product is not affected by pressure at high pressure (30- 
120 kg cm-*; 0.3-1.2 x lo6 Pa), but it is affected in a complicated way at lower Similarly, a 
change in the reaction temperature does not affect the optical purity of the product at high pressure, but it 
is affected by the reaction temperature at 1 atm of hydrogen.'42 

The solvent has a large effect on the reaction. It was first thought that a polar solvent such as methanol 
or ethanol was best, but later studies indicated that aprotic solvents like tetrahydrofuran and ethyl acetate 
are better.143 The best solvent examined to date is methyl propionate.12' 

Additives such as water, carboxylic and other organic acids, and some inorganic salts enhance the op- 
tical purity of the product.'44 Table 4133 shows the effect of supplementary reagents in the modification 

Table 4 Hydrogenation of Methyl Acetoacetate over Raney Nickel Modified with Tartaric Acid-Inorganic Salt 

Inorganic salt [a]ota of product ee (%) 

None 
NaF 
NaCl 
NaBr 

- 8.99 39 . 

-13.95 
-16.55 
-19.07 

61 
72 
83 

NaI 
N a ~ S 0 4  
LiBr.HzO 
NiBrz 

-1 1.74 
-12.95 
-14.25 
-14.36 

51 
56 
62 
63 
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of Raney nickel with tartaric acid.145 The optical purity increased considerably with the addition of inor- 
ganic salts, especially of sodium bromide. Thus Raney nickel, modified in a solution of tartaric acid with 
sodium bromide, gave a higher level of optical purity without any loss of 

In the following few paragraphs, some typical examples of the catalytic hydrogenation of alkyl ace- 
toacetate with Raney nickel modified by (+)-tartaric acid and sodium bromide146 will be described. The 
ee of the product is close to 88% (R) for all of the higher alkyl esters shown in Table 5.14"i48 Higher ho- 
mologs of acetoacetate also give products of high optical purity ( 8 3 4 8 %  ee).147*148 

Table 5 Hydrogenation of Alkyl Acetoacetate over Raney Nickel Modified with (+)-Tartaric Acid and NaBr 

@Keto ester 
R1COCH2 COOR2 

R' R2 

ee (%) Configuration 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Et 

Me 
Et 
pr" 
Pr' 
Bun 
Bu' 

n-CsHi7 
Me 

83.0-85.0 
87.9 
87.6 
87.7 
88.0 
88.1 
87.7 
86.0 

Me 87.0 
Me 87.5 (R) 

Bun Me 86.7 (R) 
Bu' Me 85.5 (R) 

n-CsHi7 Me 87.0 (R) 

g 

Enantioselective hydrogenations of a~etylacetonel~~ and other P-diketoneslso were camed out using 
the same modified nickel catalyst. The hydrogenation of acetylacetone proceeds stepwise to form 4-hy- 
droxy-2-pentanone, which is further hydrogenated to 2,4-pentanedi0l.l~~ The first step of the hydrogena- 
tion is the usual enantioselective reaction yielding preferentially the (R)-keto alcohol (20; 87%). In the 
second step, both diastereoselective and enantioselective effects operate simultaneously. The (R)-keto al- 
cohol is converted mainly to the (R,R)-diol (21; 78.3%), and the ratio of the minor diastereoisomers is 
shown in Scheme 10. The composition of the four diastereoisomers in the reaction products indicates that 
the stereoselective hydrogenation of the (R)-keto alcohol (20) to (R,R)-diol (21) is highly selective 
(90%). The minor product, @)-keto alcohol, was converted to (S,R)- and (S,S)-diol in almost equal 
amounts. Thus, the enantioselective and diastereoselective effects function in the same direction to form 
the (R,R)-diol but oppose each other in the hydrogenation of the (S)-keto alcohol. When the hydrogena- 
tion of racemic keto alcohol was stopped halfway, the remaining keto alcohol was (S)-rich and the hy- 
drogenated diol was (R,R)-rich, which indicates that kinetic resolution is taking place. The resulting 
(R,R)-diol is easily purified by recry~tallization.~~~ 

In addition to alkyl acetoacetates and acetylacetone, several other carbonyl compounds were used for 
hydrogenation using the same modified nickel catalyst. The enantioselective hydrogenation of methyl 
alkyl ketones in the presence of pivalic acid gave the corresponding chiral secondary alcohols [ (S)-  
isomer, ee 49-74%].152 Similarly, the hydrogenation of 4-hydroxy-2-butanone and its methyl ether in the 
presence of acetic acid gave secondary alcohols [(R)-isomer, ee 68-70%].i53 The hydrogenation of p- 
keto sulfone proceeded smoothly to form the corresponding secondary alcohol [(R)-isomer, ee 67-7 1 %] 
in the presence of acetic acid.154 

Heterogeneous catalytic hydrogenation of the methyl esters of a-keto acids over modified metal cata- 
lysts other than nickel have been studied using a cinchonidine-modified platinum c a t a l y ~ t . ~ ~ ~ - ~ ~ ~  Methyl 
pyruvate and methyl benzoylformate were hydrogenated to form methyl (R)-lactate and (R)-mandelate 
with high ee (8144%). 

These studies on catalytic hydrogenation using chirally modified catalysts suggest that enantioselec- 
tive hydrogenation is still an open area for the study of asymmetric synthesis, especially as a practical 
synthetic method for chiral nonracemic organic compounds. However, catalytic hydrogenation is af- 
fected by so many variables that it is not easy to optimize the stereoselectivity. Many physicochemical 
studies have been made to elucidate the reaction mechanism, and these have been reviewed by Tai.129 
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I 

H 

HO 

(Rj-keto alcohol 
(20) 87% 

(Sj-keto alcohol 
13% L 

(R,R)-diol 
(21) 78.3% 

H H  

HO OH 

(R,S)-diol 
8.7% 

(S,Rj-diol 
7.0% 

(S,Sj-diol 
6.0% 

Scheme 10 

1.6.6 HOMOGENEOUS CATALYTIC HYDROGENATION OF C 4  AND C=N DOUBLE 
BONDS 

In 1938, Calvin reported that p-benzoquinone could be reduced by hydrogen in the presence of copper 
salts [Cu(OAc)2 and bis(salicylaldehydat~)copper]*~~~~~~ and this is one of the first examples of a homo- 
geneous catalytic hydrogenation. Hydrogenation of quinone in the presence of a palladium complex of 
ethylenediamine ([Pd(en)]Clz)lm and of the rhodium complexes ([Rh(NH3)5(0H)z]C13, 
[Rh(NH3)4C12])16i,162 has also been reported. In the middle 1960s, rhodium-phosphine complexes, the 
Wilkinson catalysts, were s y n t h e s i ~ e d ~ ~ ~ , ~ ~  and their usefulness in homogeneous catalytic hydrogenation 
was demonstrated. 165-167 

1.6.6.1 

Early work on the hydrogenation of carbonyl compounds using Wilkinson 's rhodium complex were 
unsuccesful, due to the low reactivity of the carbonyl group and the high susceptibility for decarbonyla- 
tion.17? The first successful reduction of a carbonyl compound was achieved for ketones using soluble 
rhodium complexes. Cationic rhodium complexes ( [RhH2PzS21fC104- or [RhHzP2S2]+PF6-; S = solvent, 
P = phosphine ligand) possessing ligands (PPhzMe, PPhMez, PMe3) more basic than the conventional tri- 
phenylphosphine were found to be effective (equation 1 1). 174 The first homogeneous asymmetric cata- 
lytic hydrogenations of ketones were performed in the presence of a rhodium complex with 
(R)-(+)-benzylmethylphenylphosphine as a ligand (equation 12). Several chiral phosphine ligands have 
been employed for the hydrogenation of carbonyl corn pound^,^^^-^^^ and a number of asymmetric hy- 
drogenations are described below. Asymmetric hydrogenations of acetophenone and related compounds 
were carried out to give ee values of up to 95% using (aminoalkylferroceny1)phosphine as a chiral ligand 
(equation 13).179,180 A rhodium phosphine complex with a neutral phosphine ligand (BPPM) was found 
to be effective for the hydrogenation of a-ketocarboxylic esters I g 1  and ketopantolactone (86.7% ee; 
equation 14).Is2 Catalysts with a phosphine ligand (BPPM or DIOP;22) were tested for the asymmetric 
hydrogenation of N-(a-ketoacy1)amino acid esters, but this chiral ligand was not e f f e ~ t i v e . ' ~ ~  

Homogeneous Hydrogenation by Rhodium or Other C o m p l e x e ~ ~ ~ ~ ~ ~ - ~  72 
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0 H2 / [RhHz(PPhMe2)2b]+ PF6- or CIO, OH 
c 

R 
25 O C ,  1% water (v/v) 

R 

R2 = Me, Me; Me, Et; Ph, Me 

c (12) 

Hz / [Rh(NBD)b]+ CIO; 

R 
ethanol 

R 

R = Ph. ee = 8.6% (S); R = Et, ee = 1.9% (R); L = (R)-benzylmethylphenylphosphine; 
NBD = norboma-2.5-diene 

conversion 100%; 95% ee 

[Rh'] = [Rh( (R,S)-BPPFOH)(NBD)]+ ClO, 

(R)-(S)-BPPFOH : 

x:c;:: 
(-)-DIOP (22) 

H2 (5  x IOs Pa) 

[ Rh(BPPM)] /benzene * H O 5 0  

0 30 O C ,  48 h 0 
conversion 100%; ee 86.7% 

BPPM ph2pk = PPh2 
N 
C02Bd 
I 

x:c:;r 
(-)-CyDIOP (23) 

Cy = cyclohexyl 

R 

(24) 

BCPM: R = C02Bu' 
MCPM: R = C02Me 
BCCPM: R = CONHBu' 
MCCPM: R = CONHMe 

On the other hand, rhodium complexes with fully alkylated phosphine 1 i g a n d ~ l ~ ~ J ~ ~  were used for the 
hydrogenation of carbonyl compounds,'84 cy -ke t~amides l~"~~~  and ketopantolactone (66% ee). 18' When 
a rhodium complex with CyDIOP (23) was used, a slightly higher asymmetric yield (71% ee) was ob- 
served in the hydrogenation of a-ketoamides.188 Hydrogenation of N-(a-ketoacy1)amino acid esters was 
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also performed by using a complex containing CyDIOP to give N-mandeloylamino acid esters with 72% 
de (equation 1 5).lS9 Asymmetric hydrogenations of ketopantolactone (92% ee; equation 1 6),I9O a-keto 
esters (87% ee) and a-keto acetals191 were carried out with the rhodium catalysts containing the ligands 
(24). 

I ,f$ y C 0 2 M e  H2 ( 1  atm), 20 "C R l & ~ ~ C 0 2 M e  (15) 

0 R2 (-)-CyDIOP-RhN 0 R2 

R1 = Ph, R2 = CH2Ph; conversion 100%: de 72% 

(-)-CyDIOP-RhN = (-)-CyDIOP + 1/2 [Rh(C,H,)2C1]2 

H2 (50 atm) 

[Rh(COD)Cl], , L ' ~ H F  Ho 
0 

0 

0 

L' = BCPM: conversion 100%; ee 92% ( R )  

Several studies on the hydrogenation of carbonyl compounds using cobalt complexes have been re- 
p ~ r t e d , ' ~ ~ - I ~ ~  including the hydrogenation of benzil in the presence of bis(dimethylg1yoximato)co- 
balt(II)<hiral amine complexes.193 The highest ee (78%) was obtained when quinine was used as the 
chiral base (equation 17).194 Cyano cobalt complexes have also been reported to be effective for the hy- 
drogenations of ketones. 196,197 

OH 0 
II 

ee 78% 

DMG = dimethylglyoxime; Q = quinine; B = benzylamine 

Ruthenium complexes have been used for the hydrogenation of alkenes2 but they had not been used 
for hydrogenations of carbonyl compounds until recently, when several highly selective catalytic hy- 
drogenations of carbonyl compounds (P-keto esters, a-diketones, a-amino ketones efc. ,  ee > 95%) were 
reported using BINAP-Ru" complexes (equation 18). 198-202 

OH 0 

-0r2 H, (73-100 atm) 

* R '  Ru-(S)-BINAP 
93-99.5% ee 98-1 00% 

R' OR2 

R '  = Me, Et, Bu, Pr'; R2 = Me, Et, Pr', But 

(S)-BINAP = 

Ru-BINAP = RuC12{ (S)- or (R)-BINAP) 
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There are some reports on the asymmetric catalytic hydrogenation of C-N double bonds.176+188-197 
Rhodium phosphine complexes do not have high activity, and the stereoselectivity is 10w.176*188 Homo- 
geneous hydrogenation of Schiff‘s bases176 and cyclic imines203 have been reported. A cyano 
cobalt complex has been used for the homogeneous catalytic hydrogenation of oximes and Schiff‘s 
bases19’ but the degree of asymmetric induction is unknown. 
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1.7.1 INTRODUCTION 

The modification of aluminum or boron hydrides with chiral protic substances, such as R*OH or 
RR*NH, generates useful reagents for the asymmetric reduction of prochiral ketones or imines leading to 
optically active secondary alcohols and amines, respectively. Some reviews have appearered in the lit- 
erature.l-l* 

1.7.2 ASYMMETRIC REDUCTIONS OF THE CARBONYL GROUP 

In 195 1 Bothner-By first attempted asymmetric reductions based on the conversion of lithium alumi- 
num hydride (LAH) into a chiral alkoxy derivative by reaction with (+)-camphor.'* Since this pioneering 
work, the use of chirally modified LAH reagents has been the focus of much attention. In 1979, the first 
virtually complete enantiofacial recognition of prochiral carbonyl compounds was accomplished by 
using LAH modified with optically pure 2,2'-dihydroxy- 1,I'-binaphthyl and a simple alcohol (BINAL- 
H).34 Asymmetric reduction with chiral 2,5-dimethylborolane also gave alcohols in high optical 
yields.Io8 Recently, excellent results have been obtained using a chirally modified sodium borohydride 

159 
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reagent (K-glucoride),w and chirally modified borane reagents. 1oo~102 The latter is particularly useful 
since chirality is introduced using a catalytic quantity of a chiral source. 

Although B-3-pinanyl-9-borabicyclo[3.3. llnonane and related substances have also been developed as 
efficient asymmetric reducing agents for carbonyl compounds (Volume 8, Chapter 1.3), we discuss here 
only asymmetric reductions using chirally modified metal hydride reagents. The asymmetric hydrosilyl- 
ation of a carbonyl group catalyzed by a chirally modified transition metal is mentioned briefly. 

1.7.2.1 Chirally Modified Lithium Aluminum Hydride Reagents 

Most reactions have been conducted using readily available, naturally occumng, chiral modifiers. The 
auxiliaries employed for the modification of LAH are classified into three types: (i) alcohol modifiers; 
(ii) dialkylamino alcohol modifiers; and (iii) primary or secondary amines and amino or monoalkylamino 
alcohol modifiers. Most asymmetric reductions have been investigated with acetophenone (1) as the sub 
strate. Structures (3) to (24) summarize the chiral modifiers, enantiomeric excesses (ee) and absolute 
configurations of the 1 -phenyl- 1 -ethanol (2) produced. 

(3) (4) 30% ee, ( R )  (5) (6)  18% ee, ( R )  

OH OH 

(7) 7.7% ee, (S) (8) 6% ee (S) (9) 7 1 % ee, (R)  

Q ’ ’ OH 

/ /  a& 
\ 

&OH 

(10) 95% ee, (R)+(R) and (S/+(S) (11) 97% ee, (R)+R) and (S)+(S) 
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M e 0  & , $ NMe, & N M q  

\ "'OH 

/ / 

(12) 48% ee, ( R )  (13) 75% ee, ( R )  (14) 83% ee, ( R )  

(15) 79% ee, ( R )  (16) 65% ee, ( R )  (17) 60% ee, (S) 

N , 
R 

(20) 95% ee, (S) (21) 43% ee, ( R )  (22) 5 1 % ee, (S)  

(23) 46% ee, (R)+(R) and (S)+(S) (24) 43% ee, (R)+(R) and (S)+(S) 

1.7.2.1.1 Alcohol modifiers 

A large number of asymmetric reductions of simple prochiral ketones were carried out using LAH re- 
agents modified with monoterpene alcohols, such as (3) to (6). However, in most cases only moderate 
optical yields were ~ b s e r v e d . l ~ - ~ ~  The failure to obtain a high level of stereoselectivity is partly due to 
the instability of these complex hydride reagents, which disproportionate to generate achiral reducing 
species. Exceptionally, a LAH-(-)-menthol reagent (3) reduces a- and @-amino ketones, (25) and (26), 
to give (R)-carbinols with rather good optical yields, 75% ee and 37% ee, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~  

When diols (7) to (9),  derived from D-glucose, are employed for modification of LAH, optical yields 
for the reduction of acetophenone do not exceed 20% ee.24 Double modification of LAH by (9) and etha- 
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nol, giving empirical formula (27), increases the optical yields for the reduction of simple prochiral 
ketones, giving (R)-carbinols in up to 71% ee (Scheme l).25-28 

- 
OH H 

RA 

R = Me, 71% ee 
45*8% ee 

R = PS, 3.5% ee 
R = Pr', 5.9% ee 

R = Bu', 16.6% ee 

R = CH=CMe2 ,31.4% ee 
R = CKBu", 7% ee 

= (27) 

Scheme 1 

Minimization of the number of reactive hydride species is crucial for obtaining a high level of enantio- 
facial differentiation. Noyori introduced, as a chiral auxiliary to LAH, an axially dissymmetric and bi- 
functional (S)-(-)- and (R)-(+)-2,2'-dihydroxy- 1 ,l'-binaphthyl (10; binaphth~l)?~ easily available via 
optical r e ~ o l u t i o n ~ ~ ~ ~  I or asymmetric synthesis,32 and achieved virtually complete enantiofacial differen- 
tiation of the carbonyl g r o ~ p . ~ ~ , ~ ~  This binaphthol-modified aluminum hydride reagent (hereafter referred 
to as BINAL-H), (S)- or (R)-(28). is prepared in situ by mixing LAH with equimolar amounts of optically 
pure (S)- or (R)-binaphthol (10) and a second alcoholic component, ethanol. The optical yield is gener- 
ally enhanced by lowering the reaction temperature. For example, 95% ee is obtained by carrying out the 
reaction of acetophenone with (28) at -100 to -78 'C in THF. The asymmetric reduction exhibits high 
selectivity, and, in some cases, optically pure alcohols are prepared. Although the degree of stereoselec- 
tivity depends on the nature of the alkyl group attached to the carbonyl function, the reduction using (R)- 
(28) generally gives (R)-carbinols, while (S)-(28) produces the (S)-enantiomers (Scheme 2). 

1- 

(S)-BINAL-H [(S)-(28)] (R)-BINAL-H [ (R)-(28)] 

R = Me, 95% ee 
R =Et, 98% ee 
R = PS, 100% ee 

R = Bun, 100% ee 
R = Pi, 71% ee 
R = But, 44% ee 

Scheme 2 
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The BINAL-H reduction works well with a l k e n i ~ ~ ~ , ~ ~  and alkynic ketones affording alcohols with sat- 
isfactory optical purities (Scheme 3).37*38 It is noteworthy that (S)-BINAL-H [(S)-(28)] reduces 1-halo- 1 - 
octen-3-one and 2-cyclopentene- 1,4-dione to give the corresponding carbinols, which are important 
chiral building blocks for the synthesis of prostaglandins by the conjugate addition approach.39 

R = n-C5H, 84% ee R = Me, 84% ee 84% ee 
R = n-C8H,,, 96% ee 
R = CI lH23,92% ee 
R = Pr'. 57% ee 

= n-C5Hl 1 7  90% ee 

Bun& R 

OH OH 

R = Me, 79% ee 
R = n-C5HI I ,  91% ee 

X = I, 97% ee 
X = Br, 96% ee 
X = c-C5H,, 92% ee 

0 

Q L b  OH HO 

100% ee 94% ee 

Scheme 3 

BINAL-H reduction can also be used to control the requisite (15S)configuration of prostaglandins in 
the Corey route!0 When the a,&unsaturated ketones (37) to (39) are treated with (S)-(28), the corre- 
sponding allylic alcohols possessing the (15S)-absolute stereochemistry are produced with >99: 1 stere- 
o~elec t iv i ty?~ ,~~ In contrast, when (37) is treated with (R)-BINAL-H, the (15R)-alcohol is obtained as the 
major isomer but the selectivity is only 68:32 (15R: 15S)." These results can be rationalized in terms of 
double stereodifferentiation. Reagent control differentiation of the hypothetical enantiofaces is calculated 
to be 20.6: 1, and substrate control, namely the efficiency of intramolecular chirality transfer from the bi- 
cycl0[3.3.0] system to the carbonyl center attained with a hypothetical achiral agent, is evaluated to be 
9.7: 1 favoring the (3-isomer. In a similar manner, the reduction of the monocyclic substrate (40) affords 
the prostaglandin Fza derivative as a single stereoi~omer.~~ Diastereoselective reduction of enones (41) 
with (S)-BINAL-H gives (15S)-alcohols e~c lus ive ly? '~~~  A kinetic differentiation is seen in the reduction 
of enone (42) with BINAL-H. (R)-BINAL-H matches well with the chiral environment of (42) to form 
the (9S)-carbinol (9u:SP = 99: l), whereas the enantiomeric (S)-BINAL-H fails to react with (42) under 
identical  condition^.^^ 

0 

OTHP 

C02Me 
%G 03 

0 OTHP R O  0 

(37) R = COMe, (15S):( 15R) = 99.4:0.6 
(38) R = THP, 15(S):(15R) = 99.5:0.5 
(39) R =OH, (15S):(15R) = 1OO:O 

(40) (1 5S):( 15R) = IO0:O 

When terpenic 1 -deuterioaldehydes are subjected to the reduction with (R) -  or (S)-BINAL-H, optically 
active, deuterium-labeled primary alcohols are produced (Scheme 4).43 

The most important feature of the BINAL-H asymmetric reduction is the empirical rule for the orienta- 
tion observed with simple prochiral carbonyl substrates of type (43) (Un = phenyl, alkenyl, alkynyl; R = 
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OR 
J bk g l  C02Me 

...' 
ButMezSiO OSiMqBu' B utMezSiO 0 

(41) R = Me or Et (42) 

84% ee from (S)-BINAL-H 72% ee from (SI-BINAL-H 88% ee from (R)-BINAL-H 

82% ee from (R)-BINAL-H 

Scheme 4 

alkyl, hydrogen). (S)-BINAL-H [(S)-(28)] generally affords the carbinol (44). in which the (S)-enanti- 
omer predominates, whereas (R)-(28) forms the (R)-antipode. Electronically, phenyl, alkenyl and alkynyl 
groups exert qualitatively the same directing influence in the creation of the new asymmetric centers, but 
steric factors are also of some significance." 

(RJ-W) OH 

Un+R 
(SJ-W) 

Un Un 

Enantioselective reduction of prochiral acylstannanes (45) by (S)-BINAL-H [(S)-(28)] gives (R)-a-hy- 
droxystannanes in reasonable chemical yields and consistently good optical yields (up to 96% ee). The 
unstable a-hydroxystannanes have been isolated and characterized after protection as methoxymethyl 
(MOM) ethers (46). In contrast, (8)-BINAL-H reduction of r-butylacylstannanes and cy$-unsaturated 
acylstannanes affords (S)-a-hydro~ystannanes".~~ 

The complex (47), prepared from equimolar amounts of LAH, (S)-(-)- lO,lO'-dihydroxy-9,9'-biphe- 
nanthryl(l1) and ethanol, reduces aryl alkyl ketones to give the (S)-alcohols in 97-98% ee (Scheme 5). 
As with (28). the relationship between the chirality of the reagent and the product is (S) to (S) and (R)  to 
(R).46 

1.7.2.1.2 Dialkylamino alcohol modifiers 

The reduction of acetophenone with a 1:l complex of LAH and quinine (12), a P-dialkylamino alco- 
hol, affords the (R)-carbinol in 48% ee.47 Asymmetric induction in this chirally modified LAH system is 
enhanced by the presence of a suitably positioned tertiary nitrogen atom along with a chiral carbinol cen- 
ter in the ligand. A y-dialkylamino alcohol (13), from which the analgesic Darvon is made, is an effec- 
tive chiral modifier for LAH. In this system an aging effect is observed with respect to the sense and 
degree of asymmetric induction. A reagent freshly prepared from LAH and Darvon alcohol (13) in a 
1 :2.3 ratio reduces acetophenone to give the (R)-alcohol in 75% ee, while the reagent aged by refluxing 
in ether for 3 min gives rise to the (S)-alcohol in 75% ee. The structure of the fresh reagent was postu- 
lated to be (48). Scheme 6 illustrates the enantiomeric excesses and the absolute configurations of the 
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Li + 

R K SnBu"3 R r SnBun3 

(45) (46) 

R = Me, 94% ee 

R = Et, 96% ee 

R = n-C,H,,, 91% ee 

R = R', 96% ee 

R = But, 80% ee (S) 

dR R 

R = Me, 97% ee 

R = Et, 98% ee 

R = CH2Ph, 98% ee 

R = D, 87% ee 

R = CHZPh, 33% ee 

R = Bu', 21% ee 

Scheme 5 

major alcohols obtained with this reagent for a series of aryl and alkynyl 
example of an enonea50 

and a single 

OH 

WR \ 

P h & ,  O-Al: , H  

ph R = Me, 75% ee 

R = Et, 62% ee 

R = Pr', 30% ee 

R = But, 36% ee 

Le, .9+- 
Mez Ph 

(48) 

R = H, 72% ee 82% ee 84% ee 
R = SiMe3, 66% ee 
R = n-C5HI I ,  62% ee 

25% ee 

Scheme 6 
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An asymmetric reducing agent (49), prepared from LAH, (-)-N-methylephedrine (14) and 3S-di- 
methylphenol in a 1: 1:2 ratio, reduces acetophenone with 83.8% ee.51,52 A series of aromatic and alkynyl 
ketones are reduced by (49) to the corresponding (R)-alcohols (Scheme 7).53 Some of the products are 
useful intermediates for the synthesis of y-lactone insect  pheromone^.^^ 

OH 
OH 

Li+ p:;N:;q (yR //R 
R = Me, 83.8% ee 
R = Et, 85% ee 
R = Pr", 88.6% ee 
R = Bu", 78% ee 
R = Bu', 83.9% ee 
R = Pr', 16.8% ee 
R =But, 31% ee 

R = Me, 79% ee 
R = Et, 86% ee 
R = n-C5Hl I ,  84% ee 
R = n-ClIHz3, 75% ee 
R = pr', 86% ee 
R =But, 90% ee 

&NMe. 

(49) 

88% ee 16.3% ee 56.8% ee 

Scheme 7 

Modification of LAH with (-)-N-methylephedrine (14) and N-ethylaniline affords another chiral re- 
ducing agent (50).554' A variety of aromatic ketones are reduced by (50) to (S)-carbinols in high optical 
yields (Scheme 8). Acyclic a$-unsaturated ketones are also reduced to (S)-carbinols with high selectiv- 
ity (7692% eel, but cyclic enones are reduced with only moderate selectivity. 

The pyridyl analog (51) leads to the opposite asymmetric orientation in most cases. Asymmetric re- 
duction of 2-cyclohexenone affords (R)-2-cyclohexenol with 98% ee. Other cyclic ketones are also con- 
verted to (R)-carbinols in high optical yields (Scheme 9), but the reduction of acyclic ketones is only 
moderately stereo~elective.~~ 

Generally chiral auxiliaries are liberated unchanged during or after the reaction, but attachment to an 
insoluble polymer facilitates recovery and reuse. This 'purification advantage', a main asset of polymer- 
assisted reactions, as developed by Memfield in the early 1960s:. was first introduced to the chiral 
modification of LAH using ephedrine and following a procedure reported by V i g n e r ~ n . ~ ~  (-)-Ephedrine 
is immobilized on 1% cross-linked polystyrene, mixed with LAH, (15) and 2 equiv. of 3,5-dimethylphe- 
no1 to afford the polymer-supported chiral reducing agent (52). The degree of functionalization is an im- 
portant factor in achieving effective chiral reduction, and using 0.7 mmol g-I of polymer capacity 78.8% 
ee was obtained in the reduction of acetophenone at -15 0C.63 The direction of asymmetric induction and 
optical yields are comparable with those of the original solution phase reaction.52 

Asymmetric reductions with LAH modified with (16) and (17) are known, but the optical yields of the 
1 -phenylethyl alcohol (2) were only moderate. A C2 dissymmetrical bis(dialky1amino) diol (DBD, 18) 
and its enantiomer are available from diethyl tartrates. The (S)-chiral complex (53) of this diol reduces a 
variety of aryl alkyl ketones to the corresponding @)-secondary alcohols in moderate optical purity in 
each case (Scheme 

A LAH complex (54) prepared from 2.28 equiv. of the amino diol (19) reduces acetophenone and pro- 
piophenone to the corresponding (R)-alcohols with 82% ee and 77% ee, re~pectively.~~ The key feature 
of this carbinolamine-modified LAH reagent is a lithium ion chelate. 
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OH 
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R = PS, 18% ee 
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Scheme 9 
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r 7- 

Li+ I 
Me2N 

R = Me, 42% ee 
R = Et, 44% ee 
R = PS, 47% ee 
R = Pr', 27% ee 
R = c-C,H,,, 53% ee 
R = But, 21% ee 

R = Et, 2.4% ee 
R = Bu', 16% ee 

75% ee 

 OH 
15% ee 

Scheme 10 

1.7.2.1.3 Primary or secondary amine and amino or monoalkylamino alcohol modiflrs 

A highly efficient asymmetric reducing agent (55) is prepared by reaction of LAH and the @-diamine 
(20) derived from (S)-proline in five steps. Acetophenone is reduced by (55) at -100 "C to give the (S)- 
alcohol in 95% ee. Some other aromatic ketones also give high optical yields (Scheme 1 l), but this pro- 
cedure is not effective for prochiral dialkyl ketones. The high stereodifferentiation has been interpreted 
in terms of the bicyclo[3.3.0] rigid structure of (53 ,  where only one hydrogen is responsible for the re- 
duction. The presence of additives such as tetramethylethylenediamine, DME or MgBrz reduces the opti- 
cal yield, indicating that the lithium cation plays an important 
(S)-4-Anilino-3-methylamino-l-butanol (22a) and (S)-4-(2,6-xylidino)-3-methylamino-I-butanol 

(22b), tridentate chiral auxiliaries, are easily derived from (S)-aspartic acid. A complex (56a) prepared 
from equimolar amounts of LAH and (22a) in THF reduces aromatic ketones to (S)-carbinols in 51-88% 
ee. This complex is also effective in reducing several enones to (S)-allylic alcohols (Scheme 12), where- 
as the complex (56b) affords the (R)-enantiomers. Particularly noteworthy is the virtually complete en- 
antiofacial differentiation of cyclohexenone giving (S)-2-cyclohexenol,69~70 
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R = Me, 95% ee 

R = E[, 96% ee 

R = Pr'. 89% ee 

R = n-C6H13, 26% ee 
R = CH2Ph. 42% ee 

86% ee 

Scheme 11 

(22a) R = Ph (56a) R = Ph 
(22b) R = 2,6-Me2C6H3 (56b) 2,6-Me2C6H3 

From reduction dR 
with (56a) \ \ 

R =Me, 51% ee 

R = Et, 68% ee 

R = hi, 77% ee 

88% ee 

R = Bu', 86% ee 

I T d ( + d  

51% ee, (SI 88% ee, (S) 72% ee, (S )  5% ee. (S) 
2 1 % ee, (R) 84% ee, (R) 42% ee, (R) 61% ee, (R) 

100% ee, (S) 
13% ee, (R) 

28% ee, (SI 
2% ee, (S) 

(S)-products from reduction with (56a) 
(R)-products from reduction with (56b) 

Scheme 12 
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Reduction of acetophenone with the LAH complexes of nitrogen analogs of binaphthol, (R)-(23)71 and 
(S)-(24),72 affords (R)-l-phenylethyl alcohol in 43% ee and 46% ee, respectively. Optical yields for the 
reduction of other prochiral ketones are similarly moderate. 

1.7.2.2 Asymmetric Reduction with Borohydride Reagents 

When borohydride reductions are carried out in the presence of either a chiral phase transfer catalyst or 
a chiral crown ether, asymmetric reduction of ketones occurs but optical yields are low. In the reduction 
of acetophenone with NaBH4 aided with a phase transfer catalyst (57), 10% ee was ~btained.'~-'~ Simi- 
larly, reduction of acetophenone with NaBH4 in the presence of the chiral crown ether (58) was ineffec- 
tive (6% ee).79,80 Sodium borohydride reduction of aryl alkyl ketones in the presence of a protein, bovine 
serum albumin, in 0.01 M borax buffer at pH 9.2 affords (R)-carbinols in maximum 78% 

Partial decomposition of NaBH4 or LiBH4 by chiral protic substances such as R*OH or RR*NH gener- 
ates modified borohydride reagents. When aromatic ketones are reduced by NaBH4 modified with the 
sugar-derived monoalcohols (59) or (60), moderate optical yields (635% ee) r e s ~ l t . ~ ~ , ~ ~  Modification of 
NaBH4 with the sugar (60) and 2-methylpropionic acid permits the reduction of propiophenone to give 
the (/?)-alcohol in 63% ee.84 Racemic 2-phenylbutyric acid is also an effective comodifier affording 1- 
phenylpropanol in 5 1 % ee.8J 

Lithium borohydride decomposed by N-benzoylcysteine (61) or N,"-dibenzoylcystine (62), a sulfur- 
containing modifier, is a highly efficient chiral reducing agent. A complex prepared from (6l), t-butyl al- 
cohol and LiBH4 affords carbinols in maximum 92% ee by the reduction of aryl alkyl ketones in THF at 
-78 "C (Scheme 13). A LiBH4 complex with (62) and t-butyl alcohol is useful for the reduction of @-keto 
esters to give (R)-P-hydroxy esters in up to 91 % ee. In both cases the use of r-butyl alcohol is essential in 
order to achieve efficient enantiofacial 

A highly promising chiral reducing agent, K-glucoride (a), is prepared from 9-borabicyclo[3.3. llnon- 
ane (9-BBN) and a D-glucose derivative (59) via the stable borinic ester (63). Reduction of aryl alkyl 
ketones with (64) in THF at -78 "C affords (R)-carbinols in high optical yields (78-97% ee). Although 
the enantioselectivity of the reduction of acyclic saturated dialkyl ketones is not high, prochiral cyclic 
ketones are converted to (/?)-alcohols with high optical purity (Scheme 14). This procedure is also ap- 
plicable to the reduction of a-keto esters to (S)-a-hydroxy e s t e r ~ . ~ ~ + ~ O  

1.7.2.3 Asymmetric Reduction with Chirally Modified Boranes and Alanes 

Chiral modification is not limited to boronate and aluminate complexes. Boranes or alanes are partially 
decomposed with protic substances such as chiral amines, alcohols or amino alcohols to form useful re- 
agents for enantioselective reduction of carbonyl compounds. For example, reduction of acetophenone 
with borane modified with the amines (65) to (67) gives (S)- 1 -phenylethyl alcohol with 3.5-20% ee.91-93 
A 1: 1 mixture of sodium L-prolinate (68) and borane gives rise to carbinols with as much as 62% ee:4 
and the complex prepared by mixing borane, rn-nitroaniline and (S)-(69) in a 1 : 1 : 1 ratio reduces aceto- 
phenone in 84% 

Itsuno's amino alcohol (70), prepared from L-valine, is an extremely efficient auxiliary for enantiose- 
lective reduction of aryl alkyl ketones using BH3. The corresponding alcohols are obtained in up to 100% 
ee using BH3 and 0.5 equiv. of (70) in THF at 30 "C. Reduction of dialkyl ketones affords (R)-carbinols 
in 55-73% Halomethyl t-butyl ketones are also converted to the corresponding (S)-carbinols in 
high optical purity (Scheme 15). Immobilized amino alcohol (70) permits reduction in a continuous flow 
system. 1Phenylpentanol of 90% ee was prepared by this catalytic process in almost 1000% chemical 
yield based on the quantity of chiral auxiliary used.lm,'ol 
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R = Me, 87% ee 
R = Et, 89% ee 
R = Pr", 92% ee 
R = Bu", 88% ee 
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R = Pr', 91% ee 
R = But. 90% ee 

Scheme 13 

Borane complex catalyzed reductions have been greatly extended by Corey and coworkers,lo2 who 
found that oxazaborolidine (73) could be prepared as crystals from (S)-2-(diphenylhydroxymethyl)pyr~c+ 
lidine by heating with BHYTHF followed by sublimation, while B-methylated oxazaborolidine (74), pre- 
pared from (72) and methylboronic acid, is stable enough to store in closed containers at room 
temperature and can be weighed or transferred in air.104 Borane reduction of prochiral ketones in the 
presence of 0.05 to 0.1 equiv. of (73) or (74) generated both unsaturated and saturated carbinols with 
high enantioselectivity. The utility of these reagents is shown by some simple examples in Scheme 16 
and by the effective chiral syntheses of compounds (78) to (80), which are intermediates in the syntheses 
of ginkgolide B,IM f o r ~ k o l i n ~ ~ ~  and prostaglandins,Io3 respectively. Moreover, IIB NMR and IR analysis 
of (73) revealed that it is a mixture of monomer and dimer and has double bond character between the B 
and N atoms. A 1 : 1 borane/oxazaboridine (75) is well set up to serve as an effective reagent for carbonyl 
reduction. Coordination of the ketone oxygen to the electrophilic ring boron atom promotes hydride 
transfer from the NBH3- unit via a six-membered cyclic transition state (76). The resulting borate (77) 
reacts with BH3, regenerating the active species (73, thus completing a catalytic cycle.Io2 

Masarnune synthesized the chiral borane (81), possessing a chiral organic backbone, by the reaction of 
dihydridoborate (82) and methanesulfonic acid.Io7 The former is obtained by reaction of (diethylami- 
no)dichloroborane and the Grignard reagent derived from 2,5-dibromohexane, followed by resolution. 
Enantioselective reduction of prochiral aliphatic ketones has been accomplished using (R,R)-(81), gener- 
ating (R)-carbinols in 79-98.4% ee (Scheme 17).108,109 A borolanyl mesylate (83), generated in situ 
along with (81), plays a catalytic role by coordination with the ketone oxygen. 

The sole example of a chiral alane reagent is dialkylaminoalane (85), prepared by the reaction of LAH 
and (S)-N-methyl-N-phenylethylamine hydrochloride (84). The reduction of acetophenone gives the (S)- 
alcohol in 84.5% ee.] l o  
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1.7.2.4 Asymmetric Hydrosilylation 

Addition of the elements of Si-H to a carbonyl group produces silyl ethers which are synthetically 
equivalent to chiral secondary alcohols since the silyl groups are easily hydrolyzed. Hydrosilylation can 
be catalyzed by acids or transition metal complexes. Enantioselective hydrosilylation of prochiral 
ketones has been extensively studied using platinum or rhodium complexes possessing chiral ligands 
such as BMPP (86), DIOP (87), NORPHOS (88), PYTHIA (89) and PYBOX (90)."' 

Hydrosilylation of aryl alkyl ketones with trimethylsilane, catalyzed by a [PtC12 ( (R)-BMPP)] com- 
plex, gave (R)-silyl ethers (91) with low enantiomeric excesses,! 1 2 s 1  l 3  but a combination of dimethylphe- 
nylsilane and a Rho/(S)-BMPP complex gave (R)-silyl ethers (92) in 44-5696 ee.114-117 Use of a 
[ { Rh(C0D)CI )z]/(-)-DIOP complex and a-naphthylphenylsilanel is effective for the reaction of a-keto 
esters, giving (R)-a-hydroxy esters (93).! 19~120 
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OH 

R = Et, 79% ee 91% ee 95.2% ee 
R = n-C6H13, 80% ee 
R = CH,Ph, 97.3% ee 
R = CH2But, 98.4% ee 
R = Bu', 97% ee 
R = Pr', 98.4% ee 

R = But, 98.1 % ee 
R = C-C,H I 1,98% ee 

Scheme 17 

PhCH2 
P-Me 

Ph 

NORPHOS (88) PYTHIA (89) PYBOX (90) 

Hydrosilylation of acetophenone to give silyl ether (94; R = Me) can also be achieved using copper(1) 
complexes with the chiral phosphine ligands (-)-DIOP (87) or (+)-NORPHOS (88). The enantioselectiv- 
ity is rather low,121 but a nonphosphine auxiliary, PYTHIA (89) with a Rh(C0D)Ch catalyst using neat 
diphenylsilane reduces aryl ketones to (R)-  1 -phenylethyl alcohol silyl ethers in high yield and with high 
enantiomeric excess (Scheme 18).122-125 

The C2 symmetrical bis(oxazolinylpyridine), PYBOX (90), also serves as an excellent ligand. Treat- 
ment of (90) with [RhC13(H20)3] in ethanol affords the complex (99,  which has been characterized by 
single crystal X-ray analysis. Hydrosilylation of ketones with diphenylsilane (1.5 equiv.) in the presence 
of AgBF4 (0.2 equiv.), (90) (0.06 equiv.) and (95) (0.01 equiv.) at 0 'C gives (S)-alcohols of high enanti- 
omeric excess.126 
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OSiMe3 OSiMezPh OSiH(a-Naph)Ph 

/ WR / RoP 0 WR 
(93) (92) (91) 

R = Me, 7.6% ee 
R = Et, 10% ee 
R = PI", 8.4% ee 
R = Pi ,  4.5% ee 
R = But, 18.6% ee 

R = Me, 44% ee 
R = Et, 50% ee 
R = Pr', 56% ee 

R = Pr" , 85.4% ee 
R = Bun, 83.1 % ee 
R = Bu', 72.1 % ee 

OSiHPh2 OSiHPh2 

R4 WR / 

(94) 

R = Me, 86.7% ee R = 4-MeCnHd, 86.2% ee 

R = Et, 76.7% ee 
R = Pr", 8 1.3% ee 

R = 2-c1c6H4,' 83.1 % ee 
R = 3-MeOC6H4, 9 1.1 % ee 
R = 4-02NC6H4, 6 1.2% ee 

OSiHPh2 OSiHPh2 
PhzHSiO,,,,, 

83.3% ee 77.9% ee 82.6% ee 

OSiHPh2 OSiHPh2 OSiHPh2 

d 

89.6% ee 52.2% ee 55.8% ee 

Scheme 18 

R = Ph, 94% ee 
R = a-naphthyl. 94% ee 
R = P-naphthyl. 92% re 
R = n-C,H 13, 59% ee 
R = (CH2)2=CMe2, 70% ee 
R = CH,C02Et, 27% ee 
R = (CH2)2C02Et, 95% ee 

N....,, j .... N 

CI 

(95) 

'' Rh"' R c1' I '(-1 

Scheme 19 



176 Reduction of C=X Bonds 

1.7.2.5 Asymmetric Reduction of the C-N Double Bond 

A general way to reduce a C=N bond to an optically active amine is still elusive. Attempted reduc- 
tion, using a LAH/(-)-menthol reagent, of 2-substituted iminium salts (96, R = methyl, ethyl, propyl or 

or (97, R = methyl, ethyl, propyl or benzyl)Iz8 and imine (98)IZ9 gives the corresponding 
amines with low optical purities. 

NH 

I 
Me Me 

Reduction of oximes (100) and (102) with a LAH complex modified by a D-glucose derivative (99) af- 
fords ($)-primary amines (101) and (103) directly with 32% ee and 49% ee, r e ~ p e c t i v e l y . ~ ~ ~ * ~ ~ ~  

(99) 

R = Me, 39.3% ee 
R = Et, 45.7% ee 

R = Et, 32.5% ee 
R = n-C6H13, 49.3% ee 
R = CH2Ph, 43.6% ee 
R = Pr', 44.8% ee 

Sodium (S)-prolinate-borane complex (104) reduces cyclic imine (105) to give the (S)-tetrahydroiso- 
quinoline derivative (106) in 87% ee. Related amines (107) and (108) are also prepared in a like manner 
in 86% ee and 71% ee, r e ~ p e c t i v e l y . ' ~ ~ - ~ ~ ~  

A high degree of asymmetric induction has been realized by reduction of 0-methyloximes (109) to 
give the corresponding amines (110) using a borane reagent modified with (70). Acetophenone 0-methyl 
oxime is converted to (S)- 1-phenylethylamine in 99% ee after hydrolysis of the resulting methoxylamine 
derivative. Curiously, the asymmetric reduction of acetophenone with the same reagent induces the op- 
posite chirality. The reduction of oxime 0-methyl ethers derived from a-naphthyl methyl ketone occurs 
in only moderate optical yield. 135 

Asymmetric reduction of prochiral diphenylphosphinylimines (111) by (S)-BINAL-H (281, LAH-Dar- 
von alcohol complex (48) or K-glucoride (64) affords the (S)-amines (112; Scheme 20). The protecting 
group of (112) is readily cleaved under acidic conditions to give the free amine. When the alkyl group is 
methyl or ethyl, (SI-BINAL-H shows high enantioselectivity.136 
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OCH2Ph 
I 

OCHzPh 
I 

OMe PhCH20% OMe 

' OMe / OMe 

OMe 

(105) 

OMe 

(106) 

OMe 

/ OMe 

a Absolute configuration was not determined 

Scheme 20 

NHR 5"- (y 

177 

R = CH2Ph, 65% ee 
R = Ph, 40% ee 



Table 1 Optical Yields for Asymmetric Reduction of Typical C=X Compounds with Selected Chiral Hydride Reagents 

~ 

95 98 100 100 71 44 
97 98 98 

62 - 48 36 75 
83.8 85 88.6 78.1 16.8 31 
88 90 80 80 78 
46 18 - 
42 44 47 27 21 21 
82 77 - 
95 96 - - 89 
51 68 - - 77 86 
87 89 92 88 57 
78 92 87 85.4 87 97 
94 96 100 - 25 
97 90 - 

86.7 76.7 81.3 - 9 
94 

- - - 
- 

- 
- - - 

- - - 

- 

- 

- 
- - - 

- - - - - - 
- 

- - - - - 

- 
87 
92 
96 

62 
- 
- 
56.8 
51 

84 

72 
84 
76 

- 

- 
86 
89 
48 

- 
89 

82.6 
- 

- 

34 
46 
49 
52 
56 
60 
64 

68 
69 3 

c, 90 

* 100 
102 
108 
125 
126 

z 
65 B 

g. 

86 % 
II 
5 

0 

3 



Table 1 (Continued) 

Reducing agent 
or method 

Substrate 

b, 
H Me C H 4 H P h  C H d H B U "  P i  Bu' 

Et 1 SnBu"3 
Ref. Ph 

70 - 
- 
L 

98 
98 
- 
- 
- 
72 
76 
60 
6 
- 
- 
13.8 

- 
21 

20.2 
36 

- 

- 
2.4 
- 
- 
- 
- 
- 
61 

98.6 
38.5 

- 

- 

- 24 13 78 
33 - - - 

28 

15 

- 8 16 12 

26 42 
33 

27 - 39 70 
58 - 60 79 

92 
81.3 98.9 - 99.3 

- - 55.8 
59 

- - - 
18.6 45.5 41.2 20.9 

- 0 41 
- - - - 

- - - - 
- - 

- - - 
- - - - 

- - - 

- 
- - - 

34 
46 
49 
52 
56 
60 
64 
65 
68 
69 
86 
90 
100 
I02 
108 
125 
126 
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Hydrosilylation by diphenylsilane, catalyzed by [ ( Rh(C0D)CI )2]/(+)-DIOP, has k e n  applied to the 
reduction of the C-N double bond of imines (113) to give amines (114), but only in moderate optical 
~ie1d.I~’ 

1.73 SUMMARY 

Brown and coworkers have reported a critical examination of the relative effectiveness of various re- 
ducing agents for the asymmetric reduction of different classes of ketones.1° In Table 1 we present an ex- 
panded list of 24 typical C-X compounds and 17 selected asymmetric reducing agents or methods. 
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1.8.1 INTRODUCTION 

Applications of enzymes as specific and chiral catalysts in synthetic organic chemistry are now well 
established, with the utilization of oxidoreductases for C-X + CHXH conversions being one of the 
best documented areas of their exploitation. 

Enzymic methods of reduction take place under mild conditions, often at room temperature and at neu- 
tral pH, minimizing such problems as isomerization, racemization, epimerization and rearrangement that 
can plague more traditional methodology. Enzyme specificity permits the catalysis of C=X reductions 
to be chemospecific in the presence of other, unprotected, functional groups and with regio- and stereo- 
specific control that is difficult, or currently impossible, to achieve nonenzymically in single-step re- 
actions. 

The following enzymes and coenzymes are abbreviated: HLADH, horse liver alcohol dehydrogenase; 
YADH, yeast alcohol dehydrogenase; PTADH, Pseudomonas tesrosteronii alcohol dehydrogenase; 
NAD(P) and NAD(P)H, oxidized and reduced forms of nicotinamide adenine diphosphate (or its phos- 
phate) respectively; BY, baker’s yeast; TBADH, Thermoanaerohium hrockii alcohol dehydrogenase; 

183 
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GDH, glycerol dehydrogenase; HSDH, hydroxysteroid dehydrogenase; MJADH, Mucor juvunicus alco- 
hol dehydrogenase; CFADH, Curvuluriu fulcafu alcohol dehydrogenase; LDH, lactate dehydrogenase; 
HSDH, hydroxysteroid dehydrogenase; G6PDH, glucose-6-phosphate dehydrogenase; 3HBDH, 
3-hydroxybutyrate dehydrogenase; FDH, formate dehydrogenase; LeuDH, leucine dehydrogenase; and 
PLADH, pig liver alcohol dehydrogenase. 

It is not necessary to use a different enzyme for each new substrate encountered. Some enzymes, such 
as HLADH have very broad specificities and can accommodate wide structural variations in their sub- 
strates. Also, a broad structural range of substrates is often accessible using a very limited number of 
enzymes of overlapping specificities (Scheme 1). 

~~ 

I HLADH t 

I PTADH + 

Scheme 1 

1.8.2 SCOPE OF THE METHOD 

In selecting the examples for this chapter, preference was given to the most recent literature. However, 
it must be remembered that research on this topic has been performed by many groups for over 70 years, 
beginning with the original, and often still definitive, work of the early 1900s.4 

All biological C-X + CHXH reductions are dependent on the nicotinamide coenzymes NAD(P)H, 
as illustrated for ketone reduction in equation ( l ) ,  which shows only the reactive dihydronicotinamide 
moiety of the NAD(P)H cofactor. 

ADP ADP 
coenzyme 
recycling 

1.8.3 SOURCES OF ENZYMES AND MICROORGANISMS 

The oxidoreductases of synthetic value can be grouped into four main supply categories. These are: ( i )  
fully or partially purified enzymes, (ii) yeasts, (iii) other microorganisms, and (iv) mammalian sources. 
Mammalian enzymes usually have broader specificities than those of microorganisms, but this is com- 
pensated for by the much larger selection of microorganisms available. 

Biochemical catalogs list several hundred enzymes, including most of the oxidoreductases that have 
been used to date in preparative-scale reductions. These catalogs also list various yeasts, but the most 
commonly used of these, BY, is easily obtained at the local supermarket. More specialized yeasts, and 
the complete range of other microorganisms available, are listed in the catalogs of the national culture 
collections in the USA, Japan and E u r ~ p e . ~  In the future, the cloning and site-directed mutagenesis tech- 
niques of molecular biology will permit natural enzymes from any source, and mutant enzymes tailored 
for particular synthetic applications, to be provided in plentiful supply. 



Reduction of C-X to CHXH Using Enzymes and Microorganisms 185 

Identifying a suitable enzyme or microorganism for reduction of a new substrate is best done by per- 
usal of  review^',^,^,^ and by literature search for an analogous transformation of a closely related struc- 
ture. Chemical Abstracts Registry Numbers for enzymes are obtained from the Index Guide, using the 
enzyme commission (EC) number for the enzyme of interest. The EC numbers of all known enzymes are 
listed in the Enzyme Nomenclature handbook.* For yeasts and microorganisms, the Chemical Abstract 
search protocol is based on the name of the organism, again using the Index Guide for clarification, if 
necessary. 

1.8.4 PRACTICAL CONSIDERATIONS 

The experimental methodology for exploiting enzymes is very straightforward and can be performed 
with common organic equipment, and with routine experimental and work-up procedures. A range of re- 
action conditions can be applied, including the use of immobilized enzymes9 and organic s o l v e n t ~ . ~ ~ ’ ~  
For yeast, often all that is required is to suspend it, together with the substrate, in water at pH 7, and to 
add some glucose if a growing culture is needed. The procedures for fermentations with other microor- 
ganisms are somewhat more sophisticated, but still easily performed in the organic laboratory,’ perhaps 
with some minimal initial guidance from a microbiological colleague. 

The metabolisms of yeasts and microorganisms ensure a sufficient supply of the NAD(P)H coenzyme 
during fermentative reductions. Since the NAD(P)H needed for in vitro reductions catalyzed by isolated 
enzymes is expensive, it is used in catalytic amounts only, and continuously regenerated from the inac- 
tive pyridinium form of NAD or NADP by an economical recycling system.15 

Unless specified otherwise, all reductions included in this chapter gave good yields of >90% enanti- 
omeric excess (ee) products. Not all products of enzyme-catalyzed reactions meet the minimum 9% ee 
levels normally required for asymmetric synthetic applications. However, protocols exist for improving 
ee’s of imperfectly specific enzyme-mediated transformations. 14,16-19 

1.8.5 ORGANIZATION OF TOPICS 

Preparative-scale enzyme-catalyzed reactions are conveniently considered in terms of the different as- 
pects of specificity involved and this approach is followed here. Reactions involving a single aspect of 
specificity are considered first, followed by examples of different, and increasingly complex, combina- 
tions of specificity in a single-step catalysis. 

Reductions that do not capitalize on the abilities of enzymes to make stereochemical distinctions are 
not covered (in this regard, it should be noted that the term ‘stereospecificity’ is used throughout in its 
broad, biochemical, connotation) nor are mechanistic aspects, details of which can be found in several 
excellent texts.2c23 Although space limitations preclude discussion of the synthetic motivations for the 
reductions cited, the majority were used to prepare chiral synthons needed in total synthesis. 

1.8.6 REDUCTION OF C=O TO CHOH 

1.8.6.1 Enantiomeric Distinctions 

Most resolutions of racemates in reductions with oxidoreductases are accompanied by stereohetero- 
topic face specificity and are covered in a subsequent section. Enantiomeric discrimination alone is 
exemplified (Scheme 2) by the partial resolutions of binaphthyls (+)-(l)?4 of the formyl derivatives (k)- 
(2)2s and (+)-(3),26 and of the organometallic aldehyde (k)-(4)27 with BY. The racemic I-indanone com- 
plex analog of (9-(4) is also a substrate, but its BY reduction proceeds with low enantioselectivity and to 
give a mixture of (mainly) endo- and exo-alcohol products.28 For the Scheme 2 reactions, the product 
eels can be influenced by the nature of the substituents. In the case of the binaphthyl reduction, replace- 
ment of -0Me by -Me gave the same ee levels, but afforded product alcohol of the opposite absolute 
configuration. Replacement of the 2-methyl substituent of (k)-(2), by --CH2Ph for example, can also re- 
sult in reversals of the absolute configurations of the pr0ducts.2~ Of the various thiocarbamates of (f)-(3) 
evaluated, that with R = CH2Bu‘ gave the highest ee.25 HLADH can also be used for resolution of 
racemic aldehydes, as shown in Scheme 3.10*30 
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1.8.6.2 Enantiotopic Face Distinctions 

I .8.6.2.1 Monocarbonyl substrates 

A broad spectrum of stereospecific reductions of prochiral acyclic ketones has been recorded (Scheme 
4). These arise by enzyme-controlled delivery of the hydride equivalent to only one of the two enantio- 
topic faces of a C-0 group. Such reductions are achievable with many different oxidoreductases, as il- 
lustrated for the conversions of (5a) -+ (6a) with GDH?’ of (5b-d) -+ (6b-d) with TBADH,32-34 of 
(5e-h) -+ ( k h )  with BY,354i of (5i) -+ (6i) with Kloeckera magna2 and of (5j) -+ (6j) with Acinefo- 
bacter calcoaceti~us?~ 

The yeast-induced reduction of (5e) -+ (6e). (R = substituted phenyls, R‘ = Me) is one of the very first 
preparative-scale alcohol dehydrogenase catalyzed reactions to have been reported.35 While the transfor- 
mations of (5a-j) demonstrate that broad structural tolerances are possible in the substrate ketones, the 
enzymes are sometimes very discriminating. For example, while the BY-catalyzed reductions of the 2-, 
3- and 4-substituted pyridyl ketones (5g) proceed smoothly with high stereo~pecificity,”~,~’ the analogous 
furanyl and thiophenyl ketones give virtually racemic product alcohols, and 2-acetylpyrrole is not a sub- 
strate at a11.39 

Diketones or keto aldehydes in which one carbonyl group is protected, as in (7) and (10) of Scheme 5 ,  
may also be reduced stereospecifically to the corresponding alcohols, (8) and (11). These can then be hy- 
drolyzed chemically to give the hydroxy aldehydes (9) or hydroxy ketones (12). r e~pec t ive ly .~*~~  

The absolute configurations of the product alcohols of acyclic ketone reductions can be reliably pre- 
dicted for many oxidoreductases by using the Prelog rule (Scheme 6).la** More complex models are re- 
quired for cyclic ketones, as will be seen later. For a given substrate, oxidoreductases are usually 
available that deliver hydride equivalents from opposite enantiotopic faces. This can be exploited to pro- 
duce either alcohol enantiomer at will, as noted in Scheme 7 by the reduction of (13) to either (R)-  or (S)-  
(14).47 Organometallic ketones can also be reduced with enantiotopic specificity. This is demonstrated 
by the conversions (Scheme 8) of the f e r r ~ c e n y l ~ ~  and chromium carbonyl ketones (15) -+ (16) and (17) 
-+ (18), respectively.28 
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1.8.6.2.2 Diketone substrates 

The two carbonyl groups of symmetrical diketones are distinguishable, with the carbonyl group under- 
going reduction doing so with enantiotopic specificity. Some acyclic and monocyclic examples are 
shown in Scheme 9.32,44*49.50 Once more, enantiomeric products can be selected by the use of organisms 
with opposite enantiotopic face specificities, as shown for the reduction of (19) to ( R ) -  or (S)-(20) 
(Scheme 

The (21) -+ (22) transformation of Scheme 11 is an interesting variation of this category in that, while 
reduction of both homotopic carbonyl groups of the racemic substrate (21) occurs with diastereotopic re 
face specificity, the product (22) is still racemkS2 The (23) + (24) reduction is analogous, with only one 
of the two homotopic carbonyl groups reduced, again with diastereotopic face specificity.s3 

Reductions of symmetrical bicyclic diketones may also be effected selectively, as illustrated in 
Scheme 12. The stereospecificities of the HLADH-catalyzed transformations of the unsaturated decalin- 
diones (25) and (27) to the corresponding hydroxy ketones (26) and (28),54 and in fact all specificity as- 
pects of this enzyme, are fully predictable using a simple to use, cubic-space model of the enzyme’s 
active site.55 
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1.8.6.2.3 Keto acid and ester substrates 

Stereospecific reductions of cy-keto acids are well d o ~ u m e n t e d . ~ ~ "  L- and D-lactate dehydrogenases 
from common mammalian or bacterial sources are available for this purpose. By using a preselected L- or 
D-LDH, the preparation of a (2s)- or (2R)-hydroxy acid of >99% ee can be virtually assured. The structu- 
ral range of a-keto acids (29) that has been subjected to preparative-scale reductions to hydroxy acids 
(30) is summarized in Scheme 13 for both L - ~ ~ - ~ - ~ ~  and D - L D H . ~ ~ ~ ~ ' . ~ ~  Plentiful supplies of such enzymes 
are guaranteed by their cloning and overexpression.60 

Stereospecific reduction of a-keto esters is also readily achieved (Scheme 14). BY is effective for the 
(31) + (32) but this is not always the case. Different enzyme sources are more effective for 
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the (33) -+ (34)64 and (35) -+ (36)65 conversions. Using different organisms with opposite enantiotopic 
face specificities permits both enantiomers of a product to be produced at will from the same substrate. 
This is demonstrated in Scheme 15 by the reduction of (37) to either natural66 D- or unnatural L-pantoyl- 
lactone (3tV7 and of simple a-keto esters (39) to either the (R)-65 or (S)-enantiomePx of (40). 

A broad structural range of P-keto esters (41) can be reduced with enantiotopic specificity to give 
either the (R)-  or (5’)-P-hydroxy esters (42; Scheme 16).26*69-81 Whether the configurations of the stereo- 
genic centers of (42) will be ( R )  or (S) is determined by the nature of the organisms and of the substit- 
uents. However, with the appropriate combination of organisms, hydroxy esters of either (R)-  or 
(S)-configuration can be produced from the same substrate, with either si or re face attack of the carbonyl 
group being selected. This is shown in Scheme 17, where the reduction of (43) to either (R)-  or (S)-(44) 
can be achieved.82 In this latter case, the enzymes exploited were located in different organisms. How- 
ever, it is possible for ‘enantiotopic’ enzymes to be contained in the same organism. For example, yeast 
contains two fatty acid  synthetase^^^*^^ with alcohol dehydrogenase like capabilities. These have opposite 
enantiotopic specificities and also distinct substrate specificities. It is possible to select between these ‘L’ 
and ‘D’ enzymes by varying the steric size of the P-keto ester substituents, as exemplified in Scheme 
18.19 Controlled formation of an (R)-  or (S)-P-hydroxy ester from a common P-keto ester precursor can 
also be preordained by using enzymes with opposite enantiotopic face specificit ie~.~~ Additional control 
of enantiotopic selectivity in a multiple-enzyme organism can be exerted by restricting substrate or prod- 
uct diffusion, as between the free and immobilized yeasts.18 This selectivity is again controllable by vari- 
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ations in substrate structure, as illustrated by the different stereospecificity responses towards (45) and 
(46; Scheme 19). Stereoselectivity can also be influenced by growth  condition^^^,^^ and by added sol- 
vent s .7337 

Although reductions of f3-keto esters are by far the most common, yeast-catalyzed reductions of p- 
keto acids are also ~ i a b l e . ~ ~ J ' ~  Reductions of other keto acids and esters, where the carbonyl group is y, 
or further, separated from the acid or ester function, also proceed stereoselectively, as demonstrated by 
the Scheme 20 conversions.73~90-w Reduction of an a,P-unsaturated ketone is somewhat unusual, but 
examples are known (Scheme 21).95 
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1.8.6.3 Diastereotopic Face Distinctions 

In contrast to the multiplicity of examples of diastereotopic face discriminations in combination with 
other enzyme specificity discussed later, there are relatively few alcohol dehydrogenase catalyzed reduc- 
tions that involve diastereotopic face selectivity alone. However, whenever a carbonyl group is present in 
a single chiral stereoisomer, diastereotopically face-selective reductions are possible. The reductions of 
the L-homocysteine derivative (47) + and of the (-)-oxocineole (1S,4R)-(49) + (50),97 are two 
such examples (Scheme 22). A single stereoisomer can also be converted into epimeric alcohol products 
by employing organisms with opposite diastereotopic face specificities (equation 2 and Scheme 23).97-99 
The conversions of (1R,4S)-(49) to (51) and (52)97 complement that of the reduction of its enantiomer 
(IS,4R)-(49) to (50) in Scheme 22. The facility with which reduction of quadrone (53) to either (54) or 
(55)99 can be accomplished demonstrates very clearly that structural complexity is not a barrier to 
enzyme-catalyzed reductions. 
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1.8.6.4 Combinations of Specificity 

Despite the advances that have been made using nonenzymic methods in asymmetric synthesis, the de- 
grees of control that are possible with enzymes able to combine two or more specificities in a single-step 
reaction remain unchallenged. Several different chemo- or regio-specific and enantiotopic face specific 
combinations are illustrated in Scheme 24 by the reduction of or P-diketoneslOO-loz (see also 
Scheme 27). The control of regiospecificity that can be exerted by small structural changes is exempli- 
fied by the effect of either an 0- or p-methyl group on the reductions of (56) and (58) to (57) and (59) re- 
~pectively.4~ Opposite enantiotopic face specificities can be selected by using appropriate organisms 
(Scheme 25). 
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Regiospecificity combined with diastereotopic face specificity is seen in the reduction of the trione 
(60) to (61) (Scheme 26).Io3 In Scheme 27 the reduction is quite regiospecific, but both diastereotopic 
faces of the exocyclic ketone function of (62) are attacked to give the erythro-(63) and threo-(64) 
hydroxy ketone products.104a The degree to which regio specificity and diastereotopic face specificity 
can be controlled with different enzymes is shown in the bile acid reductions of Scheme 28.Io5 
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The largest group of substrates reduced with combined specificity is that involving concurrent enanti- 
omeric and diastereotopic face discrimination. Examples for acyclic substrates are given in Schemes 29 
and 30. As Scheme 29 shows, variously functionalized racemic ketones (65),31 cy-keto esters (66)lWb and 
P-keto esters (67),'06 (68)'O7Jo8 and (69)IO9 are transformed into the corresponding threo- and erythro- 
hydroxy diastereomers. The transformations of Scheme 30 are of particular interest since they lead to 
carbohydrate chirons of unusual or unnatural configurations."&"* The combination of diastereomeric 
and diastereotopic face selectivity is also feasible. This is shown in Scheme 31, again for carbohydrate 
synthon production.Il3 For the BY-catalyzed reduction of (f)-(70), the configuration at the asterisked 
carbon is critical. Only diastereomers that have the (S)-configuration at this center are substrates. This 
keystone selection factor, together with the yeast preferences at the other stereogenic centers, results in 
(71) being the only product.Il3 
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When the stereogenic center of the racemate can undergo epimerization under the reduction condi- 
tions, the unreactive enantiomer will racemize continuously, thereby enabling complete conversion of 
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substrate to a single product stereoisomer to be achieved. This is illustrated in Scheme 32 for the reduc- 
tion of racemic P-keto By using the appropriate organism, different enantiomeric and dia- 
stereotopic face specificities can be preselected (Scheme 33).'14 
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The results with monocyclic ketones are similar. In Scheme 34, enzymic control of enantiomeric plus 
diastereotopic face specificity enables stereoisomerically pure product diols (73) and (75) and unreactive 
enantiomers (R)-(72) and (R)-(74) to be obtained from the racemates ( f ) - (72)  and (k)-(74).'av31*1 l 5  In the 
case of the pyranones (*)-(76),'16 both enantiomers are reduced. When enantiomeric specificity is lack- 
ing in this way, the initial reaction is often that no resolution is possible by the enzymic procedure. How- 
ever, this is not true when each enantiomer is reduced stereospecifically to a single diastereorneric 
product, such as (77) or (78); these are then easily separated by chromatography. In such situations, 
which are readily identified for HLADH using the cubic-space active-site model,ss the reactions are 
allowed to proceed to completion rather than terminating at the 50% point that would apply for enantio- 
merically specific reductions. Using this approach, quantitative yields of each pure diastereomer may be 
isolated.'I6 When the stereocenter is adjacent to a carbonyl group, epimerization of the unreactive 
enantiomer can occur under the reaction conditions. Then only the single stereoisomer product derived 
from the reactive enantiomer is formed. This is outlined in Scheme 35 for the BY-mediated reductions of 
racemic carbo- and hetero-cyclic P-keto esters and P-keto-thio esters.' By appropriate selection of 
the enzyme or microorganism, reductions in which the unreactive enantiomer racemizes under the re- 
action conditions can be directed towards either enantiomer of the starting racemate. Scheme 36 shows 
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controlled reductions of this type, of 2-oxocyclohexanecarboxylic acidIz3 or ester"' (79) that give only 
the P-hydroxy products (80) of the (1R,2S) or (1S.W) series respectively. With the right microorganisms, 
combinations of enantiomeric and diastereotopic face specificities can be exploited with racemic sub- 
strates to give all four possible product stereoisomers (Scheme 37).'06 

HLADH K -  
\X*R 
(*)-(76) 
R = C,-C, alkyl, Ph 
x=o,s 

R \ /%, 

(77) 

Scheme 34 

BY - 

BY 
__L 

BY 

X = 0-n-octyl, SEt 

BY 
COzEt __.c 

Scheme 35 

& Bot 

Enantiomeric and diastereotopic face specific reductions are also readily effected on racemic bicyclic 
ketones. An illustration of the broad structural range that is amenable to enzyme-catalyzed transfonna- 
tion in this way is given in Scheme 38. While 2-decalones, such as (It)-(81)-(83),124*1Z5 and the related 
heterocyclic analogs (f)-(85)126 are good substrates for HLADH, the 1-decalone (f)-(&4) is not. How- 
ever, by changing enzymes to MJADH, (*)-(&I) becomes a good s u b ~ t r a t e . ' ~ ~ - ~ ~ ~  Similarly, TBADH is a 
highly satisfactory catalyst for stereospecific reduction of (f)-(86), but will not accept its dimethyl 
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OH 
, , S 0 2 R  0 BY 

(IR)-(80) R = Et 
bc- - - 

D-3HBDH of 

Rhodopseudomonas 
spheroides 

(IS)-(80) e- R = H (*)-(79) R = H or Et 

Scheme 36 

Kloeckera 
saturnus 

Saccharomyces 
delbrueckii 

analog (f)-(87).130 Here again, a change of enzyme to 3a.20P-HSDH solves the problem,130 while BY is 
the recommended catalyst for conversions of (f)-(88).131 As would be expected for similar structures, the 
same stereochemical pattern is followed by BY-catalyzed reductions of (*)-(89),132 (*)-(90)'33 and (It)- 
(91). 134 

As with some of the racemic ketones discussed previously (Schemes 27.29.30.3 1 and 37), reductions 
of bicyclic substrates to all possible stereoisomeric products can be achieved. The BY-mediated reduc- 
tion of (53486) to (92) and (93)135 establishes this point (Scheme 39) and contrasts the more specific 
TBADH-promoted reaction of Scheme 38.130 

H 
(&)-(81) R = H, Me 

(bo H 

0 
H 

0 H 

- HLADH (fy + o~ 
H H 

HLADH 
__c 

H H 

H H 

(f)-(W Scheme 38 
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0 .BH 
H H 

3a,20P-HSDH 
H 

BY 
__c 

C02Me 

BY 
__L 

H@H 0 P 
(*)-(89) 
0 

BY - H 

COMe I 
COMe 

Scheme 38 (continued) (*)-(91) 

Exploitation of the complementary specificities of enzymes from different sources towards the same 
racemic substrate permits very precise control of the product stereochemistry. For example, any one of 
the three diastereomeric 2-decalols (94)-(96) can be obtained at will from (f)-trans-2-decalone (81; R = 
H) using the alcohol dehydrogenases HLADH, MJADH or CFADH, respectively (Scheme 40). The 
stereospecificities of these three enzymes are well documented and a simple active site model of predic- 
tive value is available for e a ~ h . ' ~ . ~ ~  Racemic bridged bicyclic ketones are similarly discriminated, either 
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\\+' 

MJADH & OH 

\aT 
/ H  (95) 

&OH- HLADH &r0 
H H 

CFADH 
(94) (*)-(Sl) R = H  

H 
Scheme 40 (96) 

to give the reduction products of one enantiomer, with recovery of the unreactive ketone enantiomer 
(Scheme 4 1)136138 or to give two diastereomerically pure alcohols from stereospecific reduction of each 
enantiomer (Scheme 42).13* 

The HLADH-catalyzed reduction of (k)-(97) is of interest since the alcohol product (98) is the thermo- 
dynamically less-preferred ex0 epimer. This emphasizes the fact that the geometry of an initial, kineti- 
cally controlled, product of an enzyme-catalyzed reduction reflects only the direction of attack of the 
hydride equivalent that is imposed by the orientation of substrate binding in the ES-complex. In this case, 
the reduction occurs on the re face of (13)-(97),136 in accord with the predictions of the active site 

" b ; + &  
0 M e 0 2 C c h H  46% ee + H& 

Candida 

utilis H H H 

Meo2c% 0 - OH 0 

25% reduction 

(98) 83%ee 18% ee 

Scheme 41 

Scheme 42 
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The feasibility of such discriminations for bicyclic diketones, such as (99), is demonstrated in 
Scheme 43. The hydroxy ketone (100) is the only alcohol product.54 When a,&unsaturated ketone func- 
tions are present in substrates, such as (*)-(lOl), chemospecific control can be exerted. In the example 
shown in Scheme 44, each enantiomer of (101) is reduced stereospecifically to the diastereomeric prod- 
ucts (102) and (103), in each of which the new alcohol center has the (S)  c~nfiguration. '~~ 

The examples discussed so far have been for ketones of chirality types commonly encountered. How- 
ever, similar discriminations are possible with molecules of unusual chiralities, as represented in Scheme 
45. 

&O - HLADH & + o&o 

H 
0 0 

H H 

rubra 

HLADH 

Scheme 45 

Another important specificity combination is that of concurrent enantiotopic group and diastereotopic 
face selection. This is exemplified for mono-, bi- and poly-cyclic diketones in Scheme 46. Reduction of 
variously substituted cyclopentanediones (104) with BY gives products of the diastereomeric series 
(1O5).I4O Interestingly, Pichia terricola catalyzed reduction141 of (106) (107) proceeds in the same 
stereochemical senses as for the BY-mediated reductions of (104),142 although (106) itself is not a 
substrate for BY.141 For such compounds, the BY specificity selection parameters are controlled by the 
nature of the alkyl substituents and the ring size. The configuration of the alcohol center produced is (2S) 
in every case, but BY-mediated reduction of the 3-substituted cyclopentane- and cyclohexane- 1,3-diones 
proceed in opposite diastereomeric senses with respect to the configuration of the 3-po~it ion. l~~ The re- 
ductions of the bicyclic diketones (lo&, (109)54 and (l10),'a9125 and the polycyclic substrate (111)143 are 
stereospecific. Once again, different organisms can be employed to give different stereoisomers from the 
same substrate. The diketone (112) of Scheme 47 can be converted stereospecifically into the natural 
(113) or unnatural (114) steroid p r e c ~ r s o r s . ~ ~ + ~ ~ ~  An example of simultaneous diastereotopic group and 
face combination is given in Scheme 48.54 

Even higher multiplicities of specificity combinations are possible. In Scheme 49, conversion of (115) 
to (116)14 involves regiospecific reduction of an enantiotopic carbonyl group concurrently with enantio- 
topic face specificity. This transformation can also be achieved using Saccharomyces species, with the 
level of (116) produced being enhanced by the addition of unsaturated carbonyl compounds, such as ac- 
r01ein.I~~ 
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Rhizopus 

0 ai-rhizu; o p  
Me0,C Me02C 

(116) Scheme 49 (115) 

Sequential reductions are possible for diketones. That of Scheme 50 involves straightforward initial 
enantiotopic face specificity followed by diastereotopic face contr01.l~~ In contrast, the initial alcohol 
(S)-(118) produced from (117; Scheme 51) must epimerize to (R)-(118) before the second reduction to 
(R,R)-(119) can take ~1ace.l~’ 

0 0 OH 

Scheme 50 

cryptococcus 

macerans 
X 

(S)-(118) 
X 

(117) 
X, Y = H, Me, C1, OMe, NO, 

Scheme 51 

Yeast-mediated reductions can provide benefits in addition to their control of the stereospecificity of 
hydride delivery. For example, the acetaldehyde produced in the fermentation process can participate in 
acyloin condensations prior to the reduction steps (Scheme 52).11’J48-’50 

BY BY 
RCHO - Rq( - R E  

0 OH 

R = o ” (  ,(-&( 
fl H or Me 

Scheme 52 

Enzyme-mediated carbonyl reductions are not restricted to aldehydes and ketones. With some organ- 
isms, carboxy groups can be reduced to primary alcohols. The example in Scheme 53 proceeds with en- 
antiomeric specificity. ‘s] 

1.8.6.5 Preparations of Deuterated or Tritiated Alcohols 

From the broad range of stereospecific reductions listed above, it is evident that enzymes can provide 
attractive, and often unique, opportunities for the stereospecific introduction of isotopes. Introduction of 
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Scheme 53 36% ee 

deuterium or tritium can be accomplished in several ways. The predictable stereospecificity of reductions 
of aldehydes can be exploited to prepare either (R)  or (S) deuterated or tritiated primary alcohols. This is 
manifest in Scheme 54 for YADH-catalyzed reactions,' which occur with re face specificity. The oppo- 
site configurations can be produced by swapping the locations of protium and deuterium/tritium in the 
substrate or coenzyme respectively. If BY is employed, the label must be located in the substrate alde- 
hyde, as represented in Scheme 55. 15*  Alternatively, enzymes of opposite enantiotopic face specificities 
can be employed (Scheme 56).153 

YADH R H  
\Y ___) 

0 NAD*H HO 2H 

___) RY3H \e' 

YADH 

0 NADH HO' H 

Scheme 54 

Scheme 55 

c 3H Y C O Z H  
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0 oxidoreductase H OH 
NADH 

c-- 
3H IfCozH 

L-LDH 

NADH 
3HyC02H 

HO H 

Scheme 56 

The source of the label may be the solvent or a coupled substrate. It can be introduced by a single 
enzyme (Scheme 57)' or using a coupled enzyme system (Scheme 58).31 

YADH, NAD, R H  

flavin, *H,O HO' 2H 
RCH2OH c ?( 

c ,?( HLADH, NAD, R H  

RHCOH HO 3H 
RKH 0 

3 H  

Scheme 57 

1.8.7 REDUCTION OF C=N TO CHNH 

The only preparative-scale reactions of synthetic value in this category are those catalyzed by the 
amino acid dehydrogenases. These enzymes catalyze the reductions of a-imino acids to a-amino acids. 
This can be done on a very large scale, as demonstrated by the LeuDH-catalyzed reduction of (120) to 
t-butyl leucine (121) shown in Scheme 59.154 Another enzyme of this group with preparative promise is 
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H O A  

N A D ~ H  2=-% NAD 
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Scheme 58 

pimelate dehydrogenase. 155 Enzyme-catalyzed reductions of imines have also been documented in alka- 
loid biosynthetic pathways,156 but as yet are of limited synthetic practicality. 

B u ' V C O ~ H  But, ,C( 37H 

NADH NAD 

CO, HCO~H 

Scheme 59 

1.8.8 REDUCTION OF C-C TO CHCH 

The alkene reduction reactions most frequently observed are of a@-unsaturated aldehydes, ketones, 
acids and esters. Examples of stereospecific reductions of acyclic substrates are given in Scheme 
60.148J57-159 In the formation of (123), the double bond of (122) is reduced prior to the aldehyde func- 
t i ~ n . ' ~ ~  The conversion of (124) to (125) involves oxidation of the intermediate alcohol to the carboxylic 
acid by bubbling air into the fermentation medium.157 Stereospecific reductions of a$-unsaturated 
ketones may be similarly effected (Scheme 61).160-163 The reduction of the chloro ketone (126) gives 
(127) initially. This epimerizes under the reaction conditions, and each enantiomer is then reduced fur- 
ther to (128) and (129), with the predominance of the (128) stereoisomer increasing with the size of the 
R-group.IM Reduction of (f)-(130) leads to (131) and (132).163 

Reductions of allylic alcohols can also go stereospecifically (Scheme 62). However, they are not al- 
ways substrates. For example, the allylic alcohol arising from reduction of the formyl group of the a$- 
unsaturated aldehyde (122) is not reduced to (123) by B. s u l f u r e ~ c e n s . ~ ~ ~  

For the racemic allenic acid (133), each enantiomer is reduced stereospecifically to give the alkenoic 
acid diastereomers (134) and (135) (Scheme 63).lM In contrast, the levels of enantiomeric discrimination 
observed in microbial reductions of allenic alcohols have so far been very 

1.8.9 FUTURE DEVELOPMENTS 

The examples of enzyme-catalyzed C-X + CHXH transformations documented in this chapter show 
that the approach is already a well developed and versatile one. We may look forward to advances in the 
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use of organic  solvent^'^*^^ and unnatural coenzymes. lci6 Further ahead, there are even more exciting 
possibilities in the genetic manipulation of microorganisms, in the antibody-based ‘abzyme’ approach to 
the design of enzyme s p e ~ i f i c i t y , ~ ~ ~ , ~ ~ ~  and in tailoring enzyme s p e c i f i c i t i e ~ , ~ ~ ~ J ~ ~  including those of oxi- 
doreductases,t71-t73 via the site-directed techniques of molecular biology. 
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1.9.1 INTRODUCTION 

Acetals and ketals are passive under neutral and basic conditions; the ether groups resist alkylation and 
acylation, and the masked carbonyl group is protected against attack by nucleophiles and against enoliza- 
tion by bases,’ although nearby unsaturation may open the system to reaction. When, however, one of 
the oxygen atoms acquires a Lewis or protic acid as a ligand it becomes a better leaving group, and the 
carbonyl carbon atom can suffer sN2 and, especially, S N ~  reactions. These reactions can be highly regio- 
and stereo-selective when the two oxygen atoms are in different chemical environments. Neither the 
‘anomeric effect’,* which is so important in setting the ground state conformation, nor the ‘stereoelec- 
tronic effect’,3 which has come under serious attack: have an overriding effect, but differences in the 
stability of the two possible oxocarbonium ions clearly do. 

With cyclic acetals and ketals, selective reductions allow the blocked hydroxy groups of the diol to be 
deprotected one at a time, a matter of some importance in carbohydrate ~hemistry.~ Although there have 
been a few studies of stereoselective reductions at the masked carbonium center of chiral ketals, more 
has been done with the formally related reactions in which C-C bonds are formed stereoselectively.6 

21 1 
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1.9.2 MAJOR METHODS 

1.9.2.1 Catalytic Hydrogenation 

Aliphatic ethers are stable to ordinary catalytic hydrogenation conditions, but benzyl ethers can be 
cleaved in good yields and under mild conditions, making them useful as protecting groups.' Palladium, 
promoted by small amounts of acid, is the best catalyst. Thus, benzylidene acetals are cleaved to methyl- 
benzenes in high ~ i e l d , ~ - ~  and ketals derived from benzophenone behave similarly.'o Allyl ethers may 
also be cleaved over palladium, but with other catalysts a competing hydrogenation of the double bond 
becomes more important. 

Benzyl ethers are obtained from benzylidene acetals over nickel at 180 'C." The yields are moderate, 
however, because the ethers are cleaved about as readily as the acetals;I2 at lower temperatures ring re- 
duction of the hydrocarbon product is also competitive with hydrogenolysis. The best catalyst for the 
preparation of benzyl ethers from benzylidene acetals would appear to be cobalt carbonyl, under syn- 
thesis gas at temperatures from 128-210 0C.13 The active reagent is probably HCo(C0)4. 

Better yields of ethers are obtained from aliphatic a ~ e t a l s ; ~ ~ J ~  vinyl ethers, which can be prepared 
from acetals over nickel (alone) at high  temperature^,'^ may be intermediates. With rhodium on alumina 
in the presence of acid, ketals of acetone (1) are hydrogenolyzed to ethers (3) at about the same rate that 
the 'corresponding vinyl ethers (4) are hydrogenated,I6 indicating that the latter may be intermediates 
(Scheme 1). Vinyl ethers have also been suggested as intermediates in the direct formation of ethers from 
ketones during catalytic hydrogenation over platinum in MeOH-HCl, I 7  but the oxocarbonium ion (2), 
which is a common intermediate for the formation of both the acetal and the vinyl ether, might be re- 
duced directly. 

Scheme 1 

1.9.2.2 Reduction with Dissolving Metals 

Saturated alcohols and ethers are inert to the usual methods of reduction by dissolving metals, but 
benzylic alcohols, ethers, esters and acetals are completely hydrogenolyzed under the conditions of the 
Birch reduction.'8-20 The fission process probably occurs after two electrons have been added to the 
ring;lx proton donors are not required and may, when p-methoxy groups are present, promote reduction 
of the ring instead.21 The corresponding 1,3-dioxoIanes, however, give complete hydrogenolysis.22 The 
furan nucleus also promotes 'benzylic' hydrogenolysis with lithium in ammonia in the absence of proton 
donors.23 The location of the side chain makes a difference. In the 3-furanyl system (equation single 
cleavage of a dioxolane predominates, but in the 2-furanyl system2* only double cleavage, to remove 
both acetal oxygen atoms, occurs. 

P" 0 

28% 72% 



Reduction of Acetals, Azaacetals and Thioacetals to Ethers 213 

1.9.23 Reduction with Metal Hydrides 

The tetrasubstituted hydrides of Group I11 and IV metals act only as hydride donors; for the reduction 
of acetals a Lewis acid partner, one that will not react faster with the hydride donor, is required and sev- 
eral such silicon and boron hydride systems have been developed. The trisubstituted hydrides are, of 
themselves, both Lewis acids and hydride donors; the halo- and alkyl-aluminum hydrides have proven to 
be valuable reagents of this type. In all of them modulation of reducing power can be achieved by chang- 
ing the kind and numbers of substituents. Halogen atoms increase Lewis acidity in both series. Alkoxy 
groups enhance the reducing power of boranes but diminish that of alanes; they also permit variation in 
steric requirements and might allow the development of chiral reagents. 

1.9.2.3.1 Derivatives of alane 

Lithium aluminum hydride (LAH) does not, as a rule, react with  ether^,^^^^^ but does reduce ortho es- 
ters to acetals (equation 2).28 2-Vinyl-1,3-dioxolane (5) is reduced to a vinyl ether with double-bond re- 
arrangement (equation 3), but the cinnamyl analog (6) is only reduced at the double bond (equation 4). 

- M d S T o R  
LiA1H4 

R =Me, 97% 
OR R=Et ,  73% OR 

a 2  LiAlH, 

Ph Ph 
(4) 

Although some propargylic alcohols are reduced to a l l ene~?~  such behavior is not seen with the simple 
open chain propargylic acetal (7).30 Studies with LAD and D20 show that the triple bond is reduced first, 
and that the alumino derivative then undergoes acetal cleavage without rearrangement (Scheme 2). The 
resulting crotyl acetal then undergoes sN2 displacement of one ethoxy group without reduction of the 
double bond. 

D 

(7) + +Et 

D D  D 
65% 35% 

Scheme 2 
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Alane is best prepared by reaction of LAH with H2S04; prepared so, it is stable in THF for several 
days and is a potentially useful selective reducing agent.31 It can also be prepared by reaction of LAH 
with AlC13 (3: 1); in other proportions, these reagents form the ch l~roa lanes .~~ Alkoxyalanes and chlo- 
roalkoxyalanes can be made from these reagents by adding appropriate amounts of alcohols.33 Of these, 
the haloalanes ('mixed hydride' reagents) have been most widely used, particularly where cleavage of 
C-0 bonds is d e ~ i r e d . ~ ~ , ~ ~  Dichloroalane, with an excess of AlC13 (ILAH:4AlC13) and used in 100% 
molar excess, gives good preparative cleavages of simple acetals (equation 5),36.37 but the milder reagent 
H2AlCl (1LAH: 1AlC13) has been used extensively in mechanistic studies.38 Alane is a still weaker hy- 
drogenolyzing a g e r ~ t . ~ ~ > ~ *  Alkoxyalanes are even less active but offer the possibility of variation in steric 
requirements; dialkoxyalanes are too unreactive to be useful. 

( 5 )  
* 

LiAIH, ( I  mol) + AICI, (4.1 mol) 

Et20 
83-94% 

Diisobutylaluminum hydride (DIBAL-H) hydrogenolyzes simple ortho esters to acetals at room tem- 
perature and reduces acetals and ketals to ethers at 70-80 "C (equation 6); benzyl ethers are cleaved at 
still higher  temperature^.^^ This reagent shows good selectivity and considerable versatility. It has been 
used to reduce acetals of formaldehyde (equation 7):O which few other reagents can accomplish. With 
catechol ketals a single reductive cleavage occurs at room temperature (equation 8).41 

DIBAL-H 
(6 )  

* -0Et 30Et 70-80 "C 

DIBAL-H 

30 "C 
90% 80% 

R! 
DIBAL-H R',, R2 

OMe 
H O A  

F r  R2 
O w 0  90-120 "C 

30-90% 

~1 = H, R2 = H, Ph; R i  = Me, R2 = Me, Ph 

DIBAL-H 

\ 0 n-Cl1H23 r.t. 0°~n-ciiH23 80% 

(7) 

1.9.2.3.2 Derivatives of borane 

A mixture of LAH and BF3 generates diborane, but other products are formed first when BF3 is added 
to LAH.34 This system reduces lactones to cyclic ethers and gives some cleavage of steroidal spiroke- 
 tal^.^^ It gives slightly better yields of dihydroxy ethers from acetals of pentaerythritol than does chlo- 
roalane (equation 9).43 Borane in THF gives good cleavage of acetals and ketals, usually at the 
less-hindered oxygen a t ~ m . ~ . ~ ~  Propargylic acetals undergo reductive cleavage via an elimination mech- 
anism during hydroboration (Scheme 3; cf. Scheme 2).46 

Hydroboration is faster than cleavage with borane$7 but H2BCl etherate cleaves unsaturated acetals 
without giving hydroboration (equation Lower yields are obtained with the less reactive Me2S 
complex, but that reagent gives good yields of dihydroxy diethers from chiral bisacetals (equation 1 
The diethyl acetal of benzaldehyde can be reduced to ethyl benzyl ether in moderate yield by decaborane 
in toluene at 120-130 "C (equation 12).50 

The borohydride ion is a good trap for spontaneously generated carbonium ions (or ion pairs), such as 
those formed by secondary or tertiary benzylic or allylic halides in ionizing solvents,51 but would be 
expected to be inactive when the leaving group is alkoxy unless an acidic partner were also present. 
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LiAIH, with RlAo$H;L2 

R2 R " ~ ~ ~ x ~ :  AICI, or BF, R2 H 0 

OH 

R'  = Ph, R2 = H; AICI3,80%; BF,, 82% 

R ' ,  R2 = c 1; AICI3,85%; BF,, 91% 

~ OEt R',BH R H 
\ I 

Scheme 3 

HBCI,*Et20 

EtZO, 0 "C 
80% 

215 

(9) 

BioH14 

PhAOEt toluene 

OEt - Ph-OEt 

120 -130 "C 
36% 

Sodium borohydride and trifluoroacetic acid (TFA) reduce 2-aryl- 1,3-dioxolanes to hydroxy etherss* 
Zinc borohydride, with TMS-Cl as its acidic partner, has proven to be effective in the reductive cleavage 
of a variety of acetals.53 MOM ethers are reduced to methyl ethers in good yield (equation 13). Cyclo- 
hexene is hydroborated under these conditions, indicating that diborane may be present. 
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Methyl acetals and ketals are rapidly reduced to methyl ethers by sodium cyanoborohydride in meth- 
anol with dry HCl at ice  temperature^.^^ A dioxolane is completely cleaved to a methyl ether, showing 
intervention by the solvent at some stage (equation 14), but when an inert solvent such as THF is used 
only single cleavage occurs; this reagent shows interesting selectivity in the reduction of benzylidene 
acetals in the carbohydrate series (see Section 1.9.3.4). 

Na+ N r C - B H T  H 
HCI, MeOH - P h t O M e  (14) 

0 "C 
76% 

Ph 

1.9.2.3.3 Derivatives of silane 

'Ionic hydrogenation' occurs when alkyl- or aryl-silicon hydrides reduce carbonium  ion^.^^"^ Thus, 
acetals and ketals can be reduced by trialkylsilanes in the presence of 5-10% of z n C l ~ . ~ *  Yields of 50- 
85% of ether are obtained from acyclic acetals (equation 15), but cyclic acetals give appreciable amounts 
of a by-product (8; equation 16), which is believed not to be the result of further reduction. 

OEt 
EI3SiH - /\OEt + /\OSiEt7 

5% ZnCI2 
25 h 
85% 

* pO-OSiEt3 + Et3SiO-OSiEt3 (I6) 

50% (8) 16.5% 
120 "C, 120 h 

Trimethylsilyl triflate (TMS-OTf; 1%) catalyzes the reduction of acetals by TMS-H in CH2CIz at 
0 0C,59 with the TMS moiety acting as a chain-carrying species (equation 17).59 

OMe 
Me,SiOTf OTf- Me,SiH 

Ph AOMe - Ph-OMe - Ph-OMe + Me3SiOTf (17) 
96% + 

Carbonyl compounds are reduced to symmetrical ethers, probably by way of reduction of some of the 
starting material to a silyl ether (9), reaction to form the mixed ketal (10) and then reductive replacement 
of the silyloxy group. Some hydrocarbon may be obtained as a by-product by reduction of (9; Scheme 4). 
Among the acid partners that have been used are trifluoroacetic a ~ i d , ~ ~ , ~ ~  trityl perchlorate" (with alde- 
hydes) and electrogenerated protons.6' With Nafion resins7 symmetrical ethers are obtained from alde- 
hydes, but silyl ethers are obtained from  ketone^.^^,^^ 

Ketones in alcohol solutions give mixed ethers with triethylsilane and trifluoroacetic acid,64 presum- 
ably via the hemiketal (or ketal). Similar results were obtained with ketones and silylated alcohols?" 
Studies of the acid-catalyzed reduction of alcohols with silanes provide strong support for the postulate 
that carbonium ions are  intermediate^.^^.^^ 

1.9.3 SELECTIVE REDUCTIONS 

The rate-controlling step in the acid-mediated reductive cleavage of an acetal or ketal involves the 
breaking of one of the C - 0  bonds. This step is product-controlling when the two oxygen atoms are dif- 
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R$iH 
(acid) 

I 
SiR3 

R2 SiR3 
") + 0 

R i  R i  

Scheme 4 

ferent. Selectivity at this stage depends in part on the relative basicity of the two oxygen atoms and their 
relative accessibility to the Lewis acid. For SN 1-like reactions, the degree to which the incipient carbo- 
nium ion, which contains the other oxygen atom, can be stabilized by polar effects or destabilized by 
steric crowding may be more important. The ease with which the hydride donor can approach the reac- 
ting center will control the stereochemistry of the product in these reactions. In Sd-like reactions, of 
course, the accessibility of the reacting center to the hydride donor determines both the structure and the 
stereochemistry of the product. 

1.9.3.1 Acyclic Ketals 

In hydrogenolyses with HAlCh, the dimethyl acetals of cyclobutanone and cyclohexanone are cleaved 
more slowly than that of 3-pentanone, while those of cyclopentanone and cycloheptanone are cleaved 
more rapidly (Table 1),67 as would be expected for a carbonium ion The differences in rate are 
small, suggesting that carbonium ion character is not strongly developed in the transition state. With the 
dimethyl acetal of 4-t-butylcyclohexanone, the hydride addition step occurs with strongly predominating 
axial addition when HAlCI:! is used;36 Zn(BH4)2 with TMS-C1?3 and TMS-H with TMSO-TF9 are less 
selective (Table 2). Equatorial attack predominates, however, in the reduction of the ketone itself with 
TBDMS-H and TBDMS-OTf.63 

Table 1 Relative Rates of Reduction of Dimethyl Ketals of Acyclic and Cyclic Ketones with HAIClk' 

Ketone Relative rate 

3-Pentanone 1 .o 
C yclobutanone 0.06 
Cyclo ntanone 1.3 

Cycloheptanone 7.0 
CycIoKkanone 0.5 

Table 2 Diastereoselectivity in Reductions of the Dimethyl Ketal of 4-t-Butylcyclohexanone 

Reducing system Yield (%) Trans (%) cis (%) Ref. 

HAIC12 
Zn( BH&:TMS-CI 
TMS-H:TMS-OTf 

92 
95 
89 

82 
59 
56 

18 
41 
44 

36 
53 
59 
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In reductions with HAlClz, mixed ketals of norcamphor lose the less-branched alkoxy group preferen- 
tially, regardless of its orientation, but give only endo-ether as product.69 This indicates that the oxocar- 
bonium ion becomes essentially free and is reduced exclusively on the less-hindered ex0 face (Table 3). 
Some evidence for preferential cleavage of the more exposed exo-alkoxy group is seen in the case where 
the alkoxy groups differ only isotopically, but this effect is swamped in the other cases, suggesting that 
stabilization of the oxocarbonium ion is the main product-controlling effect. 

Table 3 Hydrogenolysis of Mixed Ketals of Norcamphor by HAIC12 in Ether at Room Temperatureh9 

I I 
OR OR OR' 

R R' 
Retained alkoxy groups 

0-R 0-R' 
Yield (%) 

Me CD3 67 33 
Me Et 20 80 
Et 
Me 
Pr' 
Me 

86 14 
2 98 

99 1 
8 83 
(plus 9% endo-norbomeol) 

1.9.3.2 Furanosides and Pyranosides 

For synthetic purposes there is probably more interest in the reductive ring cleavage of tetrahydrofu- 
ranyl and tetrahydropyranyl ethers than in ex0 cleavage of their alkoxy side chains. With HAQ70 and 
HZAICI,"~~~ comparable furanosides react more rapidly than pyranosides and tend to give more ring 
cleavage (Tables 4 and 5 ) ,  consistent with the greater basicity of THF.73 Increased branching in the al- 
koxy group OR also promotes ring cleavage, but substituents on the other side of the acetal system (R') 
promote side chain cleavage. In contrast, aryloxy compounds (R = Ar)7*,74 give only side chain cleavage, 
while aryl substitution at R1 promotes ring cleavage. These effects have been a ~ c r i b e d ' ~ * ~ ~  to the elec- 
tron-releasing effect of branched alkyl groups, which, located at the oxygen end of the oxocarbonium 
ion, would tend to stabilize it, thereby promoting cleavage at the other oxygen atom. The steric effects of 
branching would work in the same way. On the other hand, aryl groups can act only as electron-with- 
drawing groups when they are at the oxygen end of the oxocarbonium system; in such cases the polar ef- 
fects would seem to outweigh the steric. A comparison of the action of different alanes on THFOBn 
shows that the weaker Lewis acid (stronger nucleophile) gives more ring opening (Table 6).72 The LAH- 
BF3 reagent resembles the less-halogenated alanes (Table 5).70 

Table 4 Reductive Cleavage of Tetrahydrofuranyl Ethers with HzAICl in Ether at Room Temperature 

R' OR * R' G O R  i- R' 0 + ROH 

R' R 
C/eavage (%) 

Ring Ex0 Rej: 

H Me, Et, Pr', But 100 0 72 
Me Me 37.5 62.5 72 
Pr' 
But 
Ph 
H 
H 

Me 
Me 
Me 
Ph 
Bn 

14 
0 

84.3 
0 

51.5 

86 
100 

15.7 

72 
72 
72 

100 74 
48.5 72 
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Table 5 Cleavage of Tetrahydrofuranyl and Tetrahydropyranyl Ethers with HAlCl2 and with LiAIH4:BF3 
Reagents'" 

Cleavage (%) Cleavage (%) 
R Ring Ex0 Reagent Ring EX0 

HAlC12 

- 72 

LiAl&-BF3 

n-C6H I 3 27 40 I 1  ca. 90 
ca. 15 45 38 C-Cd 1 1 63 

90 
B u' 58 
Bn 4 83 

- 
- 

n-C6Hi3 66 41 
c-C6H 1 1 69 69 

But 16 46 
Bn 48 25 

Table 6 Cleavage of Tetrahydrofuranyl Benzyl Ether with Alanes in Ether at Room Temperature (2 h) 

0 OBn c HO /?iOBn -k 

Reagent Reacted Recovered Cleavage in recovered product Rej: 
(96) (96) Ring (%) Ex0 (%) 

AlHq 67.5 84 79.5 20.5 72 
HzAiCl 100 
HAlClz 100 

HAIC~~-AICI.I 100 

95 
90 
91 

51.5 
9.5 
8.7 

48.5 
90.5 
91.3 

72 
72 
72 

LiAlI&BF3 70 48 (isolated) 70 

Side chain cleavage is of interest as a tool for locating links in oligosaccharides (equation 1 8).7s Tri- 
ethylsilane, catalyzed by BF3 alone or by a 5:l mixture of TMS-OTf and BF3,76 has proven to be useful 
for this purpose with both pyranosides and furanosides. In these reactions the hydride atom is delivered 
axially at C- 1 .77 

Et,SiH 

Me3SiOTf 
- n  

RO OR BF3 RO OR 

2,3-Unsaturated methylpyranosides give 3-deoxyglycals with chloride-free LAH, best in THF or diox- 
ane.78-81 It was shown, by use of LAD, that hydride usually enters the molecule stereospecifically on the 
same side as the departing oxygen (equations 19 and 20). Ease of reduction appears to be related to ease 
of formation of the rather tight transition state (11). These reactions have been used to synthesize stereo- 
specifically 2-deuterated 2-deoxyribo~es,~~ which were then used to establish the stereochemistry of 
nucleotide deoxygenation.82 An axial 4-hydroxy or -alkoxy group may also serve to direct the alumino- 
hydride to one face of the ring; in that case the oxygen atom at C-4 may be eliminated instead. This pro- 
cess predominates when the C-4 oxygen atom is part of a rigid ether system. 

- LiAID4 P h - : !  + P h 6 c ? y H  (19) 

fast H 
D H 

M e 0  
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H OMe 

1.9.3.3 Spiroketals 

The 1.6-dioxaspiro [4.5]decane nucleus (12; Scheme 5) might be expected, under acidic conditions, to 
give preferential opening of the five-membered ring (path a) in analogy with the easier opening of fu- 
ranosides (see Section 1.9.3.2). On the other hand, since cyclopentyl carbonium ions form more easily 
(see Section 1.9.3.1), a more ready opening of the six-membered ring (path b) might be anticipated. In 
fact, path a is followed in HAlClz reduction of the relatively simple ketal (13; equation 2 1 ),83 while path 
b is followed when steroidal sapogenins are reduced (equation 22). The latter result probably reflects the 
higher degree of alkyl substitution in the five-membered ring. 

Scheme 5 

The sapogenin ‘side chain’ has a sp.;ndid repertoire of acid-mediated reactionsX which could be 
understood only when its structure was worked out, a development not brought to fruition until it was 
realized that catalytic reduction in acidic medium was cleaving a spiroketaLX5 The same cleavage occurs 
with LAH and dry HCLg6 and with HA1C12.87 The LAH-BF3 reagent gives some reduction of the spi- 
roketal nucleus of several steroidal sapogenins, but hydroboration and the reduction of esters to ethers 
are major competing reactions.42 
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1.9.3.4 Dioxolanes and Dioxanes 

Acetals derived from 1,2-ethanediol (1,3-dioxolanes; 14; R1 = H) are more readily hydrolyzed in 
acidic media than those from 1,3-propanediol (1,3-dioxanes; 15; R' = H), but the reverse is true for the 
ketals (14, 15; R = Me, Ph).88 A parallel difference, suggesting a parallel mechanism for cleavage viu an 
oxocarbonium ion (18), is seen in reductions with H2AlCl (Table 7).89390 These effects may be under- 
stood as arising from: (i) the greater basicity of five-membered cyclic ethers;73 (ii) the relief of eclipsing 
strains in five-membered rings; and (iii) the relief of 1.3-diaxial crowding in the six-membered ring ke- 
tals. Electron-releasing substituents at C-2 (Me, Ph) would stabilize a transition state leading to (18), for- 
mation of which is thought to be rate c~n t ro l l i ng .~~-~*  Electron-withdrawing groups would, then, retard 
the reaction (Tables 7 and 8). 

H 

(14) n =  1 
(15) n = 2  

R4 

(16) 

R' R3 

R2 0 R4 
)n  

Table 7 Comparative and Competitive Reductions of 1,3-Dioxolanes (14) and 1.3-Dioxanes (15) by HAICI?".'" 

Substituents Time Total recovery Reduced (%) 
At C-2 At C-4 (h) (%) (14) (15) 

H, H H, H 24 55 6 P  
75 28" 

Me,H H, H 2 70 66 0 
Me, H 2 80 40 0 

30 
H, H 
Ph, H H, H 0.33 89 100 
Me, Me Me, H 0.33 73 41 92 

'Comparative reactions: all others competitive. 

Table 8 Hydrogenolysis of 2-Substituted-l,3-dioxolanes (14) by H2AICI in Ether at Room Temperature" 

Substituents 
R' R2 

Time (h) Total recovery 
(96) 

Reduced 
(%) 

H H 24 55 60 
Me H 1 70 100 
Me Me 1.5 71 100 

CHCI  H 48 80 14 
CHE& 

Ph 
H 
H 

48 
I 

85 
80 

0 
100 

When there is no more than one substituent at C-4, cleavage tends to occur at the oxygen atom remote 
from the larger or more electron-releasing groups, favoring the formation of (16; equation 23). When the 
substituent is electron-withdrawing the reverse occurs and (17) is favored (Table 9). Steric hindrance to 
approach by the Lewis acid (A) and inductive electron release toward the positive (but not electron-defi- 
cient) oxygen atom of (18) appear to be important. Steric crowding between R'  and R3 in the transition 
state leading to (18) has a strong effect; thus 2,2,4,4-tetramethyl- 1,3-dioxolane cleaves to give (17), con- 
trary to initial expectations on steric and electronic grounds. That this is due to a steric retardation is 
shown by the fact that 2,2,4,4,5,5-hexamethyl-1,3-dioxolane is untouched after 1 h and only 30% re- 
duced after 48 h.92 Consistent with this, cis-2,4-dimethyl-1,3-dioxolane (14; R2, R4 = Me) cleaves more 
selectively at 0-1 than does the trans isomer (14; R', R4 = Me) or any of the other materials shown in 
Table 9; i t  reacts faster than, and during reaction isomerizes to some extent to, the rruns isomer.'2 I t  hy- 
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drolyzes faster, Borane in THF gives comparable results (Table 9).& Norcamphor ethylene ketal 
(19) gives almost exclusive ex0 reduction (equation 24) but camphor ketal (20) gives predominant endo 
reduction (equation 25),94 consistent with the behavior of the parent ketones with HAIC12. 

Table 9 Hydrogenolysis of 2- and 4-Substituted-l,3-Dioxolanes (14) by HzAICP and by BH3-THFb (equation 23) 

Reagent Substituents Total recovery Recovered as: 
R'  R2 R3 R4 (96) (16) (%) (17) (%I 

HzAIC1 Me Me Me H 86 82 18 
BH3-THF 75 80 20 
H2AIC1 Me Me Ph H 81 52 48 
BH3-THF 88 58 42 
H2AlCl Me Me CHzOH H 79 19 81 
HiAlCl Me Me CH2CI H 96 5 95 
BHpTHF 88 15 85 
HiAICI Me Me Me Me 87 6 94 
HzAlCl Me H Me H (cis) 96 4 
H2AICI Me H H Me (trans) 35 65 
HzAICI Ph H Me Me 81 90 IO 
BH3-THF 89 97 3 

Ref. 

9 
44 
91 
44 
91 
91 
44 
91 

- 

92 
92 
91 
91 

'Ether, r.t.; aceta1:AICh:LAH = 1 : l : l .  bMix at -10 'C, let warm to r.t., 24 h, acetal:BHj-THF = 1:1.5. 

78% 22% 

Norcamphor isobutylene ketal appears (NMR) to be a nearly equal mixture of the isomers (21) and 
(22) (Scheme 6),95 but it is reduced as though it were only (21), reacting via a retention mechanism. The 
reduction is very slow (168 h) and it is this author's view that one cannot exclude the possibility that (22) 
is not reduced at all but is isomerized to replace (21) as it is consumed (a few such isomerizations have 
been observed). 

The retention mechanism was first clearly enunciated to account for results in the steroid series,'6 
where the simple ketals (23) and (24) are reduced exclusively from the less-hindered underside and 
where the 1,2-propyIenedioxy ketal of cholest-5-en-3-one (25) is both opened and reduced from that 
side. This mechanism may be visualized by imagining that A in (18) carries the hydride and attacks the 
carbonium center as soon as it forms.96 

With a variety of substrates, DIBAL-H in toluene at 0 "C is effective in selectively cleaving benzyl- 
idene dioxolanes and dioxanes in the same way as HzAICI.~~ 

Acetals or ketals (R', R2 different) of chiral 2,3-butanediol (26) or 2,4-pentanediol (27) have dia- 
stereotopic oxygen atoms which can be distinguished by Lewis acids. Stereoselective reduction will 
occur if the subsequent step must follow an obligatory steric course. It could also take place at the carbo- 
nium center, under the influence of the chiral ligand, but this would not be expected to be very efficient. 
In either case the chiral adjuvant, by remaining attached, would serve as a resolving agent and allow sep- 
aration of the reduction products as diastereomers. Efficient removal of the adjuvant can be achieved by 
way of mild oxidation of the free hydroxy group and reduction with metals or cleavage with base.6 

The oxygen atoms of the dioxolane (26) are not very different and the degree of asymmetric reduction 
with ketalsgR is not much by modem standards (Table lo), although some acetals do show good stereose- 
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H2A1C1 * BOXOH + 

slow 

71% 29% 

u I 

(25) 

lectivity with DAIC12. Racemic diol was used in this work, so the sense of the asymmetric reduction is 
not known. 

The oxygen atoms of (27) are, however, quite different. One is next to an axial methyl group and is 
quite open to attack, the other is hindered by an equatorial methyl group. Reactions of compounds of this 
series with various aluminum hydrides (HAlBrz, HAlC12 and DIBAL-H are best) at low temperatures 
give good yields of the products expected from the retention mechanism (equation 26; Table 1 l ) . 9 9 3 1 0 0  In- 
version (equation 27) is obtained with triethylsilane and various Lewis acid partners. 

H \ 
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Table 10 Reduction of 2-Substituted-2,4,5-trimethyl-l,3-dioxolanes (26) with HAlC12 in Ether at Room 
Temperature (2 h)9s 

R' Isomer ratio 
(configurations unspecij7ed) 

Me 

H 

Et 
Pr _.  
B u' 

C-C~HI I 
1 -Adamantyl 
Rn 
B u' 

CH~BU' 
CHECHz 
C = C H  

Ph 
Bn 

(with DAlC12) 

75.5:24.5 
79:21 

86.6: 13.4 
7525 

88.5: 1 1.5 
69.3:30.1 
15.8:24.2 
64:36 

54545.6 
51.7:48.3 
52.5:47.5 
59.5:40.5 

98:2 
99: 1 
90: 10 
78:22 
86:14 

90.6:9.4 

Table 11 Stereoselective Reductions of 2-Substituted-2,4,6-trimethyl-l,3-dioxanes (27)99*100 

Substituents at C-2 Reagent Yield Configuration Diastereomer Ref, 
R' (Small) R2 (Large) (conditions) (%) at c-2 ratio 

13:l 99 
19:l 99 

Me C-C~HI I DIBAL-H (CH2C12) 82 (SI 
23: 1 99 

HAlCli (EtzO) 98 (S) 
49: 1 100 

HAIBrz (EtzO, -20 'C) 99 ( S )  

3.5: 1 99 
EtsSiH (TiCh, -78 "C) 85 (R) 

2: 1 99 
n-C6Hl3 DIBAL-H (CHzClz) 58 (S) 

4: 1 99 
HAlClz (EtzO) 73 (S) 

7.5: 1 100 
HAIBrz (EtzO, -40 'C) 87 (S) 

28: 1 99 
Et3SiH (TiC4, -78 'C) 97 (R) 

57: 1 99 
4: 1 100 

HAIBrz (Et20, -78 C) 94 (9 
17:l 100 

Et3SiH (SnC14, -78 'C) 24 ( R )  
M - B u  Me HAIBrz (EtzO, -20 'C) 100 ( R )  

Et3SiH (TiC4, -78 'C) 58 (SI 16: 1 100 

Ph DIBAL-H (CHzClz! 88 (9 

This principle has been used to convert a substance with a chirotopic, but not stereogenic, central carb- 
on atom (28) to one in which that atom has, selectively, become chiral(29; Scheme 7).Io1 

It has been stated: 'It is probably true that no sugar derivative has been manipulated as successfully 
as methyl-4,6-O-benzylidene-a-~-glucopyranoside.' Reduction of derivatives of (30) with HzAlCl or 
H2AlBr in ether solvents gives increasing amounts of cleavage at 0 -6  to form derivatives of (31) as 
crowding by substituents at C-3 increases (Scheme 8; Table l2).Io3 DIBAL-H is much less selective but 
gives clean cleavage at 0-6 at -30 *C104 Borane in THF is ineffective and reacts only slowly at higher 
temperatures.Io3 Sodium cyanobor~hydride,~~ with dry HCl in THF105 or trifluoroacetic acid in DMF,'" 
reacts cleanly in the opposite sense with p-methoxybenzylidene acetals to form analogs of the series 
(32). It seems likely that the smaller Lewis acid can coordinate more readily at 0-4 (perhaps assisted by 
the neighboring oxygen atom, 0-3) while the hydride donor attacks from the other, less-hindered, side of 
the reacting carbon atom. With a more bulky reagent, Me3SiC1, as acidic partner, cleavage occurs again 
at 0-6.'06 A striking solvent effect is observed in reductions with b0rane:trimethylamine and AlC13;107 
with toluene as solvent cleavage occurs at 0-6, but with THF it occurs at 0-4. Reduction of the galactose 
analogs (33) with H2AICl gives cleavage at 0-4 (Scheme 9) when the group at C-3 is sma11,108~1w but at 
0 -6  when it is 1arge.lW 

Acetopheneone forms a pair of 4,6-ketals with glucosea1I0 ?he kinetic product has an equatorial phenyl 
group (36) and reacts with HzAlCl by cleavage at 0-6 to give (38). in analogy with the conversion of 
(30) to (31). The more stable isomer (37), however, has an axial phenyl group, as found in simpler sys- 
tems.IIl It reacts by cleavage at 0-4. Models indicate that only an equatorial phenyl group can stabilize 
the incipient oxocarbonium ion by resonance; this would seem to require a boat-like transition state (39) 
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Scheme 7 

P h e o o M  cleave I PhA;'% 
at 0-6 

R30 OR2 OR' R30 OR2 OR' 

(32) (30) (31) 

Scheme 8 

Table 12 Regioselectivity in the Reduction of 4,6-O-Benzylidene-o-glucopyranosides (30) with Aluminum 
Hydride ReagentsIo3 

Reagent Substituent Isolated yield (%) Product ratio 
(Solvent) at C-2 

(Temperature) (31)" (32)' (31): (32) 

HzAlCl - 0 M e  68 
(2: 1 = Etz0:CHzClz) - 0 E t  75 

(45 'C) - 0 P P  91 
91 

HzAlBr (as above) - 0 M e  73 
DIBAL-H - 0 M e  68 

(9: 1 = Etz0:CHzCIz) 
(CtsH6.0 'c)  34 

-H(R -P -Me) 43 

14 
7 
3 
4 
41 
12 
25 

43 

77:23 
91:9 

84:16 
7 1 :29 

4654 

"(30); R' e Bn (p); R? = R7. 
Ph 

PhAO 
cleave cleave 

at 0-4 R30 at 0-6 

(35) (33) 

Scheme 9 

for this case (Scheme 10). This would give the observed cleavage at 0-4. The corresponding galactose 
derivatives behave in the same way.lI0 
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Ph 
I 

~ 3 0  ~ 3 0  

(36) (37) 

kinetic product thermodynamic product 

Ph 
~ 3 0  

(38) (39) 

Scheme 10 

A dioxolane fused to a six-membered ring is subject to major constraints in forming a transition state 
resembling (18), where C-4,0-3, C-2, R1 and R2 must all be coplanar. The oxygen atom that becomes a 
part of the oxocarbonium system is puckered out of the plane of the other four atoms. The substituents on 
the carbon atom of the developing oxocarbonium ion then adopt quasi-axial (R') or quasi-equatorial (R2) 
orientations, the latter being required of a phenyl group if it, too, is to become coplanar and contribute to 
stabilization of the transition state. This now means that when the phenyl group has an endo orientation 
relative to the six-membered ring (40) the oxygen atom that is breaking away will be equatorial, while 
the one that becomes an ether oxygen is axial. The reverse is true when the phenyl group is ex0 to the 
six-membered ring (41). 

The ex0 and endo isomers of benzylidene acetals of the carbohydrate series can be obtained separately. 
Their behavior on reduction with H2AlCl accords with the analysis outlined above; frequently only one 
product is obtained. Thus, the 1,2,4,6-di-O-benzylidene derivatives of glucose (42) and (43; R = H or 
Bn) cleave rapidly with 1 equiv. of H2AlCl at 0 "C (30 min for 42 and 10 min for 43) at the marked 
bonds."? Here, at least, it is clear that steric effects outweigh polar ones. The 2,3-endo and -ex0 isomers 
of the cx-D-mannoside series (44) and (45) likewise cleave mainly equatorial (78:22) and axial (96:4), re- 
spectively, when treated with 1 equiv. of H2AlCl at room temperat~re."~ The same behavior is seen with 
the methyl 2,3-benzylidene-cx-~-rhamnosides,~~~ the methyl 3,4-O-benzylidene-P-~-arabinosides"~ and 

;luo 
Ph H 

*.o 
Ph 

(42) endo (43) ex0 
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the methyl 3,4-O-benzylidene-a- and methyl-3,4-O-benzylidene-~-~-galactopyranosides.~ l5 Only with 
the benzylidene acetals of 1,6-anhydro-P-~-galactopyranose (46) and (47) do both acetals give the same 
product,Il6 both cleaving at 0-4. This is the normal mode of cleavage for the endo isomer (46) and it oc- 
curs readily. The normal reaction for the ex0 isomer would require puckering at 0-4; this would produce 
a very close approach of the incipient carbonium carbon atom to C-6, perhaps producing prohibitive 
strain. The more difficult cleavage via a transition state with a quasi-axial phenyl group would then be 
required; consistent with this, the ex0 isomer (47) is distinctly more difficult to reduce. 

Ph 

(46) endo (47) ex0 

1.9.3.5 Bicyclic Acetals and Ketals 

Ring strain appears to be important with bicyclic acetals-they tend to cleave under reducing condi- 
tions so as to leave six-membered rings or to avoid leaving five-membered ones. Thus, hydrogenolysis of 
6,8-dioxabicyclo[3.2.l]octane (48; R = H)117J18 and the 3,6,8-trioxa analog (49; R = H)II9 with H2AlCI 
occurs with cleavage of the oxygen atom that is, essentially, axial to the six-membered ring. Ketals (R = 
Me) give mixtures of  stereoisomer^,"^,^^^ indicating that the carbonium ion intermediate is long lived 
enough to be attacked from either side. 

&R 
O (7 

0 

c @ R  (7- 

0 

(48) (49) 

Good stereoselectivity has been obtained with other reagents, however. Thus, the dioxabicyclo 
[3.3. llnonane (50) opens with retention using DIBAL-H in ccl4 but with inversion using diphenylsilane 
and Tic4  (Scheme 11).I2O Similar stereoselectivity is shown with both reagents in reductions of 
dioxa[3.2.1 ]octanes and dioxa[2.2. llheptanes (51); in the latter case cleavage occurs nearly equally at 
both oxygen atoms (Scheme 12).I2O In like fashion, the dioxa[3.2.l]octane (52) gives mainly trans prod- 
uct with DIBAL-H in CH2Clz at -78 "C, but cis product with the Zn(BH&:TiC4 pair or with 
Et3SiH:TiCL. both at -78 'C, (Scheme 13).12' These reactions are nearly quantitative and give only 
traces of the other isomer. 

/OH 
(OH 

DIBAL-H, 0 "C c '+,,,,,u 
TiCI,. -78 O C  84% 

82% 

only (50) 

Scheme 11 

transxis = 92:8 
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DIBAL-H 

trans:cis = 5550.6 
trans:cis = 4 1.8:2.1 61% 

TiC14, CH2C12 

61% 
-78 "C 

cis:trans = 42.6:O.g 

(51) 

cis:trans = 48.7:7.9 
Scheme 12 

OH (OBn OH /OBn 

Scheme 13 

1.93.6 Azaacetals and Azaketals 

Oxazolidines (53) are readily formed from aldehydes or ketones and ethanolamines; they can be hy- 
drolyzed with ease and show reactions that might be expected of the imino alcohol intermediate (54). 
Among these are the addition of Grignard reagents'22 and catalytic hydrogenolysis of the C-0 bond 
(equation 28).'22J23 This reaction is exothermic over Adam's catalyst in methanol but slower in acetic 
acid.'23 Nickel and copper chromite are also effective but at higher temperatures and pressures,i23 as is 
the case with palladium.i22 The same cleavage occurs with LAH ( ~ n a s s i s t e d ) ' ~ ~ * ~ ~ ~  and with the borane- 
THF complex.i26 

H R3 R '  
I H2, cat. 

or - R ' y N A O H  
MO 

LAH 
or 

(54) BH,-THF 

This pattern of cleavage is also followed when the azaacetal is acyclic (equation 29)12' and even when 
the nitrogen atom is part of a three-membered ring (equation 30).12R Tetrahydropyranylamines are re- 
duced to E-hydroxypentylamines by hydrogenation over or reduction with LAH (equation 3 

OR 
LiAIH4 

P h A N . P h  - PhnN,Ph  A 88% 
0 

The sapogenin-like side chain of steroidal alkaloids such as sola~odine'~'  and tomatidine (55),132J33 
undergoes cleavage of the five-membered oxa ring with hydrogen over Pt'313'33 or with LAH131J32 
(equation 32; cf. Section 1.9.3.3). When, however, the electron-donating power of the nitrogen atom is 
diminished by acylation the pattern is reversed and C-N cleavage takes place (equation 33).134 
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N - H  phwp: N 
LiAlH, 

I 

H H 

HZ, Ni 

or 
LiAIH, 

0 N '  HO-N*R' I 

R2 
I 

o\ R'  

R2 

229 

(30) 

Diazaspiroalkanes (56) give nearly quantitative hydrogenolysis of one ring over platinum or nickel 
(equation 341.135 

H2, PtO, or PdIC 

or 
LiAIH, 

OH \ 

,,,, %, y 
R 

( ) n  In 
N 
R 

(56) 

H 

wniR O n  

H,lcat. 

100°C 

R 

(34) 

1.9.3.7 Thioacetals and Thioketals 

The isomeric 1,3-oxathiolanes (57) and (58) are readily interconverted by Lewis acids such as AICh or 
BF3 (Scheme 14).i36 They are reduced with previously prepared HAICI;! (but not with BFFLAH)'~~ to 
the same mixture of products,i37 with exclusive C 4  cleavage. Addition of BF3 to a mixture of ketal 
with LAH or, better, of LAH to a mixture of ketal and B R  does, however, give r ed~c t i0n . l~~  The latter 
results provided a firm basis for the accepted carbonium ion mechanism and serve to emphasize that 
BF3-LAH mixtures can generate several reducing agents (i.e. LiBH4 and B2H6) depending on how they 
are made and how quickly they are used (see Section 1.9.2.3.2). It is suggested that the Lewis acid coor- 
dinates more readily with the oxygen atom than with the sulfur atom and that this determines the direc- 
tion of cleavage. With longer reaction times, the oxygen atom is removed from the product (Scheme 15); 
studies with deuterium-labeled reagents show that this reaction proceeds via the sulfonium ion (59).136 
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c 
D D  DAlCl, 

p h y s a O H  

Scheme 15 

1,3-Thioxanes (60) give similar ring-opening reactions but the subsequent reaction to lose oxygen is 
not observed.137 1,3-Dithiolanes such as the cis and trans forms of (61) can be isomerized by Lewis 
acids138 but fail to undergo reduction with H2AICl; this may be a consequence of solubility problems. 

Tetrahydrofuranyl sulfides (equation 35; n = 1) and the tetrahydropyranyl analogs (equation 35; n = 2) 
give ring opening with HAlC12;139 the subsequent removal of oxygen does not occur here. 

n = 2 , 8 5 %  

The methyl endo- and exo-benzylidenegalactopyranosides, (62) and (63), respectively, give the same 
product (64) on reduction with H2AIC1, via the expected C-0 bond cleavage (Scheme 16).140 In con- 
formity with the analysis presented above (Section 1.9.3.4) the endo isomer reacts rapidly, with its nor- 
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mal equatorial cleavage, while the ex0 isomer, for which equatorial cleavage is disfavored, reacts slowly 
at reflux. 

HZAICI 
0 

e5 min 
r s .  

(62) endo BnS 

HO -k$, 
H2AlCl ,/ Brio OMe 

reflux 

48 h 

(64) 
Brio OMe Et20,CH2C12 

ph '"f% 
(63) ex0 

Scheme 16 

Thiazolidinones (65) can be reduced, with C-S bond cleavage, by LAH (equation 36);14' thiazol- 
idines (66; which may be intermediates) are reduced in the same way (equation 37) with LAH or 
NaBH4.14* An aromatic group at the reacting center promotes cleavage; thus the reduction of 5,6-dihy- 
dro-1,3-thiazines (67) with NaBH4143 can be stopped at the thiazane stage (68 equation 38). except when 
R is phenyl, when only the ring-opened product (69) is obtained. Thiazanes in general can be reduced 
with LAH.14 

Ph 

H 

H 55 "C 
60% 

(66) 

NaBH4 
(R = Ph) 

or 
LiAIH4 

(R = Ph or alkyl) 

- HS-N-R I (38) 
H 

NaBH4 - cs, N R  
H 
I 

(67) (68) (69) 

C C  bonds can be cleaved reductively by dissolving metals, by processes which depend on the ability 
of sulfur to accept e1ectr0ns.l~~ 1,3-Dithiolanes tend strongly to suffer cleavage of both C-S bonds with 
sodium in liquid ammonia when C-2 is unsubstituted or carries a phenyl group;146 isopropylidene deriva- 
tives (70), however, give single cleavage (equation 39). Bond rupture requires formation of a relatively 
stable carbanion. 

Calcium in ammonia offers some  advantage^^^^,^^^ in that most cases of overreduction can be 
prevented by limiting the amount of active metal, although derivatives of benzaldehyde lose both C-S 
bonds.147 Oxathiolanes and oxathianes give clean cleavage of the C-S bond.1467148 In the t-butylcy- 
clohexylidene series, the isomeric pairs (71) and (72) give almost convergent results, with the trans 
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product (74) predominating strongly over the cis product (75; Table 13), probably via protonation of the 
carbanion (73), which must have an appreciable lifetime (Scheme 17). 

Bu‘-O(CH,),SH 

/ (74) mainly 

Table 13 Reductions of Oxathiolanes and Oxathianes with Calcium in Liquid Ammonia’48 

Thioketal n Yield (%) Product (%) 
(74) (75) 

2 
2 
3 
3 

83-89 97-98 3-2 
47-6 1 90-97 10-3 
84-90 99.5 0.5 
24-52 84-93 16-7 
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1.10.1 REDUCTIONS OF CARBOXYLIC ACIDS 

1.10.1.1 Hydrogenation Reactions 

Carboxylic acids may be reduced to produce primary alcohols by hydrogenation over heterogeneous 
catalysts at elevated temperatures and pressures. Copper chromite, barium oxide promoted copper 
chromite, Raney nickel, ruthenium dioxide and rhenium oxides are the most commonly employed cata- 
lysts.lv2 For example, glyoxalic acid was hydrogenated over ruthenium dioxide at 145-150 "C and 700- 
775 atm (1 atrn = 101 kPa) to produce 1,2-ethanediol (83%). Such ruthenium-mediated hydrogenation 
reactions are frequently carried out in the presence of water to suppress ester formation. Rhenium oxides 
are useful for the reduction of aromatic carboxylic acids without concomitant arene hydrogenation. Rep- 
resentative hydrogenation reactions include the preparations of 1-decanol (100%; Rez07, Hz, 137 "C, 173 
atm, Hz0, dioxane), 2-methyl-1-propanol (90%; ReOs, H2, 144 "C, 205 atm, cyclohexane), 1-hexanol 
(93%; Cu-Ba chromite, Hz, 200 "C, 188 atm, HzO) and 1,4-butanediol (59%, RuOz, Hz, 150-190 "C, 
720-950 atm) from the corresponding carboxylic acids or succinic acid. In general, the preparation of 
primary alcohols from carboxylic acids via such hydrogenation reactions is inconvenient. Specialist 
equipment and techniques are required. 

There are few reports on the use of homogeneous catalysts. H4Ru(CO)g(PBu3)4 has been used to cata- 
lyze the hydrogenation of aliphatic monocarboxylic acids to produce primary alcohols at 180-200 "C and 
130 atm.3 Generally, yields of the primary alcohols were low due to poor conversions ( 1 4 % )  and con- 
comitant formation of esters. 

1.10.1.2 Electrochemical and Dissolving Metal Reductions 

The electrochemical reduction of aromatic carboxylic acids may be used to prepare aldehydes, primary 
alcohols, methylarenes or dihydroarene carboxylic acids, depending on the substrate and reaction condi- 
tions e m p l ~ y e d . ~ ? ~ . ~  himary alcohol formation is observed when aromatic carboxylic acids are reduced 
in strongly acidic media using cathode material of high hydrogen overpotential (typically mercury or 
lead). These reductions proceed via the protonated carboxylic acid and the intermediacy of the geminal 
diol and the aldehyde. In general, complete reduction to the primary alcohol is observed unless the inter- 
mediate aldehyde is trapped, for example as its bisulfite adduct. Cathodic reductions of aliphatic carbox- 
ylic acids are invariably inefficient and limited. Frequently such reductions produce copious quantities of 
hydrogen and little primary alcohol. Applications of carboxylic acid electrochemistry in synthesis are 
exemplified by the transformations in Scheme 1. The dissolving metal reduction of carboxylic acids is 
not useful for the direct preparation of primary alcohols. Reduction of aliphatic carboxylic acids may be 
used to prepare aldehydes using excess Li in MeNHz or at reflux, or to prepare alkanes using Mg 
and water at 420450 "C and 2-5 atm pressure.' 

69-78% 

SIC0" * 

"2 

C02H 
'OH 

i, Pb, 1 A dm-*, 15% H2S04; ii, Pb, e-, H2SO4, H@; iii, Hg, -1.2 V, H2SO4, H20 

Scheme I 
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1.10.1.3 Reductions using Metal Hydride Reagents 

Metal hydrides are unquestionably the most useful reagents for the reduction of carboxylic acids to 
produce primary alcohols. A diverse variety of derivatives of B2H6 and LAH have been applied for the 
chemoselective reduction of polyfunctional organic molecules. B2H6 is an excellent reagent for the rapid 
and efficient reduction of aliphatic and aromatic carboxylic acids to produce borate esters, which are hy- 
drolyzed on work-up to produce primary alcohols.8 BZH6 is frequently used in THF solution, in which it 
exists as the complex BH3,THF. BH36Mez in THF is an alternative very soluble, more stable reagent for 
carboxylic acid reductions. BH3.THF and BHySMe2 rapidly reduce aldehydes, ketones, lactones, car- 
boxylic acids and tertiary amides at 0 "C in THF. In contrast, acid chlorides, epoxides, esters, carboxylic 
acid salts and nitro compounds are only very slowly reduced, if at all. Alkenes may be hydroborated 
under the reduction conditions.2v8 Thus BHYTHF and BHySMe2 are very useful for the selective reduc- 
tion of carboxylic acids in the presence of esters etc. Such selective transformations are exemplified by 
the conversions in Scheme 2. Chemoselectivities in the reduction of carboxylic acids bearing ester, nitro, 
lactone, halide, amide, nitrile or (diene)tricarbonyliron functionality are noteworthy?.8-' Although lac- 
tones and nitriles are reduced by BHYTHF, they do not react as rapidly as carboxylic acids. BHyTHF is 
a very convenient reagent for the reduction of a-amino acids and a-acylamino acids (including peptides) 
to produce the corresponding p-amino (acylamino) alcohols.2s12 BH33Me2 is less reactive than 
BHyTHF, and thus aliphatic carboxylic acids are rapidly reduced at 25 "C in THF, while aromatic car- 
boxylic acids react slowly. However, reduction may be accelerated by the addition of trimethyl 
BHySMe2 is also particularly efficient for the reduction of amino acids to p-amino alcohols when used 
in the presence of BF3.OEtz. Although borane in its various forms is invarably the reagent of choice for 
carboxylic acid reduction, occasionally problems arise. Alkenes may be hydroborated during the re- 
action. Additionally, deoxygenation may be observed, particularly with electron-rich heteroaromatic ring 
systems: one example of this is given in Scheme 2. 

Various mono- (BH2X) and di-substituted boranes (BHXz) or borane complexes (BH3.X) have been 
used for the reduction of carboxylic acids to produce primary alcohols or aldehydes. Catecholborane in 
CHCl3 at 25 'C rapidly reduces aldehydes, ketones, hydrazones, carboxylic acid salts, sulfoxides, anhy- 
drides, epoxides, alkynes, acetals and ketals. Ketones, acid chlorides, alkenes, nitriles, carboxylic acids 
and tertiary amides are reduced at a much slower rate. Esters, lactones and anhydrides are not reduced.13 
BH3.NHPh2 is a crystalline reducing agent that in THF rapidly reduces ketones, aldehydes, carboxylic 
acids and aliphatic esters. l4 Anhydrides and aromatic esters are inert. Both catecholborane and 
BHyNHPh2 reduce carboxylic acids to primary alcohols. 9-BBN-H in THF will slowly reduce aliphatic 
but not aromatic carboxylic acids.15 Ketones, esters, lactones and tertiary amides are reduced more rapid- 
ly. The thexylborane.diethylani1ine complex reduces aldehydes, ketones, carboxylic acids, anhydrides 
and tertiary amides. Esters, acid chlorides and nitriles are only slowly reduced. It is interesting to note 
that reductions of carboxylic acids with this reagent give primary alcohols. This is in contrast to thex- 
ylborane, thexylchloroborane or thexylbromoborane, which are particularly useful for the reduction of 
carboxylic acids to produce aldehydes.I6 

NaBH4 and related reagents do not reduce carboxylic acids when used in alcohol or ether solvents. Bo- 
rohydride salts in combination with powerful Lewis acids show reactivities comparable to d i b ~ r a n e . ~ . ~ , ' ~  
Thus, carboxylic acids may be reduced using NaBH4 in the presence of AlC13, BFYOE~Z, ZnCl2, TiCL or 
MeS03H. NaBH4 and 1,2-ethanedithiol in THF at reflux has been used to reduce esters and carboxylic 
acids to primary alcohols and amides to primary amines.18 Nitriles do not react with the reagent. For 
example, reduction of benzoic acid gave benzyl alcohol (53%). Finally, Cho and Yoon have reported that 
various sodium acyloxyborohydrides slowly reduce carboxylic acids on reflux in THF. The method is 
useful for the selective reduction of aliphatic carboxylic acids in the presence of aromatic carboxylic 
acids.19 

LAH is a powerful reducing agent that rapidly converts carboxylic acids or their salts into primary al- 
cohols at 0 'C in Et20 or THF solution. A plethora of other groups are reduced by this reagent, including 
aldehydes, ketones, acid chlorides, esters, lactones, amides, nitriles, nitro compounds, aromatic halides 
and  epoxide^.^.^*^^ In consequence of its high reactivity, LAH is less useful than borane derivatives for 
chemoselective reduction of polyfunctional carboxylic acids. Nonetheless, unlike B2H6, it does not 
generally react with alkenes and is therefore useful for the selective reduction of unsaturated carboxylic 
acids to provide the corresponding primary alcohols. Low carboxylic acid or salt solubility in ethereal 
solvents may result in slow reduction and, in these cases, reduction of derived esters or acid chlorides are 
more convenient. A vast array of both aliphatic and aromatic carboxylic acids have been reduced using 
LAH, and representative examples are provided in Scheme 3. a,@-Unsaturated acids may be reduced to 
produce allylic or saturated alcohols, depending on the stoichiometry and temperature of reaction. Over- 
reduction is the result of metallocycle (1) formation, and such intermediates may give rise to arylcyclo- 



238 Reduction of C-X Bonds 

'OZH BHyTHF c o r  
MeOzC CH20H a NO2 100% - 

BH3oTHF 

Me02C C02H 

BH3*THF c ''aoH 
HO -C02Et 

CO2H 82% 67% 

BH3gTHF CH20H 

AcHN m H C ( h H C 1 2  * AcHN m H C O C H C l 2  

HocH2yN#; HO""' 

i ,  BH3*THF 

H H 

Scheme 2 

propanes on the prolonged reduction of cinnamic acid derivatives.20 A variety of metal alkoxyaluminum 
hydride reagents including LiAIH(OMe)3, NaAIH(OEt)3, Red-Al, Ca(AIHz(OCHzCHEtBu)z)2*THF, 
Ca(AIHz(0Bui)2)2.THF and Ca(AIH2(0P&)z.THF have been used for the reduction of carboxylic acids 
or their salts, to produce primary  alcohol^.^^^^^' Red-AI is a particularly useful reagent that is readily sol- 
uble in aromatic hydrocarbon solvents. It is convenient for the reduction of carboxylic acids of low sol- 
ubility, including a-amino acids. 

Alane (AlH3) and its derivatives have also been utilized in the reduction of carboxylic acids to primary 
 alcohol^.^^^ It rapidly reduces aldehydes, ketones, acid chlorides, lactones, esters, carboxylic acids and 
salts, tertiary amides, nitriles and epoxides. In contrast, nitro compounds and alkenes are slow to react. 
AlH3 is particularly useful for the chemoselective reduction of carboxylic acids containing halogen or 
nitro substituents, to produce the corresponding primary alcohols. DIBAL-H reduces aliphatic or aro- 
matic carboxylic acids to produce either aldehydes (-75 'C) or primary alcohols (25 oC).22 Aminoalu- 
minum hydrides are less reactive reagents and are superior for aldehyde synthesis.23 

Aromatic carboxylic acids have been reduced using HSiCl3 and tertiary amines. Generally, this re- 
action leads to deoxygenation and the formation of (trichlorosily1methyI)arenes. However, this reaction 
was found to produce ether (3) on the reduction of diacid (2; Scheme 3). Reduction by HSiCI3 is selec- 
tive for aromatic carboxylic acids in the presence of estersz4 A representative reduction using HSiCI3 is 
also given in Scheme 3. 
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1.10.2 REDUCTIONS OF ACYL HALIDES, ANHYDRIDES AND RELATED SPECIES 

1.10.2.1 Hydrogenation Reactions 

The conversion of carboxylic acid chlorides into aldehydes via low temperature and low pressure hy- 
drogenation over poisoned Pd/BaS04 is the classical Rosenmund reduction. Further hydrogenation, par- 
ticularly with more active catalysts, gives rise to the corresponding primary alcohols.2s The 
hydrogenation of anhydrides over heterogeneous catalysts may be used to prepare alcohols, lactones or 
ethers depending on the substrate and reaction conditions.’,26 Examples of these reactions include the re- 
duction of succinic anhydride to give y-butyrolactone (8&94%; Pd/C, H2,35-100 ‘C, 16-75 atm) and of 
phthalic anhydride to give phthalide (90%; Raney Ni, H2.30 ‘C, 100 atm, dioxane). Several homogenous 
catalysts have been employed to reduce cyclic anhydrides to produce l a c t ~ n e s . ~ . ~ ’ . ~ ~  Lyons reported that 
(Ph3P)3RuC12 efficiently catalyzed the hydrogenation of succinic anhydride at 100 ‘C and 5 atm to pro- 
duce y-butyrolactone (50%). Reduction of acetic anhydride using the same catalyst gave ethyl acetate 
(36%) and acetic acid (50%). This homogeneous hydrogenation catalyst is particularly useful for the 
regioselective hydrogenation of unsymmetrical anhydrides. Thus, anhydride (4) was converted into lac- 
tones (5) and (6) on hydrogenation at 100 “C and 10 atm in toluene solution (Scheme 4). The regio- 
selectivity of reduction was the reverse of LAH reduction, in that the less-substituted carbonyl was 
preferentially reduced (see Section 1.10.2.3). Yoshikawa and coworkers have reported that cyclic anhy- 
drides can be hydrogenated to produce optically enriched (ee 5-20%) y- and 6-lactones using the ruthe- 
nium complex (7)? The authors postulated that the reaction took place via the insertion of a ruthenium 
hydride into the acyl oxygen bond. The process is exemplified by conversion of anhydride (8) into lac- 
tone (9; 20% ee).  Clearly there is considerable opportunity for optimization in this enantioselective ap- 
proach to lactones. 
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1.10.2.2 Electrochemical and Dissolving Metal Reductions 

In general, the dissolving metal or electrochemical reductions of acyl halides or acyclic anhydrides are 
not useful for the preparation of primary alcohols. Such reductions invariably provide acyloin esters, ene- 
diolate diesters or related species.29 Cyclic anhydrides may be reduced to give  lactone^.^,^^ For example, 
the reduction of phthalic anhydride at a mercury cathode has been used in the synthesis of phthalide 
(90%). In general, however, such reduction are not widely employed in synthesis. 

1.10.2.3 Reductions using Metal Hydride Reagents 

Carboxylic acid chlorides are readily reduced to provide primary alcohols by reaction with nucleo- 
philic hydride reagents. In contrast, electrophilic reagents including B2H6 and its derivatives react only at 
a very slow rate.25 However, derivatives of B2H6 of reduced Lewis acidity will reduce acyl chlorides to 
produce primary alcohols. For example, 9-BBN-H in THF has been reported to reduce hexanoyl chloride 
to hexanol (8 1 %).I5 Acid anhydrides, being less electrophilic than acid chlorides, are reduced by B2Hb to 
give diols or primary alcohols (2 mo1).2v8 Examples include the reductions of hexanoic anhydride to pro- 
duce hexanol (BHyTHF; 94%) and of naphthalene-l,2-dicarboxylic acid anhydride to give 1,2-naph- 
thalenedimethanol (NaBH4, BFyEt20, diglyme; 63%). In contrast, reduction of the 1 $-naphthoic 
anhydride (10) gave the cyclic ether (11; Scheme 5) .  Clearly in this unusual case, cyclization is favored 
by the proximity and activation of the pen’ substituents. Derivatives of B2H6 including BH3.NHPh2I4 and 
catecholboraneI3 are also useful for the reduction of acyclic anhydrides. 

Reductions of carboxylic acid chlorides using NaBH4 in ethereal solvents (dioxane, DME, THF, 
poly(ethy1ene glycol) etc.)2,9*2s rapidly provide primary alcohols. Reductions in poly(ethy1ene glycol)30 
are noteworthy in that esters, acyl chlorides, alkyl halides and sulfonate esters are reduced, whereas 
amides and nitriles are inert. Acid chlorides may alternatively be reduced using NaBH4 on alumina 
(EtzO),3’ NaBHeTiC14 (DME),I7 NaBHd-CeCh (MeCN), NaBH(OMe)3 (THF), Zn(BH4hTMEDA 
(THF),”2 BuNBH4 or Bu4NB3Hs ( C H Z C ~ ~ ) , ~ ~  Li-9-BBN-H234 and KBH(OPri)3.(THF)”S etc.299 Since acyl 
chlorides are reduced very rapidly by nucleophilic borohydride reagents, chemoselectivity in the reduc- 
tion of polyfunctional molecules is generally not a problem providing that temperature and stoichiometry 
are controlled. The choice of reagent is frequently based upon substrate solubility and ease of work-up 
considerations. However there is one point of note amongst this plethora of choice. Raber has reported 
that Bu4NBH4 in CH2C12 reduced benzoyl chloride to benzyl alcohol faster than benzaldehyde to benzyl 
alcohol. 
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Acyclic acid anhydrides are reduced to produce primary alcohols using NaBH4 and its many deriva- 
t i v e ~ . ~ ~ ~ ~ ~ ~  In most cases, the reaction gives both the primary alcohol and the carboxylate salt ( I  : I ) .  
Whilst such monoreduction may be desirable in cyclic anhydride chemistry (vide inpa), it is inefficient 
when acyclic anhydrides are reduced. Thus, B2H6 or LAH reductions are the preferred synthetic meth- 
ods. The reductions of mixed anhydrides, for example carboxylic/diphenylphosphoric or carboxylic/car- 
bonic anhydrides, produce the primary alcohol from the acyl c o m p ~ n e n t . ~ , ~ , ~ ~  

LAH rapidly reduces aliphatic and aromatic acid chlorides or anhydrides to produce primary alco- 
h01s.2.9.20325 Activated esters, electrophilic amides and mixed anhydrides are alternative substrates for re- 
duction to provide primary alcohols.38 Numerous related reducing agents including LiAIH(OMe)3, 
NaAIH(OEt)3, Red-Al, Ca(AIHz(OCH2CHMe2)2)2,*' DIBAL-H,22 DIBAL-H/BunLi39 and A1H39 are also 
used. In general, reductions of acyl chlorides are used when the reduction of the corresponding carbox- 
ylic acid is slow for solubility reasons, or overreduction is a problem. 
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The reductions of cyclic anhydrides may be used to prepare hydroxylactones, lactones, lactols, cyclic 
ethers or diols depending on the substrate, reagents and conditions of reduction. Regioselective reduc- 
tions of unsymmetrical anhydrides to produce y- or 6-lactones have been the subject of much investiga- 
tion,27%40,41 NaBH4 or LAH reductions at low temperatures are both synthetically useful for the 
preparation of lactones. Alternative reagents include LiBH4, various lithium trialkylborohydrides, 
LiAlH(OBu')3, LiAIH(OMe)3, A1H3 and Red-A1.21*22 The reduction of cyclic anhydrides may alternative- 
ly be stopped at the hydroxylactone stage using LiAIH(OBut)3 at low temperature. Alternatively, cyclic 
anhydrides may be completely reduced to diols using an excess of LAH or an equivalent reagent. Syn- 
thetically, the most useful reactions are reductions to produce y- or 6-lactones. In general, unsymmetrical 
anhydrides are reduced using LAH or NaBH4 to produce the lactone in which the more substituted car- 
bonyl has been reduced. There are many exceptions, however. The reductions of rigid bridged ring anhy- 
drides show the reverse selectivity. Additionally, the regiochemistry of reaction may be changed on 
using hindered reductants such as K-selectride. Regioselectivity is controlled by a balance between the 
relative electrophilicities of the two carbonyls, steric approach control (Burgi-Dunitz vector approach), 
the influence of neighboring bonds coplanar with the carbonyl n-system ('the antiperiplanar effect') and 
the opportunity for chelation. A detailed analysis of regiocontrol is presented in the series of papers by 
Kayser and coworkers.40 Representative acyl chloride and anhydride reductions are given in Scheme 5. 

1.10.3 REDUCTIONS OF CARBOXYLIC ESTERS 

1.10.3.1 Hydrogenation Reactions 

Carboxylic esters may be hydrogenated more readily than the corresponding acids to produce primary 
alcohols. I Nonetheless, such reactions using heterogeneous catalysts require elevated temperatures and 
pressures. Although yields of the primary alcohols, corresponding to the acyl fragment, are frequently 
excellent, such reductions are synthetically inconvenient and now not widely used in small-scale syn- 
thesis.42 Hydrogenation using copper chromite at 60-200 atm and 150-300 'C are the most frequently 
employed conditions. The ester is either hydrogenated alone or in a solvent such as MeOH, EtOH or di- 
oxane. Alternatively, esters may be converted into primary alcohols by high pressure and high tempera- 
ture hydrogenation over zinc chromate, copper oxide, Raney nickel, nickel/copper/aluminum/rhenium 
oxides or related speciese2 Hydrogenation of a-amino esters over W-6 Raney nickel is particularly useful 
for the preparation of amino alcohols with minimal r acemiza t i~n .~ .~~  Specific examples include the con- 
versions of ethyl pentanoate into I-pentanol (94%; Cu chromite, H2, 250 "C, 100 atm), diethyl 
tetradecanedioate into 1,14-tetradecanedioi (95%; Cu chromite, H2,250 "C, 116 atrn), ethyl benzoate into 
benzyl alcohol (65%; Cu chromite, H2, 160 "C, 156 atm), meso-diethyl tartrate into erythritol (95%; Cu 
chromite, H2 165 "C, 340 atm) and ethyl alaninate into 2-amino-1-propanol (80%; W-5 Raney Ni, H2, 
100 "C, 156 atm). It is germane to note that esters of both aliphatic and aromatic carboxylic acids may be 
hydrogenated to produce primary alcohols. However, benzylic C-0 hydrogenolysis is a frequent prob- 
lem with esters of aromatic carboxylic acids. Additionally, aromatic ring hydrogenation takes place on 
phenol ester reduction. Hydrogenation may be used to prepare diols from keto acids, hydroxy acids or 
diesters. Esters of perfluorocarboxylic acids may be conveniently converted into the corresponding pri- 
mary alcohols by hydrogenation over ruthenium catalysts. Thiol esters are readily converted into primary 
alcohols by reduction over W-4 Raney nickel.43 This method is useful for the reduction of steroidal, car- 
bohydrate and a-amino carboxylic acids. The intermediate aldehyde may be produced if deactivated 
Raney nickel is employed. 

Grey ef al. have reported that activated carboxylic acids may be hydrogenated under mild conditions 
using the homogeneous catalysts K+[(P~~P)ZP~ZPC~H~R~H~]-.C IoHwEtzO or 2K+[(Ph3P)3(PhzP)Ru2H4J2- 
.2 d i g l ~ m e . ~ ~  For example, methyl trifluoroacetate was reduced with the second catalyst at 90 "C and 62 
atm to produce 2,2,2-trifluoroethanoI and methanol (88% conversion). These catalysts are not efficient 
for the hydrogenation of nonactivated esters. 

1.10.3.2 Electrochemical and Dissolving Metal Reductions 

Aromatic carboxylic esters may be reduced to produce the corresponding primary alcohol by electro- 
lysis at a mercury, lead or cadmium ~ a t h o d e . * * ~ + ~ * ~ ~  For example, methyl benzoate is readily reduced to 
benzyl alcohol (9 1 %) at a mercury cathode in MeOH containing Me4NCl. Ring substituents in the ben- 
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zoyl group including methyl, methoxy or chloro substituents (ortho-, meta- and para-) are tolerated. In 
acidic media, benzylic alcohol formation may be suppressed and alkyl benzyl ether formation observed. 
The electrochemical reduction of ethyl benzoate (Pb, H2S04, H20, EtOH) has been reported to provide 
benzyl ethyl ether (40%) and benzyl alcohol. Clearly the ether is formed via late benzylic cation forma- 
tion. Aromatic l ,2-diesters may be selectively reduced to produce y-lactones. For example diethyl phtha- 
late has been reduced (Hg, -1.7 V, EtOH, H20, Me4NCl) to provide phthalide. In contrast, diethyl 1,3- 
and 1,4-benzenedicarboxylates are electrochemically reduced (Hg, 10-24 F mol-', AcOH, EtOH, 
Me4NCl) to produce benzene-l,3- (72%) and -1,4-dimethanol (75%), respectively. The intermediate 
monoesters may be isolated if the reductions are interrupted after 4.5-5 F mol-'. Aliphatic carboxylic es- 
ters may be electrochemically reduced to produce primary alcohols. For example, reduction of methyl 
octanoate (Hg, 6 F mol-') gave 1-octanol (49%). Aliphatic esters of phenols are electrochemically re- 
duced to produce the aliphatic primary alcohols in 3040% yield. 

The dissolving metal reduction of esters has found widespread use in synthesis. Reduction of a carbox- 
ylic ester (12) using an alkali metal in an alcohol solvent provides two alcohols (13) and (14; Scheme 6). 
This reaction is the classical Bouveault-Blanc reduction and it was the method of choice for preparing 
primary alcohols from aliphatic esters prior to the development of hydride reducing agents. Typically, 
Bouveault-Blanc reductions are carried out by adding sodium to a solution of the ester in EtOH."6 The 
sodium may be replaced by other alkali or alkali earth metals or sodium amalgam and the EtOH by alter- 
native alcohols, ethanolic ammonia or by phenol. Representative examples of Bouveault-Blanc reduc- 
tions are provided in Scheme 6.  The method is useful for the preparation of fatty alcohols or diols. 
Ketones or aldehydes may .be protected from reduction via ketal formation. Aromatic esters undergo 
competitive arene reduction (Birch reduction). Esters may be reduced without concomitant carboxylic 
acid reduction29'O and such transformations are complementary to B2H6 reductions (Section 1.10.1.3). 
Bouveault-Blanc reductions in EtOH/"3 are frequently more efficient than reductions in EtOH alone 
due to the suppression of competitive ester hydrolysis or Claisen condensations at the lower temperature 
of reaction. The Bouveault-Blanc reduction takes place via two sequential one-electron transfers, 
protonation, aldehyde formation and further reduction. 
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The acyloin c~ndensa t ion~~ and de~xygenat ion~~ are two alternative dissolving metal reduction re- 
actions of carboxylic esters. Since neither reaction results in primary alcohol formation from the acyl 
fragment, both are beyond the scope of this chapter. The acyloin condensation is carried out using mol- 
ten Na in PhMe or in PhMe and TMS-Cl, or Na in "3. Clearly, this condensation differs from the Bou- 
veault-Blanc reduction in that a protic solvent/cosolvent is not used, and therefore radical anion and/or 
dianion intermediates are not protonated and thereby undergo reactions with C-C bond formation. The 
author and others have reported that the reduction of alkyl carboxylates using, for example K and 18- 
crown-6 in But"> or Na in HMPA, gave carboxylic acids and alkanes. These reactions again are of 
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only indirect importance in this chapter since the ester acyl fragment is not converted to a primary alco- 
hol. Deoxygenation via ester radical anion cleavage is the major reaction pathway when esters are re- 
duced in homogeneous solution in the absence of proton sources (pka < 20) or nucleophiles. 

1.103.3 Reductions using Metal Hydride Reagents 

The reduction of carboxylic esters to produce primary alcohols is most conveniently carried out using 
metal hydride reagents. Indeed, such reductions are unquestionably the most important methods for ef- 
fecting these transformations. BZH6, NaBH4, LAH and legions of derivatives have found widespread use 
in ester reductions. BHyTHF in THF solution at 0 "C only slowly reduces carboxylic esters. Thus, this 
reagent is frequently used to reduce aldehydes, ketones, amides or carboxylic acids chemoselectively, 
without accompanying ester reduction.2.8 Prolonged reaction may lead to the reduction of aliphatic car- 
boxylic esters to produce primary alcohols. Esters of aromatic carboxylic acids are essentially unreactive 
at 0 "C but may be slowly reduced at elevated temperatures. Brown and coworkers have found that 
BHySMez in THF at reflux may efficiently be used to reduce both aliphatic and aromatic carboxylic es- 
ters rapidly, by removing the MezS liberated during the reaction."8 For example, ethyl benzoate and hex- 
anoate were reduced to produce benzyl alcohol (90%) and 1-hexanol (89%), respectively. Rodrigo and 
coworkers have observed that diester monoreduction may be used in 1 -arylnaphthalide lignan syn- 
thesis.49 Reductions in THF may be catalyzed by sodium borohydride (5  mol %).50 Various borane deri- 
vatives have been employed in ester reduction. BHyNHPhz has been used to reduce aliphatic esters, 
although aromatic esters are not readily reduced. l 4  Additionally, 9-BBN-H reduces aliphatic esters much 
more rapidly than aromatic esters, to produce primary  alcohol^.'^ More substituted boranes, including 
thexylborane?I thexylchloroboraneSMez,16 cate~holboranel~ and SiazBH, react only very slowly with 
e s t e r~ .**~ , '~  A representative borane reduction is given in Scheme 7. 

NaBH4, in general, is slow to reduce carboxylic esters to produce primary alcohols. Borohydride salts 
of more Lewis acidic cations, including LiBH4?2-53 Mg(BH4)z2 and C ~ ( B H ~ ) Z ? ~ . ~ ~  are effective reduc- 
tants. LiBH4 is particularly useful for the chemoselective reduction of carboxylic esters in the presence 
of carboxylic acids, amides or nitriles. NaBH4 will slowly reduce esters when used in alcoholic solvents 
at room temperature. However, reductions are dramatically accelerated in Bu'OH and MeOH55 at reflux 
or in poly(ethy1ene glycol) at 65-80 0C.30956 The reduction of esters may also be carried out using 
Bu4NBH4 in CHzCIz solution.57 It is noteworthy that carboxylic esters bearing an a-oxygen substituent 
are rapidly reduced by NaBH4 at room temperature. Presumably, chelation and/or inductive activation 
accelerate the reaction. Thus, for example, glycidic esters are readily reduced to the corresponding pri- 
mary alcohols.58 Soai and Ookawa have reported that chemoselectivity in LiBH4 reductions is strongly 
solvent dependent. In Et20 at reflux, LiBH4 and MeOH (1 equiv.) selectively reduce esters, lactones and 
epoxides in the presence of carboxylic acids, carbamates, chlorides, nitro compounds and secondary 
amides. In THF or diglyme containing MeOH (4 equiv.) LiBH4 is more reactive and nitroalkanes, ni- 
triles, carboxylic acids and amides are also efficiently reduced.59 NaBH4 or LiBH4 reductions of carbox- 
ylic esters may be accelerated by Lewis acids, including AlC13,6' (Me0)3B, 9-BBN-OMet1 
Li-9-BBN-Hz or LiBHEt3.6z These methods are also useful for the selective reductions of esters in the 
presence of amides. Under powerfully Lewis acidic conditions, ester reductions can be diverted to pro- 
duce ethers. For example, esters may be converted into ethers using NaBH4 and BR.OEtz at elevated 
temperatures.63 Clearly this reaction involves a BFycatalyzed B2H6 reduction. 

There are many substituted borohydride reagents known, and several of these have been employed in 
ester reductions. Such reagents include NaBHs(OH),@ N~BHZ(SCHZCHZS) , '~>~~ NaBH(OMe)3,66 
NaBH3(NMez), NaBH3(NHBut) and N~BH~(N(M~)Ac) .~ '  In general, these offer little advantage over 
LiBH4. However, the more-substituted reagents selectively reduce nonhindered carboxylic esters in the 
presence of hindered ester functionality. Alkyl-substituted borohydrides, including LiBH3Bu and 
LiBHEb, are potent reductants, and these readily reduce esters.68 However, again, these reagents offer 
little advantage over LiBH4 other than higher rates of reaction. Ireland and Thompson have reported that 
di-MEM esters may be selectively monoreduced using LiBHEt3.69 Finally, borohydride reductions of 
thiol esters and activated esters, including N-acyloxysuccinimide derivatives, may be used to prepare pri- 
mary alcohols.70 Representative reductions of esters using borohydride reagents are given in Scheme 7. 
Again, these examples are chosen to illustrate selectivities. 

A1H3 and alkyl derivatives are powerful Lewis acidic reducing agents that rapidly convert carboxylic 
esters into primary a l ~ o h o l s . ~ ~ ~ ~ ~ ~ ~ ~ ~  In many cases, the reduction may be stopped at the intermediate alde- 
hyde stage, providing that the stoichiometry and temperature are carefully controlled. However, com- 
plete reduction is experimentally easier to carry out. DIBAL-H is the most useful and widely used alane. 
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This reagent readily reduces esters in toluene, hexanes, THF or CH2C12 solutions, erc. The reaction is es- 
pecially useful for the preparation of allylic alcohols from a$-unsaturated esters. @-Keto esters have 
been selectively reduced to P-hydroxy ketones via ketone enolate formation and AIH3 red~ction.'~ 

LAH2*9*20,73~74 and numerous related reagents, including LAH-~i l ica ,~~ LiAlH(OMe)3, NaAIH(OEt)3, 
Red-Al, Ca(AlH2(0C6H I I )~)~ .THF,  Ca(A1H2(0Bui)2)2.THF, NaAIH2(0CH2CH20Pr')2, 
NaAIH2(0CH2CH2NMez)2, LiAIH2(0But)2, NaAlH2Bui2 and LiA1H2Bui2, etc.?' readily reduce aliphatic 
and aromatic carboxylic esters to produce primary alcohols. More sterically hindered reagents such as 
LiAlH(OBut)3 are slow to reduce esters. The most commonly used reagents are LAH or LiAIH(OMe)3 in 
ether solvents or Red-AI in aromatic hydrocarbons or ether solvents. Dicarboxylic esters are rapidly re- 
duced to diols although, in some cases, monoreduction of the less-hindered ester may be carried out at 
low temperature and with careful stoichiometric control. It should be noted that LAH also reduces alde- 
hydes, ketones, acid chlorides, epoxides, carboxylic acids, amides, nitriles and nitro compounds. Thus it 
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is recommended for global rather than chemoselective reduction. However, the reactivity of the alkoxy- 
substituted reagents decrease with increase in substitution and steric congestion. Therefore, they are ea- 
sier to apply for chemo- or regio-selective control. Esters of a$-unsaturated carboxylic acids are 
reduced by LAH to produce the saturated primary alcohol or the allylic alcohol depending on reaction 
stoichiometry and temperature. There is a myriad of ester reductions in the literature. Representative 
examples are given in Scheme 8. The LAH reduction of carboxylic esters may be diverted to ether for- 
mation when carried out in the presence of BF3.0Et2.63*76 In general, yields are only modest. Alternative- 
ly, sulfides (37-80%) may be prepared from thiol esters in the same way.77 
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Aliphatic carboxylic esters have been reduced to produce simple primary alcohols (8692%) via 
CpzTiClz-catalyzed reaction with B U ' M ~ B ~ . ~ ~  Additionally, hydrosilylation of aliphatic and aromatic car- 
boxylic esters using PhzSiHz, (Et0)2Si(Me)H, (EtO)3SiH or MeSiO[Si(Me)H-0lnSiMe3 has been used 
to produce simple primary alcohols (50-100%). In contrast, the photolytic reactions of esters with 
HSiC13 produces ethers. For example, 1 -dodecyl acetate was converted into 1 -dodecyl ethyl ether in this 
way. Competitive deoxygenation complicates ether formation particularly with secondary and tertiary 
alkyl All these exotic methods have little synthetic merit. 

1.10.4 REDUCTIONS OF LACTONES 

1.10.4.1 Hydrogenation Reactions 

Lactones may be hydrogenated to produce diols under comparable conditions to ester hydrogenation 
reactions (see Section 1.10.3.1). Alternatively, the hydrogenation reaction may be used to prepare cyclic 
ethers. Hydrogenation (250 "C, 100 atm) of y-butyrolactone over Cu chromite (89%) or Ni/Co/Th oxides 
(98%) has been used to prepare 1 ,Cbutanediol Alternatively, hydrogenation (240 "C, 150 
atm) of y-butyrolactone over a Come catalyst gave THF (92%). Substitution of the lactone at the y-posi- 
tion may radically alter the course of reduction. For example, hydrogenation of y,ydialkyl-y-butyrolac- 
tones over Cu chromite results in C-0 hydrogenolysis and formation of 4,4-dialkyl- 1-butanol. 
Hydrogenation of y-valerolactone over Cu chromite gave 1,4-pentanediol, 1 -pentan01 and/or 2-methyl- 
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tetrahydrofuran. Diol formation was favored at lower temperatures (250 "C and 200-300 atm), whereas 
hydrogenation at 270-29O'C gave mostly 1 -pentanol and 2-methyltetrahydrofuran. &Lactones may be 
converted into cyclic ethers by hydrogenation (25 'C, 1 atm) over Adams' catalyst in HOAc containing 
HC104.80 For example, 4-oxa-5u-cholestan-3-one was converted into 4-oxa-5a-cholestane (92%) in this 
way. The procedure is notable since it is particularly mild and y-lactones are not reduced under these 
conditions. In general, the synthesis of diols or ethers from the catalytic hydrogenation of lactones is not 
widely used since it is experimentally inconvenient relative to other methods. 

1.10.4.2 Electrochemical and Dissolving Metal Reductions 

Although lactones may be reduced electrochemically or via Bouveault-Blanc reactions to produce 
diols, such reactions are more frequently used to prepare lactols? Both cathodic (Hg or Pb) and Na/Hg 
reduction are useful in the preparation of alditols from aldonic acid y-lactones. The reductions may be 
easily stopped at the intermediate aldose stage.81 

1.10.4.3 Reductions using Metal Hydride Reagents 

Lactones are reduced rapidly by LAHFO LiAlH(OMe)3, LiAlH(OEt)3,21 A b  DIBA1-H,22 LiBH4,53 
NaBH4-AlCl3, LiBHEt3,68 L~A~HBu$Bu?~ L ~ - ~ - B B N - H z ~ ~  and LiBH3Bu  et^.^^^ The reductions may also 
be carried out with NaBH4, BHySMe2, BHyTHF, Red-Al, LiAIH(OBu')s, thexylborane, SiazBH and 9- 
BBN-H, etc., but at much slower rates.2,8s9*21+48 These reductions may be stopped at the intermediate lac- 
to1 stage in many cases with temperature and stoichiometric control, particularly with the less reactive 
reagents. Reductions using DIBAL-H, SiazBH or LiAlH(OBut)3 are especially useful in lactol syn- 
the~is.2~9~' In general, lactones are more rapidly reduced than esters and thus chemoselectivity is fre- 
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quently possible in reduction. Additionally, carboxylic acids and amides are reduced more slowly using 
nucleophilic reagents; again, this provides opportunities for selectivity. Lactones are only slowly reduced 
by NaBH4 in alcohol solvents at 25 'C unless the carbonyl is flanked by an a-heteroatom function- 

Alternatively reductions of simple lactones using NaBH4 may be efficiently carried out using 
refluxing Bu'OH or THF as solvent with the slow addition of methan01.5~ 

Penit and others have reduced lactones to produce cyclic ethers using LAH/BF3.OEt2, LAH/AlCl3, 
BH3.THF/BF3.0Et263,76~83 or even with excess B z H ~ . * ~  Under these Lewis acidic conditions, reaction 
takes place via lactol C-0 fission and further 2-tetrahydrofuranyl or 2-tetrahydropyranyl cation reduc- 
tion. These methods are not useful for preparing strained bicyclic ethers due to preferential ring C-0 
bond cleavage at the intermediate lactol stage. Additionally, the method is not satisfactory for the syn- 
thesis of hindered oxepanes, although branching ci to the ring oxygen facilitates deoxygenation in these 
cases. Ager and Sutherland have reported that crown lactones may be reduced with LAH to produce 
crown etherss5 It is clear that lithium cation complexation prevents ring scission during these unusual re- 
ductions. y- and &lactones have been reduced to provide cyclic ethers via reaction with DIBAL-H fol- 
lowed by EtsSiH and BF3:OEt2 (50-88%), or directly using HSiCl3 and di-t-butyl peroxide under 
irradiation (y or UV) (55-100%).g6,87 The HSiC13 method is useful for the chemoselective reduction of 
strained lactones bearing ester groups.g7 Representative examples of lactone reductions to produce diols 
or cyclic ethers are given in Scheme 9. 

1.10.5 REDUCTIONS OF AMIDES AND LACTAMS 

1.10.5.1 Hydrogenation Reactions 

Primary, secondary and tertiary carboxamides may be reduced to prepare primary, secondary or ter- 
tiary amines by heterogeneous catalytic hydrogenation at elevated temperatures and Such 
reactions frequently require more drastic conditions than are necessary for the hydrogenation of carbox- 
ylic acids or esters. Additionally, the preparation of amines from amides in this way requires specialist 
equipment and reaction conditions. It is, therefore, only recommended for the desperate. Most hydroge- 
nation reactions have been carried out over Cu chromite or Ba/Cu chromite. Raney nickel, Raney cobalt, 
ruthenium on carbon and rhenium(VI1) oxideg9 are alternative catalysts. The hydrogenation of primary 
amides frequently produces secondary amines. These are presumably formed via aminolysis of an inter- 
mediate imine. Primary amide hydrogenations may be directed to primary amine formation by the use of 
ammonia as the (co)solvent. For example, decanamide has been converted into decylamine (90%; Ba-Cu 
chromite, H2, 350 "C, 41 1 atm, "3) or N,N-didecylamine (73%; Ba-Cu chromite, H2, 350 "C, 41 1 atm) 
depending on the reaction solvent. Hydrogenation of amides in alcoholic solvents may be used to prepare 
primary alcohols via amide transacylation and ester reduction. Alternatively, N-alkylation may be ob- 
served when primary or secondary amides are hydrogenated in alcoholic media. Both secondary and ter- 
tiary amides may be hydrogenated to produce the corresponding amines. Tertiary amide reductions can 
be carried out under relatively mild conditions (260 "C and 215 atm). Diamides may also be reduced to 
produce a,o-diamines. However, reductions of 1,4-, 1 3 -  and 1,6- primary or secondary dicarboxamides 
produce pyrrolidine, piperidine or hexahydroazepine derivatives. Such systems are most probably 
formed via aminolysis at the imine stage. Hydrogenation of amides derived from aromatic carboxylic 
acids generally do not provide good yields of benzylic amines. Under the drastic reaction conditions, 
benzylic C-N cleavage is a dominant pathway. N-Benzoylpiperidine has been reported to produce 
mostly toluene (79%) on hydrogenation (Cu chromite, 250 'C, 200-300 atm). However, rhenium(VI1) 
oxide minimizes C-N cleavage: benzamide has been reduced to yield benzylamine (69%) using this 
catalyst (220 "C, 205 atm, EtOH). Lactams may also be hydrogenated to produce cyclic amines; again, 
drastic reaction conditions are needed. The recalcitrance of amides to undergo reduction by catalytic hy- 
drogenation may be used to advantage in synthesis. Esters may be selectively hydrogenated in the 
presence of amide groups. 

1.10.5.2 Electrochemical and Dissolving Metal Reductions 

The electrochemical reduction of carboxamides (R'CONR2R3) has been used to prepare aldehydes 
(RICHO), amines (RiCH2NR2R3) or primary alcohols (RICH20H) depending on the structure of the sub- 
strate and reaction  condition^.^.^ Aldehyde formation may be favored by increasing the lifetime of the 
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carbinolamine intermediate (R1CH(OH)NR2R3; 5- and 6-ring cyclic carbinolamines are more stable than 
acyclic systems) or by trapping the aldehyde (RICHO) as it is formed. Aliphatic amides have been re- 
duced to produce primary alcohols by electrolysis under neutral or basic conditions. Typically, the pri- 
mary, secondary or tertiary amide is electrolyzed in an alcohol or amine solvent using an alkali metal or 
tetraalkylammonium salt as the supporting e l e c t r ~ l y t e . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Formation of the primary alcohol is thus 
favored by rapid carbinolamine (RiCH(OH)NR2R3) fragmentation and subsequent aldehyde (R'CHO) 
reduction. Amides may be electrochemically reduced to produce amines using cathode material of high 
hydrogen overpotential (Pb, Hg, Cd) under strongly acidic conditions. In the presence of strong acids, the 
carbinolamine intermediate readily loses water to produce the iminium salt [(R1CH=NRZR3)+], which is 
reduced further to produce the amine. The electrolysis of amides in sulfuric acid at a lead cathode is a 
classical method for amine synthesis. The process is general for tertiary and secondary amines. Primary 
amides are reduced to amines only with considerable difficulty due to the lower stability of the inter- 
mediate iminium salt ([RICH=NHz]+). Representative electrochemical reductions include the conver- 
sion of dodecanamide into 1 -dodecanol (92%; Pt, MeNHz, LiCl), of N,N-dimethylhexanamide into 
1 -hexanol (97%; Pt, MeNHz, LiCl), of NAN-dimethylbenzamide into N,N-dimethylbenzylamine (63%; 
Pb, Hz0, HzS04) and of N,N-dibenzyl- 1,4-piperazine-2,5-dione into N,N-dibenzyl- 1 ,Cpiperazine (70%; 
Pb, AcOH, H2S04, Hz0). 

The dissolving metal reduction of amides has been used to prepare aldehydes, primary alcohols or 
 amine^.^^+^' Tertiary but not primary or secondary amides have been reduced to provide aldehydes using 
Li in MeNHz or Na in NH3 in the presence of EtOH, AcOH, or Hz0, etc. The production of aldehydes 
require that the carbinolamine fragmentation is slow on the reduction time scale. Reductions using ex- 
cess alkali metal in NH3 or HMPA containing a proton source have been used to prepare primary alco- 
hols. Under these conditions, the excess metal is available to reduce the aldehyde formed from the 
carbinolamine fragmentation. Amides may be reduced by dissolving metals to produce amines when car- 
binolamine fragmentation to form imine intermediates is favored. For example, y- or &lactams are con- 
verted in high yield into cyclic amines on dissolving alkali metal reduction in alcoholic solution. Finally, 
amides may be reduced indirectly to yield amines via dissolving metal reductions of imino chlorides, 
thioamides or related  specie^.^^,^^ Representative dissolving metal reductions of amides include the con- 
version of phenylalaninamide into 3-(2,5-dihydrophenyl)-2-amino- 1 -propanol (77%; Na, NH3 MeOH, 
"421, -78 "C) and of 5-phenyl-2-piperidinone into 5-phenylpiperidine (57%; Na, BuOH, A). 

1.10.5.3 Reductions using Metal Hydride Reagents 

Amides may be reduced using hydride reagents to produce amines, primary alcohols or aldehydes. Ali- 
phatic and aromatic primary, secondary or tertiary amides are rapidly reduced to provide the correspond- 
ing amines using BHYTHF or BHySMez in ether solvents. Lactams are reduced to cyclic amines. The 
reaction may be chemoselective in that less reactive groups including alkyl halides, carbamates, epox- 
ides, esters and nitro compounds may be easily t ~ l e r a t e d . ~ . ~ ~ ~ ~ * ~ ~  Formamides may be selectively reduced 
in the presence of other amide functionality, providing that the reaction stoichiometry is carefully con- 
tr0lled.9~ Representative chemoselective reductions are given in Scheme 10. BZH6 is the reagent of 
choice for amide reductions, unless the molecule contains alkene units. In these cases, hydroboration is 
also observed. The BZH6 reduction of p-lactams produces p-amino alcohols and not azetidines. Clearly 
ring fragmentation is favored by the release of strain. Alkylboranes react more slowly with amides; both 
thexylborane and SiazBH slowly reduce tertiary amides to produce  aldehyde^.^',^^ 9-BBN-H reduces ter- 
tiary amides to produce mostly primary  alcohol^.'^ For example, reduction of PhCONEtz gave 
PhCHzOH (80%) and PhCHzNEtz (20%). The thexylborane.PhNEt2 complex reduces aliphatic and aro- 
matic tertiary amides to produce tertiary amines. Clearly alkyl substitution of borane alters the rate of 
formation and fragmentation of the intermediate carbinolamine borate esters. None of the alkylborane re- 
agents are particularly useful for amide reductions. 

Neither NaBH4 in alcohol solvents nor LiBH4 in ethers readily reduce amides. Under more forcing 
conditions, amide recalcitrance can be o ~ e r w h e l m e d . ~ ~ ~ ~ ~ ~ ~ ~  Thus, tertiary but not secondary or primary 
amides may be reduced using NaBH4 in pyridine at reflux. Although secondary amides are recovered un- 
changed, primary amides are dehydrated to produce nitriles. Primary, secondary and tertiary amides are 
reduced to the corresponding amines with NaBH4 and MeS03H in DMSOi7 or BIQNBH~ in CHZCIZ.~~ 
Primary, secondary and tertiary amides are reduced to amines (75-96%) using NaBH4-TiC14 in DME or 
with NaBH4-CoC12 or NiClz in m e t h a n ~ l . I ~ * ~ ~  NaBHeAlC13 reduces tertiary amides to amines whereas 
primary amides form only salts, which do not undergo reduction.6O y- and E-lactams have been reduced 
to the corresponding cyclic amines using excess NaBH4 in refluxing MeOH and Bu'OH. Primary and 
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secondary amides are reduced to the corresponding amines using LiBH4 in THF and MeOH at reflux. 
Under these conditions, tertiary amides are reduced to primary alcohols.s9 Sulfur-, oxygen- and nitrogen- 
substituted borohydride reagents, which are more reactive than NaBH4, have been used in amide 
r e d u c t i ~ n s . ' ~ ~ ~ ~ ~ ~ ~ - ~ ~ '  NaBH2(SCH2CH2S), NaBH2S3, NaBHdEtSH, NaBH4/PhSH, NaBH3NMe2, 
NaBH3(NHBut), NaBH3(0Ac), NaBHa(OzCPh), and NaBH3(02CC13) have all been used in amide reduc- 
tions to produce amines. Reductions of tertiary amides using NaBH3(NMe2) and NaBHB(NHBu') are es- 
pecially noteworthy in that primary alcohols are usually formed, unless the amide nitrogen is substituted 
by bulky groups when tertiary amines are the products. Presumably, N-C cleavage at the intermediate 
carbinolamine stage requires prior complexation by a boron Lewis acid and clearly this is disfavored by 
bulky alkyl groups. Primary amides are reduced by NaBH3(NMe2) or NaBH3(NHBut) to give amines 
( 2  1-77%), whereas secondary amines are recovered unchanged. Alkyl-substituted borohydride reagents 
reduce amides to amines or primary alcohols. LiBHEt3 in THF is a powerful reducing agent that rapidly 
converts tertiary amides into primary alcohols6x and it is the reagent of choice for such reductions. Li-9- 
BBN-Hz reduces tertiary amides to amines34 and LiBH3Bu converts tertiary amides into amine/primary 
alcohol mixtures.68 None of the alkyl borohydrides are useful for the reduction of primary or secondary 
amides since the initially formed amide salts are insufficiently electrophilic. Amides may be rapidly re- 
duced to produce amines by activation prior to borohydride reduction. Thus, tertiary amides are readily 
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reduced via Vilsmeier salt formation or 0-alkylation, followed by NaBH4 reduction. IO2 N-Nitrosoamides 
are reduced by NaBH4 to produce primary alcohols (4 1--84%).'O3 Representative examples of borohy- 
dride reductions are given in Scheme 10. 

Amides and lactams are reduced by A12H3(0CH2CH20Me)3, AIHI, DIBAL-H or AIH2Cl to produce 
the corresponding amine. Tertiary amides are reduced more rapidly than secondary or primary 

Reductions of tertiary amides may be stopped at the intermediate carbinolamine stage, 
thereby providing aldehydes or enamines from lactams. In general, AlH3 or DIBAL-H reductions are 
useful for the reduction of unsaturated amides when hydroboration or overreduction are problems. Aro- 
matic and aliphatic amides and lactams are reduced by LAH or NaAlH4 to produce the corresponding 
amines.20.88*105 The reaction is general for the preparation of primary, secondary or tertiary acyclic 
amines and cyclic secondary or tertiary amines. The reduction of primary amides may involve the inter- 
mediacy of the nitrile, and these have been isolated in several cases. Amides and lactams have also been 
reduced to the corresponding amines using alkoxyaluminum hydride reagents including LiAIH(OMe)3, 
LiAlH(OEt)3, Red-A1 and Ca[AlH2(0Bui)2]2.THF etc., although they are not reduced by hindered re- 
agents including LiA1H(OBut)3. All these reductions may be stopped at the intermediate aldehyde stage, 
although reactions using a slight excess of reagents readily provide the corresponding amines.21 As with 
LAH, tertiary amides are reduced more readily than primary or secondary amides. The alkoxy-sub- 
stituted reagents are less reactive and therefore more selective. Representative amide reductions using 
AIH3, LAH and derivatives are given in Scheme 1 1. 
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Finally, both aliphatic and aromatic tertiary amides have been slowly reduced using HSiCIJ at elevated 
temperatures (90-1 10 "C) to produce the Corresponding amines (33-90%).Ioh There is little reason to 
recommend these hydrosilylation methods for synthesis. 

1.10.6 REDUCTIONS OF NITRILES 

1.10.6.1 Hydrogenation Reactions 

Nitriles have been hydrogenated at low temperatures and pressures over heterogeneous and homo- 
geneous catalysts to produce amines, aldehydes, primary alcohols or  alkane^.'"^.^^'^ The reduction to pro- 
duce amines is by far the most widely used transformation. The most commonly used catalysts are Raney 
nickel, Raney cobalt, nickel boride, cobalt boride, rhodium, palladium or platinum on various supports. 
Products formed in the hydrogenation of a nitrile (RCN) are determined by the fate of the intermediate 
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imine (RCH=NH). Hydrogenation may be stopped at the intermediate imine (RCH=NH) stage under 
carefully controlled conditions (vide infra). Rapid hydrolysis of the imine and further hydrogenation may 
be used to produce the primary alcohol. The imine may be hydrogenated further to produce the primary 
amine. However, unless the primary amine is removed as it is formed, transimination of RCH=NH read- 
ily takes place. Subsequent hydrogenation of RCH=NCHzR provides the secondary amine (RCH2)2NH. 
Transimination with RCH-NH and further hydrogenation may occasionally produce the tertiary amine 
(RCH2)3N. In spite of all these complications, nitrile hydrogenation reactions may be used to selectively 
prepare primary or secondary amines, primary alcohols or aldehydes. Complete reduction to the alkanes 
(RCH3) is only observed on prolonged hydrogenation with aromatic cyanides where C-N or C-0 
benzylic hydrogenolysis is facile. Primary amines may be easily prepared from nitriles by hydrogenation 
using Raney nickel in anhydrous MeOH or EtOH containing NH3 (26 equiv.) at 100 "C and 100 atm. 
Lower temperatures and pressures may be used with larger quantities of highly active catalyst. Addition 
of ammonia favors primary amine formation by displacement of the RCH-NH and RCH=NCH2R 
equilibrium in favor of the former. Alternatively, nitriles may be reduced over Rh/A1203 or Rh/C under 
mild conditions. These procedures are particularly useful for minimizing C - C I  or benzylic C-N or 
C-0 hydrogenolyses, and additionally has the advantage of experimental convenience. Secondary 
amine formation may also be suppressed by hydrogenation in the presence of an acid, an anhydride or 
CHCh (which generates HCl in situ). The CHCl3 method is particularly useful for acid-sensitive nitriles. 
Hydrogenation of nitriles in alcoholic solvents in the absence of ammonia or primary amine traps may be 
used to prepare symmetrical secondary amines in good yields. In general, efficient formation of tertiary 
amines is not observed, since the necessary intermediate RCH=N+(CH2R)2 is not produced in appreci- 
able quantities. Secondary amine formation is suppressed at elevated pressures and with sterically hin- 
dered substrates. Hydrogenation of nitriles in the presence of excess amines may be used to prepare 
unsymmetrical diamines. These are again formed via transimination. Transimination may also be used to 
prepare cyclic amines (5-,6- and 7-membered) from the hydrogenation of amino nitriles or dinitriles. AI- 
ternatively, heterocyclic ring systems may be prepared from the hydrogenations of keto nitriles, keto 
amides, etc. Aldehydes may be produced from the transfer hydrogenation of nitriles in aqueous media 
using Raney nickel and formic acid or sodium hypophosphite. Alternatively, production of the aldehyde 
may be favored by nitrile hydrogenation in the presence of aldehyde traps such as hydrazine. Both aro- 
matic and aliphatic nitriles have been converted into primary alcohols by hydrogenation over Raney 
nickel in the presence of acid resins.lo9 Under these conditions, the imine (RCH=NH) and aldehyde 
(RCHO) equilibrium is displaced by removal of ammonia. Representative nitrile hydrogenations include 
the conversion of phenylacetonitrile into 2-phenylethylamine (>90%; Raney Ni, H2, MeOH, "3, 100 
"C, 100 atm) or (93%; Rh/A1203, H2, EtOH, "3, 25 "C, 3 atm), of dodecanenitrile into N-dodecylacet- 
amide (loo%, Raney Ni, H2, Ac20, NaOAc, 50 "C, 2 atm), of pentanenitrile into N-butylpentanamine 
(93%; Pd/C, H2, BuNH2, 25 "C, 2 atm) and of 4-methylbenzonitrile into 4-methylbenzyl alcohol (72%; 
Raney Ni, H2. H20, Amberlyst-15,25 'C, 1 atm). 

For 
example, (Pri3P)3RhH smoothly catalyzes the hydrogenation of aliphatic and aromatic nitriles to 
produce primary amines (&loo%) in THF solution at 20 "C and 1 atm. Alternatively, 
(K+[ ( P ~ ~ P ) ~ P ~ ~ P C ~ H ~ R U H ~ ] - C  10Hs.Et20 and 2K+[(Ph3P)3(Ph2P)Ru2H4I2-.(diglyme)2 catalyze the hydro- 
genation of nitriles at 90 "C and 62 atm in toluene containing 18-crown-6 to produce primary amines 
( 18-1 00%).44 

In conclusion, it is germane to mention selectivity in the hydrogenation of polyfunctional molecules 
containing nitrile groups. Alkynes, alkenes, acid chlorides and nitro compounds are generally reduced 
more rapidly than nitriles. Nitriles, however, may be selectively reduced in the presence of carboxylic 
acids, esters, amides, aromatic ring systems, ketones and hydrogenolyzable groups. 

Nitriles have been hydrogenated using homogeneous catalysts to produce primary amines.' 

1.10.6.2 Electrochemical and Dissolving Metal Reductions 

The conversions of nitriles into primary amines via cathodic or dissolving metal reduction are trea- 
cherous procedures. Nitrile radical anions frequently undergo C-CN homolysis, thereby resulting in re- 
ductive decyanation. Electrolysis of nitriles in EtNH2 containing LiCl or dissolving metal reductions 
using alkali metals in ButOH or HMPA, or on alumina, in "3, or NH.7 and Bu'OH, K and crown ethers 
in PhMe or Na and Fe(acac)i result in significant d e c y a n a t i ~ n . ~ ~ ~ ~ "  I Since the decyanation reaction takes 
place viu radical anion fragmentation to produce an alkyl radical and cyanide anion, it is particularly fa- 
vored with tertiary or allylic nitriles. Under certain conditions, decyanation may be observed even with 
acetonitrile (Na/Fe(acac)3, 98%). However, the conversion of primary and secondary nitriles into the 
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corresponding amines may be carried out in reasonable to excellent yields. Tridecanenitrile has been re- 
duced using Na in BuOH to produce tridecanamine (90-93%).88 Ca in NH3 generally provides primary 
amines in better yields than Li or Na in "3 or MeNH2.112 Indeed, it is possible to prepare l-amino-2,2- 
dimethylpropane (42%) from the corresponding tertiary nitrile using this reagent. Several nitriles have 
been reduced to provide primary amines using Cn(OAc)4, Raney Ni alloy in alkali solution, Ni in water 
at reflux, and electrochemically at a lead cathode in aqueous mineral acids, etc. I o 7 s 1  I 3  Additionally, atten- 
tion is directed to the recently described efficient reductions of nitriles to produce amines via electrolysis 
using Raney nickel' l 4  or via cobalamin-catalyzed zinc reductions.] I5 These methods are exemplified by 
the conversions of phenylacetonitrile into 2-phenylethylamine (7 1 %; Ni cathode, 0.75 A, NaOMe, 
MeOH) and of cyanocyclododecane into di(cyclododecy1)methylamine (8 1 %; Zn, HOAc, cobalt(1) 
cobalamin catalyst, 25 "C). 

In conclusion, nitriles may be reduced electrochemically or with dissolving metal to produce amines. 
Nonetheless, such reactions must be used with caution. In addition to competitive decyanation, aldehyde 
or 2,4,6-trialkylhexahydro- 1,3,5-triazine formation and reductive dimerization are waiting to overwhelm 
the unwary. 

1.10.6.3 Reductions using Metal Hydride Reagents 

Aliphatic and aromatic nitriles are readily reduced by BH3.THF to produce primary amines. Excellent 
yields are obtained when the intermediate borazine salts are hydrolyzed with HCl in EtOH.2*H*4x*107.1 I' 
BH3.SMe2 in THF is an alternative reagent, that is most efficiently used at reflux with continuous remo- 
val of MezS. Nitriles may also be reduced by catecholborane and thexylborane, although rates are 
s ~ o w . ' ~ ~ ~ ~  Nitriles are not readily reduced by more hindered dialkylboranes such as Sia2BH or 9-BBN-H 
nor are they rapidly reduced by NaBH4, although the electrophilic polyfluoroalkyl nitriles may be con- 
verted into the corresponding primary amines.Io7 Aromatic and aliphatic nitriles may be reduced to the 
corresponding amines (53-87%) using BuNBH4 in c H ~ C 1 2 . ~ ~  Additionally, more reactive oxygen- and 
sulfur-substituted borohydrides are useful for converting nitriles into primary amines. NaBH3(OH),M 
NaBH2S3IW and NaBH3(0COCF3)117 are all useful reagents, although thioamide formation is a compli- 
cation with NaBH2S3. NaBH3(0COCF3) is particularly efficient for the reduction of nitriles in the 
presence of esters, nitroarenes or carbamates. 

NaBHdAlC13 in diglyme, a more powerful reducing agent than NaBH4, rapidly reduces aliphatic and 
aromatic nitriles to the corresponding primary amines (60-90%).60J07 Alternatively, Raney nickel has 
been employed to catalyze the reductions of aromatic nitriles to benzy1amines.l l 8  However, the most 
useful and general NaBH4 reductions are those catalyzed by C O C ~ ~ . ~ ~ , ~  I9 Nickel(I1). osmium(IV), iri- 
dium(III), platinum(II), copper(I1) and rhodium(II1) salts are alternative less frequently employed cata- 
lysts. Reductions using NaBHdCoC12 involve the formation of cobalt boride, and this insoluble species 
functions as a heterogeneous catalyst for the NaBH4 reduction of amides, nitriles and nitro compounds. 
Secondary amines have been prepared from nitriles via N-alkylation and subsequent NaBH4 reduction of 
the resultant nitrilium salts. I2O 

Nitriles may be reduced by AlH3 in THF or DIBAL-H in PhMe or hexane to produce the correspond- 
ing primary amine in excellent yield.22+71,104 However, DIBAL-H is much more frequently used to pre- 
pare aldehydes by reduction at low temperature. Under these conditions, the N-alumino imine is only 
slowly reduced further. AIH3 and DIBAL-H are superior reagents to LAH in many cases. In particular a- 
deprotonation of acidic nitriles is less pronounced with these Lewis acidic reagents. For example, 
Ph2CHCN is reduced to give Ph2CHCH2NH2 in superior yield (91 %) using AlH3 (46% with LAH). The 
basicity of LAH is underscored by the reduction of 2-aryl- 1,4-butanedinitriles to produce 3-arylpropan- 
amines.'21 Clearly, this reaction takes place via the cinnamonitrile and complete reduction. However, in 
general, simple nitriles are reduced by excess LAH in ether solvents to produce primary amines in good 
yields.20~88*107 Since LAH is a very reactive species, the reduction of nitriles containing other groups 
generally proceeds with global rather than selective reduction. Alkoxy-substituted reagents are less reac- 
tive than LAH and may be used for selective reductions." Aromatic nitriles are rapidly reduced by 
LiAIH(0Me)J and Red-AI to produce primary amines in high yields. Aliphatic nitriles are not efficiently 
reduced by Red-AI due to facile a-deprotonation and thus the starting nitrile is recovered on work-up. 
Nitriles are readily transformed into aldehydes on reduction with NaAIH(OEt)3, LiAIHdOEt)2, 
LiAIH(OEt)3 or Red-AI using inverse addition techniques and/or careful temperature and stoichiometric 
control. Murai et al. have reported that Co2(CO)8 catalyzes the reduction of aromatic nitriles using 
Me3SiH to produce N,N-bis(trimethylsily1)benzylamines ( 1  1-9 1 
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In conclusion, aromatic nitriles are most conveniently and efficiently reduced by BH3.SMe2, NaBH4- 
or LAH. Aliphatic systems should be reduced with BH34Me2, NaBH4-CoCIs or AIH3. CoC12, 

Representative nitrile reductions are given in Scheme 12. 

I ?H + OH 

i, BH,*THF NH, Cl- 

ii ,  EtOH, HCI 
M e 0  HorcN 75% M e 0  

Br Br 

CN "2 

NaBH,(OCOCF,) diYOVPh 0 58% b i y O , , P h  0 

LiAIH,, Et20 

90% 
- 4 NH, +CN 

Scheme 12  

1.10.7 REDUCTIONS OF IMIDES, ISOCYANATES AND CARBAMATES 

Cyclic imides may be reduced to give hydroxy lactams, lactones, lactams, hydroxy amides or cyclic 
amines. The most useful synthetic transformations are reductions (NaBH4, MeOH) to produce hydroxy 
lactams since these are precursors to a-acyliminium salts. However, such reductions are beyond the 
scope of this chapter. N-Alkylphthalimides may be reduced using N a B h  in 2-propanol to produce 
phthalide and the corresponding amine (70-97%) and this method provides a convenient procedure for 
releasing amines from ~htha1imides.I~~ Phthalimide may alternatively be reduced using Zn/Cu to provide 
phthalide (71%).Is4 Cyclic imides (5- and 6-membered) have been reduced using LAH, lithium alkoxy- 
aluminum hydrides or NaBH4DFyOEt2 to provide pyrrolidine or piperidine derivatives.21.'2s For 
example, N-methylsuccinimide was reduced to produce N-methylpyrrolidine (92%) using Red- AI. 

Aliphatic or aromatic isocyanates may be reduced to produce N-methylalkyl- (or N-methylaryl-) 
amines using LAH,88 LiAIH(OMe)3, Red-AIs1 or NaBH2S3.IZ6 Isothiocyanates show similar reactivities. 
Alternatively, carbamates may be reduced to yield N-methylalkyl- (or N-methylaryl-) amines using LAH 
or Red-A1 although the rates of reduction are S I O W . ~ ~ ~ ' ~ ~  Representative reductions include the conversion 
of phenyl isocyanate into N-methylaniline (75-89%; LAH, EtzO) and the preparation of N-methyl-2- 
(3,5-dimethoxyphenyl)ethylamine from the corresponding ethyl carbamate (83%; Red-Al, EtsO, PhH). 
In general reduction of isocyanates or urethanes have found little use in synthesis. 
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1.1 1.1 INTRODUCTION 

Apart from their intrinsic importance, aldehydes are useful functional groups in organic synthesis be- 
cause they can be transformed readily into a wide variety of other functions. Since aldehydes are easily 
protected and deprotected, such transformations can be effected at various stages of a synthesis. It is un- 
fortunate that building in an aldehyde function by ‘direct’ methods is generally not easy, so that methods 
have been sought for many years for the conversion of carboxylic acids and a variety of their derivatives 
into the corresponding aldehydes by direct reduction (similarly, many oxidative methods for the conver- 
sion of alcohols into aldehydes have been sought). However, aldehydes are very reactive to a large num- 
ber of reagents, so much so that their synthesis by reduction of carboxylic acids or their derivatives is 
difficult because the aldehydes are normally more readily reduced than the carboxylic acid or its deriva- 
tive, and reduction through to the alcohol stage is easy and common. 

Until about 1950, reduction of carboxylic acids and their derivatives to aldehydes was not straightfor- 
ward, and even one of the best methods, the Rosenmund hydrogenation of acid chlorides, required very 
careful control of both the reaction conditions and preparation of catalyst. The advent of aluminum and 
boron hydrides and their ready commercial availability transformed the situation to such an extent that 
the formation of aldehydes from carboxylic acids, acid chlorides, esters, amides, nitriles and similar 
groups in the presence of other reducible functional groups has become a relatively easy operation on 
both small and large scale. 

Nowadays, there is a wide variety of hydride reagents but this section will concern itself mostly with 
those derived from boron, aluminum, tin and silicon. Even within this restricted group there is a wide 
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range of hydride types, many of which are far too vigorous for controlled reduction of carboxylic acid 
derivatives to aldehydes. Accordingly, rather than select the hydrides one by one and discuss their ability 
to effect the desired reduction, this section will categorize carboxylic acids and their derivatives and dis- 
cuss which hydrides can be used profitably for their selective reduction. Also, this review will concen- 
trate on developments of methods rather than their application in actual synthesis in order to restrict the 
number of references. Suffice it to say that there are many examples of elegant, skilled use of hydride re- 
agents to reduce carboxylic acids or their derivatives to aldehydes or their derivatives as parts of syn- 
theses. 

The ideal hydride to effect reduction of acids to aldehydes does not exist, nor is it axiomatic that the 
ideal reagent should react only with carboxylic acids because, in synthesis, the carboxylic acid is usually 
already protected in some way and it may be more convenient to reduce an amide rather than the free 
acid. Probably, for most organic chemists, the ideal reagent would be stable, nontoxic, cheap, easy to ob- 
tain, not reactive to air or water, would reduce only the group it was needed for and would present no dif- 
ficulties on work-up: a formidable ideal. 

There have been two major approaches towards achieving selective reduction of carboxylic acid deri- 
vatives to aldehydes (or derivatives) by hydrides. Firstly, hydride reagents themselves have been modi- 
fied as, for example, sodium borohydride and sodium cyanoborohydride. Sometimes these modifications 
have led to 'finely tuned' reducing agents, as with the dimethyl sulfide adduct of thexylbromoborane 
(see later). Secondly, the type of carboxylic acid derivative has been modified for the optimum yield of 
aldehyde. For example, amides have been made from an assortment of amines in efforts to maximize 
yields of aldehyde. Best yields of aldehydes are obtained usually by a combination of modified hydride 
reagent with a modified carboxylic acid derivative. 

The various functional groups will be considered in the following order: carboxylic acids, acyl 
chlorides, esters (including ortho esters), lactones, amides, lactams and nitriles (including imidoyl 
halides). Nomenclature for aluminum and boron hydrides is in a state of flux. There are the 'authorized' 
versions and those used by most practising organic chemists. Thus, lithium tetrahydridoaluminate is the 
correct name for lithium aluminum hydride (LiAlH4), although the latter is more easily and widely rec- 
ognized. In writing this article, the view has been taken that, for now and the near future, the more wide- 
ly used nomenclature will be more readily recognized by readers and so common everyday names will 
be used. To avoid confusion and encourage the use of the more systematic, recommended nomenclature, 
this will be given in parentheses at the first mention of any one hydride; for example, tri-n-butyltin hy- 
dride (tri-n-butylstannane). Similarly, trivial but widely used names will be given, as with sodium bis(2- 
methox yethoxy)aluminum hydride (sodium bis(2-methox yethoxy)dihydridoaluminate; Red-AI). 

1.11.2 CARBOXYLIC ACIDS 

Direct reduction of carboxylic acids to aldehydes has been a long-sought transformation since acids 
are usually relatively easy to obtain. The number of hydride reagents which effect this transformation is 
limited. 

Although it had been reported in 1959 that diisobutylaluminum hydride (DIBAH or DIBAL-H; diiso- 
butylalane) reduced acids and esters to alcohols' at 70 'C, it was shown later that, at -75 to -70 'C, good 
yields of aldehydes could be obtained.2 At higher temperatures, yields dropped dramatically. For 
example, caproic acid gave a 70% yield of caproaldehyde at -75 'C but, at -60 "C, the yield fell to 30%. 
This reaction with an alane appears to be the first reported direct reduction of acids to aldehydes. The 
very low temperatures required, the ease of overreduction and the possibility of reduction of other func- 
tional groups makes this reaction less attractive on a large scale. Shortly after this work, it was shown 
that the parent aluminum hydride itself (alane) was generally too vigorous a reducing agent, giving alco- 
hols with acids and esters and amines with amides and nitriles; a 6% yield of caproaldehyde from caproic 
acid was rep~r ted .~  

Attempts to modify the alanes led to lithium trimethoxyaluminum hydride (lithium trimethoxyhydri- 
d~aluminate)~ and lithium tri-r-butoxyaluminum hydride (lithium tri-t-butoxyhydridoaluminate)? but the 
trimethoxy compound, with carboxylic acids, gave alcohols and the tributoxy hydride would effect no re- 
duction at all. However, other workers5 showed that alane could be modified with secondary amines to 
give compounds of the type (1; HAlX2) and that these hydrides reduced acids directly to aldehydes in 
yields of 6CL80% on refluxing them in tetrahydrofuran for 3-20 h. These same workers confirmed that 
alane itself gave almost no aldehyde and even H2AlX gave inferior yields. To prepare the reagent, an 
alane solution must be calibrated and reacted with exact amounts of amine; two hydride ions are lost in 
the preparation and the reduction requires 2 4  equiv. of reagent so that the method is neither easy nor ef- 
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ficient in usage of hydride. A more convenient preparation has been proposed for the modified alanes, 
HAlX2 (l), starting from lithium aluminum hydride;6 this last publication confirmed the excellent yields 
of aldehydes which can be obtained. 

/--/ n rn n 
U u N- HAIX,; X =  -N NMe , - N - N T ~ ~ ,  -N-0 , -N 

(1) 

Analogous boranes have been investigated as suitable modified reducing agents for carboxylic acids. 
Diborane itself reacts vigorously with acids but does not give aldehydes.’ In a comparative review of di- 
borane and thexylborane (2,3-dimethyl-2-butylborane) it was pointed out that the latter reacts with acids 
to form hydrogen and a 1: 1 complex, but with an excess of hydride reagent at -20 ‘C in tetrahydrofuran 
a sluggish reaction affords aldehydes8 It was emphasized later that thexylborane reacts with other func- 
tional groups so that care is needed for selective reduction of acids to  aldehyde^.^ Furthermore, thexyl- 
borane adds to double or triple bonds much faster than it reduces carbonyl functional groups, thereby 
diminishing its usefulness for selective reduction to aldehydes. 

The reducing power of diborane has been blunted by forming its adduct with dimethyl sulfide. This 
adduct, Me2S.BH3, is stable and commercially available and therefore more attractive as a hydride re- 
agent than diborane itself. lo  Nevertheless, the adduct still reduces carboxylic acids to alcohols which are 
isolated as cyclic boroxins (2; Scheme 1). In a ‘one-pot’ reaction, carboxylic acids can be reduced to 
boroxins and then oxidized with pyridinium chlorochromate to the required aldehyde (Scheme l ) . ] ’  

(2) 

i ,  pyridiniurn chlorochromate 

Scheme 1 

In much the same way, thexylborane has been modified by reaction with HCl and dimethyl sulfide to 
give thexylchloroborane-dimethyl sulfide (Me2CHCMe2BHC1.SMe2).12 This stable reagent is much 
more reactive to acids than is thexylborane itself; reduction takes place at room temperature and an ex- 
cess of reagent can be tolerated. No reaction is observed with esters, epoxides, aromatic nitriles and nitro 
compounds. Interestingly, aliphatic acids are reduced to aldehydes in about 15 min, but aromatic acids 
require about 24 h so that selective reactions can be effected on aliphatic and aromatic carboxylic acids. 
An earlier survey of the reduction of carboxylic acids with the thexylchloroborane-dimethyl sulfide ad- 
duct showed that 46-92% yields of aldehydes could be obtained and that diacids gave high yields of dial- 
dehydes.I3 One practical difficulty with their use lies in the removal of the resulting thexylboronic acid 
during work-up. Although aromatic acids require a long reaction time, it was pointed out that aromatic 
acid chlorides are more favorably reduced to aldehydes by lithium tri-t-butoxyaluminum hydride, which 
is therefore a complementary reagent (see Section 1.1 1.3). 

A slight but significant development of thexylchloroborane has given a reagent which reacts equally 
well with carboxylic acids but does not add to double or triple bonds. Thus, the adduct thexylbromobo- 
rane-dimethyl sulfide gives approximately 95% yields of aldehydes of all types in CS2KH2C12 at room 
temperature;14 the reagent is somewhat laborious to prepare but is stable and can be stored. The high 
molecular weight of the reagent may make it unsuitable for large scale use. 

Further adaptations of the boranes has led to reagents which reduce carboxylic acids but afford thio- 
acetals rather than the aldehyde it~e1f.I~ Thus, with the thioborane (3; equation l), aliphatic acids give 
8 0 4 7 %  yields of thioacetals but aromatic acids respond less well in giving significant quantities of sul- 
fides as well. Carboxylic acid esters are inert to this reagent but give sulfides if a Lewis acid is included. 
Similarly, the 1,3,2-dithiaborinane-dirnethyl sulfide adduct (4; equation 2) affords cyclic dithioacetals in 
70-90% isolated yields in the presence of SnC1z.16 Aliphatic acids react in about 6 h at room temperature 
but aromatic acids need about 20 h and yields are somewhat poorer. This area has been reviewed.]’ From 
a practical viewpoint, it should be noted that the dithiaborinane (4) requires a week for its preparation. 

A completely different approach has been taken in the use of hypervalent silicon hydrides. It has been 
shown that pentacoordinated silanes possess enhanced reducing power. Thus, in the presence of a nu- 
cleophile, which may be external (reaction (a) in Scheme 2) or internal (reaction (b) in Scheme 2). hy- 
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- 
THF 

0 

SMe2 
RKOH 

(4) 

drosilanes can reduce carbonyl compounds or can react with acids because of the activation of the hy- 
drogen in the hypervalent state.I8 In pursuing this work, it was found that the hydrosilyl ester (5) on heat- 
ing to 110-160 "C gave aldehydes in 5&90% yields (reaction (c) in Scheme 2). It was not necessary to 
isolate the ester (5).19 From examination of similar dihydrosilanes, the best conversion was given by 
compound (6); the importance of internal coordination of nitrogen was demonstrated by the failure of 
compound (7) to provide more than a trace of aldehyde under similar reaction conditions. ol,p-Unsatu- 
rated acids can be reduced by the dihydrosilane (6) to the aldehyde without reduction of the double bond. 
The molecular weight and cost of the dihydrosilane (6) would appear to make it unsuitable for large scale 
work, whilst the need for relatively high temperatures is not suitable for relatively unstable compounds. 
This last drawback is obviated through the use of an acid chloride (see Section 1.1 1.3). 

Scheme 2 

'OCOPh 

1.11.3 ACYL HALIDES 

Direct displacement of chloride in acyl chlorides by hydride has been used to prepare aldehydes in 25- 
50% yield through the use of lithium hydride.20 It was necessary to reflux the acid chloride in benzene or 
toluene with freshly prepared lithium hydride for 4-20 h. Under these conditions, there is the distinct 
likelihood that, when formed, aldehydes with a-hydrogen atoms would undergo aldol condensation. 
Sodium and calcium hydrides afforded only traces of aldehyde. 
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Lithium aluminum hydride is much too powerful a reducing agent to stop the reduction of acyl halides 
at the aldehyde stage and further reduction to alcohol is the usual result. In a preliminary communication, 
it was shown that even lithium trimethoxyaluminum hydride, in which the sole hydride is much less re- 
active than the hydrides in lithium aluminum hydride, was too powerful a reducing agent for acyl halides 
but lithium tri-t-butoxyaluminum hydride could give aldehydes.2' This report was confirmed in two sub- 
sequent publications in which the reduction of a variety of acid chlorides in diglyme at -75 to -80 "C 
was d e ~ c r i b e d . ~ ~ . ~ ~  Aromatic acyl halides gave 6680% yields of aldehyde but aliphatic compounds af- 
forded only 4040% yields. Very slow inverse addition of the hydride to the acid chloride is recom- 
mended at the very low temperatures involved. The method is convenient, particularly for aromatic 
aldehydes, since the reagent can be prepared in situ from lithium aluminum hydride and t-butyl alcohol, 
albeit with loss of three hydride equivalents. Lithium tri-t-amyloxyaluminum hydride gave much inferior 
conversions to aldehyde. The usefulness of lithium tri-t-butoxyaluminum hydride was confirmed in the 
formation of 3,5-dinitrobenzaldehyde in 6043% yield from the acid chloride. The authors report that 
this hydride, with proper control, does not affect oxides, esters, acetals, nitriles and lactones.25 

In the boron series, an analog of the alkoxyaluminum hydrides, viz. sodium trimethoxyborohydride 
(sodium trimethoxyhydroborate), has been shown to give aldehydes from acid chlorides but only in poor 
yield.24 As an exception, other workers found that the same reducing agent at -80 'C afforded the alde- 
hyde (8) in 85% yield from the corresponding acid chloride.26 

AcO 

Diborane reduces acyl halides to alcohols as does thexylborane, but very sl0wly,8*~ and disiarnylborane 
has no effect.27 Complexing diborane with dimethyl sulfide has a marked effect on its reactivity, but it 
has been found that acyl halides are still reduced to the alcohol stage, with the one exception of 4-nit- 
robenzoyl chloride which gave a 60% yield of 4-nitroben~aldehyde.~~ This effect of an electron-with- 
drawing substituent is observed with other reducing agents described later and is probably caused by the 
substituent counteracting the loss of the leaving group (Cl-), thereby stabilizing the intermediate (9)  and 
preventing its rapid collapse to aldehyde. 

Sodium borohydride and its derivatives have been examined extensively as convenient means of con- 
verting acyl halides to aldehydes. The borohydride itself or in polyethylene reduces the halides 
to alcohols, but, if care is taken to utilize only one of its hydrides, successful reduction to the aldehyde 
can be achieved. In one of the earliest modifications of sodium borohydride, it was mixed with cadmium 
chloride and dimethylformamide to give a reagent which reduced acid chlorides to aldehydes in good 
yield in 5 min at 0 0C.30 The reaction is believed to involve the bidentate borohydride (10) and it was 
suggested that it proceeded through an intermediate iminium species (11; equation 3).31 This suggestion 
was followed up by other workers who synthesized the iminium species directly from the carboxylic acid 
(equation 4). and, in a one-pot reaction, reduced compounds (11) to aldehydes in 70-90% yield using li- 
thium tri-t-butoxyaluminum hydride in the presence of copper(1) iodide at -78 "C (see Section 1.1 1 .4).32 
The reaction in equation (3) aroused the attention of other workers who demonstrated that selective re- 
duction could be effected in dimethylformamide in the absence of the cadmium salt if the reaction was 
carried out at low temperatures and then quenched with acid and ethyl vinyl ether. It was surmised that 
liberation of diborane on quenching the reaction mixture was the cause of overreduction to the 
The method of quenching left difficulties with the work-up of reaction products and, in a second publica- 
t i ~ n ? ~  it was shown that the addition of pyridine as a diborane scavenger allowed sodium borohydride to 
be used at 0 'C to reduce acyl chlorides in only a few minutes. Small amounts of alcohol (5-10%) were 
observed with very good yields of aldehyde. 

H. H 
/ '  

H2B, ,,,Cd; 'BH2 
H "H' 
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H 
0 c1- 

R NMe2 

(11) 

i, pyridine, -30 OC; ii, L~AIH(OBU')~, CUI, -78 "C 

Contemporary with the use of CdClz as a moderator of borohydride reducing activity, other reports ap- 
peared on the use of copper salts. Bis(tripheny1phosphine)copper borohydride (bis(tripheny1phos- 
phine)tetrahydroboratocopper) was used in acetone to reduce acid chlorides to aldehydes in 2-1 5 min at 
25 "C (equation 5).35 Recovery of tris(tripheny1phosphine)copper chloride is relatively straightforward 
but extra triphenylphosphine must be added to the reaction mixture, making large scale use inconvenient. 
This drawback was recognized in a further publication,36 in which was reported the same reaction, ex- 
cept that trimethoxyphosphine or triisopropoxyphosphine ligands were used in place of triphenylphos- 
phine in an attempt to reduce the molecular weight of the reagent. Reduction of acid chlorides was fast, 
but the extra, more soluble ligand made work-up to isolate the aldehyde difficult. An advantage of this 
copper reagent is its stated inertness to all functional groups except acid halides and iminium salts. At the 
same time that this work appeared, other workers reported the same reaction with bis(tripheny1phos- 
phine)copper borohydride to give 6045% yields of a range of aldehydes at room temperat~re;~' a fur- 
ther publication described a simple method for recycling the copper salt.38 Later, it was found that, 
whereas the moderated hydride, sodium cyanoborohydride, was still active enough to reduce acid 
chlorides to the alcohol stage, CL-bis(cyanotrihydroborato)-tetrakis(triphenylphosphine)dicopper reduced 
them to aldehydes in 50-90% yields.39 Acidity in the reaction medium was important because, at pH 3, 
this same copper reagent caused overreduction to the alcohol. 

H 
2PPh3 

(Ph3P),CuBH, - (Ph3P)3CuCI + R A. + Ph3PBH3 ( 5 )  

0 H 0 

X = F, C1, Br; R2 = Ph, Bun (12) 

Tin hydrides or stannanes have been known to form aldehydes from acyl halides for many years. Acid 
chlorides are reduced to aldehydes in poor to modest yields by triphenyltin hydride (tripheny1stannane)PO 
but it has been found that tri-n-butyltin hydride (tri-n-butylstannane) was a better, more convenient re- 
agent:' A second product from these reductions is the ester (12; equation 6), notionally formed by acyl- 
ation of the alcohol produced by overreduction. In some reactions the ester forms the major product, 
particularly with triphenyltin hydride.42 The ratio of aldehyde to ester appears to depend on the type of 
acid halide, on the experimental conditions (neat liquids or in solution) and on which stannane is ~sed .4~-  
45 Thus, acid bromides with tri-n-butyltin hydride give good to high yields of aldehyde but acid chlorides 
with trimethyltin hydride afford mainly esters.45 Acid fluorides with either hydride give esters. The yield 
of aldehyde is increased as the group attached to the acid chloride becomes larger or branched and sol- 
vent exerts a profound effect.43 The reduction has been considered to be a radical process, with the initial 
formation of acyl radicals followed by hydrogen abstraction or coupling and hydride extraction (Scheme 
3).'"' This view of the reaction has been accepted generally,"6 but more recent evidence has indicated that 
radicals are not in~olved.~'  This reassessment of the reaction revealed that the product distributions from 
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carefully chosen acid chlorides were not those expected (from other work) if acyl radicals were import- 
ant. Further, intentional addition of a radical initiator altered the product distributions so that they be- 
came in keeping with those expected for a radical reaction. It was thought that an addition compound 
(13 Scheme 4) is formed first and then undergoes further reaction, as shown. 

R3SnH - Rt3Sn* + He 

0 0 - )I. + R , S ~ C I  
R R 

0 
R3Sn' + Kc* 

0 0 
+ R3Sw 

A O A R  R R 
+ R3SnH - 

Scheme 3 

Scheme 4 

A significant improvement in this reaction was the discovery that it could be catalyzed by palladium to 
give aldehydes in 75-95% yield; in the absence of catalyst yields of only about 10% were 0bserved.4~~~~ 
Tri-n-butyltin hydride with tetrakis(tripheny1phosphine)palladium were the preferred reagents. It was 
noted that work-up can be troublesome with regard to removal of tri-n-butyltin halide. The reaction is 
claimed to be better than the closely analogous reaction of acyl chlorides with trialkylsilicon hydrides 
(see below). This metal-catalyzed reduction is also generally considered not to be a radical process.50 

Development of a comparable reduction of acyl chlorides by silicon hydrides (silanes) began even ear- 
lier than that of the tin hydrides. It was found that acid chlorides could be reduced to aldehydes in modest 
yields with a variety of silanes but best results were obtained with triethylsilicon hydride (triethylsi- 
lane).51 This reaction was much improved by use of a 10% palladium-on-charcoal catalyst which pro- 
vided 30-7096 yields of Unbranched aliphatic acyl chlorides were reduced satisfactorily but, 
unlike the later-developed stannane reaction described ab~ve,''~.~~ a-branched chlorides gave poor or no 
yields of aldehydes; aromatic acyl halides gave poorer results than did the aliphatic analogs. The palla- 
dium-catalyzed reduction with silanes, carried out at ambient or higher temperatures, was considered to 
be a better process than reduction with lithium tri-t-butoxyaluminum h ~ d r i d e ~ l - ~ ~  for aliphatic com- 
pounds but not for aromatics. There were difficulties in work-up of the silane reaction in that the product 
aldehydes could not be distilled directly from the reaction mixture because of their destruction if silanes 
or silyl chlorides were present. Other workers have used cis-[PtClz(PPhs)z] and various Rh complexes as 
catalysts in this reaction but were able to isolate only poor quantities of aldehydes. Indeed, ketones 
formed significant reaction products under these c0nditions.5~ 

In an extension of the high temperature reaction of hypervalent silanes with carboxylic acids to pro- 
duce aldehydes (see Section 1.1 1 .2),19 it was found that acyl chlorides reacted at room temperature with 
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compound (14) to give 85-95% yields of aldehydes.54 Halogen, methoxy, nitroaryl and heteroaryl groups 
and carbonxarbon double bonds were unaffected; dialdehydes could be produced as readily as monoal- 
dehydes. During work-up, it was found necessary to trap the resulting silyl chloride on wet silica, or in 
other ways, because its presence severely reduced yields of the aldehyde during distillation, as found 
with the silane and stannane reductions described above. 

1.11.4 

Hydrides based on aluminum have proved most versatile and selective for the reduction of esters 
(RC02R') to aldehydes (RCHO), but it should be noted that the nature of R and R' (aliphatic, aromatic, 
branched, electron-withdrawing or electron-donating, steric size) is important. Most of the reactions de- 
scribed here have been carried out on simple methyl or ethyl esters. It is frequently found that aliphatic 
esters give much better yields than do aromatic esters. Reductions are carried out at very low tempera- 
tures such that esters are still reactive to the hydride but any aldehyde produced is not. Alternatively, the 
intermediate formed by addition of metal hydride to the ester (15; Scheme 5) may be sufficiently stable 
that no significant amount of aldehyde is formed. Thus, if the rate constant kl > k2 then little aldehyde 
will be released, and no aldehyde formed even if k3 > kl. It also seems likely that the difference in the 
Lewis basicity of esters and aldehydes affects the complex of rate constants shown as kl, k2 and k3, and 
hence affects the relative reactivity of these two functional groups towards the different hydride reagents. 

ESTERS OF CARBOXYLIC ACIDS (INCLUDING ORTHO ESTERS) 

H 

R q 0  + M H  - k R<OM R A o  + M-ORl  

OR'  OR'  
(15) 

H20 'XH A H +  MH - R "x" O M  R O H  + M-OH 
k3 

MH = metal hydride 
R 

Scheme 5 

One of the earliest reports of hydride reduction of esters involved use of diisobutylaluminum hydride 
(diisobutylalane; DIBAH; DIBAL-H). Methyl or ethyl esters were treated with DIBAH at -70 "C for 
0.5-1 h in toluene, hexane or diethyl ether to give 6040% yields of aldehyde.54 This reaction afforded 
an 83% yield of aldehyde in a natural product synthesis, whereas attempted reduction of an amide with 
LiAlH4 gave none, although this amide reduction is usually a good procedure (see Section 1.1 1 .6).55 In a 
detailed examination of the reduction of ethyl n-butyrate to butyraldehyde, it was shown that a tempera- 
ture of -70 'C was essential for good yields; at -45  to -35 "C, a 'Tishchenko' oxidation/reduction led to 
reduced yields of aldehyde and the formation of isobutyl In more recent work, benzyloxycarbo- 
nyl derivatives of a-amino acid methyl or ethyl esters were reacted with DIBAH in toluene or tetrahy- 
drofuran at -50 "C to give modest to good yields of a-amino aldehydes.57 Importantly, these easily 
racemized aldehydes were isolated in high optical purity. In another useful application, DIBAH was used 
to reduce methyl esters to aldehydes selectively in the presence of t-butyl esters, an illustration of the part 
played by steric effects.58 It was noted that no other hydride reducing agent could achieve the same se- 
lectivity. The use of DIBAH (and triisobutylaluminum) has been reviewed in detail.59 

To increase the selectivity of DIBAH, it has been converted into amine derivatives, HAlX;! (l), with X 
= N-methylpiperidino being the preferred reagent.60 Yields of aldehydes of 60-80% from both aliphatic 
and aromatic esters were obtained on refluxing them with bis(N-methy1piperidino)aluminum hydride 
(bis(N-methy1piperidino)alane; BMPA) in tetrahydrofuran for 6-20 h; an excess of reagent can be tol- 
erated. The higher temperatures are a distinct advantage because difficulties with the solubility of sub- 
strate, as occur at the very low temperatures required in the use of DIBAH itself, do not usually arise. It 
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should be noted that the authors believe that the reaction proceeds through the sequence shown in 
Scheme 6 so that, if the reaction is stopped too early, amides and not aldehydes are isolated. 

HAKNR~,) ,  - 1 + R10AIHNR22 1 ,AoR+ HAUNR22)2 - R10XoA1"R22 R NR22 
R NR22 

0 

Scheme 6 

At about the same time that DIBAH was developed as a selective reducing agent for the production of 
aldehydes from esters, the same worked4 examined the use of sodium aluminum hydride (sodium tetra- 
hydridoaluminate) for this purpose.6' In tetrahydrofuran or pyridine at -65 to 4 5  "C, aliphatic and aro- 
matic methyl or ethyl esters gave aldehydes in 50-80% yield. Better yields for aliphatics were found and 
aromatics required much longer reaction times. Control of temperature was crucial, and, if not control- 
led, led to sharp decreases in yields of aldehyde. A major difficulty with sodium aluminum hydride has 
been the low solubility of both it and the reduction intermediates at the low temperatures necessary for 
selective reduction to the aldehyde. In a development of this reagent, it was shown that sodium bis(2- 
methoxyethoxy)aluminum hydride (sodium bis(2-methoxyethoxy)dihydridoaluminate; Vitride; Red-Al) 
was more convenient and provided yields of about 40-90% of the aldehyde for a range of methyl esters 
at -50 to -70 "C; below -50 "C, aldehydes are reported to be almost unreactive towards this hydride re- 
agent.62 Its further modification by addition of one equivalent of N-methylpiperidine gives sodium bis(2- 
methoxyethoxy)-N-methylpiperidinoaluminum hydride, which is suitable for reducing aliphatic, 
aromatic and a$-unsaturated esters in yields of 50-85%.63 

Modified lithium aluminum hydride has been used successfully for the reduction of esters at tempera- 
tures of about 0 "C. Thus, lithium tri-t-butoxyaluminum hydride readily reduces phenyl esters of carbox- 
ylic acids to aldehydes in 33-77% yields; other esters are reported to be unreactive, as are many other 
functional groups (acyl chlorides react with the same reagent at -70 'C, Phenylbenzoate 
and phenyl cyclopropanecarboxylate do not give the aldehyde. Iminium salt esters (11; equation 4) can 
be reduced with lithium tri-t-butoxyaluminum hydride (see Section 1.1 1.3).32 

Reduction of carboxylic acid esters and ortho esters to acetals or ketals can be effected in high yield 
even with vigorous reducing agents. The ortho ester (16; Scheme 7), formed from 2-cyanoethanethiol, 
was reduced in refluxing benzene by using 0.25 molar equiv. of lithium aluminum hydride to give the 
acetal (17) in 97% yield, which could be converted into the aldehyde, also in excellent yield.66 The tri- 
ethyl ortho ester of benzoic acid was reduced to benzaldehyde diethylacetal with DIBAH at 30 "C over a 
period of 1 h. By raising the temperature to 70-80 'C, further reduction to isobutyl ethyl ether oc- 
c ~ r r e d . ~ ~  

i, 1/4 LiAIH,; ii, Rochelle salt 

Scheme 7 

In a novel reaction, the ester (18; Scheme 8) was heated with Nal3H4 in pyridine to 115 "C. The re- 
action was stopped at the ketal stage (19) so that overreduction to the alcohol was not possible.68 Overall 
yields of about 50% were reported but it might be noted that the other product of the reaction was the py- 
ridinehorane adduct CsHsN.BH3, so that only a quarter of the available hydride was used in the reduc- 
tion. 

With the strongly electron-withdrawing group in ester (20; equation 7), reaction with sodium borohy- 
dride afforded the hemiacetal (21), although normally this hydride does not react with esters.69 In some 
cases, electron-withdrawing groups allow isolation of the aldehydes after reaction with lithium aluminum 
hydride, such as with trichloropentadienoic esters70 and chloroepoxy-a$-unsaturated esters.71 
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+ MeS02, O H X  - i 
0 

i ,  pyridine; ii, NaBHdpyridine/l15 "C; iii, aq. acid 

Scheme 8 

r 1 

Finally, thione thiolates (22) have been reduced to the dithioacetals (23) in almost quantitative yielc 
with tri-n-butyltin hydride under the action of ultraviolet light.72 

1.11.5 LACTONES 

Normally, lithium aluminum hydride is too vigorous a reagent for the reduction of lactones to the he 
miacetal (hydroxyaldehyde; lactol) stage, but, in certain circumstances under carefully controlled condi 
tions, it can be used successfully. Usually, lactones give diols with LiAlH4 but, with 0.25 equiv. 
hemiacetals have been prepared from y-lactones in high yield (Scheme 9).73,74 Sodium bis(2-meth 
oxyethoxy)aluminum dihydride (Red-Al) has been modified further by addition of one molar equivalen 
of ethanol to give sodium bis(2-methoxyethoxy)ethoxyaluminum hydride, a reagent which is reported tc 
reduce y-lactones to lactols in 84-94% yield in 25-60 min at 0 'C; one &lactone required a temperaturc 
of -60 "C and gave only 64% of the lact01.~~ Without the addition of ethanol, poor yields of lactol wen 
obtained in uncontrollable reactions. 

hemiacetal 
(lactol) 

hydroxy diol 
aldehyde 

i, 1/4 LiAIH,; ii, excess of LiA1H4 

Scheme 9 

In uncontrolled reductions, lactones are reduced by lithium trialkyoxyaluminum hydrides to diols bu 
the reduction with LiAlH(OBu1)3 is very slow and advantage can be taken of this to stop the reaction a 
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the lactol stage. The first reported examples using this reagent showed that &lactones could be converted 
into lactols in high yield at about 4 0  T.75-77 A later publication suggested that even better conversions 
may be possible through the use of preformed, pure LiA1H(OBut)3 rather than by its preparation first in 

Reduction of lactones to lactols with diisobutylaluminum hydride has become an important, high- 
yielding reaction in the wake of many syntheses of  prostaglandin^.^^ First introduced in this role in 
1969,80 DIBAH can give 98% yields of lactols from y-lactones by reaction at -60 'C for 20 min in 
toluene.81.82 

Diborane has been used to reduce lactones to cyclic hemiacetals and, when boron trifluoride etherate 
was added, ethoxy compounds (24; Scheme 10) were isolated.83 It was later shown that yields of he- 
miacetals in excess of 80% were obtainable with short reaction times.84 

This area has been reviewed.79 

B2H6 

0 0-4)-0 HO 0 

BF,*Et,O I 
n 

E t 0  

Scheme 10 

Sodium borohydride in water at pH 3 has been effective in reducing aldonic lactones to aldoses in ap- 
proximately 65% yield.85 Thus, at 0 'C, D-glUCO-D-gUlOheptanO-~-laCtOne gave D-glUCO-D-gUlOheptOSe on 
simultaneous dropwise additions of aqueous NaBH4 and dilute H2S04. Similar reductions of other lac- 
tones confirmed this convenient method for the production of aldoses.86 

Although thexylborane reduces lactones sl0wly,9~~~ it appears to have been little used for the purpose 
of synthesizing lactols; however, its close analog disiamylborane (bis(3-methyl-2-butyl)borane) has been 
used successfully. Simple reduction of a variety of lactones to hydroxy aldehydes or hemiacetals 
(Scheme 9) appears to be quite general for di~iamylborane.~~ At -10 "C, this reagent was found to reduce 
tetraacylhexano-y-lactones to tetraacylhexanofuranoses in 100% yield.88 Similarly, unprotected sugars 
could be reduced, as with the conversion of D-erythronolactone into D-erythrose in good yield.89 In a 
comparison of the rates of reduction of lactones to lactols and their yields, it has been shown that disi- 
amylborane is superior to other analogous boranes either more or less sterically demanding. For example, 
disiamylborane reduces acylated aldonolactones to acylated aldoses in 100% yield at 45 'C in 6 h, but 
bis-2-(2,3-dimethylbutyl)borane only gives a poor yield over a long period at the same temperature.g0 
Confirmation of the excellent yields afforded by disiamylborane came in the quantitative reduction of a 
y-lactone to a lact01.~~ Whilst this reagent gives such good yields, it is worth bearing in mind that it is 
also an excellent hydroborating reagent, reacting readily with double and triple bonds. It also reacts with 
alcohols, phenols, thiols and amines to liberate hydrogen rapidly, and such groups would need to be pro- 
tected if the use of excessive amounts of disiamylborane is to be avoided. 

1.11.6 AMIDES OF CARBOXYLIC ACIDS 

The use of lithium aluminum hydride for the reduction of carboxylic acid derivatives to aldehydes 
goes back to some of the earliest-reported applications of this reagent.92 An example of this type of re- 
duction appeared when it was reported93 that the piperidide of cyclopropanecarboxylic acid could be re- 
duced to cyclopropanecarbaldehyde in moderate to good yield. The following few years saw 
considerable interest in the reduction of amides to aldehydes and many types of amide were investigated 
with a view to optimizing yields. One of the difficulties with this reaction lies in there being two other 
possible products of reduction, viz. amines and alcohols (see later, Scheme 11). In an attempt to reduce 
the dipiperidide of phthalic acid with LiAlH4, only 20% yield of the dialdehyde was obtained, but, on 
changing to the dimethylamide, the yield of phthalaldehyde increased to 70%.94 However, it was later 
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demonstrated that the piperidide of cyclohexanecarboxylic acid could be reduced to the aldehyde in good 
yield if the lithium aluminum hydride was added to the amide (inverse addition), instead of the usual ad- 
dition of substrate to reducing agent.95 Although inverse addition became the standard procedure in this 
reaction for the best yields, interest in piperidides gave way to other tertiary amides. In a preliminary 
communication, it was reported that N-methylanilides of carboxylic acids in tetrahydrofuran with inverse 
addition of solid LiAlH4 afforded 5 4 7 5 %  yields of aldehydes, including d ia ldehyde~.~~ In following up 
this work, a much wider range of aldehydes was synthesized, thereby demonstrating the general useful- 
ness of the reaction in the absence of other functional groups reducible by LiA1H4.97 

oz 
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The overall mechanism of the reaction has been discussed (Scheme 1 l)?7 For successful production of 
the aldehyde, the reaction needs to stop at the stage represented by structure (25; Scheme 11) and inverse 
addition of exactly the required amount of LiAlH4 helps achieve this step; subsequent hydrolysis (step a) 
affords the aldehyde. If an excess of LiAIH4 is used, or if the rates for steps b and c are greater than the 
rate of formation of structure (25), then alcohols and/or amines are formed (Scheme 11). The type of 
amine used to prepare the amide plays a considerable role in determining the stability of structure (25), 
viz. in determining whether steps b and c are faster or slower than the rate of formation of (25). The ef- 
fects of the amine are apparently both steric and electronic. These factors were examined extensively 
when it was shown that bulky amines favored aldehyde formation (or stability in structure 25), as did 
delocalization of the amide nitrogen lone pair electron density away from the amide and into an aromatic 
structure?* Especially good yields of aldehydes were obtained with acylated pyrroles, indoles or carba- 
zoles. A fuller mechanistic study of the reduction of N-methylanilides with LiAIH4 indicated that the re- 
action sequence shown in Scheme 11 is probably correct. Whereas electron-withdrawing substituents in 
the phenyl ring of the N-methylanilide decreased the rates for steps b and c, similar substituents in the 
phenyl ring of the benzoic acid from which the amides were made had little or no effect.99 This reaction 
has been exploited as a general method for the production of aromatic aldehydes. Reaction of arenes with 
chloroformyl-N-methylanilide (26; Scheme 12) gave the corresponding arylcarboxy-N-methy lanilides 
which were reduced to arene aldehydes with LiA1H4.100 Dialdehydes could be synthesized and some 
overreduction to the alcohol was observed. 

Scheme 12 
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The ideas for delocalization of nitrogen lone pair electron density into an aromatic or heteroaromatic 
system were pursued through reduction of acylated pyrazoles and imidazoles to aldehydes in high yield. 
3,5-Dimethyl-N-acylpyrazoles are easy to prepare and afford 77-96% yields of aldehydes with LiAlH4 in 
diethyl ether at 0 ' C I O 1  Further examples of this reaction have appeared.lo2+Io3 Although these later pub- 
lications commented unfavorably on the ability of LiAIH4 to reduce acyl imidazoles to aldehydes (low 
yields), other workers have demonstrated that yields of 60-80% could be attained at temperatures of -20 
to +20 "C in diethyl ether.'@' It was considered that the earlier failure may have been caused by the 
presence of impurities in the acyl imidazoles. The latter are easy to prepare from the parent carboxylic 
acid and N,"-carbonyldiimidazole. 

Unexpectedly, aziridine was found to be particularly good for the preparation of amides which could 
be reduced with LiAlH4 in high yield to aldehydes. With butyric acid, the yields of butyraldehyde from 
various amides were: dimethylamide 25%, diethylamide 22%, diisopropylamide no reaction, N-methyl- 
phenylamide 58%, piperidide 33%, pyrrolidide 16% and aziridide 88%.Io5 A later report indicated that 
yields of 4040% of the aldehyde could be attained even with a 100% excess of LiAIH4 if aziridides 
were used.lM 

With primary or secondary amides, reaction with LiAIH4 is wasteful in that hydrogen gas is evolved 
and reduction usually proceeds through to the amine. Nevertheless, it has been shown that t-butylamides, 
refluxed with an excess of LiAlD4 for 15 h in diethyl ether, give very good yields of deuteriated alde- 
hydes, RCDO.Io7 

Sodium aluminum hydride and its alkoxy derivatives have been used in place of lithium aluminum hy- 
dride.lo8 In a survey of various types of amide it was found that, with NaAIH4, dimethylamides were 
most convenient, giving 72-92% yields of aldehydes, with aromatic amides giving better results than ali- 
phatics. Although sodium tri-t-butoxyaluminum hydride was more selective for the reduction of amides 
(being very slow acting), it was pointed out that the use of NaAlH4 was more convenient and less ex- 
pensive. Sodium bis(2-methoxyethoxy)aluminum dihydride (Red-Al) is readily available and has been 
used to reduce acyl saccharides to aldehydes (Scheme 13). Chlorosaccharin (27; Scheme 13) reacts with 
acids to give the amide (28).'@' Alternatively, the same amide can be prepared simply by melting 
together an acid chloride and sodiosaccharin (29).110 The amide (28) has been reduced at 0-5 "C over 5- 
10 min using Red-A1 in benzene; yields of aldehydes reached 65-8O%.I1O By utilizing the melt reaction 
to form the amide (28). the conversion of acid chlorides to aldehydes via the amide can be made a con- 
venient one-pot reaction. 

0 

R x, + 

(2% 
Scheme 13 

In attempts to moderate LiAIH4, it was reacted with ethanol or ethyl acetate to give either lithium di- 
ethoxyaluminum dihydride (lithium diethoxydihydridoaluminate) or lithium triethoxyaluminum hydride 
(lithium triethoxyhydridoaluminate).' " Either of these hydrides when reacted with suitable amides af- 
forded aldehydes in 70-90% yield.112 It was pointed out that, whereas dimethylamides were not satisfac- 
tory with LiAIH4 (see above), the ethoxyhydridoaluminates gave the best results with dimethylamides, 
although aziridides are better still. Since the latter are not so convenient and are more expensive than di- 
methylamides, it was concluded that the small increase in yields when using aziridides was not generally 
worth their use. I I 2  

It is well known that substitution of hydrogen in LiAlH4 by alkoxy groups moderates its reducing ac- 
tivity and that substitution by alkyl groups increases its reducing capability. Thus, most emphasis on the 
formation of aldehydes from amides has concentrated on either the type of amide or on decreasing the re- 
ducing capacity of hydride reagents. Unusually, one high-yielding synthesis of aldehydes from amides 
utilizes a trialkyl-substituted LiAlH4. By reacting diisobutylaluminum hydride with n-butyllithium (equa- 
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tion 8), lithium n-butyldiisobutylhydridoaluminate can be readily prepared.l13 At 0 'C for 2 h, or even at 
room temperature, this aluminate with diethylamides, pyrrolidides and piperidides gave approximately 
95-98% yields of a variety of aldehydes.Ii3 It is probable that severe steric crowding around the alumi- 
num effectively decreases the availability of the hydride ion so that the analog of the intermediate (25; 
Scheme 11) is not further attacked by more aluminate. It was noted that the reagent is not as selective as 
might be preferred in that acid chlorides, anhydrides, esters, lactones and thiol esters were all reduced to 
the alcohol stage; nitriles were reduced to aldehydes very slowly at room temperature. 

HA1Bui2 -t BunLi - LiA1HBunBui2 (8) 

Just as considerable effort has been exerted to utilize LiAlH4 or its derivatives for the selective reduc- 
tion of amides to aldehydes, so too has much exertion gone into the use of diisobutylaluminum hydride. 
This area has been r e ~ i e w e d . ~ ~ , ~ ~ ~  With DIBAH itself in diethyl ether at 0 'C, N-methylanilides furnish 
aldehydes in yields of 25-70%, the remainder of the reaction products being mostly amines.lI5 The yield 
of aldehyde drops severely above 0 "C. DIBAH, tempered by the addition of various amines, has been 
discussed in Section 1.11.2 (ref. 5 )  and Section 1.1 1.4 (ref. 60). One of these reagents, bis(4-methyl- 1 - 
piperaziny1)aluminum hydride has been recommended for the reduction of dimethylamides (and other 
amides) to aldehydes in 65-80% yield.l16 The hydride is mild enough for it to be necessary to reflux the 
amide in diethyl ether with the reagent for several hours. It should be noted that under such conditions 
acids and esters will be reduced also. 

Almost simultaneously, two groups of workers have reported the reduction of 3-acylthiazolidine-2- 
ones (30) to aldehydes with DIBAH (equation 9).II7-I2O The acylthiazolidine compounds are made easily 
from an acyl chloride and thiazolidine-2-thione and then reacted with DIBAH in toluene or 
LiAlH(OBu*)s in tetrahydrofuran at low temperatures; the end of the reduction is indicated by the disap- 
pearance of a yellow color. Hydrolysis of the resulting complex (31) with acid gives the aldehyde.l'7,11X 
An almost identical reaction used DIBAH in hexane,' l 9  although initially the wrong structure was as- 
signed to the starting materials.120 Yields of aldehyde reported by both sets of workers vary between 
50% and 90%. Amides can be reduced in the presence of ester functions but low reaction temperatures 
are necessary to prevent overreduction to the alcohol stage. The reaction appears suitable for aliphatic, 
aromatic and a,@-unsaturated amides. 

Treatment of N,O-dimethylhydroxylamine with acid chlorides gives the amides (32; Scheme 14) 
which with lithium aluminum hydride at -78 "C or diisobutylaluminum hydride at 0 "C give aldehydes in 
about 70% yield.12' 

Scheme 14 

Amides have been converted into imidoyl chlorides and then reduced to aldimines with LiAIH(OBu%, 
as in Scheme 15.122 Although not claimed as a synthesis of aldehydes, the aldimines can be hydrolyzed 
to aldehydes quite readily. Interestingly, the authors say that an excess of the reducing agent can be used 
because further reduction to the amine requires 24 h, whereas the first stage to the aldimine requires only 
30 min at -78 "C. 
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0 C1 H H H 

Scheme 15 

In an unusual examination of the reducing capacities of several metal hydrides, the yields of aldehydes 
from carbazole amides were found to change markedly. 123 For one particular carbazide, N-9-phenylnona- 
2,4,6,8-tetraenoylcarbazole, yields of 9-phenylnona-2,4,6,8-tetraenaldehyde with various reducing agents 
were: LiAIH4 81%, LiBH4 69%, LiBH(OBut)3 62%, LiZnHPhz 45% and LiBeHPhz 37%. It was con- 
cluded that general use of the more readily available LiAIH4 with N-acylcarbazoles was a convenient and 
simple reaction for the preparation of aldehydes, rather than the use of more esoteric hydrides. 

Reference has been made already to reviews of the reactions of thexylborane8 and di~iamylborane.~~ 
Thexylborane reacts slowly with primary amides; tertiary amides are reduced slowly, but although some 
aldehyde could be isolated from the reaction mixtures there was no obvious break in the uptake of hy- 
dride at the aldehyde stage and the reaction proceeded smoothly to alcohol, viz. reduction to aldehyde 
and to alcohol took place simultaneously. Disiamylborane reacts with primary amides with the release of 
two molar equivalents of hydrogen gas but no reduction is observed. However, with dimethylamides one 
hydride equivalent is taken up to yield the aldehyde. 

1.11.7 LACTAMS AND CYCLIC IMIDES 

Comparatively little research has been carried out in this area. The sequence of reductions which might 
be expected is shown in Scheme 16. Initial reduction of the lactam should give the cyclic amino alcohol 
or carbinolamine (33), which can be expected to exist as a tautomer of the open chain amino aldehyde 
(34). Either of these tautomers can be reduced, the first to the saturated cyclic amine and the second to an 
open chain amino alcohol. All of these stages have been observed in hydride reductions of lactams. As 
might be expected, compounds (33) and (34) are easily polymerized and may not be isolable. Early in the 
use of LiAIH4, it was found that 1-methyl-2-pyrrolidine and 1 methyl-Zpiperidone could be reduced to 
the corresponding cyclic amino alcohols (amino aldehydes; 33 and 34; R = Me, n = 1.2; Scheme 16) if 
stoichiometric quantities of hydride reagent were used;'" the amino alcohols were used in syntheses of 
hygrine and ~el1etierine.l~~ With an excess of LiAIH4, oxygen free bases were isolated by overreduction 
of the intermediate amino alcohol/amino aldehyde. Other, similar reductions have been recorded.126 The 
oxygenated lactam (35) was reduced to the corresponding cyclic amino alcohol but other structurally re- 
lated amides did not give similar results.12' 

R R 
(33) 

i 

CYn N 
I 

R 

Scheme 16 

R 
(34) 

1 H- 
OH NHR 

Reduction of one carbonyl group to a hydroxy group in cyclic imides has been achieved to afford use- 
ful synthetic intermediates. The reaction (Scheme 17) is analogous to that shown for lactams (Scheme 
16). Thus, reduction of cyclic imides (36) with NaBH4 in acidulated water has given good yields of the 
hydroxy lactam (37).128 Many similar examples by the same research group have appeared.lz9 With so- 
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dium borohydride in methanol, phthalimides have been reduced in moderate to good yields to 
3-hydroxyphthalimidines, with considerable overreduction to 2-hydroxymethylben~amide.~~~ This over- 
reduction was found with diborane and 1,3,3-trisubstituted succinimides, which gave only Iactams.l3' 
Unexpectedly, only the imide carbonyl group between the nitrogen and the 3-position (more sterically 
crowded) was found to be affected. 

R 
(36) 

R 
(37) 

O N  

R 

f l  NH OH 

R R 
Scheme 17 

1.11.8 NITRILES 

Reduction of nitriles to aldehydes with LiAIH4 at low temperatures has been described,92 but the re- 
action does not seem to be easy to control and it does not work satisfactorily in many cases. By modera- 
ting the activity of LiAIH4 through introduction of alkoxy groups, reduction of nitriles becomes more 
readily controllable. Reaction of LiAIH4 with three equivalents of ethanol gives LiAIH(OEt)3, which is 
found to be more reactive than the corresponding LiAIH(OBut)3 but less so than LiAlH4 itself."* Where- 
as LiAIH4 reduces benzonitrile to benzaldehyde at 0 "C in 92% yield, with butyronitrile overreduction is 
observed. LiAlH(OBut)3 did not react with nitriles and LiAlH(OMe)3 was too reactive, giving only 15- 
30% yields of aldehyde. However, in tetrahydrofuran LiAlH(OEt)3 afforded a 59% yield of butyr- 
aldehyde from butyronitrile. In a follow-up to this it was found that the reaction of LiAIH(0Eth 
with nitriles to give aldehydes was quite general for both aromatic and aliphatic types, but that the best 
solvent was diethyl ether.133 In solvents like tetrahydrofuran or diglyme, inferior yields of aldehyde were 
obtained. 

In other work, NaAIH4 was found to be no milder than LiAIH4.134 Inverse addition of the hydride re- 
agent at 0 "C to benzonitrile gave a 70% yield of benzaldehyde but addition of the same nitrile to the hy- 
dride reagent gave 92% of benzylamine. Similarly, it has been found that NaAIH4 reduces aromatic and 
heterocyclic nitriles to aldehydes in 65-85% yields at 0-30 "C, but that aliphatic compounds give only 
15-28% yields.13s 

Again, as with LiAIH4, moderation of the activity of NaAIH4 by incorporation of alkoxy groups has 
given hydride reagents which are less active in the reduction of nitriles to aldehydes. In view of the rea- 
dier availability of LiAIH4, there does not seem to be a major advantage in the use of NaAlH4. Sodium 
triethoxyaluminum hydride has been shown to reduce aromatic nitriles at room temperature to give ex- 
cellent yields of aldehydes.136 However, phthalonitrile, 9-cyanofluorene and aliphatic nitriles do not give 
aldehydes; esters and acid chlorides are reduced to alcohols. Sodium bis(2-methoxyethoxy)aluminum di- 
hydride is soluble in hydrocarbon solvents and more stable in air than many other complex hydrides but 
reduction of aromatic nitriles was shown to give a m i n e ~ ~ l ~ ~  Later research revealed that the solvent 
played a major role in this reduction and heterocyclic nitriles could be reduced to aldehydes in about 
50% yield.13R Use of sodium diisobutylaluminum dihydride at -70 "C gave only moderate yields of alde- 
h y d e ~ . ~ ~ ~  
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DIBAH has long been known to partially reduce nitriles. In diethyl ether, heptane or benzene, reaction 
of nitriles with DIBAH gives aldimines directly bonded to aluminum (38; Scheme 18).I4O These 
aldiminoaluminum compounds can be isolated by direct distillation from the reaction mixture or can be 
stirred with acidified water for 30 min to give typical yields of 50-90% of aldehydes. Later, i t  was shown 
that a 2: 1 ratio of hydride to benzonitrile gave 82% of benzaldehyde but a 1 : I ratio gave 90%; the other 
major product of reduction was ben~albenzylamine.'~' In a deft adaptation of the intermediate formation 
of aldiminoaluminurn compounds, nitriles have been reduced to this stage with DIBAH (Scheme 18) and 
then reacted with lithium diethylamide or n-butyllithium prior to reaction with an alkyl halide to give 
ketones (39).'42 

H 
R E N  HAIBui2 RAN, AIBU'2 

(38) 

t i  

(39) 
i, LiNEt, or Bu"Li; ii, R'X, X = halide, sulfonate 

Scheme 18 

Nitriliurn salts (40; equation 10) can be prepared from nitriles and triethyloxonium fluoroborate. Early 
workers concluded that the nitrilium salts could be reduced to amines but that the reduction could not be 
stopped at the aldehyde (aldimine) stage.143 Later, it was demonstrated that reduction of the nitrilium 
salts with NaBH4 was rapid and did give the corresponding amine, but with triethylsilane yields of 60- 
90% of both aliphatic and aromatic aldehydes were obtained.l@ Triethylsilane is a mild reagent which 
reduces carbocations but neutral compounds are generally not reduced and so overreduction is not a 
problem with this reagent. Formation of the nitrilium salts with triethyloxonium fluoroborate is slow but 
can be speeded up by the use of iron(II1) chloride (Scheme 19). There were some notable exceptions to 
aldehyde formation with some aromatic nitriles. 

f 
R+N + Et30 BF4- R e N E t  BF4- + Et20 (10) 

(40) 

H 

Scheme 19 

Disiamylborane and thexylborane react very slowly with nitriles and give only low yields of alde- 
h y d e ~ . ~ ' . ~  

1.11.9 MISCELLANEOUS REDUCTIONS TO ALDEHYDES 

Several related reactions involve reduction of cyclic carboxylic acid derivatives to masked aldehydes 
which resist further reduction but can be converted into the required aldehydes by acid hydrolysis. In a 
series of papers, i t  was established that carboxylic acids could be converted into dihydro- 1,3-thiazines or 
dihydro-1,3-oxazines which could be reduced by NaBH4 in weakly acidic ethanol. Thus, as shown in 
Scheme 20, dihydro- I ,3-thiazines (41) were reduced to tetrahydro-l,3-thiazines (42) in yields of 66- 
84%. The resulting tetrahydro compounds could be hydrolyzed to aldehydes by aqueous acid.'4s In  a 
later publication, these workers showed that there was little evidence for ring opening during reduction 
and that other methods of reduction ( e g .  hydrogenation over Pt, Pd or Rh or use of dissolving metals 
such as Zn, Sn or Na) were totally u n s u ~ c e s s f u l . ~ ~ ~  In closely similar work, reduction of 5,6-dihydro-4H- 
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1,3-oxazines (43; Scheme 21) with NaBH4 at -30 'C and pH 7 gave the corresponding tetrahydrooxa- 
zines (44) which could be hydrolyzed in aqueous acetic acid to provide the aldehydes:147 overall yields 
were moderate to good. Without pH control or at higher temperatures ring-opened products (amino alco- 
hols) were obtained, sometimes predominantly. Several other papers'48 describe the use of this method 
which was held to be useful on a large scale, unlike many other conversions of carboxylic acids into al- 
dehydes. In a novel development of this aldehyde synthesis, the authors showed that the oxazines could 
be used as two-carbon s y n t h ~ n s . ' ~ ~  For example, the dihydro- 1,3-oxazines (45; Scheme 22) were lithi- 
ated with n-butyllithium and reacted with an epoxide to give the oxazines (46). Reduction with NaBH4 
and hydrolysis afforded y-hydroxy aldehydes (47) in good overall ~ i e 1 d s . I ~ ~  

U 

i, Bu"Li; i i ,  R '  4 /H+; iii, NaBH,@,O+ 
0 

Scheme 22 

(S)-Triazolium salts (49; Scheme 23), prepared from an acid chloride and the thiohydrazo compound 
(48). have been reduced to the hydro compound (50) and then hydrolyzed in dilute sulfuric acid to the al- 
dehyde.lS1 Overall yields of aldehyde are reported to be 46-90% and a variety of other functional groups 
can be supported such as alkene, halogen, nitro, ketone and ester; there can be one or two side chains on 
the a-carbon or it can be part of an alicyclic system. 

i, dioxane, reflux 20 min; ii, exchange I- for CI-; i i i ,  NaBH,; iv,  aq. H2S0, 

Scheme 23 
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In conceptually much the same sort of reaction, carboxylic acids have been treated with o-phenylene- 
diamine and then methyl iodide to yield benzimidazolium salts (51; Scheme 24). Reduction of the latter 
with NaBH4 gives the hydro compound (52), which can be hydrolyzed by dilute acid to give the alde- 
hyde.Is2 For the few aldehydes described, yields were about 70%. 

Me (51) 
\ H I 

Me 

RAo + "D 
HN R N  

Me 

i, NaOMeFIeOHIMeI; ii, NaBH,; iii, 4% aq. HCI 

Scheme 24 

2-Substituted- 1,3-benzoxathiolium tetrafluorohrates (53; Scheme 25) can be prepared readily from 
acids, anhydrides, esters and trihalomethyl c o m p ~ u n d s . ' ~ ~ ~ ' ~ ~  The thiolium salts can be reduced easily 
with NaBH4 in acetonitrile at 0-20 'C to give aldehydes in 71-91% overall yields. 

X =OH, OR', OCOR', CCI, 

Scheme 25 

Two methods for the formation of aldehydes embody C-C bond formation and then its cleavage by a 
reverse aldol reaction after reduction, and a third involves similar formation and breakage of a C-P 
bond. Reaction of esters with the sulfur compound (55; Scheme 26) affords ketones (56) which can be 
reduced with NaBH4 at 0 "C to the alcohols (57). Simply warming this alcohol, or better, treating it with 
aqueous potassium carbonate, gives the aldehyde in about 95% yield for aromatic compounds but some- 
what less for aliphatic; dialdehydes can be obtained from diacids.lS5 Acylmalonates (58; Scheme 27) 

... 
111 

COR 2 ' f H  Na+ -L 

R q 0  + TolO2S-SMe - 
TolO2S SMe OR' -R~OH To102S A SMe 

t 
1 

R ' 0  + To102SnSMe 

i NaH; ii, NaBH,; iii, base/H20 

Scheme 26 
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have been reduced with NaBH4 at 0 ‘C to give alcohols (59) which, under the alkaline conditions, elimi- 
nate malonate to give aldehydes in moderate to good overall yields. It is worth noting that malonates 
can give small yields of aldehydes directly during their reduction with LiAlH4. 15’ Finally, reaction of 
acyl halides with trialkyl phosphites (Scheme 28) gives acyl phosphites (60) which can be reduced with 
buffered NaBH4 to the alcohols (61); under alkaline conditions, these alcohols eliminate phosphite to 
give aldehydes in high ~ i e 1 d s . l ~ ~  

(58) (59) 
H 

R AO + EtOzC -C02Et 

i ,  CIC02Et; ii, Mg[CH(CO,Et),],; iii, NaBH, 

Scheme 27 

0 OR I 

- - - - - ’ R  x, 

1.11.10 REVIEWS AND BOOKS 

The following articles are recommended because they contain specific discussions of one or more of 
the above sections. This list is not meant to be exhaustive and many good books and reviews which 
touch on reduction methods generally have been omitted simply because of their generality. The position 
of articles in the following list is not intended to be in order of priority or preference. 

( i )  

E. Mosetigg, Org. React. (N.Y.), 1954, 8, 218: discusses the then-existing major methods for the conversion of 
carboxylic acids to aldehydes and leads up to first uses of LiAIH4. 
N. C. Gaylord, ‘Reduction with Complex Metal Hydrides’, Interscience, New York, 1956: includes much of 
the early chemistry of hydrides including some reactions leading to aldehydes. 
E. R. H. Walker, Chem. SOC. Rev., 1976, 23: lists all aluminum and boron hydrides used for the reduction of 
organic compounds. A table of functional group selectivity is given. 
H. C. Brown and S. Krishnamurthy, Tetrahedron, 1979, 35, 567: a useful, readable review of hydride 
reductions with NaBH4 and LiAIH4 and their derivatives. 
M. Hudlicky, ‘Reductions in Organic Chemistry’, Horwood, Chichester, 1984: this gives a good account of 
many reduction methods with useful, practical details 
M. Pereyre, J. Quintard and A. Rahm, ‘Tin in Organic Synthesis’, Butterworths, London, 1987, pp. 76, 95: 
covers reductions with stannanes in organic synthesis. 
W. P. Neumann, Synrhesis, 1987, 665: discusses the reduction of acyl halides to aldehydes with tri-n-butyltin 
hydride. 
‘Compendium of Organic Synthetic Methods’, Wiley, New York, 1. T. Harrison and S. Harrison, Vol. I ,  1971; 
vol. 2, 1974; L. S. Hegedus and L. G. Wade, vol. 3, 1977; L. G. Wade, vol. 4, 1980; L. G. Wade, vol. 5,  1984. 
Excellent tabulations of interconversions of functional groups, including carboxylic acids and esters to 
aldehydes, are contained in these volumes. 
Sections on oxidation and reduction by many different authors in ‘Organic Reaction Mechanisms’, Wiley, 
Chichester. This series stretching over many years includes most of the mechanistic work on hydride 
reductions from 1966. 
A. Hajos, Methoden 0 1 . g .  Chem. (Houhen-Weyl), 1981, IV/ ld ,  I .  This is an excellent comprehensive review, 
entitled ‘Metal Hydrides or Complex Hydrides as Reducing Agents’, with many leading references and 
selected practical details (in German). 
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A. Hajos, ‘Complex Hydrides’, Elsevier, Amsterdam, 1979: a comprehensive examination of the reducing 
properties of a whole range of mostly aluminum and boron hydrides. Functional group selectivity is 
considered. 
E. Negishi, ‘Organometallics in Organic Synthesis’, Wiley, New York, 1980, vol. I ,  pp. 343, 377: some 
reductions with alanes and boranes are covered. 
‘Comprehensive Organometallic Chemistry’, ed. G. Wilkinson, Pergamon, Oxford, 1982: contains many 
specific but scattered references to reduction listed under hydride types and substrate groups. 
E. Negishi and H. C. Brown, Synthesis, 1974, 77: a review of reactions of thexylborane, including reduction 
of carboxylic acids and derivatives. 
H. C. Brown, D. B. Bigley, S .  K. Arora and N. M. Yoon, J. Am. Chem. Soc., 1970, 92, 7161: a useful 
comparison of functional group reactivity towards disiamylborane. 
J. Malek and M. Cerny, Synthesis, 1972, 217: a general review of uses of alkoxyaluminum hydrides as 
reducing agents for a wide range of functional groups. 
E. Winterfeldt, Synthesis, 1975, 617: a discussion of reductions in which diisobutylaluminum hydride or 
triisobutylaluminum are the preferred reagents in synthesis with emphasis on functional group selectivity. 
‘Comprehensive Organic Chemistry’, ed. D. H. R. Barton and W. D. Ollis, Pergamon, Oxford. 1979: 
reduction discussed under a wide range of headings but mostly by functional group with a variety of reagents, 
including hydrides. 
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1.12.1 INTRODUCTION 

Because so many of the recent developments in reduction methodology have involved metal hydride 
reducing agents, this chapter inevitably has an old-fashioned flavor. Most of the methods described 
below originated many years ago, and many of them do not figure prominently in the current literature. 
However, this is not to say that they have no value. In many cases they are economical and suitable for 
large scale use, and it is quite likely that the best way to make substantial amounts of a simple aldehyde 
(especially an aromatic one) will be found in this chapter. Moreover, there are some cases where recent 
improvements, which may not be widely appreciated, have given a classical method a new lease of life. 
The reader is directed particularly to the ‘amine-modified Rosenmund’ described in Section I .  12.3. 

The question of demarcation between this and the previous chapter deserves some comment. It is not 
always clear whether a reduction method involves a metal hydride or not. Catalytic hydrogenation, for 
example, presumably involves species with metal-hydrogen bonds, although it is not normally regarded 
as a ‘metal hydride method’. However, a clear distinction can generally be made on the basis of the 
source of the stoichiometric reducing equivalents, and this has been the guideline used. Thus, the meth- 
ods discussed in this chapter are those in which the reducing equivalents are supplied by hydrogen gas, 
organic molecules, metals, low valent metal salts or (nonhydride) complexes, or an electrode. Note, how- 
ever, that it has proved convenient to depart from this principle at one point. In Section l .  12.3, a number 
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of low valent metal complex reducing agents are discussed together, in spite of the fact that some of 
them do behave as hydride donors. 

As in the previous chapter, the material will be organized according to substrate category, starting with 
the carboxylic acids themselves and then moving on to the various derivatives. The methods have been 
placed generally in sections corresponding to the immediate precursors of the aldehydes. Thus, the hy- 
drolysis of Reissert compounds appears under amides as opposed to acyl chlorides, and the Sonn-Muller 
appears under imidoyl chlorides and not amides. 

1.12.2 CARBOXYLIC ACIDS 

The central problem in the reduction of carboxylic acids and their derivatives to aldehydes is the 
avoidance of overreduction to primary alcohols. The difficulty is particularly acute when, as in the case 
of the carboxylic acids themselves, the substrates are not especially reactive towards reducing agents. 
Thus there are few nonhydride methods of reducing carboxylic acids to aldehydes, and none which are 
routinely used. Those which are available generally have some specific feature which results in the trap- 
ping or protection of the product aldehydes. 

Probably the most generally useful methods are those involving: (i) Bu'MgBr with [CpzTiClzl as a 
catalyst;' and (ii) Li/MeNHz.* The former is thought to occur by the mechanism shown in Scheme I ,  in 
which the aldehyde product is protected as adduct (l), and only released on hydrolysis. As shown in 
Table 1, the method has been applied with reasonable success to a number of aliphatic acids and to ben- 
zoic acid (although in the latter case, some overreduction did occur). However, it failed completely with 
cinnamic acid. 

CpzTiCIz + 2 P r 'OMgBr  

I 
R-CHO * HZO R 4 O M g B r  \ ,,,/ CpzTiAPr' 

OMgBr 

v I 
CpzTiH 

OMgBr 

R+O 
CpzTi - 0 -( 

OMgBr 
Pri /' M o R r  _. 

R ...e ". 

Scheme 1 

Table 1 Yields of Aldehydes RCHO from RC02H using Bu'MgBr/[Cp~TiCl~]' 

R Yield (%) 

FEA'Me 
Cyclohexy l 
PhCH2 
Phenyl 
PhCHdH 

73 
65 
59 
48 
55 
0 

The success of the method employing Lih4eNHz again arises from the formation of the aldehyde in a 
protected form. In this case it is the amino alcohol salt (2 Scheme 2). As shown in Scheme 2, the re- 
action mixture is quenched with saturated aqueous ammonium chloride and may then be extracted with 
pentane, to yield an imine, or with ether and washed with acid to give the aldehyde. The imine is clearly 
not the protected form of the aldehyde, as it is reduced to the corresponding secondary amine under the 
conditions of the reaction. The reaction succeeds for aliphatic saturated acids, and also for one example 
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containing an isolated C 4  double bond (Table 2). However, additional reduction occurs with sub- 
strates containing aromatic rings or conjugated double bonds. ///- RCH=NMe 

c RYoLi Li, Me"* 
R- COzH 

I ,  111, I V  
(2) 

R-CHO 

H".Me \ 
i, sat. aq. "&I; ii, pentane extraction; iii, ether extraction; iv, wash with aq. HCI 

Scheme 2 

Table 2 Yields of Aldehydes RCHO from RC02H using Li/MeNH22 
~~ 

R Yield (%) 

Butyl 
Heptyl 
Nonyl 
Undecyl 
Tridecvl 

66 
59 
61 
61 
84 
62 
60 

There has been considerable research into the electrolytic reduction of aromatic carboxylic acids to the 
corresponding aldehydes. A general procedure has been described3 in which key elements are the use of 
the ammonium salt of the acid, careful control of the pH and the presence of an organic phase (benzene) 
to extract the aldehyde and thus minimize overreduction. The method appears to work best for relatively 
acidic substrates; for example, salicylaldehyde was obtained in 80% yield. Danish workers have shown 
that, under acidic conditions, controlled electrolytic reductions are possible for certain pyridine-, imida- 
zole- and thiazole-carboxylic acids." In these cases, it is thought that the product aldehydes are protected 
by geminal diol formation. A chemical method which is closely related to electrolysis is the use of so- 
dium amalgam as reductant. Although not widely used, it was successfully employed in the synthesis of 
a fluorinated ~alicylaldehyde.~ 

A classical method for preparing aldehydes from carboxylic acids is treatment with formic acid in the 
vapour phase over a metal oxide catalyst at temperatures of 300400 "C. For example, aldehyde (3) was 
synthesized from the corresponding acid in 78% yield (but with only 40% conversion) using man- 
ganese(I1) oxide as catalyst.6 Closely related methods using hydrogen as reductant have been reported in 
patents from a number of industrial laboratories. Good selectivities and conversions are claimed, exam- 
ples being the synthesis of (4) over ZrOz (99% selectivity, 81% conversion),' of benzaldehyde over 
MnO2 (95% selectivity, 91% conversion)8 and of pivalaldehyde (5) over a complex mixture of metal 
oxides supported on alumina (100% selectivity, 73% conver~ion).~ 

Finally, it may be useful to note a method which, although not actually a reduction, has the same over- 
all effect of transforming RCOzH to RCHO. As shown in Scheme 3,"' the acid (6) is doubly deproto- 
nated then treated with a formiminium salt (7). Carbon-arbon bond formation is followed by loss of 
COz and methoxide to give enamine (8), which can be isolated or transformed by acid hydrolysis to the 
corresponding aldehyde. The scope and efficiency of the method are difficult to judge accurately, as the 
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authors were principally interested in the synthesis of particular enamines, but it seems likely to be quite 
useful for acids (6) where R1, R2 = alkyl or R 1  = H; R2 = aryl, secondary alkyl or tertiary alkyl. 

+ 
Meow, NRz MeOSOl- r 

2LDA H (7) R' 
)--C02H - - 

H+, H,O R' - R'wNR2 R2 R2 

(8) 
Scheme 3 

1.12.3 ACYL CHLORIDES 

As acyl chlorides are the most reactive of the common acid derivatives, it is not surprising that they are 
the easiest to reduce. All the reducing methods described in the rest of this chapter are, in a sense, meth- 
ods for the reduction of acyl chlorides, as they all involve derivatives which can be made from acid 
chlorides. Moreover, it is possible to find reducing systems sufficiently mild to convert the acyl chlorides 
directly to aldehydes without then reducing the aldehydes to alcohols. 

In the area of nonhydride reducing agents, the principal means of accomplishing this task is the Rosen- 
mund reduction,ll the catalytic hydrogenation of acyl chlorides. Before the advent of metal hydride re- 
ducing agents, this was probably the principal reductive method of aldehyde synthesis. Although it may 
seem outdated, modem developments have greatly improved it, so that it still merits serious consider- 
ation. 

The classical Rosenmund reaction is discussed in depth in an article by Mosettig and Mozingo.'? I t  
was most usually accomplished by passing hydrogen gas through a refluxing solution of the substrate in 
toluene or xylene, in the presence of the catalyst. The hydrogen chloride formed was collected by pas- 
sage through water, and was titrated occasionally in order to follow the progress of the reaction. The 
usual catalyst was palladium on barium sulphate, with a 'regulator' to moderate the catalytic activity and 
prevent overreduction (although the regulator was often omitted, especially for nonaromatic substrates). 
The most common regulator was quinoline-& a crude preparation of thioquinanthrene obtained by heat- 
ing together quinoline and elemental sulfur. Other sulfur-containing compounds could also be used, and 
later workers recommended tetramethylthi~urea.~~ Table 3 shows a selection of yields and conditions, 
including two examples (the first two entries) which are recorded in Organic S y n f h e s e ~ . ' ~ ~ ' ~  

Table 3 Yields and Conditions for Selected 'Classical' Rosenmund Reductions of Acyl Chlorides RCOCI with 
Pd-Bas04 as Catalyst 

R Solvent Temperature ("C) Regulator Yield (%) 

f3-Naphthyl Xylene 150 Quinoline-S 84 
2,4,6-TrimethylphenyI Xylene Reflux None 70-80 
p-Nitrophenyl Xylene 150 Quinoline-S 91 

Me02C(CH?)3 Xylene 140-150 Quinoline-S 52 

PhCH=CH Xylene 122 Thioquinanthrene, quinoline-S 50-60 

3,5-Dimethoxy-4-(ethoxycarbonyl)phenyl Toluene 120-125 None 49 
3-Fury1 Xylene Reflux None 55 

M e ( C H h  Xylene 150 None 17-2 I 

The classical Rosenmund reduction is quite broad in scope, and can be applied to fairly complex mol- 
ecules. Not included in Table 3 are several examples giving terpenoid aldehydes which occur in yields of 
up to 88%.12 Nevertheless, there are serious limitations. The yields are variable, being affected by side 
reactions such as overreduction and decarbonylation (Scheme 4). Moreover, the high temperatures 
required and the production of free hydrogen chloride are obvious disadvantages. 
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R-CHO + HCl O H,, catalyst 

H,, catalyst 

+ HCI RCOCI 
0 7  ___) 

R 

H,, catalyst 

R-H + CO + HC1 R-OH 

H,, catalyst 
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R-s 
0 

Scheme 4 

However, in 1944 it was reported by Sakurai and Tanabe that with acetone or ethyl acetate as solvent, 
Pd-Bas04 as catalyst (no regulator) and in the presence of NJV-dimethylaniline as an HCl acceptor, the 
Rosenmund reduction occurs cleanly and rapidly at room temperature. l6 More recently, three other 
groups have reported mild and effective variants of the Rosenmund. In each case the key element ap- 
pears to be the use of a basic additive to remove the HCI produced by the reduction and possibly also to 
regulate the catalyst activity. All the methods involve the use of closed hydrogenation apparatus and thus 
have a clear safety advantage over the classical procedure. 

In the method of Rachlin et al.,17 the basic additive is sodium acetate, the catalyst 10% palladium on 
carbon, the solvent toluene and the temperature 3 5 4 0  "C. The reaction is camed out in a medium press- 
ure hydrogenation apparatus at 50 p.s.i. (1 p.s.i = ca. 6.9 kPa) of hydrogen. Several aromatic aldehydes 
have been produced in good yields, including examples containing nitro and benzyloxy groups. 

Peters and van B e k k ~ m ' ~ . ' ~  noted that the original method of Sakurai and Tanabe suffered from prob- 
lems due to the competitive reduction of the NJV-dimethylaniline. In their modified procedure, diisopro- 
pylethylamine is used as HC1 acceptor/catalyst regulator, and 10% palladium on carbon as catalyst. As 
for the Sukarai-Tanabe procedure, the reaction is carried out at room temperature and atmospheric press- 
ure in acetoneI8 or ethyl acetate.I9 In the latter solvent, which is said to be marginally preferable, the re- 
duction is complete within minutes for aliphatic acyl chlorides, although aromatic substrates may take 
several days. 

In the third procedure, due to Burgstahler et ~ 1 . : ~  the basic additive is 2,6-dimethylpyridine. For ali- 
phatic acyl chlorides, THF is used as solvent and 10% palladium on carbon or 5% Pd-Bas04 as catalyst. 
Aromatic acyl chlorides require benzene as solvent, 10% palladium on carbon/quinoline-S as catalyst 
and a raised temperature. 

Table 4 lists most of the results reported in two papers by Peters and van Bekkum19 and Burgstahler et 
The reactions were camed out at room temperature except where otherwise specified, and the 

yields, where given, are of purified product (with the exception of entry 23). It can be seen that the 
'amine-modified Rosenmund' is quite broad in scope, giving clean conversions and good to excellent 
yields. Ester and keto groups are tolerated. Acyl chlorides containing either c=C double bonds or aro- 
matic nitro groups can be reduced selectively to aldehydes, provided appropriate conditions are chosen; 
only the method of Peters and van Bekkum (Table 4, entries 1-15) is suitable for nitroaromatics, and the 
conditions employing 10% palladium on carbon, 2,6-dimethylpyridine and THF (entries 16-26) were 
found to hydrogenate c---C double bonds. Notable are the successful syntheses of hindered aldehydes 
such as (9) (entry 26) and Tertiary acyl chlorides are particularly inclined to decarbonylation dur- 
ing the Rosenmund reduction, and, indeed, application of the classical conditions to the precursor of (10) 
gave only r-butylcyclohexane.'* 

The mechanism of the Rosenmund reduction has attracted occasional attention. The discovery of Tsuji 
et that palladium metal can catalyze the conversion of acyl chlorides (11) into alkenes (13), carbon 
monoxide and HC1, presumably via intermediates of the form (12; Scheme 5), suggests that (12) may 
also be an intermediate in the Rosenmund reaction. Consistent with this suggestion is the observation 
that the unsaturated acyl chloride (14) is converted to phenol by a palladium catalyst.22 

Affrossman and T h ~ m s o n ' ~  used a 14C-labeling experiment to confirm that overreduction in the 
Rosenmund is a result of further reduction of the aldehyde product, and not a competing, direct reduction 
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Table 4 Aldehydes Prepared by Modified Rosenmund Reduction 

Entry R 
HCI 

Catalyst acceptor 
Yield 

Solvent (S) Re5 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Heptanal 

Benzaldehyde 
4-Methy lbenzaldehyde 
4-t-Butylbenzaldehyde 
4-Methoxybenzaldehy de 
4-Chlorobenzaldehyde 
3-Chlorobenzaldehyde 
4-Nitrobenzaidehyde 
2,4,6-Trirneth lbenzaldeh de 
3.5-Di-t-butyl~nzaldehy& 
3,4,5-Trirnethoxybenzaldehyde 
Ferroceny lcarbaldehyde 
Ph(CH2)2CHO 

Dodecanal 

c-GHI~CHO 

(E)-PhCH-CHCHO 

Oc tadecanal 
OCH(CH2)4CHO 
OCH(CH2)8CHO 
MeCO(CH2)6CHO 
PrQC(CH2)2CHO 
P&*C(CH2)sCHO 
3-Oxo-5-octanolide 
2-Ethylhexanal 

(Z)-~-C~HI~CH=CH(CH~).ICHO 

Benzaldehydec 
4-Chloroben~aldehyde~ 

c-C~H~CHO 
(9)b 

(E)-PhCHdHCHO 

10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
1 O%Pd-C 
1 O%Pd-C 
1 O%Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
10% Pd-C 
io% P d - i  
10% Pd-C 
5% Pd-Bas04 
5% Pd-BaSOo 

Prf 2NEt 
PrftNEt 

Prl7NEt 
PrfzNEt 

PriiNEt 
Pr'2NEt 
Prf2 NEt 
Prl2NEt 
Pri2NEt 
Pr'2NEt 
Prl2NEt 
PCzNEt 
Pr5NEt 
PrfiNEt 

2,6-Dimethylpyridine 
2,6-Dimethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dimethylpyridine 
2,6-Dimethylpyridine 
2,6-Dirnethylpyridine 
2,6-Dirnethylpyridine 
2.6-Dirnethvl~vridine 

Pr'zNEt 

10% Pd-C/quinoline-S 2,6-DirnethjFyridine 
10% Pd-C/quinoline-S 2,6-Dirnethylpyridine 

EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
EtOAc 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
C6H6 
C6H6 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

95 
96 
74 
77 
85 
89 
89 
94 
87 
78 
92 
96 
84 
93 
77 

19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

'Reaction followed to completion by g.c. Negligible overreduction and decarbonylation.'' bCarried out at 0 'C. 'Carried out at 
40-50 'C. 

..:I- '"CHO 

(9) 

0 

But 0 CHO 

R PdCl 

(12) 

R- + Pd + HCI 

(13) 
Scheme 5 

AC1 
(14) 
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of the acid chloride. They also investigated the nature of the poisoning of the catalyst in the classical 
Rosenmund, without being able to draw any firm conclusions. More recently, McEwen et al.23 argued 
that, considering the wide range of catalyst regulators employed in the Rosenmund, the role of the regu- 
lators might not be to form specific chemical bonds with the palladium but rather to alter its physical 
structure. They found that: (i) treatment of palladium on silica with indole gave an effective Rosenmund 
catalyst which did not, however, contain any indole; (ii) treatment of palladium black with triethylamine 
at 150 "C for 20 h causes rearrangement into metallic palladium with a much lower surface area; and (iii) 
ultrapure palladium powder is a catalyst (though somewhat inactive) for the conversion of benzoyl 
chloride to benzaldehyde at 0 "C. 

The next group of methods to be considered represents a far more recent development than the Rosen- 
mund: the use of the anionic metal complexes [Fe(C0)4I2-, [HFe(C0)4]-, [HCr(CO)s]-, [HW(CO)s]- and 
[CpV(C0)3H]-. Although it is only the first of these reagents which is clearly a nonhydride reducing 
agent, they are all considered here because of their close structural relationship and because of possible 
mechanistic similarities (vide infra). 

The method involving [Fe(C0)4l2- was reported first by Watanabe et a1.24 The actual reagent used is 
the disodium salt of the anion, formed as a solution in THF by the reduction of [Fe(C0)5] by sodium 
amalgam. As shown in Scheme 6, the anion reacts with acyl chlorides to give acyltetracarbonylfertes 
(H), which can be decomposed with acetic acid to yield the corresponding aldehydes. This method has 
been applied to give simple aldehydes, typical examples and yields (by gas chromatography) being ben- 
zaldehyde 95%, o-chlorobenzaldehyde 65% and isobutyraldehyde 7 1 %. Subsequently, an essentially 
similar procedure was reported by Siegl and C ~ l l m a n . ~ ~  These authors placed more emphasis on the 
structural organometallic chemistry involved, and were able to isolate the intermediate anions (15) as 
salts of [Ph3P=N=PPh3]+. 

0 

Scheme 6 

The remainder of the anionic metal complexes, all of which bear a hydrogen, have been employed sub- 
sequently. The most convenient experimentally appears to be the [HFe(C0)4]- anion, employed either as 
the Me4N+ salt26 or in immobilized form on an anion exchange resin.27 The former reagent is readily syn- 
thesized from [Fe(CO)5], Me4NBr and aqueous potassium hydroxide. In aprotic solvents such as dichlo- 
romethane, it reacts with acid chlorides giving direct fowation of the corresponding aldehydes in 1-4 h 
at room temperature. The stoichiometry of the reaction is shown in equation (1). As some of the reagent 
is consumed by formation of the inert by-product (16), at least 1.5 equiv. are required. The method has 
been applied to a number of simple aldehydes, as shown in Table 5 .  It can be seen that it is incompatible 
with an aromatic nitro group, and unsatisfactory with cinnamoyl chloride. The alternative, polymer 
bound version of the reagent is also easy to prepare, and has the usual advantage of being easily separ- 
ated from the product. It has been used to prepare several aldehydes in good isolated yields, including 
OCH(CH2)sCHO (85%) and Me02C(CH2)7CHO (90%).27 

2 RCOCl + 3 [NMe4I[HFe(CO)$ * 2RCHO + 2NMe4CI + [NMe,][HFe3(CO),,] + CO (1) 

(16) 

The remaining complex anions, [HCr(CO)s]-,28 [HW(CO)S]-,~~ and [CpV(CO)3H]-,29 have been used 
as their salts with the bulky cation [Ph3P=N=PPh3]+. They are capable of reducing acyl halides to alde- 
hydes in good yield and at a much faster rate than [HFe(C0)4]-. These reagents are, however, somewhat 
less convenient to prepare. Although they are also capable of reducing alkyl halides, they are far more re- 
active towards acyl chlorides. Unlike [HFe(C0)4]-, [HCr(CO)s]- has been shown to be fairly unreactive 
towards nitrobenzene. A useful feature is that it undergoes rapid H/D exchange with MeOD, giving a re- 
agent for the conversion of RCOCl to RCDO. 

The mechanism of action of these metal hydrides is somewhat uncertain. In the original report on 
[HFe(C0)4]-, it was suggested that, by analogy with [Fe(C0)4l2-, the anion displaces a chloride ion from 
the acyl chloride to give an intermediate (17) which then collapses to give the aldehyde (Scheme 7).26 
However, there are alternative possibilities, particularly that the reagents act as H-atom donors (like 
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Table 5 Aldehydes RCHO from RCOCl by Treatment with NMe4.HFe(C0)426 

R Yield (%) 
G.c. Isolated 

Phenyl 91 
90 
99 

Cyclohexy I 95 
p-Bromo henyl 80 75 
Isopro y P  99 82a 
r-Butyf 80 
Methyl 100 
P h C H d H  22 
p-Nitrophenyl 0 

“As 2,4-dinitrophenylhydrazone. 

Bu3SnH). Although the question was subjected to a detailed investigation in the case of [CpV(C0)3H]-, 
it did not prove possible to give a definitive 

R’ 
(17) 

Scheme 7 

Closely related to the anionic complexes described above are the neutral species [Cp2M(CO)H] (M = 
Nb or Ta), also capable of reducing acyl chlorides to aldehydes.30 The reactions are reported to be vir- 
tually instantaneous, and the reagents appear to have useful selectivity. For example, p-nitrobenzoyl 
chloride and cinnamoyl chloride are reduced to their corresponding aldehydes (although yields are not 
recorded). However, as with the Cr, W and V anionic hydrides, these neutral complexes may prove too 
inaccessible to be generally useful. 

A reduction method which is conceptually somewhat similar to the use of [Fe(CO)4I2- is shown in 
Scheme 8.31 Treatment of an aroyl chloride with phospholen (18) and triethylamine gives a salt (19) 
which can be decomposed with water to give the corresponding aldehyde and phospholen oxide (20). It 
appears that ring strain in (19) is crucial in directing attack of water to the phosphorus, as opposed to the 
carbonyl carbon. The method gives good yields for a number of aroyl chlorides (e.g. benzoyl chloride, 
converted to benzaldehyde in 80% yield) but is limited in scope, being inapplicable to aliphatic acyl 
chlorides and to aroyl chlorides containing -NO2 and - O H  groups. 

Et,N 
P 

+ Ar A C l  

d P I 

Ph 

(20) 
Scheme 8 
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Recently it has been shown by Chikashita et al. that hydride transfer is possible from the benzimida- 
zoline (21) to an acyl chloride, giving the corresponding aldehyde and benzimidazolium salt (22; equa- 
tion 2).32 The reaction is most effective in the presence of l mol equiv. of acetic acid. Although it has 
only been used for a few aldehydes, it is successful with aromatic and aliphatic examples (e.g. p-nit- 
robenzaldehyde, 82% g.c. yield; cyclohexanecarbaldehyde, 80% g.c. yield) and may have substantial 
potential. Another new method is the treatment of aroyl chlorides with dialkylzinc reagents in the 
presence of catalytic palladium cornp lexe~ .~~  However, the applicability would seem to be limited by the 
rather low yields. 

M i  Me 

o N & P h  + RCHO (2) 
MeCN, AcOH (1 equiv.) 

reflux, 2 h \ N +  
U N h P h  + RCOCI 
\ N  

Me 
(21) 

Finally, mention should be made of the Grundmann method which, though long winded and unlikely 
to be of use today, was once of some importance.M It is summarized in Scheme 9. In favorable cases the 
sequence could be carried through in over 50% overall yield, and it was valued for its ability to syn- 
thesize aldehydes inaccessible via the classical Rosenmund. 

i 'r 'N.' ,- - ii R T O A c  iii, iv c 

R R,, - 0 0 

V - R-CHO y - O H  
OH 

i, CH,N,; ii, AcOH; iii, AI(OPr')3; iv, aq. HCI; v, Pb(OAc), 

Scheme 9 

1.12.4 CARBOXYLIC ACID ANHYDRIDES 

The reduction of carboxylic acid anhydrides to aldehydes does not appear to have attracted much at- 
tention, despite the intrinsic reactivity of anhydrides. The only well-developed method is the use of 
Na2[Fe(CO)4] (Scheme 10),35336 closely analogous to the use of the same reagent to reduce acyl chlorides 
(vide supra). Again, the reaction proceeds via acyltetracarbonylferrates, the formation of which can be 
monitored by IR. The method has been used to produce simple aldehydes from the corresponding sym- 
metrical anhydrides in fair to good g.c. yields (e.g. propanal, 90%; butanal, 61 %; benzaldehyde, 73%).36 
It is also successful with cyclic anhydrides, giving the corresponding aldehydic acids in quite good iso- 
lated yields, as shown in Table 6. In practical terms, this is probably the most valuable application. 

THF cR'3' R '  - CHO 
Fe(CO)4 - 

C R 2  - C02H 
+ [Fe(cO)4lZ- - 

R2 - COT 
0 

Scheme 10 

With mixed diary1 or alkyl aryl anhydrides, the regioselectivity of attack by the tetracarbonylferrate is, 
not surprisingly, too poor to be synthetically However, the reagent can be usefully applied to 
the mixed carboxylic alkylcarbonic anhydrides (23), giving aldehydes after treatment of the intermediate 
acylferrates with acetic acid (equation 3).37 The substrates (23) are readily available from carboxylic 
acids by treatment with ethylchloroformate and triethylamine. Unfortunately the quoted g.c. yields are 
variable (e.g. benzaldehyde, 41 %; p-tolualdehyde, 76%; nonanal, 5 1 %), suggesting that further develop- 
ment may be required. 
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Table 6 Cyclic Carboxylic Acid Anhydrides Reduced to the Corresponding Aldehydic Acids by Na~[Fe(C0)4]'~ 

Anhydride Isolated yield of aldehydic acid (%) 

Succinic 81a 
Glutaric 60 
Phthalic 61 
Tetrachlorophthalic 83 
1 &Naphthalic 75 

'As 2,4-dinitrophenylhydrazone 

R-CHO 
RK OKOEt ii, AcOH 

(3) 

It is also possible to reduce anhydrides to aldehydes by catalytic hydrogenation, although there is no 
method which has been shown to be generally useful. Acetic and propionic anhydrides have been hy- 
drogenated with Pd-Bas04 as catalyst, giving the corresponding aldehydes with reasonable selectivities 
(acetaldehyde, 78%; propanal, 90%) but low conversions?8 Another method employing catalytic 
[cOZ(Co)S] and high pressures of H2 and CO gives yields of 57% or less with simple acyclic and cyclic 
 anhydride^.^^ High temperature hydrogenation over a metal oxide-alumina catalyst (see Section 1.12.2) 
has also been used with  anhydride^.^ 

1.12.5 CARBOXYLIC ACID ESTERS 

There is no generally useful nonhydride method for the direct reduction of carboxylic acid esters to al- 
dehydes. There are, however, procedures which are valuable under particular circumstances. An import- 
ant example is the one-electron reduction of aldonolactones to aldoses. Two factors presumably 
contribute to the success of these reactions; firstly the presence of electron-withdrawing substituents in 
the substrates, raising the reactivity of the carbonyl group, and secondly the ability of the products to 
form cyclic hemiacetals stable to further reduction. 

The use of sodium amalgam originates with E. Fischer.4O The method was a cornerstone of his aldose 
homologation (cyanohydrin formation, hydrolysis, lactone formation and reduction) which was so im- 
portant to the development of carbohydrate chemistry. Although the yields obtained by Fischer were 
moderate (ca.  20-50%), more recent work by Sperber et al. has resulted in significant improvements?' 
In particular, they discovered that control of the pH of the reaction mixture was very important. At pH 3- 
3.5, yields in the range 5242% were obtained with a variety of aldonolactones. As an example, the prep- 
aration of arabinose is shown in equation (4). If the pH was allowed to rise, yields were lower due to 
overreduction. Methyl esters of aldonic acids could also be used as substrates. 

- (4) 
2.5% Na/Hg, aq. H2S0, 

pH 3-3.5.9 "C, 8 rnin 
HO""' HO''"' OH 

OH 75% OH 

An alternative which is attractive for large scale work is the electrochemical reduction of aldonolac- 
Particular attention has been paid to the electroreductive synthesis of ribose from ribonolac- 

tone because of the importance of the former in the synthesis of riboflavin (vitamin B z ) . ~ ~  Processes 
generally involve a mercury cathode and maintenance of an acidic pH, often with the assistance of a 
phosphate or borate buffer. It has been reported that alkali metal ions are also necessary, suggesting that 
the reduction occurs via metal amalgam f o r m a t i ~ n . ~ ~  However, other accounts make no mention of metal 
ions.# 

Early work showed that the reduction of aldonolactones to aldoses may also be carried out by catalytic 
hydrogenation over PtOz in aqueous s~lution."~ Using this method, ~-glucono- 1,5-lactone was reduced to 
glucose in up to 80% yield, the remainder of the product being D-gluconic acid. However, careful optimi- 
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zation was required to achieve this result, and there appears to have been little further development of the 
procedure. 

Whereas acyl chlorides and carboxylic acid anhydrides can be reduced to aldehydes using 
Naz[Fe(COk] (e.g. Scheme 10) most esters cannot, because of their low reactivity as acylating agents. 
However, Naz[Fe(CO)d] does give low yields of aldehydes (~40%) with esters of aromatic alcohols?6 

Finally, some of the methods for carboxylic acid reduction (Section 1.12.2) have also been applied to 
esters. Thus, the ethyl ester of thiazole-2-carboxylic acid has been reduced electrochemically to the 
corresponding aldehyde: and some of the high temperature metal oxide catalyzed hydrogenations have 
been used on  ester^.^.^ 

1.12.6 CARBOXYLIC ACID THIOL ESTERS 

One of the classical reductive syntheses of aldehydes is the treatment of carboxylic acid thiol esters 
with Raney The first report of this reaction, due to Wolfrom and Karabino~:~ appeared around 
the same time as a report from Jeger et ai. that Raney nickel under similar conditions reduced thiol esters 
to alcohols$8 Later investigations by a group at the Upjohn C ~ m p a n y ~ ’ ~ ~  confirmed the latter result, but 
showed that if the Raney nickel was first deactivated by boiling in acetone (for ca. 1 h) it could indeed be 
used to convert thiol esters to aldehydes (equation 5) .  Some of the results obtained using the method are 
summarized in Table 7. It is notable that carbon+arbon double bonds in positions 5 and 11 of the steroid 
nucleus were unaffected. Thiol esters derived from a variety of thiols (RISH) could be used as substrates, 
the results being marginally better for R’ = Et or CHzPh than for Ph or Pr’. The thiol esters were prepared 
from the corresponding acid chlorides using lead sulfides, or thiols in the presence of pyridine. 

* 
Raney Ni (deactivated), acetone 

reflux ea. 1 h H 

Table 7 The Reduction of Thiol Esters RCOSR’ to Aldehydes RCHO by Deactivated Raney Nickel 

RCHO R’ Yield (a) Ref. 

PhCHO 
EtCHO 
3B-Acetoxv-5-cholen-24-al 
3&Acetox~-5-cholen-24-al 
3P-Acetoxy-5-cholen-24-al 
3$-Acetoxy-5-cholen-24-al 
3a-Formoxy-5-cholen-24-al 
3a-Acetoxy- 1 1 -cholen-24-a1 

Et 62= 

Et 
Et 

78 
53 

47 
47 
50 
50 
50 
50 
51 
51 

‘As NaHSO3 adduct. bAs 2,4-dinitrophenylhydrazone. 

As thiol esters are fairly good acylating agents, they can act as substrates for the [Fe(C0)4l2- proce- 
dure$6 Thus, treatment of four simple p-chlorophenylthiol esters with Na2[Fe(C0)4]/T”F followed by 
acetic acid leads to the corresponding aldehydes in low to reasonable yields (nonanal, 45%; benzalde- 
hyde, 49%; p-chlorobenzaldehyde, 56%; p-tolualdehyde, 70%). 

1.12.7 CARBOXYLIC ACID AMIDES 

Although amides are the least reactive of the common acid derivatives under most circumstances, they 
are involved in several reductive syntheses of aldehydes. As described below the conversion can be ac- 
complished by one-electron reducing agents (though relatively powerful ones), and there are specific 
types of amide which can be caused to decompose to aldehydes. Moreover, amides are precursors of imi- 
doyl chlorides, Vilsmeier complexes and thioamides, which can also be reduced to aldehydes as dis- 
cussed in later sections. 

A number of groups have reported one-electron reductions of amides to aldehydes. Most involve the 
use of ammonia or methylamine as solvent, with electrons provided electrochemically or by an alkali 
metal. It must be said, however, that none of the methods is sufficiently effective or general to be rou- 
tinely useful. In one of the earlier procedures, due to Birch et ~ l . , ~ *  the tertiary amides (24) to (26) were 
reduced to the corresponding aldehydes in 80% 53% and 47% yields, respectively, using sodium in liq- 
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uid ammonia containing acetic acid. The use of acetic acid as a proton source was crucial to success; 
with ethanol yields were far lower, the acyl portion of the molecule being converted to nitrogen-free pro- 
ducts. It was postulated that the reaction occurred as shown in Scheme 1 1. The intermediate hemiaminal 
(27) would be stable toward further reduction, and if it survived would yield the aldehyde RCHO in the 
work-up. However, if the proton donor BH were too weak an acid, base-catalyzed decomposition of (27) 
would occur within the reaction mixture, resulting in overreduction. 

0-  
+ 2B- R--( - R-CHO 

NR'2 NRI2 I 
2Na - .<OH 

NR$ 2BH 

work up 

R- CHO 

1 
other products 

Scheme 11 

In a later development by Bedenbaugh et al.,J3 methylamine was used as solvent and lithium as elec- 
tron donor. No proton donor was required, suggesting that the lithium salt (28) of hemiaminal (27) is 
stable under the reaction conditions (both aldehydes and aldimines are reduced by the reagent; cf. the 
analogous reduction of carboxylic acids, Section 1.12.2 and Scheme 2). Yields of aldehydes produced by 
this method are shown in Table 8. It is notable that only tertiary amides are reduced satisfactorily. A 
major limitation of the reaction is the substantial formation of side products resulting from transamid- 
ation by the methylamine solvent (i.e. RCONHMe from RCONR'2). 

Table 8 Amides Reduced to the Corresponding Aldehydes by (A) 

Amide Method Yield @Aldehyde (S) 

or (B) e-/MeNHfiiCI/EtOH" 

Bu"C0NHMe 
n-C7H I 5CONHMe 
n-C7H I CONMe7 
n-CiH;iCONMe; 
n-C9H19CONH2 
n-C9H 19CONHMe 
n-CYH 19C0NMe2 

A 
Aa 
A 
A 
B 
B 
B 

4.4 .. . 

13.2 
51.7 

28 
58 
45 

'Large excess of Li used. 

Amides may be reduced to aldehydes electrochemically in methylamine, with lithium chloride as the 
supporting e le~t ro ly te .~~ Despite the apparent similarity between this and the foregoing method, the re- 
sults are rather different. With no added proton donor, overreduction occurs leading to the corresponding 
alcohol. It is only in the presence of ethanol that aldehydes are obtained in reasonable yields. Another 
difference is that secondary amides give satisfactory yields, as shown in Table 8 where this and the fore- 
going method can be compared. 

It has been mentioned in earlier Sections that certain electron deficient heterocyclic carboxylic acids 
and esters can be reduced electrochemically to aldehydes under acidic conditions, the aldehydes being 
protected from overreduction by geminal diol formation. This method is also applicable to the corre- 
sponding amides, allowing, for example, the conversion of amide (29) into aldehyde (30) in 93% yield? 
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As mentioned above, there are two particular types of amide which can be induced to decompose to al- 
dehydes without requiring reducing agents. They are the Reissert compounds, to be discussed first, and 
the sulfonylhydrazides involved in the McFadyen-Stevens method, to be discussed second. 

Formally speaking, a Reissert compound55 is an adduct of an acylium cation and cyanide anion across 
the C-N double bond of a heterocyclic amine. The process is illustrated in equation (6).  taking qui- 
noline as the amine. Isoquinoline and phenanthridine may also be employed as amines (giving (32) and 
(33), respectively) as well as a variety of more complex derivatives and analogs. The chemistry of these 
compounds has been investigated quite intensively over the years, and has been reviewed r e g ~ l a r l y . ~ ~ * ~ ”  
58 Broadly speaking, they are of interest for two reasons. Currently, the more important is that they are 
valuable intermediates in heterocyclic synthesis. However, the original focus of attention was the fact 
that, on treatment with acid, the acyl groups RCO are cleaved from the compounds to give the corre- 
sponding aldehydes RCH0.34*56,57 

I I  
CN R CN R 

A mechanism for the latter transformation, suggested by Cobb and M ~ E w a n ? ~  is shown in Scheme 12. 
This proposal was supported by the observation that the cleavage was invariably accompanied by hydro- 
lysis of the cyano group giving amide (34) as well as the derived carboxylic acid (35). The nitrile (36) 
was never isolated. Further support for the participation of the carbonyl oxygen in the reaction was pro- 
vided by the discovery that isoquinoline-derived Reissert compounds (32) could be treated with anhy- 
drous acids to give salts which could be decomposed to aldehydes RCHO with aqueous acid.60 However, 
although originally assigned the structure (37), these compounds were later reformulated as the amino 

Scheme 12 
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tautomers (3Q6' This suggests that (39), the analogous tautomer in the quinoline series, should perhaps 
play a central role in Scheme 12. 

The synthesis of the original Reissert's compound (31; R = Ph) was accomplished by mixing quinoline 
and benzoyl chloride in aqueous potassium cyanide.55 A later development, which broadened the appli- 
cability of the reaction, involved the addition of dichloromethane as a solvent for the organic phase.62 Al- 
ternatively, the synthesis can be accomplished by treating the acid chloride with the amine and 
anhydrous HCN in benzene.63 The scope and limitations of these two methods are illustrated by the se- 
lection of results in Table 9. The following points may be noted: (i) although the yields listed for alde- 
hyde formation from the Reissert compounds are generally excellent (especially for Method B, where 
aqueous sulfuric acid is used), most refer to the derived 2,4-dinitrophenylhydrazones. For aromatic R, the 
isolation of the aldehyde itself does not generally pose a problem, but it is not clear that aliphatic alde- 
hydes can be obtained directly; and (ii) Method B, employing anhydrous HCN in benzene, is quite 
general for aromatic aldehydes and is also successful for unhindered aliphatic R groups. It is not, how- 
ever, attractive experimentally. Method A, though more convenient, is less general, especially in that it 
gives lower yields with the more reactive halides. In these cases it is often more successful when isoqui- 
noline is used as the base. 

CN 
a \ 

0 

Table 9 Yields of Reissert Compounds (31) and (32), and Derived Aldehydes RCHO. Prepared by 
RCOCI/Amine/CH2Clz/aq.KCN (Method AI6' or RCOCl/Amine/HCN/Benzene (Method B)63 

Reissert Yield of Reissert Yield of 
Method compound R compound (%) aldehyde (%o)y 

Ph 69 
Ph 70 

A (32) 

Ph 96 9gb 
A (31) 

p-Methoxyphenyl 72 90b 
B (31) 

p-Methoxyphenyl 80 96b 
A (32) 

p-Methoxypheny 1 88 98 
p-Chlorophen yl 30 92b 

B (31) 

p-Chlorophenyl 20 
A (32) 
A (31) 

p-Chlorophen y 1 77 92 
Pr" 64 57b 

B (31) 

Pr" 25 
A (32) 

64 97b 
A (31) 

11  
pr" 
Pr; 

B (31) 

18 80b 
A (32) 

28 98b 
w 
Pr' 

A (31) 

64 
B (31) 
A (32) PhCH-CH 
A (31) PhCH=CH 43 
B (31) PhCH=CH 91 82 

A (31) 

"Method A, hydrolysis by conc. HCI or conc. HCI/H?O 65, in presence of 2,4-dinitrophenylhydrazine: method B, hydrolysis by 
2.5-5 M aq. H~SOI. bAs 2.4-dinitrophenylhydrazone. 

In the light of the foregoing, it is perhaps not surprising that interest has lapsed in the hydrolysis of 
Reissert compounds as a method of aldehyde synthesis. However, the value of the compounds in hetero- 
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cyclic chemistry has led to continued developments in their synthesis?8 and it is not impossible that, for 
those aldehydes stable to the hydrolysis conditions, the method may at some stage regain its usefulness. 

The McFadyen-Stevens aldehyde s y n t h e s i ~ ~ ~ . ~  is based on the reaction shown in Scheme 13, in which 
arenesulfonylhydrazides (40) are decomposed to aldehydes by treatment with base. It is generally pres- 
umed that the acylimides (41) are intermediates in the procedure. The arenesulfonylhydrazides can be 
synthesized either from acid hydrazides and arenesulfonyl chloridesM or from acyl chlorides and arene- 
sulfonylhydrazines. The latter method is somewhat more common in recent work65,66 and is reported to 
give superior yields.65 

Scheme 13 

In the classical McFadyen-Stevens method, the Ar group in (40) is generally phenyl or p-tolyl and the 
conditions for the decomposition are sodium or potassium carbonate in ethylene glycol at 160 ‘C for ca. 
2 min.34 This procedure is suitable for the synthesis of aromatic aldehydes, and appears to have been 
quite widely used. Table 10 shows a few examples; many more are tabulated elsewhere.34 It can be seen 
that the best yields are obtained with electron rich aromatic nuclei. 

Table 10 Yields of Aldehydes Prepared from Arenesulfonylhydrazides (40; Ar = Ph orp-tolyl) by Treatment with 
Alkali Metal Carbonate in Hot Ethylene 

Aldehyde Yield (%) 

Benzaldehyde 
p-Methoxybenzaldehyde 
3,4-Meth lenedioxybenzaldehyde 
rn-FluoroLnzaldeh y de 
m-Ni trobenzaldehyde 
3-Quinolinecarbaldehyde 

70 
77 
87 
50 
42 
33 

Curiously, a study of the mechanism of the reaction revealed that the presence of a finely divided solid 
is necessary for the decornp~sition.~’ A variety of solids such as sodium carbonate, charcoal, zinc pow- 
der and powdered glass were all effective, and addition of the latter to the classical reaction conditions 
improved the yields slightly (e.g. PhCHO, 81%). 

Quite recently, an attempt was made to improve the method by increasing the bulk of the Ar group in 
(40), employing 2,4,6-triisopropylphenyl as opposed to phenyl or p-toly1.66 As expected, the new deriva- 
tives were found to decompose under far milder conditions (K2C03. methanol, reflux, 15-60 min), pre- 
sumably due to steric acceleration of the S-N bond cleavage. Unfortunately, for reasons which are 
unclear, the yields of the resulting aldehydes were poorer than those from the classical method. Nonethe- 
less, if the reaction was carried out in the presence of hydrazine, good yields of the corresponding alde- 
hyde hydrazones could be obtained, and the method could be useful under some circumstances. 

None of the above conditions are suitable for the production of aliphatic aldehydes, and recent work 
has been aimed at a remedy for this deficiency. Sprecher et al. demonstrated that aliphatic aldehydes 
with no a-H could be produced in moderate yields if the reaction time was reduced to 30 s.68 Babad et al. 
then showed that volatile aldehydes could be isolated (again in moderate yields) if they were distilled 
from the reaction mixture as they were formed.65 Both results imply that the difficulty with aliphatic al- 
dehydes is their instability in the reaction mixture, 

Finally, Nair and Schechter developed a version of the McFadyen-Stevens which does appear to be 
genuinely useful for aliphatic aldehydes, provided that they are reasonably volatile.69 The salts (42) are 
produced from the corresponding tosylhydrazides by treatment with NaOMeMeOH followed by evap- 
oration, and are then heated to 140-155 ‘C under a vacuum. The product aldehydes RCHO are collected 
in a cold trap. The method was used for butanal (68% yield), 2-methylpropanal (71% yield), 3-phe- 
nylpropanal(85% yield) and 10-undecenal (60% yield). Yields were also good for simple aromatic alde- 
hydes. 
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1.12.8 NITRILES 

Nitriles appear to be quite useful as precursors of aldehydes, and there are a number of 'nonhydride' 
methods for accomplishing the conve r~ ion .~~  Classically the best known is probably the Stephen reduc- 
tion.34,70,7' It involves a reagent system prepared from anhydrous tin(I1) chloride and hydrogen chloride 
gas in ether. The nitrile is added to this mixture, and, as shown in Scheme 14, adds HCI to give the imi- 
doyl chloride salt (43), which is then reduced by the tin(I1) chloride. The initial product is the complex 
(44) (often crystalline), which is then hydrolyzed to the aldehyde. Although the reaction conditions are 
generally thought of as anhydrous, it has in fact been found that a small amount of water is benef i~ ia l .~~  

c1 
R-N a Rd+ 

N-H 
~ 1 -  SnCI2 H2O 

9 (RCH=NH*HC1)2SnC14 - R- CHO 

H 

(43) 

Scheme 14 

The Stephen reduction has been applied to a variety of nitriles, but is genuinely useful only for aro- 
matic substrates. Table 11 gives a number of representative examples, and more are available else- 
where.34 The failure with o-toluonitrile is untypical, and was attributed to steric hindrance. A variant 
employing tin(I1) bromide was successful in synthesizing cinnamaldehyde and its vinylog (45) in 65% 
and 50% yields, re~pect ively.~~ 

Table 11 Yields of Aldehydes Prepared by the Stephen Reduction of Aromatic Nitriles34 

Aldehyde Yield (%) 

Benzaldehyde 
o-Tolualdehyde 
p-Iodobenzaldehyde 
4-(Methoxycarbony1)benzaldehyde 
P-Naphthaldehyde 
3-Pyridinecarbaldehyde 

97 
9 
70 
90 
75 
83 

With aliphatic aldehydes the yields are poor at best. In a relatively recent study, Zil'berman and Py- 
ryalova used a modified Stephen procedure to reduce a series of aliphatic nitriles RCN.73 As the size of 
R increased, the yield decreased from a maximum of 5 1 % (R = Et). A major cause of the low yields was 
found to be the formation of trimeric side products (46). 

O R 0  

Ph do R KNANBR I I 

H H  

(45) (46) 

Aldehydes may also be synthesized by catalytic hydrogenation of the corresponding nitriles.70 One 
method, applied only to aromatic aldehydes, employs Raney nickel, an atmosphere of hydrogen and a 
solvent system of THF/water (10: 1) containing one mole equivalent of sulfuric a ~ i d . ~ ~ , ~ ~  Examples of its 
use are shown in Table 12.75 Convenient and effective alternatives involve the use of phosphinic acid76 
or formic a ~ i d ~ ~ , ~ ~  as both solvent and hydrogen source. Good to excellent yields of aromatic aldehydes 
were obtained using these methods, although in some cases careful optimization was required. In general 
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the best results appear to have come from using 75% aqueous formic acid as the solvent system.78 Exam- 
ples are given in Table 12, and a procedure is described in the l i t e r a t~ re .~~  

Table 12 Aromatic Aldehydes Synthesized by the Catalytic Reduction of Nitriles using Raney Nickel in THF/H20 
with 1 mol equiv. HzS04 (Method A)75 or 75% Aqueous HC02H (Method B)7* 

Aldehyde Method Yield (%) 

3-Formylaceto henone A 75 
Ethyl 4-formyl!enzoate A 78 
4-Form y lbenzenesulfonamide A 76 
.?-Formyl benzenesulfonamide B 70’ 
Benzaldehyde B 97” 
p-Chlorobenzaldehyde B 1 0oa 
p-Methox ybenzaldehyde B 93’ 

‘As 2,4-dinitrophenylhydrazone. 

The catalytic hydrogenation of aliphatic nitriles to aldehydes appears to be intrinsically more difficult. 
The Raney nickel/formic acid method was applied to certain aliphatic aldehydes, but only with limited 
success (e.g. n-hexanal produced in 40% yield).78 The situation can be improved by undertaking the hy- 
drogenation in the presence of a reagent which can trap the aldehyde (or imine) as it is formed and pre- 
vent overredu~tion.~~ For example, hydrogenation of various aliphatic nitriles with Raney nickel in the 
presence of semicarbazide hydrochloride gave reasonable yields of the corresponding aldehyde semicar- 
bazones (e.g. phenylacetaldehyde semicarbazone, 70%; 3-cyanopropanal semicarbazone, 60%).80 Phe- 
nylhydrazine has also been used as a trapping agent.81 A disadvantage of these methods is, of course, that 
the derivatives must be hydrolyzed in separate steps to free the aldehydes. An alternative additive which 
minimizes this problem is N,”-diphenylethylenediamine. This forms tetrahydroimidazole derivatives 
which are quite easily hydrolyzed to the corresponding aldehydes.8°.82 Although not developed into a 
general method, this procedure proved valuable in a specific case. Thus, hydrogenation of (3S-dimeth- 
oxypheny1)acetonitrile gave the derivative (47) in 60% yield.82 The corresponding aldehyde, obtained by 
acid hydrolysis of (47), was used for synthetic studies on yohimbane derivatives. 

n 

OMe 

For the direct conversion of aliphatic nitriles to aldehydes, the best ‘nonhydride’ method appears to be 
that of F i s ~ h l i . ~ ~  The nitrile is treated with a large excess of activated zinc and a catalytic amount (0.1 
equiv.) of aquocobalamine in acetic acid/water (4:l) at room temperature for several hours. Using this 
method, a variety of aliphatic aldehydes were obtained in yields which were generally very satisfactory. 
As examples, the aldehydes (48), (49) and (50) were produced in yields of 63%, 82% and 90%, respec- 
tively. Aldehyde (50) was also formed from the unsaturated nitrile (51) under the same conditions. The 
proposed mechanism is shown in Scheme 15, the key steps being the attack of cob(1)alamine on the ni- 
trile to give intermediate (52) and the reductive cleavage of the latter by the zinc. It was suggested that 
the product aldehyde was not reduced because the adduct between itself and cob(1)alamine is, for elec- 
tronic reasons, less stable than (52). 
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R- CN 
I 

aquocob"'a1amine + Zn .-fNH (52) 

co"' 

cob'alamine n 
H,O R 

R-CHO h H *  
Scheme 15 

A method which is apparently of greater theoretical than synthetic interest is the use of photochemi- 
cally generated solvated electrons to reduce aromatic nitriles to aldehydes. If 3- or 4-cyanophenolate ions 
are irradiated at 254 nm, the corresponding aldehydes are obtained in 67% and 62% yields, respective- 
ly.84 It appears that the absorption of a photon by the phenolate ion results in the generation of a solvated 
electron, which then reduces the nitrile (although the ultimate source of the reducing equivalents is not 
clear). The solvated electrons can also be generated from added iodide ions. Unfortunately, neither vari- 
ant of the reaction gives useful yields with other substrates. 

Finally, there have been several investigations into hydride transfer from Grignard reagents to nitriles, 
giving iminomagnesium complexes, and thus (after hydrolysis) aldehydes. Initially this type of method 
appeared to be of little use, being restricted to hindered tertiary nitriles and not especially successful even 
then.85 However, it has been reported recently by Chinese workers that the addition of titanocene di- 
chloride improves matters considerably, allowing the synthesis of aldehydes from nitriles and isopro- 
pylmagnesium bromide in yields of 52-68%.86 

1.12.9 IMIDOYL CHLORIDES 

One of the classical reductive aldehyde syntheses is the Sonn-Muller reduction of imidoyl 
~ h l o r i d e s . ~ ~ , ~ ~  The method is closely related to the Stephen reduction described in the previous section. 
As shown in Scheme 16, substrates (53) may be prepared either by the treatment of anilides with phos- 
phorus pentachloride or sulfinyl chloride, or less usually via the Beckmann rearrangementag8 They are 

* R 4 P h  
PC15 .i;" 

or SOCI, N-Ph N 
R 4 O  

N-Ph 
HO' 

H (53) 

SnCI,, HCI, Et20 

t 

* R-CHO R\\ + H 2 0  
N-Ph 
H' 
(54) 

Scheme 16 
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then reduced with the same reagent as used in the Stephen reduction (Le. tin(I1) chloride/HCl/ether) to 
give iminium ions (54) which are hydrolyzed to aldehydes. 

The method cannot be applied generally to the synthesis of aliphatic aldehydes, but for aromatic alde- 
hydes and cinnamaldehyde the yields are good (Table 13). An example, the synthesis of o-tolualdehyde, 
is given in the l i t e r a t~ re .~~  A variant which has proved successful for cY,P-unsaturated aliphatic aldehydes 
is the use of chromium(I1) chloride.g0 However, as exemplified in Table 13, the yields are only fair. 
Moreover, there appears to be some question as to exactly how the reagent should be ~repared.3~ 

Table 13 Aldehydes Synthesized by the Reduction of Imidoyl Chlorides using SnCl2 (Sonn-Muller) or CrC12" 

Aldehyde Reducing agent Yield (%) 

o-Tolualdehyde 
3,s-Dimethoxybenzaldehyde 
p-( Phenylsulfony1)benzaldehyde 
Cinnamaldehyde 
2-Hexenal 
6-Methyl-1 -cyclohexenal 
5,9-Dimethyl-2,4,8-decatrienal 

SnC12 
SnC12 
SnC12 
SnC12 
crc12 
Crclz 
crc12 

80 
86 
51 
92 
50 
60 
30 

Two alternatives to the Sonn-Muller have been published in recent years. In the first, due to Alper and 
Tanaka, an aromatic imidoyl chloride (55) is reduced with the [HFe(C0)4]- ion (equation 7) to give a 
mixture of imine (56) and amine (57).91 For most of the substrates tried R was aromatic, and overreduc- 
tion to (57) was the predominant outcome. However, in one case an aliphatic R group was used (R = 
Bun, Ar = Ph), and this gave a clean reduction to the corresponding imine (56) in 71% yield. More re- 
cently it was shown by Tanaka and Kobayashi that imidoyl chlorides could be reduced to imines using 
catalytic hydrogenation, with a soluble palladium complex as catalyst precursor (equation 8)?2 Although 
the variation of R' in their substrates (58) was somewhat limited, fair to good yields were obtained for R1 
= Ph, But and 2-thiophenyl, and the method appears potentially useful. 

* RI4?-" '  
N-RZ H,, [PdC12(PPh,)2], Et3N 

c1 
R1 -f 

H benzene, 120 "C, 2-9 h 

(58) 

Finally, treatment of amides with phosphorus oxychloride gives Vilsmeier complexes, which are often 
formulated as N-alkylated imidoyl chlorides (59). Irrespective of their precise nature?3 it has been found 
that they can be converted very efficiently to aldehydes by reduction with zinc followed by aqueous 
work-up (Scheme 17). Although the method has only been used for benzaldehyde and a number of 
chlorinated and brominated analogs, the yields reported are consistently high (87-97%)." 

ii, iii 

t 
R- CHO 

i, POCl,; ii, Zn dust; iii, HzO 

Scheme 17 
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1.12.10 AMIDINES, IMIDATES AND THIOIMIDATES 

Amidines are apparently rather good substrates for selective one-electron reduction to aldehydes. As 
early as 1908, Merling obtained good yields of some fairly complex aliphatic aldehydes by reduction of 
the corresponding NJV-diphenylamidines using sodium in ethanol.95 As an example, amidine (60) was 
converted into aldehyde (61) in 6&70% yield. 

The method was not generalized, however, and was largely ignored until reinvestigated by Birch and 
coworkers?* who got rather better results using liquid ammonia as the solvent (retaining some ethanol as 
a proton source), provided the substrate was soluble therein. N-Unsubstituted amidines were thus 
preferred. As can be seen in Table 14, good yields could be obtained with both aromatic and aliphatic 
amidines. Presumably the geminal diamines (62) are intermediates (Scheme IS), and are stable under the 
reaction conditions, in contrast to the hemiaminal intermediates (27). 

2e- H,O work-up 
R q N R '  P -(",I - R-CHO 

N H R ~  2H' N H R ~  

(62) 

Scheme 18 

Table 14 Amidines Reduced to the Corresponding Aldehydes by Sodium and Ethanol in Liquid Ammonias2 

Amidine Yield of aldehyde (%) 

Benzamidine 100 
Acetamidine 53 
Hexanoamidine 91 
Phenylacetamidine 91 

The selective reduction of cyclic imidates (63) to the aldehyde oxidation level has been demonstrated 
by Shono et ~ 1 . ~ ~  As shown in Scheme 19, the imidate is first alkylated on nitrogen and then reduced 
electrolytically in DMF in the presence of methanesulfonic acid. Unfortunately the scope of the method 
is unclear, as the main purpose of the work was to generate intermediate (64) in the presence of alkyl- 
ating agents, leading to 2,2-disubstituted imidazolidines. Nonetheless, it was reported that decanal and 
dodecanal could be obtained in 82% and 70% yields, respectively. 

Scheme 19 

The reduction of thioimidates to the aldehyde oxidation level can be accomplished with aluminum 
amalgam. The reaction has not been investigated as a general method, but was developed to solve a spe- 
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cific problem. Thus, amide (65) was converted to thioimidate (66), which was reduced to (67) in 38% 
yield (Scheme 20).97 Although the yield was moderate, the method succeeded in a molecule with a fairly 
high level of functionality. 

i, ii ,  iii  ~ HOq-% IV .  v - 
Me0 \ Me0 

0 0 

(66) 

BzoqL 
(65) 

Me0 Hoq=-= \ 

0 

(67) 

i ,  (P-MeOC6H4PS2)2, benzene; ii, Mel; iii,'K2C!03, MeOH; iv, AI/Hg, aq. THF; v, HgCI2, MeOH 

Scheme 20 

1.12.11 THIOAMIDES, THIOESTERS AND DITHIOESTERS 

It has been reported from two laboratories that thioamides can be reduced to aldehydes by Raney 
nickel. Brovet found that thiobenzamide and thio-p-toluamide gave the corresponding aldehydes in 
yields of 77% and 42%, respectively (as 2,4-dinitrophenylhydra~ones)?~ In contrast, Cronyn and 
Goodrich found that thiobenzamide gave poor yields, but that thiobenzanilide, p-methoxythiobenzanilide 
and p-hydroxythiobenzanilide gave yields in the range 78-96% (as 2,4-dinitrophenylhydra~ones)~~ using 
Raney nickel which had previously been deactivated by boiling in acetone. Application of the method to 
aliphatic thioanilides was less successful, the yields being reduced to ca. 30%. 

Recent work by Voss and coworkers has shown that tertiary thioamides,'" thioesters'"' and dithio- 
esters'0'+102 can all be reduced electrochemically to the aldehyde level in the presence of alkylating 
agents. The process is summarized in equation (9). The cleanest and most efficient of the reactions ap- 
pears to be that of the thioamides (68; X = NR22), using anhydrous acetonitrile as solvent and simple 
alkyl bromides (e.g. EtBr, Bu'Br) as alkylating agents.'" Although the method was only demonstrated 
for (68; R = Ph and o-CIC~H~), the yield of a-amino sulfides was 95% in both cases. 

- R q S R '  
2e-, 2Hf 

R q s  + R ' Y  
X 

(68) 
-HY 

X 
(69) 

X = NR2,, OR', SR2; Y = leaving group 

Dithioesters can be reduced in anhydrous acetonitrile1°1*102 or in methanol,Io2 the best results being ob- 
tained with dimethyl sulfate as alkylating agent. The most convenient procedure involves a simple elec- 
trolysis cell with a lead cathode and methanol as solvent.Io2 Eight substrates (68; X = SMe) were tested, 
with R equal to phenyl, chloro- and methoxy-substituted phenyls, and t-butyl. Unlike the corresponding 
reductions of thioamides, the reactions were not entirely clean and gave substantial amounts of side pro- 
ducts such as (70). The product dithioacetals (69; X = SMe, R' = Me) were formed in yields of 4060%. 
On two of the substrates, better yields (ca. 70%) could be obtained in anhydrous acetonitrile, but a more 
sophisticated apparatus was required.Io2 One enolizable substrate (71) was tested, but the yield was only 
3O%.lo1 
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Finally, the thiobenzoate (72) was also subjected to electrochemical reduction-alkylation.loI This 
reaction was still less successful, possibly because of the strongly negative reduction potential of the 
substrate. The expected monothioacetal product was formed, but only in 25% yield. 

SMe 
Ph -(’ 

O M e  
Ar)_=( Et qS 

S M e  MeS Ar  

(70) (71) (72) 
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1.13.1 1NTRODUCTION 
Clemmensen reduction has long been known to convert a 

carbonyl function to the corresponding methylene group in strongly acidic conditions. This method can- 
not be utilized for an acid-labile compound, but is complemented by Wolff-Kishner reduction and re- 
lated reactions which are carried out in basic media (Chapter 1.14, this volume). Electrochemical 
reduction is similar to Clemmensen reduction in its reaction mechanism, wherein two electrons are trans- 
ferred in a stepwise manner to the substrate from the surface of a cathode instead of from the zinc metal. 
Both methods are able to reduce both conjugated and nonconjugated C = O  functions to the correspond- 
ing methylene groups. Except for some special cases, the utility of the remaining reduction methods is 
limited to aromatic aldehydes and ketones, where a rather stable carbocation conjugated to the aromatic 
ring is presumably formed as an intermediate. 

Of a variety of reduction 

307 
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1.13.2 DISSOLVING METAL REDUCTION AND RELATED REACTIONS OF 
NONCONJUGATED AND CONJUGATED ALDEHYDES AND KETONES 

1.13.2.1 Reduction with Alkali Metals in Liquid Ammonia 

It has been known since the early part of this century that reduction of benzophenone with sodium in 
liquid ammonia affords diphenylmethanol via a ketyl intermediate," and Hall et al. have shown more re- 
cently that aromatic aldehydes and ketones can be reduced with lithium in liquid ammonia to the corre- 
sponding methylene derivatives (equations 1-3).5.6 

+ alcohol + dimer dFa 99% 
0.5% 0.5% 

( 1 )  

0 

+ alcohol - 
\ / 3% 

97 % 

CHO 

+ 5 +  
R R 

R = But; 89%, to1uene:dimer = 94:2 
R = Pr'; 90%, to1uene:dimer = 98:2 

(3) 

As indicated in Scheme 1, the reaction mechanism is similar to that of Birch reduction, and an alcohol 
intermediate has to be passed through. Therefore, while activated alcohols such as benzyl alcohols and 
their derivatives can be reduced under these conditions, reduction of aliphatic alcohols carrying no acti- 
vating group does not take place. 

0- OH 

Scheme 1 
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In the case of cyclopropyl derivatives, although cyclopropyl methyl ketone gave a mixture of pentan- 
2-one and pentan-2-01, cyclopropyl phenyl ketone afforded cyclopropylphenylmethane or cycloprop- 
ylphenylmethanol depending on the method of quenching (Scheme 2).7 

0 7 55% 

OH 

i, Li/",; i i ,  NH4C1; iii, NaOBz 

Scheme 2 

In comparing aromatic aldehydes with aromatic ketones, the former are reduced faster than the latter. 
Thus, the presence of a trace metal such as cobalt or aluminum affected the reaction rate in the case of 
ketone derivatives, but this was not appreciable in the case of aldehyde derivatives, which react too fast. 
Also, the formation of dimeric by-products is much easier in the aldehyde case than the ketone. To pre- 
vent this dimerization, the addition of a proton source such as t-butyl alcohol is e f f e c t i ~ e . ~ , ~  

1.13.2.2 Clemmensen Reduction 

Clemmensen reduction is one of the most powerful reduction methods in organic synthesis, and many 
reviews have been pub l i~hed .~ ,~ -*~  Generally, zinc amalgam and highly concentrated hydrochloric acid 
under reflux are employed to suppress the formation of by-products such as alcohols, dimerization pro- 
ducts including pinacols, and related compounds. However, among several modifications of this syn- 
thetic procedure, the method using zinc powder in acetic anhydride or ether saturated with hydrogen 

is recommended for its mild conditions (0 "C, 1-2 h), and is available for reductions of al- 
dehydes and ketones in molecules carrying such functional groups as cyano, acetoxy, phenol ether and 
alkoxycarbonyl, as described later. 

The reaction mechanism of Clemmensen reduction has not completely been clarified, but i t  is well 
known that the alcohol is not an intermediate. As summarized in Scheme 3,8*14 the reduction is thought to 
occur on the zinc metal surface, and involves protonation of the carbonyl function and a concomitant 

HO OH + 
OH - R+R 

Zn - 
R' R' R R 

pinacol 

i Zn 
R + R  1' 

R I+ - R  

I 
(B) 

Zn H 

c-- +H+ R + R ~  - R + R ~  
-HzO 

OH OH 
(A) alcohol 

H H 

Scheme 3 



310 Reduction of C=X Bonds 

electron transfer process to give an organozinc intermediate (A). Further protonation of (A) followed by 
abstraction of water and stepwise electron transfer yield a carbanion (B), which traps a proton, and in the 
final stage the corresponding methylene group is formed by exchange of the zinc with another proton. 

One possibility in the case of benzaldehyde (Scheme 4) is that reduction proceeds via a carbene or car- 
benoid intermediate, which can be trapped by an alkene to give a cyclopropane (1) under aprotic condi- 
t i o n ~ . ! ~  

- ph41 PhCHO 

(1) 

PhCH: 1 

1 
Scheme 4 

Because of carbonium ion generation, aromatic aldehydes and ketones can usually be reduced more 
easily than the corresponding aliphatic compounds. However, a modified Clemmensen reduction is an 
effective method to reduce isolated aliphatic carbonyl groups directly to methylene groups, and typical 
examples are shown in equations (4)-(6).I 1 9 1 3 ~ 1 6  

ZnMCl (gas) in ether 

8244% 
H H 

0 

/-- 

0 

Zn/HCI (gas) in Ac20 -& (ref. 13) (5) 

AcO 70% 
H 

I 
AcO- 

H 

6C-679~ * M e O D  HO 
(ref 16) (6)  

M e o ~ c H o  Zn/Hg, HC1 

HO 

In deuterium-labeling experiments, 4,4-diphenylcyclohexanone (2) reacted with zinc dust/deuterium 
chloride (prepared from trimethylchlorosilane and deuterium oxide), and gave 4,4-dideuterio- 1,l -diphen- 
ylcyclohexane (3) as the major product (isotopic purity of 81% dz, 10% d, 6% d3 and 3% dq; equation 
7),8 while the ketone (4) was converted to (5) in 83% isotopic purity, along with the trideuterio com- 
pound (17%), under rather vigorous conditions (equation 8).” 
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* Y Zn, Me,SiCI, D,O 

0 O C  to r.t. 

D D  0 pG (2) (3) 

OH 
I I  

ZnMg, 
AcCI, D20, reflux temp. 

31 1 

(7) 

(4) 

In conjugated carbonyl systems, the usual Clemmensen conditions may give rise to reduction and 
isomerization of the C 4  double bond. When treated with zinc powder in acetic anhydride saturated 
with hydrogen chloride, cholest-I-en-3-one (6; Scheme 5 )  is converted to a mixture of cholestane (7; 30- 
32%). 3-acetoxycholest-2-ene (8; 10-24%) and cholestan-3-one (9; 3040%). I 2  

Scheme 5 

The reaction may include a cyclopropanol intermediate derived from an anion radical, as seen in the 
reduction of cyclohexenones under Clemmensen conditions to afford ring-contracted cyclopentanones 
along with cyclohexanone derivatives. lo Thus the diastereomeric cyclopropanol acetates (12) and (13) 
can be obtained in different ratios from both (10) and (11) (12/13 = 3 from 10, 12/13 > 100 from 11; 
Scheme 6).18 
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Zn, Ac20, HCI (gas) 
H 

0 
(10) 

OAc OAc 
(12) (13) 

0 
(11) 

Scheme 6 

A typical dimerization reaction in a conjugated system has been found on reduction of the octalone 
(14) with zinc amalgam in concentrated hydrochloric acid under reflux, which gave a geometrical mix- 
ture of the dehydro dimers (3040%) along with octalin (15; equation 9).19 

ZRMg, HCI 

0 

&+I--'-i-: / 
(9) 

Reduction of 4,4-diphenylcyclohex-2-en- 1 -one with zinc dust in hydrogen chloride in aprotic solvents 
affords different reduction products, depending on the acid concentration. Thus, on using excess hy- 
drogen chloride the reaction proceeds exhaustively to give 1,l -diphenylcyclohexane, while a dimeric 
product is obtained with only 3 equiv. of hydrogen chloride, which permits organozinc intermediates 
enough time to undergo the coupling reaction (Scheme 7)? 

i 

pQ - p?5 ph i i  
c- 

0 

rm Ph 

i ,  excess HCI (gas), Z n  in Et20, i i ,  3 equiv. HCl (gas), Z n  in THF 

Scheme 7 

In the case of derivatives carrying two carbonyl functions stereochemically close to each other, Clem- 
mensen reduction affords an interesting product distribution, passing through characteristic intermedi- 
ates. lo In the case of 1,3-diketones, a cyclopropanediol is involved, similar to the cyclopropanes formed 
from conjugated carbonyl systems.20 For instance, 5,5-dimethylcyclohexane- 1,3-dione (16) is converted 
into 2,4,4-trimethylcyclopentanone (17) as the major product (equation 

Similar rearranged products can be seen in the Clemmensen reduction of many cyclic and acyclic 
compounds carrying the 1,3-diketone s y ~ t e m . ~ ~ ~ ~  The intermediacy of a cyclopropanediol derivative was 
established by Curphey et al., who showed that the cyclopropane diacetate (19) can be obtained in high 
yield by reaction of (18) with zinc dust in acetic anhydride and hydrogen chloride, as well as by electro- 
lysis.22 The diketone (18) gives a mixture of rearranged products (20 and 21) under normal Clemmensen 
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conditions using hydrochloric acid.23 Reduction of cyclopentane- 1,3-dione derivatives did not afford any 
ring contraction product because of the highly strained structure of the bicyclo[2.1 .O]pentane- 1 ,Cdiol 
intermediate. I o  

With lP-diketones the distribution of the reduction products is dependent on the stereochemical situ- 
ation of the two carbonyl functions.1° In acyclic derivatives, with no stereochemical interaction between 
the two carbonyl functions, the ketone groups are independently reduced to give methylene products in 
the usual manner. On the other hand, cyclic 1 ,Cdiketones react differently. For example, cyclohexane- 
1 ,Cdione (22) suffers ring opening to give hexane-2,5-dione and hex-5-en-2-one derivatives, and pro- 
ducts of further reduction are also detectable (equation 11). A lP-diketone (23) in which the two 
carbonyls are stereochemically close, gave the diketone (24) under relatively mild conditions (Zn/AcOH, 
25 T ) ,  formed by the same C-C bond cleavage as seen in cyclohexane- 1 ,4-dione. Under Clemmensen 
conditions this derivative was then converted to cyclobutane-l,4-diol (25; equation 12) in 98% yield, 
which is closely related to the aforementioned cyclopropanediol intermediate.24 4 Zn/Hg,HCl- 6 + 

( 1  1 )  

0 0 0 
(22) 

1.13.3 METAL HYDRIDE REDUCTIONS OF AROMATIC ALDEHYDES AND KETONES 

1.13.3.1 Reduction with NaBH4, LiAIH4 and Related Reagents 

Generally, on using metal hydride reagents, reduction of the carbonyl group to the corresponding 
methylene involves two steps: at the first stage, metal hydride addition permits the formation of an 
alkoxide intermediate, which on quenching gives an alcohol product as shown in alkyl ketones and alde- 
hydes. In aryl systems, however, abstraction of the oxygen can occur in a second stage to generate a car- 
bonium ion stabilized by delocalization. Further hydride addition to the carbonium ion then gives the 
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methylene derivative. For this reason, reduction of carbonyls with metal hydrides to the corresponding 
methylene compounds is limited to aryl aldehydes and ketones (Scheme 8). 

M-H 
(OM- 

d R  / 
d ’ R  / - &: / - d R M - H  / - $: / 

R = alkyl, aryl 
Scheme 8 

Hydrogenolysis using lithium aluminum hydride under reflux without any additives requires the 
presence of strongly electron-donating groups such as alkoxy, hydroxy, and amino groups at the orrho or 
para position to the carbonyl substituent in the aromatic system (equation 13).25+26 

/ I  I CHO 

NMe2 NMe2 NMe2 

Similarly reduction of 0- or p-hydroxy-substituted aryl ketones with NaBH4 in refluxing aqueous 
NaOH solution2’ gives rise to an intermediate methylene quinone (26), which is further reduced to the 
desired methylene product (equation 14). When the hydroxy group is situated only at the meru position, 
there is no possibility to make such a methylene quinone intermediate, and the corresponding benzyl 
alcohol (27 )’is formed (equation 15). 

NaBH,, aq. NaOH 
reflux temp. 

96% * 

OH 0 

HO ql 
0 

There is evid n 

c 

NaBH,, aq. NaOH 
reflux temp. 

92% HO 
OH 

(27) 

(14) 

OH 

e that acyl protection of an o-phenolic group improves the yield f the c rresponding 
methylene compound, and this method has been utilized for the reduction of flavanones to f l a v a n ~ . ~ ~ . ~ ~  

Methods using sodium cyanoborohydride in acidic  solvent^^^^^' are also applicable for ketone reduc- 
tion. tern3 and his coworkers postulated that sodium bis(methoxyethoxy)aluminum dihydride in xylene 
at ca. 140 0C32-36 has a nearly equal effect compared with lithium aluminum hydride. The rather drastic 
conditions allow the cleavage of phenyl benzyl ether, and this alternative deprotection method was used 
in the synthesis of pentazocine (28; equation 16).3’ 

Lithium aluminum hydridebewis acid reduction of aryl aldehydes carrying electron-donating groups 
at the orrho and/or para position proceeds even in ether under reflux within a short period, to give the 
corresponding methylene derivatives. Both diary1 and alkyl aryl ketones, with or without such substi- 
tuents, can be reduced in the same way.3842 It should be noted that the active species in this system may 
be AIH3 or AICI.,H,, generated from the 1:1-1:3 mixture of LiAIH4 and AICI,. A related reduction with 
NaBHJAIC13 has also been rep0rted.4~ 

Brewster et ul. have investigated reductions of a,&unsaturated carbonyls with a 1:3 mixture of 
LiAIH4/AIC13. The reduction is closely similar to the results mentioned above, with an allyl cation inter- 
mediate trapped by hydride attack to afford an alkenic product. As seen in equations (17) and (181, 
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benzylidenecyclohexanone (29) gave benzylidenecyclohexane (30) and benzylcyclohex- 1 -ene (31) in a 
ratio of 7:3, and optically active carvone (32) afforded racemic limonene (33) through a symmetrical 
allyl cation intermediate?’.42 This reagent was also used for reduction of steroidal unsaturated ketones, 
where the proportions of the various reduction products varied with the stability of the intermediate car- 
bonium  ion^.^,^^ 

Li AlHdAICI,, 
<35 “C 

88% 
c 

(29) (30) 70% (31) 30% 

Although the mechanism is still uncertain, alkyl aryl ketones with a variety of substituents can be re- 
duced with LiAI&/P214 in refluxing benzene.46 Similarly, under very mild and rather neutral conditions 
(NaBH4PdC12, r.t.)$’ alkyl aryl or diaryl ketones are converted to the corresponding methylene deriva- 
tives without affecting an ester function. Similarly, aryl aldehydes in indole derivatives can be reduced to 
a methyl group using NaB&/10% Pd-C in boiling isopropyl 

Reduction of diaryl ketones carrying functional groups at the para position can also be performed with 
NaBH4/TFA even in the presence of an electron-withdrawing group such as an alkoxycarbonyl, nitro, or 
cyano g r o ~ p . ~ ~ , ~ ~  A similar reagent system, NaBH4DF3.0Et2, was used for the reduction of indole deri- 
vat ive~;~’  however, the active species might be an electrophilic borane derivative, as discussed in Section 
1.13.3.2. 

Sodium cyanoborohydride/zinc iodides2 can also reduce aryl ketones, including indoles and flava- 
nones, to the corresponding methylenes in moderate yields, which depend on the aromatic substituents. 
For example, electron-withdrawing groups at the ortho and/or para positions depress the yields, whereas 
electron-donating groups give high yields. Lau and coworkers have proposed that this reaction may pro- 
ceed by single-electron transfer, as shown in Scheme 9.s3 

1.13.3.2 Reduction with BH3, DIBAL-H and Related Reagents 

Diborane has been known to be an effective reagent for reductions of aldehydes and ketones to borate 
esters, which give alcohols on quenching. In the case of aryl carbonyl functions, reduction with this elec- 
trophilic reagent is closely related to those mentioned .in Section 1.13.3.1. For further reduction of the 
borate ester to the corresponding hydrocarbon, elimination of the borate anion demands acceleration by 
electron-donating substituents at the ortho or para positions in the aromatic system, or else BFs.OEt2 is 
needed as an additive, except for highly activated  case^.^^^^^ For this reason, in situ generated diborane, 
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. ZnI2 o’ ZnI 
M - H  + *  *H H OZnI 

___) 

Phx R 
+ M-H -.-- 

Ph Ph 

PhyRH 

H H  

Phx R 

H I  

Phx R 

&-(H 
R Ph 

Scheme 9 

still containing BF3.OEt2 and NaBH4, may be the method of choice. Thus, substituted benzophenone 
derivatives were cleanly reduced to the corresponding hydrocarbons in high yields (equation 19), and 4- 
dimethylaminobenzaldehyde afforded 4-dimethylaminotoluene in 95% yield (equation 20). 

& - BH3 fi 
R / ‘ R  R / ‘ R  

R = NMe,, 90% 
R = OMe, 95% 

CHO 

95% 

NMe2 NMe2 

(20) 

In the case of anisaldehyde, however, different results were obtained: on treatment with in situ gener- 
ated diborane, the aldehyde gave a complex mixture including polymerized products derived from the 
cation (A), and p-methoxytoluene was not obtained (Scheme 

Xanthone (34) and thioxanthone (35) are smoothly reduced with diborane in tetrahydrofuran at 0 “C to 
give the corresponding xanthenes (36 and 37). The ease of this reaction is explained by the formation of 
a stable xanthonium ion (38), generated by elimination of the borate ion (Scheme 1 

The BHdBF3.OEt2 reagent reduces not only aryl ketones and aldehydes, but also cyclopropyl aryl or 
dicyclopropyl ketones to the methylene compounds without opening or rearrangement in the cyclopropyl 
unit (equation 21).s4 

t-Butylaminelboranelluminum chloride has been reported to reduce aryl ketones and aldehydes to the 
corresponding methylenes without any effect on aliphatic and aromatic chloro or bromo substituents 
(equations 22 and 23). However, this reagent cannot be used for carbonyl compounds carrying such 
functional groups as acetoxy, alkoxycarbonyl and nitro groups, because of their easy red~ction.~’ 

During alkylation studies on 3,6-diethoxyxanthen-9-one (39), stepwise addition of diisobutylaluminum 
hydride and triisobutylaluminum in hexane yielded 3,6-diethoxyxanthene (40) in 75% yield, although on 
using these reagents separately the yield of (40) was much less, as shown in Scheme 12.58 
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I tx (OBR2 + -0 BH3 

OMe 

& 
( 3 4 ) X = O  
(35) x = s 

\ 

OMe OMe + 
(A) X = OBR2 or H 

and related oligomers eoMe OMe / \ 

Scheme 10 

H H  
BH3 in THF, 0 OC 

( 3 6 ) X = O  
(37) x = s 

/ 
H-BH2 

\ 

(38) 
Scheme 11 

BU'NH~*BH~AICI~ ,  
CH,C12,22 OC 

CI 77% 

317 

(22) 

BdNH2*BHdAICI,, 

- (23) 
Br CH,C12,22 "C 

M e 0  86% M e 0  

1.13.3.3 Ionic Hydrogenation 

Ionic hydrogenation is the noncatalytic addition of hydrogen to carbonxarbon or carbon-heteroatom 
double bonds, and the hydrogenolysis of carbon-oxygen or carbon-halogen single bonds. Thus, the con- 
version of aldehydes and ketones to the corresponding hydrocarbon is one of its many manifesta- 
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Et0 OEt Et0 
(39) (40) 

Bui2AIH, then Bui3AI 75% 
Bui3A1 50% 
B U ~ ~ A I H  52% 

Scheme 12 

- 

33% 
- 

ti on^.^^.^^ The reduction of the carbonyl system (Scheme 13) involves repeated protonation and hydride 
addition, and proceeds by way of an alcohol or its derivatives, which with some alkyl aldehydes and 
ketones can be isolated. From this viewpoint, ionic hydrogenation shows the same features as the other 
metal hydride methods, in which the ease of oxygen abstraction by electron-donating ortho or para sub- 
stituents in the aromatic ring facilitates the reduction of aryl aldehydes and ketones. In this noncatalytic 
hydrogenation dimeric ether products are obtained as by-products, when the alcohol intermediate reacts 
with the starting material to form a hemiketal, which undergoes further protonation, dehydration, and hy- 
dride addition. Thus, benzaldehyde on ionic hydrogenation yielded dibenzyl ether in 80% yield.6' This 
reduction is comparable with the conversion of ketals to ethers, which involves the formation of an al- 
koxy carboxonium ion followed by hydride addition.59@ 

+ 
H- - H- HO H H+,-H20 + 1 -  ,"X",. H+ JR, --t 

R i R' R R X  R' R + R' 

R R' = =H, aryl, aryl, alkyl alkyl 

R:/ + 
H H- RyOy;, 

R H  
C "'y0yR _c H 

"'yay ;, H', -H,O 
H 

R OH R R' 

Scheme 13 

Many acids, including Lewis acids, have been examined for their effect on the product distribution, 
whereas silanes, usually triethylsilane (EbSiH), are invariably the hydride donor, because acids do not 
react rapidly with silanes like Et3SiH. In the original reagent combination, Et3SiH/TFA,6'4 reduction of 
alkyl aryl or diaryl ketones to the hydrocarbon has nearly no limitation, whereas alkyl aldehydes and 
ketones generally afford the corresponding alcohols or the symmetrical ethers. However, reduction of 
aryl aldehydes is affected by the aromatic substitution pattern: electron-withdrawing groups such as NO2 
and CN impede the second step, and yield the corresponding alcohols or ethers. Cyclopropyl phenyl ke- 
tone (41) can be reduced to cyclopropylphenylmethane (42) under these conditions, but ring opening also 
occurs, affording phenylbutane (43) as a by-product. Cyclobutyl phenyl ketone (44) gave cyclobutyl- 
phenylmethane (45), coupled with cyclopentane derivatives (46 and 47) derived from ring expansion of 
the carbenium ion intermediate (Scheme 14).64 

Anthraqui- 
none derivatives also react with EtlSiHnFA to afford the corresponding hydrocarbons, while p-quinone 
was converted to hydroquinone in 98% yield.67 

The system consisting of gaseous BFdEt3SiH has been r e p ~ r t e d ~ ~ . ~ ~  to reduce aldehydes and ketones; 
thus benzaldehyde was reduced to toluene in 52% yield. In alkyl carbonyl compounds, aldehydes afford 
the corresponding alcohol products, whereas ketones, such as undecan-2-one and cyclohexanone, are 
readily converted to the hydrocarbons in high yields. On reduction with limited amounts of both reagents 
these alkyl ketones were reduced to the alcohols, indicating the intermediacy of the corresponding borate 
ester. In the case of aromatic compounds, aryl aldehydes and diaryl and alkyl aryl ketones are reduced to 

Aryl vinyl ketones undergo reduction exhaustively to give arylpropanes in high 
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Et3SiH, CF3C02H H H  
* Ph\ i- phw 

(42) (43) 

I Et3SiH 

ph% H H  p h H 6  p h H r  

Scheme 14 

the corresponding hydrocarbons in high yields, except for those carrying electron-withdrawing groups 
such as NO2 and CN. 

When BF3.OEt2 was used in place of BF3, the products in many cases were alcohols or symmetrical 
ethers. However, benzophenone and acetophenone were reduced to diphenylmethane and ethylbenzene 
in quantitative yields.70 During attempts to isolate a borate ester, cyclohexene was obtained in 68% yield 
by direct distillation of a mixture of cyclohexanone, Et3SiH and B F Y O E ~ ~ . ~ ~  An analogous method using 
BFYOH~, the acidity of which is comparable to anhydrous sulfuric and hydrofluoric  acid^,^' permits re- 
ductions of adamantanone, 1-tetralone and 2-acetonaphthalene to their methylene derivatives in 78, 67 
and 70% yields, respectively, though the scope and limitation of this method have not yet been estab- 
l i ~ h e d . ~ ~  

An alternative reduction method using CF3S03H and Et3SiH has been developed.73 Diary1 ketones 
with ortho- or para-substituted groups including OH, Me, Br, F, CF3 and N02, and acetophenone-type 
ketones undergo reduction to the corresponding methylenes. However, 4,4’-dimethoxybenzophenone did 
not react with this reagent, which evidently did not attack the highly stabilized protonated carbonyl 
group. Steric effects also interfere with the reduction. Dimesityl and mesityl xylyl ketones, for example, 
were not reduced, though mesityl phenyl ketone could be reduced to the hydrocarbon. The alkyl ketones, 
cyclohexanone and 2-adamantanone afforded the corresponding hydrocarbons in quite low yields; the 
major products were their alcohols. 

1.13.4 HYDROGENOLYSIS OF AROMATIC ALDEHYDES AND KETONES 

1.13.4.1 Catalytic Hydrogenation 

Catalytic hydrogenolysis of carbonyl compounds to the hydrocarbons is a convenient method, in 
which the reaction proceeds via the corresponding alcohol. Although a variety of catalysts are known, 
this reduction is generally effective only with aromatic aldehydes and ketones. Platinum oxide is often 
used for reductions of aryl,’4 and cY,P-unsaturated carbonyl compounds.75 Depending on conditions, this 
catalyst can reduce even an aromatic system exhaustively; acetophenone for instance was converted to 
ethylcyclohexane in 84% yield.76 A benzofluorenone derivative could be hydrogenolized to the benzo- 
fluorene (89%) using 10% Pd-C in ethanol, but on quenching after consumption of l mol equiv. of H2, 
the corresponding benzyl alcohol was obtained in 93% yield.77 Deuteriation of aryl carbonyl compounds 
with dideuterium in acetic d-acid in the presence of catalytic 10% Pd-C has been carried out. Under 
these conditions, the hydrocarbon products are labeled at the carbonyl carbon atom, and if present, at the 
benzylic methylene carbon atom7* Hydrogenolysis of relatively unhindered alkyl ketones at 190 ‘C in 
the presence of Ni/A1203 afforded the corresponding  hydrocarbon^;^^ however, substrates for this reduc- 
tion are limited to relatively simple molecules, because other functional groups are sensitive towards this 
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reagent.80 As alternative catalysts, osmium on carbon,8l molybdenum trioxide,82 and iridium or rhodium 
 derivative^^^ are also applicable for reduction of aromatic aldehydes and ketones. 

Early work by Papa et al. indicated that reduction of carbonyl compounds with Raney nickel in 
alkaline solution gave the corresponding hydrocarbon or alcohol products,84 and formation of the hydro- 
carbon was only feasible in the case of aromatic carbonyl compounds at 80-90 ‘CS5 Mitchell et al. re- 
ported an improved method: under neutral conditions using W-7 Raney nickel in 50% aqueous ethanol, 
aryl aldehydes, alkyl aryl and diary1 ketones can be reduced to the methylene products in high yields.86 
Aromatic substituents such as nitro, cyano and halogen also suffer reduction under these conditions. 

1.13.4.2 Hydrogen Transfer Reduction 

Catalytic hydrogen transfer reduction is well known as a powerful method, not only for deprotection of 
benzyl ethers,*’ but also for the reduction of functional Reduction of carbonyl compounds pro- 
vides either the corresponding alcohols or, particularly in the case of aromatic derivatives, the hydrocar- 
bons. Brieger et al. found that reduction of aryl aldehydes and ketones to the aryl methylene products can 
be realized in good yields using cyclohexene or limonene as the hydrogen donor in the presence of a Pd- 
C catalyst, coupled with a promoter such as iron(II1) chloride, aluminum chloride or even water.89 The 
intermediacy of the benzyl alcohol under these conditions was proved by trapping its derivatives; for 
example, the reduction of anisaldehyde in the presence of acetic anhydride provided p-methoxybenzyl 
acetate in 83% yield (equation 24).90 In the case of o-carboxybenzaldehyde, the benzyl alcohol inter- 
mediate had a chance to be trapped by the neighboring carboxyl group to form a y-lactone which was 
stable under the reaction conditions (equation 25). Consequently, a mixture of (48) and (49) was ob- 
tained in 45 and 35% yields, re~pectively.~~ 

cyclohexene/Ac20 10% Pd-C, FeC13 * F  
83% / 

OMe OMe 

Cyclopropyl phenyl ketone afforded quantitatively n-butylbenzene, instead of cyclopropylphenylme- 
thane, because of the reactivity of the cyclopropyl group.” In the case of 6-methoxytetralone, a dehy- 
drogenation product (50) was obtained in 20% yield together with the desired methylene compound (51) 
in 33% yield (equation 26). Because the tetraline structure of (51) can be a hydrogen donor, the newly 
formed product (51) may be consumed during the reaction; hence the formation of the naphthalene 
(50).90 

limonene 

10% Pd-C, FeC1, L a + /03 (26) 
\ \ / 

(50) (51) 
Me0 M e 0  M e 0  

The method using ammonium formate as a hydrogen donor has been reported to accelerate the re- 
action, but the selectivity of the reduction excludes nitro, halo or alkenic groups, which are reduced fas- 
ter than the carbonyl group.91 
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1.13.5 ELECTROLYSIS OF NONCONJUGATED AND CONJUGATED ALDEHYDES AND 
KETONES 

Electrolysis of carbonyl compounds provides pinacols, alcohols or hydrocarbons, depending on the 
conditions, such as pH, the nature of the electrode, and its potential.92 Fundamental studies have been 
carried out on the mechanisms of hydrocarbon formation using acetone as a s ~ b s t r a t e ? ~ - ~ ~  Although sev- 
eral electrodes, such as Cd, Pt, Pb or Zn, are recommended, carbonyl compounds, including aryl and 
alkyl derivatives, require strong aqueous acidic media for reduction to the hydrocarbons. The mechanism 
of the electrolytic reduction is probably similar to that of Clemmensen reduction, which starts from anion 
radical formation by one-electron transfer, as indicated in Scheme 3. The difference is that electrolytic 
reduction takes place in an electric double layer, rather than on the surface of the zinc metal. 

In the case of aryl aldehydes and ketones, benzaldehyde afforded benzyl alcohol as the major product, 
but acetophenone and its para-substituted derivatives carrying such groups as OMe, C1 or OH provided 
ethylbenzene derivatives in good yields. As with Clemmensen reduction, the alcohol produced in this re- 
duction cannot be further reduced, and the alcohol is not therefore an intermediate. Still uncertain in the 
reaction mechanism of electrolytic reduction, however, is the role of adsorbed hydrogen.96 

Electrolytic reduction of alkyl ketones, such as the conversion of menthone to menthane using a cad- 
mium cathode in dilute sulfuric acid, can be seen in early and electrolytic reduction of alkyl 
ketones has also been applied to such steroidal ketones as 7-0xo-y~ 12-0xo-, '~ 3-oxo- (equation 27), 19- 
oxo- and 20-oxo-derivatives~0~~~02 using Pb,w,102 Cd,Im or Hg'O' electrodes in solvents containing sul- 
furic acid. One purpose of these deoxygenations was deuterium labeling of the carbonyl carbon atom, 
and products with high isotopic purity have been obtained, except with the %one derivative which 
afforded a significant amount of d3 and d4 isotopic impurities, because of enolizable protons a to the 
carbonyl g r 0 u p . 9 ~ ~ ~ ~ ~  

Hg cathode, 
dioxane, H2S04 

97% 
* 

H 

As shown in equation (28) the 17-hydroxy group at the a position to the carbonyl group at C-20 was 
easily removed, whereas the isolated 3-hydroxy group was unaffected. This fact supports the carbanion 
intermediate in the mechanism. During these studies, it was found that alkyl aldehydes can also be re- 
duced to the corresponding methyl derivatives. 102~103 

Hg cathode, 
dioxane, H2S04 

85% 

As in the electrolysis of a-ketols, the a-amino ketone (52) was reduced using a Pb cathode in 30% sul- 
furic acid to give (53) via C(a)-N bond cleavage.'@' This reduction was extended to medium-size ring 
formation, in which the product distribution between the ring-expanded product (54) and the ring-rear- 
ranged product ( 5 9 ,  depends on the ring size of the starting material (Scheme 15).Io5-'O7 

As mentioned in Section 1.13.2.2 (Clemmensen reduction), 1,3-diketone derivatives give rise to ring 
contraction products via cyclopropanediois, which can be trapped as acetates. On electrolysis using a Hg 
cathode in the presence of acetic anhydride, the 1.3-diketone (18) afforded a mixture of stereoisomers 
(19) in 33% yield, and a similar electrolysis of (56) gave (57) in 71% yield (equation 29).22 

1.13.6 MISCELLANEOUS 

are several other methods for the reduction of carbonyl functions to the corresponding methylenes. 
In addition to the aforementioned methods and to those discussed in Chapter 1.14 (this volume), there 
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H 

& 
Scheme 15 

Hg cathode 
MeCN, Ac20 

54% 

71% - * c o y o  

The reducing ability of silicon hydride has long been known, and in Section 1.13.3.3 we discussed 
ionic hydrogenation using the triethylsilane/acid combination. In addition, diphenylsilane at high tem- 
perature without any additives converted several diary1 ketones to the corresponding hydrocarbons. For 
example, 10-thiaxanthenone could be reduced with Ph2SiHz at 260 'C to 10-thiaxanthene in 64% yield. 
A more detailed study has been carried out on benzophenone, which was reduced at ca. 260 'C to di- 
phenylmethane in 37% yield. Benzhydryloxydiphenylsilane (58) was formed at 230 'C, and this com- 
pound could be converted at 270 "C to diphenylmethane, showing that (58; Scheme 16) is an 
intermediate in this reduction. 108,109 

0 Ph2SiH2, 270 OC H H  - 
PhA Ph Phx Ph 

I t 

270 O C  I 
230 "C OSiPh2H 

(58) 

Scheme 16 

A related reduction utilizing other silicon hydrides has been investigateL by Benke~er .~~, '  lo  Aryl alde- 
hydes and ketones reacted with trichlorosilane-tri-n-propylamine to give an organosilicon derivative (59; 
Scheme 17), which on alkaline hydrolysis underwent silicon-hydrogen exchange, and consequently 
yielded the corresponding hydrocarbons. 

Reduction of aryl ketones using Ph3SnH and acetyl chloride has been reported."l The stepwise pro- 
cess is indicated in Scheme 18. Depending on the nature of the carbonyl carbon, chloride and/or acetate 
intermediates are formed, of which the latter is trapped, but the former is further reduced by the tin 
hydride. 
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- 
PhA Ph 1 .. 

(59) 

Scheme 17 

Ph,SnH Ph j R  A ~ C I  P h T R  Ph,SnH H H  

Phx R 
- - 

Ph OSnPh:, c1 
+ 

OAc 
Scheme 18 

As an application of selenium chemistry, reduction of aryl ketones with CO and H2O in the presences 
of selenium and DBU has been carried out. The reduction, indicated in Scheme 19, can be considered as 
a redox reaction by CO and H2O. This reaction proceeds in high' yield with only a catalytic amount of 
selenium. Although the reaction mechanism has not been clarified, this reaction probably involves an or- 
ganoselenium hydride intermediate (60), which is known to give the corresponding hydrocarbon under 
the reaction conditions.It2 

As a variation of the hydrogen transfer method, reduction of diaryl ketones with H2S generated from 
hydrogen and sulfur in the presence of catalytic MoS3 and p-TsOH afforded the corresponding diaryl- 
methane under high pressure and at high temperature. In this case, clean reduction is limited to ketones, 
such as diarylketones, carrying no proton CY to the carbonyl group (Scheme 20).Il3 

H2S.r HS,S H H H  S 

PhK Ph Phx Ph PhK Ph Phx Ph Phx Ph 
- ___c 

H2S HO SH 0 

Scheme 20 

Diary1 ketones, such as o-bromobenzophenone' I 4  and fluorenone carboxylic  acid^,"^."^ are reduced 
by HI and red phosphorus in acetic acid or propionic acid under reflux, giving o-bromophenylphenyl- 
methane and fluorene carboxylic acid in high yields. 

As a rather special case, alkyl aldehydes are reduced with titanocen dichloride to the hydrocarbons 
through a titanium-bonded alkenic intermediate as shown by a deuterium-labeling experiment. Thus, 
dodecanal was converted to dodecane in 71% yield, along with dodecan-1-01 in 1520% yield: alkyl 
ketones such as adamantan-2-one and dodecan-6-one afforded alcohols as the major products. No reduc- 
tion occurred in the case of aryl aldehydes where alkene formation is impossible."' 
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1.14.1 INTRODUCTION 

Since its introduction early in this century,Iv2 the deoxygenation of aldehydes and ketones to methyl or 
methylene derivatives, respectively, via base treatment of hydrazone intermediates (equation 1) has 
proven to be one of the most convenient and synthetically useful processes available for this important 
type of transformation. The reaction is termed the Wolff-Kishner reduction in recognition of the two 
original independent discoverers. 1*2 However, the initial recipes introduced proved tedious and unreliable 
with many structural, especially hindered, examples. This led to substantial efforts devoted over the 
years to developing more convenient and successful experimental procedures, resulting in a number of 
improved and more reliable modifications which are most often utilized at present. More recently, modi- 
fied procedures have been provided which utilize hydride reductions of p-toluenesulfonylhydrazone (to- 
sylhydrazone) derivatives and subsequent decomposition to release the hydrocarbon products under 
much milder and less basic conditions than those normally required for Wolff-Kishner reductions (equa- 
tion 2). 

The synthetic utility of the Wolff-Kishner reduction has been the subject of several reviews.- How- 
ever, the latest of these is over 20 years old6 and fails to incorporate adequately many of the important 
advancements which have occurred in the past 25 years. This is particularly evident regarding the emer- 
gence over the past two decades of the above-mentioned reductions of sulfonylhydrazones with hydride 
donors as alternatives to standard Wolff-Kishner conditions. Consequently, this discussion will focus 
primarily on the period since the last major review (1968): although some overlap with earlier work is 
essential for continuity and completeness. For further information and references to the older literature, 
the excellent aforementioned  treatment^^^ should be consulted. Reference 3 contains extensive tables of 
Wolff-Kishner reductions up to about 1947. 

1.14.2 THE WOLFF-KISHNER REDUCTION OF ALDEHYDE AND KETONE 
HYDRAZONES 

1.14.2.1 General Procedures and Mechanistic Aspects 

The original protocols introduced for conversion of carbonyls to hydrocarbons by treatment with hy- 
drazine and base involved the addition of the preformed hydrazone directly to hot potassium hydroxide 
(with7 or without1,8-10 added crushed platinized porous plate or palladiumbarium sulfate") at atmos- 
pheric pressure, or heating the hydrazone or semicarbazone with sodium ethoxide in a sealed tube at 
160-200 "C2 In the ensuing years many variations of these procedures were intr~duced,~ the most im- 
portant of which was the use of high boiling point solvents to alleviate the inconvenience of sealed tubes 
or solid hydroxide and still achieve the high temperature (180-190 'C) necessary for decomposition of 
the hydrazones. Thus, S ~ f f e r l * - ~ ~  and, independently, WhitmoreI4 (extending initial investigations by 
Ruzi~ka '~)  introduced the high boiling point solvents ethylene and triethylene glycols with which direct 
reductions of carbonyls were achieved via refluxing with hydrazine and dissolved sodium metal or so- 
dium methoxide. These studies set the stage for the process known as the Huang-Minlon modifica- 
ti0n~~7" and other improvements as discussed in the subsections to follow. 
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Mechanistic investigations18-21 of Wolff-Kishner reductions implicate a hydrazone (4) as the initial in- 
termediate generated from the carbonyl (1) and hydrazine or from decomposition of a preformed semi- 
carbazone (2) or from an azine (3; Scheme 1). Subsequent rapid formation of the trans-hydrazone anion 
(5) by base-induced proton abstraction is followed by a rate-determining step that is viewed as an essen- 
tially concerted proton capture at the carbon coupled with a solvent-induced proton abstraction at the ter- 
minal nitrogen (i.e. 5) to give a diimide anion (6). The process is completed by a rapid expulsion of 
nitrogen and protonation of the resulting carbanion (Scheme 1). An alkali metal hydroxide or alkoxide is 
normally employed as the basic catalyst, although with some systems (Le. fluorenones22), excess hydra- 
zine is also effective. Use of polar, aprotic dimethyl sulfoxide as solvent23 or cosolvent with protic 
media20 has been observed to increase the rate of, and greatly decrease the temperature required (from 
ca. 190 'C to as low as 25 0C)23 for, Wolff-Kishner reductions, properties attributed to less efficient sol- 
vation of anions and the enhancement of the rate of proton removal by DMS0.18,20,23,24 The greatest rate 
enhancement occurs with DMSO containing about 0.1-0.2 mol fraction of 2-(t-buto~yethoxy)ethanol~~ 
or t-butyl alcohol24 as proton sources; greater concentrations of alcohol cause rapid decreases in the 
ra tesY4 

Scheme 1 

1.14.2.2 Modified Procedures 

The success of Wolff-Kishner reductions relies on two key processes, namely the reversible reaction 
of hydrazine with the carbonyl compound, which must be driven toward hydrazone formation, followed 
by base-induced decomposition of the hydrazone to generate a diimide anion and, subsequently, the hy- 
drocarbon as depicted in Scheme 1. As expected, generation of the required hydrazones is highly de- 
pendent on the steric environment flanking the carbonyl and, consequently, much of the efforts devoted 
to improvements have focused on shifting the equilibrium toward the hydrazone by removal of water 
and/or the use of high concentrations of hydrazine. Coupled with this is the requirement to provide suffi- 
cient rates for the hydrazone decomposition step, which has generally meant modifications to provide in- 
creased reaction temperatures. 

The most successful and synthetically useful of these modifications are discussed separately in the 
subsections which follow. It should be kept in mind, however, that like most synthetic methodologies, in- 
dividual molecules often require further, usually slight, modifications so that within each category practi- 
tioners have utilized further variations as the need dictated. The most synthetically important of these 
will also be discussed. 

1.14.2.2.1 The Huang-Minlon and related modifications 

As mentioned, in 1945, Soffer et ul.129'3 and Whitmore and coworkers14 introduced the use of high 
boiling point solvents, such as ethylene or triethylene glycol, for Wolff-Kishner reductions in order to at- 
tain the high reaction temperatures necessary for the decomposition of the hydrazones. However, disad- 
vantages remained, since large excesses of sodium metal and solvent were required, coupled with the 
need for 100% hydrazine and long reaction times (50-100 h). This was primarily due to the temperature- 
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lowering effect of water produced in hydrazone formation, resulting in the necessity of vigorous condi- 
tions and long reaction times. In 1946, Huang-MinlonI6 provided adjusted reaction conditions (serendipi- 
tously)2s in which excess hydrazine and water were removed by distillation subsequent to hydrazone 
formation. This raised the reaction temperature to the required 190-200 'C and permitted the use of the 
more convenient 85% hydrazine hydrate, much less solvent and sodium or potassium hydroxide as the 
base. Reaction times were also cut dramatically to 3-6 h. Thus, in the original disclosure,16 the keto acid 
(7) was deoxygenated to (8) in 95% isolated yield (equation 3) compared to 48%2s with the Soffer proce- 
dure and 54%16 under Clemmensen conditions (Volume 8, Chapter 1.13). 

Ph :J"----m;" KOH, 195 (HOCH,CH,)O OC, 4 h 

85% NHZNH, - $J-co2H (3) 
Ph 

(9 95% (7) 

This efficient modification has become the standard general protocol for Wolff-Kishner reductions 
and has provided the basis for most further improvements introduced over the years. For instance, Lock26 
demonstrated that, for compounds sensitive to strong base, better results are obtained if the hydrazone is 
preformed by refluxing the carbonyl compound and hydrazine hydrate, while distilling out low boiling 
point components, followed by cooling, addition of the base and further refluxing (180-200 "C). On the 
other hand, the high refluxing temperatures usually associated with the Huang-Minion procedure are not 
always necessary and several examples (i.e. ~eratraldehyde~~) have been found which proceed well in 
the 135-160 "C range.28.29 

The Huang-Minlon modification has been employed in an enormous number of synthetic endeavors, 
full coverage of which is beyond the scope of this discussion. However, Table 1 presents a collection of 
successful conversions, mostly from recent applications, chosen to illustrate a variety of structural types. 

I S4.2.2.2 The Barton and related modifications 

In the course of applying his modification to steroid ketones, Huang-MinlonI7 observed that while car- 
bonyls at positions C-3, C-7, C- 12, C- 17 and C-20 were smoothly deoxygenated, the highly hindered 
C( 1 1)-keto site remained unaffected (see also entry 2, Table 1). To alleviate this problem, Barton and co- 
w o r k e r ~ ~ ~ . ~ ~  introduced a modification, more vigorous than the Huang-Minion process, by scrupulously 
avoiding moisture, and raising the temperature and time for the hydrazone decomposition. Thus, sodium 
was dissolved in dry diethylene glycol to generate an alkoxide base, hydrazine hydrate was replaced with 
anhydrous hydrazine, the apparatus was protected from outside moisture, excess hydrazine distilled until 
the temperature reached 210 "C, and refluxing extended for 12 h. Using this methodology, both carbon- 
yls of 7 , l l  -dioxolanostanyl acetate (9) were successfully r e ~ n o v e d ~ ~ . ~ ~  to afford (after reacetylation) la- 
nosterol in 69% yield (equation 4). The requirement of anhydrous conditions is illustrated by the removal 
of only the 7-keto group of (9) in low yield (41%) using hydrazine hydrate and KOH.47 

- C8H15 "*- anhydrous NH2NH2, Na 

Since its introduction in 1954, the Barton modi f ica t i~n~~ has enjoyed considerable utility in Wolff- 
Kishner reductions, especially with sterically hindered or otherwise relatively inaccessable ketones. A 
selection of structural examples is presented in Table 2. 

Although the Barton procedure is usually successful with hindered carbonyls, failures or low yields 
have been noted. For example, ketone (10) was recovered unaltered, a result attributed to the extremely 
hindered environment of the carbonyl (10 was also unaffected by NaBH4 and failed to give a semicarba- 
zone or 2,4-dinitrophenylhydra~one)?~ Likewise, Barton conditions failed to remove the highly hindered 
ketone in a triterpenoid (partial structure ll).49 
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Table 1 Wolff-Kishner Reduction of Carbonyls Using the Huang-Minlon Modification 

Entry Carbonyl Product Yield (%) Ref. 

0 

M@ 

HO 

&o 0 

Br 
0 

HO & 

& 
Ph w:02H 

Br & 

74 30 

62 31 

66 32 

75 33 

85 35 

75 36 

88 37 
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Table 1 (continued) 

Entry Carbonyl Product Yield (9%) Ref 

9 

10 

11  

12 

13 

14 

15 

R 

R = F, C1, S02Me, CN, NMe, 

"'"'03 

CHO I 

-& N I 

Me 

QJ&02H 3 

H 

Meom 

R 

62-94 38 

56 39 

N 
I 

Me 

H 

I .  

40 - 

85 41 

5ga 42 

59 43 

45 44 

a Viu the preformed hydrazone. 

A modification reportedly even more vigorous than the Barton procedure was introduced by Nagata 
and Itazaki50 in which large excesses of hydrazine hydrate (66-400 mol %), hydrazine hydrochloride (8- 
30 mol 9%) and KOH (20-70 mol %) in triethylene glycol are heated (130 'C, 2.5-7 h) and then distilled 
until the temperature reaches 210-220 'C and heating continued for 3-5 h. Treatment of a hindered 11- 
keto steroid (partial structure 12) under these conditionss0 afforded a 52% yield of the deoxygenated 
product, but only 36% using Barton conditions. However, reaction of the spiroketone (13) under the 
Nagata conditions afforded 100% recovery of starting material, while use of the Barton modification 
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Table 2 Wolff-Kishner Reduction of Carbonyls Using the Barton Modification 

Entry Carbonyl Product Yield (%) Ref. 

K 

%,, 

C8H17 Qp 

,:? ZH 

"o,, 

89 52 

56 53 

50 54 

62 55 

- 56 

59 57 

54 58 
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Table 2 (continued) 

Entry Carbonyl Product Yield (%) Ref. 

HO d AcO & 8 62 59 

9 46 60 

10 52 61 

n 

0 @ - 62 11 

12 
0 J i b  90 63 

OH 

\ 

HO Jp \ 
65 64 13 

15 65 14 
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Table 2 (continued) 

Entry Carbonyl Product Yield (%) Ref. 

65 66 

93 67 

~~ ~ _ _ _ _ _ _  

gave 85% of the desired hydrocarbon (14).51 Thus, the efficiencies of these modifications appear to be 
structure dependent, and the proper choice is not always evident. 

IO( b19 
(13) 

1.14.2.2.3 The Cram modifxation 

As mentioned previously, DMSO as the reaction medium provides significant enhancement of Wolff- 
Kishner reaction rates and this allows the use of much lower temperatures to effect reductions. In 1962 
Cram et u I . ~ ~  introduced the use of t-butoxide in dry DMSO for the successful reduction of preformed 
hydrazones at room temperature. Using this process, benzophenone hydrazone (15) afforded an 88% 
yield of diphenylmethane (16), along with 11% of benzophenone azine (17) as side product (equation 5 ) .  
However, maximum success requires very slow addition (i.e. over 8 h) of the hydrazone to the reaction 
solution, otherwise yields of reduced products are decreased and azine formation augmented. Thus, addi- 
tion of (15) over 0.5 h in the above reaction lowered the yield of (16) to 72%, while the yield of (17) was 
increased to 22%.23 Other successful reductions reported23 include hydrazones of benzaldehyde (67%), 
camphor (64%) and cyclohexanone (80%). 

Ph BU'OK Ph - PhAPh + A N . N y P h  ( 5 )  
Ph DMSO 

Ph 

(16) 89% 25 "C. 8 h 
99% 

Ph 
(17) 1 1 %  
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The Cram modification has not been greatly exploited in multistep synthetic endeavors, possibly be- 
cause of the above-mentioned need to preform and isolate the hydrazone intermediate coupled with very 
slow addition of the hydrazone. This latter requirement is particularly inconvenient when milligram 
quantities are involved. The aldehyde in a triterpenoid (partial structure 18) was successfully reduced to 
the corresponding methyl group using the Cram method, albeit in low yield (32%).68 Notably, the hydra- 
zone (10 mg) was not added slowly. The Cram process was not successful for the reduction of the cyclo- 
butanone ( 19y9 (the Huang-Minlon process succeeded), or the pyrrole aldehydes (20)70 and (21).71 

CHO 

In view of the observations of Szmant and  coworker^^^,*^ that combinations of DMSO and protic sol- 
vents [Le. t-butyl alcohol, 2-(t-butoxyethoxy)ethanol] provide more effective solvent systems for en- 
hancement of Wolff-Kishner reduction rates than DMSO alone, the relative paucity of possible synthetic 
applications in this area is somewhat surprising. Indeed, R a m ~ z ~ ~  successfully reduced the hydrazone of 
aldehyde (22) in 90% yield using the combination of potassium t-butoxide in DMSO containing ethylene 
glycol (at 100 "C). Further investigations concerning the synthetic utility of DMSO and protic solvent 
mixtures appears to offer significant potential. 

1.14.2.2.4 The Henbest modification 

Another lower temperature modification of Wolff-Kishner reductions was introduced by Henbest and 
coworkers73 in which carbonyl hydrazones and t-butoxide are refluxed in dry toluene ( I  I O  "C). Using 
this procedure, benzophenone hydrazone (15) afforded an 85% yield of diphenylmethane (16) in 4 h. 
Other conditions, including the use of DMSO at 40 and 100 "C, were explored, but with less success. The 
less vigorous conditions and lower temperatures appear particularly suited for carbonyl compounds 
prone to base-induced side reactions, primarily double bond migrations in a,p-enor~es'~ and functional 
group eliminations of certain a-substituted  ketone^.'^ Thus, the a-amino ketone (23) afforded an 83% 
yield of the reduced product (24),73 while standard Wolff-Kishner conditions afforded (24) in only 44% 
yield, along with the elimination products 3,3-dimethylbutene and 2-methylpiperidine in 38% yield.7s 
The Henbest modification has been used successfully to deoxygenate a variety of hydrazones, examples 
of which are illustrated in Table 3. Note that in entries 2 and 5 (Table 3), reductions were effected with- 
out concomitant migration of the a$-double bonds and the lactam functionalities in entries 7 and 8 sur- 
vived. Likewise, the dibenzocyclooctanone hydrazone (entry 4) was reduced, but elimination of the very 
labile a-hydroxy group was also ob~erved.'~ Failures with the Henbest modification have been noted 
with the cycloheptanone (25)84 and the enone (26).85 

1.14.2.2.5 Reductions of semicarbazones 

Carbonyl semicarbazones often provide suitable alternative derivatives for Wolff-Kishner reductions 
via generation in situ of the requisite hydrazone intermediates under basic conditions (Scheme 1).2 Al- 
though the process is successful under standard Wolff-Kishner conditions (i.e. sealed tube, 205 "Cx6 and 
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Table 3 Wolff-Kishner Reduction of Carbonyl Hydrazones Using the Henbest Modification 

Entry Carbonyl Product Yield (96) Ref. 

Ph 

N 4  w \ 0 

O q o H  

I- 

M e 0  
M e 0  

I 
OMe 

Cholest-4-en-3-one 

Ph 

N A  

\ 

qoH + qoH 

\ 

2: 1 

\,#' 

M e 0  Ml% OMe I 

4-Cholestene 

f 0  

M e 0  

CI 

37 76 

- 77 

94 78 

60 79 

65 73 

50 80 

91 81 

1 'H 
Ph 

1 'H 
Ph 
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Table 3 (continued) 

Yield (%) Rej. Entry Carbonyl Product 

M e 0  

8 Meow ” 
91 82 

,o 

75 83 

the Huang-Minlon modif icat ior~~~.~~),  utilization of the Henbest m~dification,’~ described in the previous 
section for hydrazones, appears to offer the most synthetic potential, especially for a$-unsaturated car- 
bonyls. Examples of successful conversions using the Henbest procedure are presented in Table 4. En- 
tries 1-5 illustrate the absence of migration of double bonds adjacent to the carbonyl under these 
conditions. Noteworthy in this regard, the a$-unsaturated enone in entry 5 afforded only the rearranged 
product (27) when reduced using Huang-Minion  condition^.^^ The Henbest procedure was unsuccessful 
in reducing the semicarbazone of 3-ketonorlongifolane (28).94 

1.14.2.2.6 Other modifications 

As noted above, certain structural types of carbonyls have been observed to be reduced to the hydro- 
carbons by excess hydrazine without the use of strong bases such as hydroxide or alkoxide. Thus, fluore- 
nones?2 benzoylnaphthalenes, benzophenone, benzaldehyde and pyrene-3-carbaldehyde are reduced in 
good yields by heating with hydrazine h ~ d r a t e . ~  In the absence of strong base, these reductions may pro- 
ceed in an alternative manner to that depicted in Scheme 1 via isomerization of the hydrazones to the 
corresponding diimides (29), which are known to degrade with expulsion of nitrogen to give hydrocar- 
bons (equation 6).95 

1.14.2.3 Scope and Limitations 

1.14.2.3.1 Chemoselectivity 

As expected, functional groups which are sensitive to the vigorous basic conditions of most Wolff- 
Kishner reduction conditions do not survive intact. Thus, esters and lactones are normally hydrolyzed to 
the corresponding acids and  alcohol^^^^^ (see, for examples, entries 4, 5 and 8, Table 2) and require 
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Table 4 Wolff-Kishner Reductions of Carbonyl Semicarbazones Using the Henbest Modification 

Entry Carbonyl Product Yield (%) Ref. 

4-Cholesten-3-one 

0 FY 
"Z,, % OHC 

/JYY0 
n 

4-Cholestene 

n 

81 73 

- 13 

85 90 

92 - 

reesterification. Likewise, amides and lactam moieties are susceptible to attack. For instance, the lactam 
substrate of entry 8, Table 3 gave a low yield (36%) of the Wolff-Kishner product along with hydrolysis 
of the lactam. As indicated, this problem may be at least partly avoided by use of the Henbest modifica- 
tion (see also entry 7, Table 3).82 It might be expected that nitriles would also be affected, but this does 
not always appear to be the case, at least with aryl derivatives (entry 9, Table l).38 Occasionally, reduc- 
tion of ketones to alcohols is 0bserved~9~ if the Wolff-Kishner reduction is not successful. Thus, com- 
pound (25) afforded a mixture of the corresponding alcohol along with starting material under Henbest 
c0nditions,8~ and a triterpene ketone (partial structure 30) gave only the corresponding alcohol, even 
under the forcing Nagata m~dif ica t ion .~~ 

Simple aliphatic halogenated compounds containing P-hydrogens are, of course, not expected to sur- 
vive since Wolff-Kishner conditions simulate typical p-elimination and substitution conditions (hot hy- 
droxide, alkoxide). An 1 1,2O-diketo- 12-bromo steroid (partial structure 31) was debrominated along with 
deoxygenation of the 20-keto group to afford the 1 1-keto derivative (partial structure 32) along with an 
unidentified isomer of (32)." The product possibly arises from attack on bromine by hydrazine to afford 
the corresponding enol, which survives and returns (32) upon protonation. Reduction of the chlorotetra- 
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cyclo derivative (33) afforded the pentacyclo compound (34 49%) resulting from internal substitution by 
the intermediate carbanion (Scheme l).97 

Although reductions of aromatic iodides and bromides have been noted,4q6 such is not always the case, 
at least with bromides (see entry 8, Table 1; the corresponding 6-bromo derivative also survived Wolff- 
Kishner  condition^^^). Aromatic chlorides are normally not affected (entries 9, Table 1 and 7, Table 2). 

Aromatic nitro compounds are reduced to amines by hydrazine in hot diethylene glycol with or with- 
out base.98 In the presence of alkali p-nitrotoluene affords the dimeric pq’-diaminostilbene, while p-to- 
luidine is obtained without the base.98 

1.14.2.3.2 Steric effects 

As previously discussed, Wolff-Kishner reductions are hampered by steric hindrance surrounding the 
carbonyl primarily due to difficulty in the requisite hydrazone formation. Forcing conditions such as the 
Barton45 and Nagataso modifications have alleviated many of the problems with hindered ketones (i.e. 
1 I-keto steroids, equation 4), but unyielding problems still remain (i.e. structures 10 and 11) requiring al- 
ternative strategies for oxygen removal. 

1.14.2.3.3 Isomerization of conjugated and other double bonds 

Subjection of a,P-unsaturated carbonyls to Wolff-Kishner conditions often leads to at least partial mi- 
gration of the double bond to give mixtures of alkene p r o d ~ c t s . ~ J ~  Such migrations are not unexpected 
since an allylic carbanion is produced, which may be protonated at two positions. Thus, isophorone af- 
fords a mixture of the alkene (35; 30%) along with the unrearranged isomer (36; 70%; equation 7).99 
This problem is at least partly alleviated by application of the Henbest modification as illustrated in Ta- 
bles 3 and 4. Thus, while the enone semicarbazone in entry 2, Table 4 afforded only the unrearranged al- 
kene using t-butoxide in toluene, conventional Wolff-Kishner conditions gave 50% of the rearranged 
isomers (37).89 

(7) 
NHZNH,. KOH 

HOCH~CHZOH 
A 

(35) 30% (36) 70% 

Rearrangements of nonconjugated alkenes have also been observed. Thus, a triterpenoid (partial struc- 
ture 38) afforded the alkene (39; 32% yield) upon reduction (Barton modification), a result attributed to 
initial base-induced isomerization of (38) to the corresponding a,@-unsaturated ketone followed by rear- 
rangement during reduction.lW 
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I J4.2.3.4 Elimination of adjacent substituents (Kishner-Leonard eliminations) 

Aldehydes and ketones bearing heteroatom substituents on the carbon adjacent to the carbonyl often 
afford alkene side products when subjected to Wolff-Kishner  condition^,^,^,^^,'^' the amount depending 
on the leaving ability and steric environment of the s~bs t i tuent .~~  Thus, a series of substituted pinacol- 
ones Bu'COCH2X (40) with X = N-piperidinyl, trimethylacetoxy, thiophenoxy and phenoxy afforded the 
elimination product 3,3-dimethylbutene in 29,52,76 and 80% yields, respectively, in approximate order 
of leaving ability. The reaction (Kishner-Leonard elimination) is depicted as proceeding either through 
the diimide anion (6a), which fragments via elimination to an alkene (equation 8) instead of continuing 
to the reduction product,75 or via a vinyl diimide (29a) as pictured in equation (9).lo2 As noted pre- 
viously, application of the Henbest modification (t-butoxide, refluxing toluene)73 lowers the tendency for 
elimination, at least for amino substituents. 

iQR Nk N2 +Rl 
H 
I--. 

Kishner-Leonard type eliminations also occur with certain a-substituted carbonyls upon treatment 
with hydrazine alone, the most synthetically important of which is the fragmentation of cx,P-epoxy 
ketones to allylic alcohols (the Wharton reaction, equation 10).6,io2 The Wharton process has found ap- 
plication in a significant number of synthetic schemes, two of which are illustrated in equations ( 1  1 ) I o 3  
and (12).'04 The latter provides the pivotal step in an efficient protocol for enone transpositions. Further 
reduction of the initial alkene products by diimide to afford saturated derivatives is often ~ b t a i n e d , ~ . ~ ~ ~ . ' ~  
but this can usually be prevented by exclusion of oxygen and/or adding an alkene to absorb any diimide 
generated.105,106 Other side reactions,lo5 including pyrazole formation, have also been noted. 107,108 Simi- 
lar eliminations of a-halocyclohexanones (including a-fluoro derivatives) also appear synthetically use- 
ful, while a-sulfonyloxy and corresponding aliphatic derivatives give inferior yields.Io6 
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0 

i, H,Oz, O H  

iii. oxidation 

1.14.2.3.5 Other side andlor unusual reactions 

A number of side reactions have been reported to occur during Wolff-Kishner reductions in addition 
to those discussed above. In particular, cleavage of strained rings located adjacent to the carbonyl may 
accompany reduction to afford saturatedlW and/or alkene products.lWJ1O For example, the pentacyclic 
diketone (41) afforded the unsaturated tetracyclic compound (42) and saturated derivative (43) in addi- 
tion to the normal Wolff-Kishner producF (44, equation 13).'09 Likewise, the cyclopropyl ring in alka- 
loid (45) suffered cleavage during reduction to give the alkene (46; 65%; equation 14).Il0 

HOCH2CH20H, Na 
'0 72% 

(41) (42) 4% (43) 32% (44) 63% 

NH2NH2 

HOCHzCHzOH 
KOH 
65 % 

M e 0  OMe M e 0  OMe 

An unusual disproportionation reaction was observed when the amino ketone hydrazone (47) was re- 
duced at temperatures above 200 'C to afford mixtures of (a), (49), and (50) (equation 15).11' Lower 
temperature reductions gave almost entirely the expected Wolff-Kishner product (51; 52%), which, upon 
refluxing with KOH in triethylene glycol, returned a mixture of (48), (49) and (50).' ' I  

The presence of a second carbonyl P or y to an aldehyde or ketone may afford cyclic derivatives upon 
treatment with hydrazine.6 The intermediates from P-diketones (e.g. 52) usually resist further reduction, 
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while (2H)-pyridazinones from y-keto acids (e.g. 53) are further reduced to the normal Wolff-Kishner 
products.It2 However, a$-unsaturated-y-keto acids afford cyclic derivatives (e.g.  54) which do not fur- 
ther react,lt2 while pyrazoline intermediates from a$-unsaturated carbonyls may degrade to cyclopropyl 
products (equation 16).3,6 

Treatment of the semicarbazone (55) under Wolff-Kishner conditions (KOH, NaOMe, KOBu', no sol- 
vent) has been utilized to synthesize the substituted cyclopentenes cis- and trans-(56; equation 17).It3 In 
DEG at 225 'C, the normal Wolff-Kishner product was obtained.113 

Ph 

KOH Ph 
5 

&Ph 7 6 Ph 
0 

Tritylone ethers (57), used as acid-stable protecting groups for alcohols, are cleaved under Wolff- 
Kishner (Huang-Minion) conditions as the unblocking step.It4 

1.14.3 REDUCTION OF ALDEHYDE AND KETONE ARYLSULFONYLHYDRAZONES 
WITH HYDRIDE REAGENTS 

In the early 1960s, Caglioti and Magitt5 reported that the reduction of aldehyde and ketone p-toluene- 
sulfonylhydrazones (tosylhydrazones) with LiAIH4 in THF affords hydrocarbon products (equation 2). 
This was soon followed by the disclosureIt6 that the milder reducing reagent NaBH4 in refluxing meth- 
anol or dioxane was also effective for such reductions and this ushered in processes (Caglioti reactions) 
as alternatives to Wolff-Kishner reductions for carbonyl deoxygenations. Following these pioneering in- 
vestigations, other reduction systems, particularly NaBH3CN1I7 and catechol borane,I have been intro- 
duced over the ensuing years to provide even milder and more selective methodology to effect 
reductions. These reduction systems have found considerable synthetic utility, especially in synthetic 
situations which would not tolerate the relatively harsh basic conditions of standard Wolff-Kishner re- 
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ductions or the highly acidic requirements dictated in Clemmensen reductions (see Volume 8, Chapter 
1.13). The availability of the reagents in isotopically labeled form (i.e. LiAlD4, NaBD4, NaBD3CN, cate- 
chol borane-d) permits incorporation of deuterium (or tritium) into synthetic targets, which augments the 
utility of the methodology. Each of the major categories of reducing systems will be discussed separately 
in the subsections below. 

Caglioti-type reductions are mechanistically related to Wolff-Kishner processes in that diimide inter- 
mediates are implicated as depicted in Scheme 2.1153117-120 In the absence of strong base, diimide (29a) 
represents the key intermediate rather than the diimide anion (6) found in the Wolff-Kishner reduction 
(Scheme 1). Reduction with LiAlH4 is probably an exception to this since this highly basic reagent 
should readily abstract the very acidic N-proton to afford (59), followed by hydride delivery and loss of 
tosyl anion to give the diimide anion (6).1199120 Recent studieslZ1 indicate that reductions of certain struc- 
tural types (e.g. some sugar derivatives121 and aryl examples bearing electron deficient groupsl2Ib) with 
NaBH3CN under highly acidic conditions (HCl, pH ca. 3.8) in methanol proceed via an alternate route 
involving initial acid-catalyzed isomerization to the azo derivative (60), followed by reduction to the 
tosylhydrazine (61; equation 18). Subsequent elimination of tosylic acid leads to the hydrocarbon via 
diimide (29) as in Scheme 2. This process appears to be important only when tautomerization to (60) is 
facilitated by electron-withdrawing inductive effects and/or conformational restrictions. 

R 
I 

(59) 

R M - H  
R/i N ,  NHTs 

M 

- 
I 

-MTs 

R 
R A,," 

(29) 

R 

R 
>-H - 

Scheme 2 

i 

R 

As is the case with Wolff-Kishner reactions, the application of tosylhydrazone reductions relies on the 
successful conversion of carbonyls to the requisite hydrazone derivatives (58). This usually presents no 
problem except with relatively hindered or deactivated ketones and, in fact, several failures of the 
methodology are traced to unsuccessful tosylhydrazone formation ( i .e .  for examples with 62,'** 63,Iz3 di- 
ketone (9) in equation 4, and the substrate of entry 3, Table 2). 

C02Et 
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1.14.3.1 Reductions with Lithium Aluminum Hydride 

1.14.3.1.1 Scope and limitations 

As mentioned, LiAlH4 in refluxing THF was the initial system introduced to reduce preformed tosyl- 
hydrazones to hydrocarbons' l 5  and a number of successful conversions have been reported, repre- 
sentative examples of which are presented in Table 5. Alkene side products often accompany the 
hydrocarbon products,' l9 a result attributed to proton abstraction from the a-carbon of intermediate 
(59), leading to a vinyldiimide anion (64), followed by N2 expulsion and protonation during work-up 
(Scheme 3).II9 With certain ketones, including 17-keto steroids, alkenes are the major128 or sole prod- 
uct115,127 (entries 7-9, Table 5) .  This side reaction mimics the elimination obtained upon treatment of to- 
sylhydrazones with other strong bases (i.e. alkyllithiums, the Shapiro reaction129). Note that use of 
LiAlD4 introduces one deuterium (with H20 work-up) or two deuteriums (with D2O work-up; entries 5 
and 6, Table 5, respectively). 

Scheme 3 

I J4.3.1.2 Chemoselectivity 

The powerful reducing ability of LiAlH4 precludes the presence of many other functional groups, i.e. 
C02H, C02R (entries 2 and 4, Table 5) ,  CN, CON- (entry 6, Table 5) .  NO2, halides, etc., and this limits 
the synthetic applications to synthetic targets where such groups are absent or their reduction desired or 
unimportant. 

1.14.3.1.3 Reduction of conjugated derivatives 

Reductions of a$-unsaturated carbonyl tosylhydrazones with LiAlH4 often give mixtures of unrear- 
ranged and rearranged alkene products similar to the situation in Wolff-Kishner reductions. Thus, 3- 
keto-cholest-1 -ene gave significant quantities of both the 1 - and 2-alkene products while 
3-keto-cholest-4-ene afforded 3- and 4-alkene products along with the product of elimination, 2,4-cho- 
lestadiene. I I s  

1.14.3.2 Reductions with Sodium Borohydride 

1.14.3.2.1 Scope and limitations 

The introduction of the milder reagent sodium borohydride in refluxing methanol or dioxane for reduc- 
tion of tosylhydrazonesl I6, l2O represented an improvement over LiAlH4 since many more functional 
groups are tolerated and the lessened basicity decreases alkene side products observed with the latter re- 
agent. Reductions with NaBH4 have found wide usage in synthesis mostly with dioxane or methanol as 
the solvent (where the reducing species is probably NaBH(OMe)3), although other solvents, such as iso- 
propanol and DMF, have occasionally been employed. Table 6 presents a selection of successful applica- 
tions chosen to illustrate various structural types. Several features of the reductions are evident from the 
table. Thus, the 17-keto group in 3P-acetoxy-Sa-androstane (entry 3, Table 6) was effectively removed, 
while reduction with LiAIH4 gave only elimination (entry 7, Table 5). However, the 17-keto group in a 
related derivative (entry 4, Table 6) gave a mixture of the 16-alkene along with the unusual cyclopropyl 
derivative shown, indicating that seemingly slight structural alterations may greatly influence the course 
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Table 5 Wolff-Kishner Reductions of Carbonyl Tosylhydrazones with Lithium Aluminum Hydride 

Entry Carbonyl Product Yield (%) Ref. 

1 0 & 
2 

AcO HO & 
0 - 1  .N 0-"2 

6 4  0 

70 115 

65-75 115 

50 115 

90 124 

27a 125 

- 126 

60-70 I I5 
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Table 5 (continued) 

Yield (%) ReJ Entry Carbonyl Product 

HO @ 40 128 

a LiAID4; D20. LiAID4; H20. 

of reductions. Also, configurations adjacent to carbonyls are not altered by base-catalyzed enolization as 
indicated in entries 5 and 6. Deuterium is incorporated via use of NaBD4 for the reducing agent as 
presented in entry 7, Table 6. The introduction of only one deuterium, even though D20 was used in the 
work-up,133 provides evidence for the intermediacy of a diimide (29a) in the mechanism (Scheme 2) 
since (29a) represents the only source of hydrogen for the second incorporation. 

The attempted conversion of the aldehyde in compound (65) to a methyl group by reduction of the 
tosylhydrazone with NaBH4 (ethanol solvent) led instead to the furan derivative (66), resulting from an 
unusual cyclization with elimination of a MeOCH2 group.'38 

MeO,, 

OBn OBn OBn OBn 

(65) (66) 

The combination of NaBH4 in acetic acid has also proven to be a very effective system for the reduc- 
tion of carbonyl tosylhydra~ones.'~~ The actual reducing species is probably N ~ B H ( O A C ) ~ ~ ~ ( )  and the 
acidic medium enhances the electrophilicity of the n-bonded carbon by N-protonation and allows the re- 
ductions to occur at mild temperatures (25-70 'C) with most aldehydes and ketones. This reducing sys- 
tem has been successfully employed in a number of synthetic applications, representative examples of 
which are displayed in Table 7. The use of NaBD4 in MeC02H or MeC02D allows the regioselective in- 
troduction of one or two deuteriums, respectively (entries 6 and 7, Table 7) thus augmenting the versat- 
ility of the meth~dology. '~~  

The transition metal complex bis(triphenylphosphine)copper(I) borohydride, (Ph3P)2CuBH4, has also 
been shown to be effective for the reduction of tosylhydrazones to hydrocarbons under mild conditions 
(refluxing chloroform).Iu Yields from unhindered aliphatic aldehyde and ketone tosylhydrazones are 
generally in the range 4844%.  Reductions of hindered ketones (e.g. camphor) and aromatic aldehydes 
were less successful giving &20% of reduced products.lu 

I J4.3.2.2 Chemoselectivity 

The mild reducing ability of NaBH4 (and NaBH(OMe)3 or NaBH(0Ac)d permits the presence of 
many more functional groups compared to LiAIH4. Thus, CON, CO;?H, CN (entry I ,  Table 7), and 
halides are expected to survive. Esters remain intact in HOAc (entries 4 and 5,  Table 7) but not in MeOH 
(entry 2, Table 6), probably because of transesterification. Even relatively hindered or deactivated 
ketones (e.g. aryl) have been recovered untouched (entry 8, Table 6 and entry 3, Table 7, respectively). 
Surprisingly, the tertiary hydroxyl group in entry 3, Table 7 apparently did not give elimination, although 
no yield for the product was p r0~ ided . l~~  A complex mixture was reported'jY with p-nitrobenzaldehyde, 
indicating that the nitro group was probably attacked. 
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Table 6 Reduction of Carbonyl Tosylhydrazones with Sodium Borohydride 

Entry Carbonyl Solvent Product Yield (%) Ref. 

0 & 
AcO & 

But 

optically active 

@ 
0 

Ph K, 
0 0 

MeOH 

MeOH 

Dioxane 

Dioxane 

Dioxane 

DMF 

HO & 

rq- 
T 
optically active 

(jyJ H 

Ph 1 0  

3 

+ 

70-80 120 

70-80 120 

60-70 120 

130 

37 131 

31 132 

- 133 

D 
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Table 6 (continued) 

Entry Carbonyl Solvent Product Yield (%) Ref. 

8 

9 

10 

1 1  

12 

O R  

O R  

(OH 

0 Jx 
0 

Me W6CH0 

O R  

75 134 

(OH 

MeOH 

MeOH a 
MeOH Me WIY 

65 135 

47 136 

49 137 

60-70 I I6 

a Worked up with D20. 

I J4.3.2.3 Reduction of conjugated derivatives 

Treatment of a$-unsaturated tosylhydrazones with NaBH4 in MeOH affords principally allylic ethers 
from cyclic derivatives145 and pyrazoles with most noncyclic examples.146 This divergent behavior com- 
pared to saturated tosylhydrazones has been a t t r i b ~ t e d ' ~ ~ - ' ~ ~  to a lessening of the electrophilicity of con- 
jugated imine wbonds, which allows initial abstraction of the acidic N-H proton by BH4- to compete 
with reduction, and gives alternative reactions related to the Bamford-Stevens process as depicted in 
Scheme 4. An exception to this may be the deoxygenation of conjugated vinyl triflates (entry 1 I ,  Table 
6).13' The cyclopropanation and elimination products produced in entry 4, Table 6 also probably arise 
from similar, alternative reaction paths.130 

With acetic acid as solvent, the above paths are circumvented, since protonation of the imine nitrogen 
increases nucleophilic attack and prevents formation of the offending tosylhydrazone anion. The result is 
that deoxygenation is obtained, but with concomitant rearrangement of the double bond to the site for- 
merly occupied by the ~arbony1. l~~ This unusual reaction apparently proceeds through a diimide inter- 
mediate, which deposits a hydride via a 1,5-sigmatropic migration as indicated in Scheme 5.  The 
mechanistic requirement embodied in equation (20) generates the double bond migration even when the 
resulting alkene is thermodynamically less stable. A selection of representative reductions is presented in 
Table 8 and illustrates synthetically useful applications as deconjugating alkenes from double bonds (en- 
tries 1-3) or aromatic rings (entries 6, 9), producing exocyclic alkenes (entry 4) and regioselectively in- 
troducing one (entry 3) or two (entry 2) deuteriums. A limitation was noted in that isophorone 
tosylhydrazone afforded only an 18% yield of the rearranged alkene (entry 7, Table 8). Apparently, situ- 
ating a pseudoaxial diimide group over the ring required for migration is opposed by the axial 5-methyl 
and other side reactions ( i t .  Michael-type addition of hydride) compete fav0rab1y.I~~ 



350 Reduction of C-X Bonds 

Table 7 Reduction of Carbonyl Tosylhydrazones with Sodium Borohydride in Acetic Acid 

Entry Carbonyl Product Yield (%) Ref. 

AcO & 
Ph 

Ph 

70 I39 

80 

'"OAc AcO""' 

AcO""' & 76 

139 

142 

I43 

H D  b 60" I39 
Ph 

Ph D& 72b I39 

' NaBD4, AcOH. NaBD4, AcOD. 

1.14.3.3 Reductions with Sodium Cyanoborohydride 

1.14.3.3.1 Scope and limitations 

Substitution for one of the hydrogens of borohydride with the strong electron-withdrawing cyano 
group greatly increases the reluctance of the resulting cyanoborohydride to deliver a hydride. The result 
is a moderated reducing ability (and an enhanced stability to acid) compared to borohydride. This, 
coupled with a high dependency of reducing capability on pH, allows remarkable, often pH controllable, 
selectivity among functional groups.149 

One successful application of cyanoborohydride reductions is the reduction of tosylhydrazones to hy- 
drocarbons which, since its introduction in 197 1 has been employed extensively for such conversions. 
The reductions are most often conducted in 1:1 DMF:sulfolane containing a small amount of acid at 
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>OMe - MeoH 3+ - =x+ 

Scheme 4 

Scheme 5 

about 100-1 10 0C.117-149 The relatively slow rate of carbonyl attack compared to iminium ions151 under 
these reaction conditions permits the in situ generation of tosylhydrazones and subsequent reduction of 
unhindered carbonyls to be conducted in one step (Scheme 6). Hindered ketones (e.g. a-phenyl, a-iso- 
propyl or a-f-butyl or more than one alkyl group flanking the carbonyl) generally require preformation of 
the tosylhydrazone and fairly large excesses of cyanoborohydride.117 Likewise, aryl ketone tosylhydra- 
zones are not readily de~xygenated."~ 

Scheme 6 

Synthetic applications of the reducing methodology through 1978 have been reviewed.'49 Table 9 
presents further examples chosen to illustrate the range of structural types, many of which contain other 
functionalities, in which carbonyls have been successfully removed with cyanoborohydride. Thus, rela- 
tively hindered types are effectively deoxygenated (entries 2, 3, 5,  13) as well as systems containing 
strained rings (entry 7). Deuterium (entry 12) and tritium (entry 13) may be incorporated using the ap- 
propriate isotopically labeled reagent. Sites adjacent to the carbonyl are normally not isomerized (entry 
8), although exceptions have been ~ n c o v e r e d . ' ~ ~ . ~ ~  

Milder modifications have been developed for systems in which the above methodology was ineffec- 
tive. Thus, the tosylhydrazone of the carbohydrate (67) afforded mixtures of products with NaBH3CN in 
DMF at 110 'C, with or without acid, giving a maximum of 20% of the desired product (68). However, 
treatment of (67) tosylhydrazone with NaBHsCN in acidic (HCl) methanol gave the corresponding tosyl- 
hydrazine, which underwent smooth conversion to (68) upon treatment with NaOAc in refluxing ethanol. 
This procedure appears to be superior with ~arbohydratel~~ and other substrates,168 although treatment 
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Table 8 Reduction of Conjugated Carbonyl Tosylhydrazones with Sodium Borohydride in Acetic Acid 

Entry Carbonyl Product Yield (%) Ref. 

81-89 139 

81a 139 

61-72b 139 

5" 53 142 

OQ 67 

42-56 

139 

139 
Ph do Ph- 

-6 18 139 

78 147 

a NaBD4, MeC02D. NaBD4, MeC02H. 
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Table 9 Reduction of Carbonyl Tosylhydrazones with Sodium Cyanoborohydride in DMF-Sulfolane 

Entry Carbonyl Product Yield (%) Refi 

1 

2 

3 

4 

5 

6 

7 

8 

9 

152 

?3 CO2Me G3 C02Me 
68 153 

D3C ""' 9 75 154 

44 155 

0 & 14 156 

0 

0 & 0 JaF 53 157 
CO2Me CO2Me 

O&) 

H 

&J 
H 

40 158 

CO2Et xh/ 77 159 

- 160 

0 

R-CO2Me 
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Table 9 (continued) 

Entry Carbonyl Product Yield (%) Ref. 

10 

11 

12 

13 

oq-JoH c'''"' 

1 1  5 

0 & C02Me 
I 1  H%Co2Me 

ca. 100 161 

35 162 

54a 163 

a NaBD3CN used. NaF5H2TCN used. 

with NaOAc is not always required, especially in refluxing m e t h a n ~ l ' ~ ~ - ' ~ ~  or ethan01.l~~ Similar mild 
reductions of tosylhydrazones to isolable tosylhydrazines by NaBH3CN occurs in acidic THF at room 
tempera t~re , '~~  and reductions in refluxing acidic THF174 (e.g. with 69) and in THF/HOAc (room tem- 
perature) have been succe~sfu l . '~~  Further modifications involve the combination of NaBH3CN with zinc 
chloride as the reducing ~ y s t e m , ' ~ ~ * ' ~ ~  and the use of mercury complexes with tosylhydrazones as a 
method of activating reluctant aryl derivatives for reduction with cyanoborohydride (in acidic THF and 
followed by treatment with KOH/MeOH).'78 

I J4.3.3.2 Chemoselectivity 

One of the major advantages of cyanoborohydride for deoxygenations is the high tolerance exhibited 
for other functionalities, which allows for highly discriminate carbonyl removal.' 17,14y Thus, most com- 
mon groups may be present, including C02H, CON- (including p-lactams; entry 6, Table 9), C02R 
(entries 1, 2, 6, 8, 9, 13, Table 9), lactones (entries 11, 13, Table 9), thiolactones (entry 4, Table 9), fu- 
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rans (entry 6, Table 9), N02,117 sulfoxides, aryl halides, and alkyl ch10rides.l~~ Indeed, the success of the 
one-step deoxygenation process relies on the slow reduction of even aldehydes and ketones under neutral 
or mildly acidic (pH > ca. 4.5) conditions. Alkyl bromides and iodides are reductively removed in the 
polar aprotic solvents DMF and sulf01ane.I~~ but these would probably survive with the acidic methanol 
meth~dology. '~~ 

1.14.3.3.3 Reduction of conjugated derivatives 

As with NaBH4 in MeCOzH, reduction of a,@-unsaturated carbonyls with NaBH3CN affords alkenes 
in which the double bond has migrated to the position formally occupied by the carbonyl (Scheme 
5 ) . 1 ' 7 . ' 4 9 9 1 7 9 J 8 0  Compilations of successful synthetic applications are found in refs. 117 and 149. As with 
NaBH4, isophorone tosylhydrazone affords only a low yield (36%) of the alkene product contaminated 
with 1,1,3-trimethylcyclohexane. 179 Other ketones which cannot readily assume a cisoid orientation for 
intramolecular migration (Scheme 5) also give mixtures of alkene and alkane products resulting from 
competing Michael-type delivery of hydride (Scheme 7).I8O This problem may be alleviated by use of 
NaBH3CN in MeCaH.  Thus, a tetracyclic derivative (partial structure 70) gave the single rearranged al- 
kene (71; 55%).181 

TsNH . 
N 

I H 
H- H 

H 
TsHN 

Scheme 7 

An interesting application of the reduction-migration methodology involves the conversion of a,P-al- 
kynic ketones to allenes. lg2 Thus, reduction of the tosylhydrazone of (72) under slightly modified condi- 
tions (lower temperature and pH, greater excess of NaBH3CN) afforded the trimethylsilylallene (73) in 
69% yield, while the original recipeIL7 gave the pyrazole (74; 81%).'82 

0 
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1.143.4 Reductions with Catechol Borane and Related Reagents 

1.14.3.4.1 Scope and limitations 

The reduction of tosylhydrazones with catechol borane under very mild conditions (CHC13, 25 'C fol- 
lowed by NaOAc1Is or, preferably, BUNOAC'~~) is also a highly effective deoxygenation process, which 
has been successfully utilized in a number of synthetic conversions. A 1977 review of catechol borane 
chemistry, including reductive deoxygenations, is available.L84 Table 10 contains a selection of success- 
ful conversions from the literature and illustrates the effectiveness of the reagent as well as the ability to 
incorporate a deuterium regioselectively by utilizing NaOAcD2O (entry 4) or two deuteriums using cate- 
chol borane-d and NaOAcnDzO (entry 5,  Table Reduction of a hindered cyclobutanone (entry 6) 
afforded a low yield of reduction product (20%). In this case, the Cram modification of the Wolff-Kish- 
ner reduction was more successful (56% yield).I8* 

Table 10 Reduction of Carbonyl Tosylhydrazones with Catechol Borane and Bis(benzoy1oxy)borane 

Entry Carbonyl Product Yield (%) Re& 

0 

w 
w 

0 

0 

0 

Me MBCHO 

0 B 

D - D D  

Me WMe 

D B 

94 

- 

183 

185 

68 186 

97a 

9 9  

20 

91' 

70-80d 

187 

187 

188 

189 

190 

a Using NaOAc.3D20 in workup. 
agent. * (PhCO&BH as reducing agent: NaOD, D2O used in work-up. 

Using catechol borane4 and NaOAc93D20 in work-up. (PhC02)2BH as reducing 
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The related borane bis(benzoy10xy)borane'~~ has also been found to be effective for tosylhydrazone 
reductions, examples of which are presented in Table 10 (entries 7 and 8). The latter case required the 
use of NaODDzO for efficient deuterium incorporationlW (instead of N ~ O A C ~ D ~ O ) . ~ ~ ~  A pyridine-bo- 
rane complex likewise reduces tosylhydrazones in acidic ethanol/di~xane'~l to tosylhydrazines (91-98% 
yields), which may be converted to hydrocarbons by treatment with KOH/MeOH178 or 
N ~ O A C . ~ H ~ O / C H C ~ ~ . ' ~ '  

1.14.3.4.2 Chemoselectivity 

As with cyanoborohydride, very few functional groups are affected by catechol borane under the tosyl- 
hydrazone reduction conditions (25 'C), allowing highly selective conversions in the presence of most 
moieties, including alkenes and alkynes which are hydroborated at more elevated temperatures (7&100 
DC).192 The only exceptions to this appear to be aldehydes, carboxylates, sulfoxides, amine oxides and 
anhydrides, which are reduced at rates comparable to tosylhydra~ones.~~~ 

1.14.3.4.3 Reduction of conjugated derivalives 

As with other hydride reagents, reductions of a,&unsaturated carbonyl tosylhydrazones with catechol 
borane provides the alkene product resulting from migration of the double bond (Scheme 5).118.193*194 
Furthermore, even certain cyclic systems which afford low yields and alkane side products with NaBH4 
and NaBH3CN (e.g. isophorone, see entry 7, Table 8) normally provide only the rearranged alkene and 
no alkane side p r o d ~ c t s . ' ~ , ~ ~ ~ ~ ~ ~  Apparently, the low nucleophilicity of the reagent prevents competing 
Michael addition to the double bond (Scheme 5) ,  which afflicts the reductions with anionic hydrides. 
Table 11 provides a collection of successful conversions of conjugated systems and illustrates the versat- 
ility (and chemoselectivity) of the method. With P-substituted rigid cyclohexenone systems, highly stere- 
oselective introduction of hydrogen is observed. Thus, the initial attack by the reagent is apparently 
favored (as expected)2w from the axial (a) direction leading to the equatorial (P) orientated diimide deri- 
vative which, in turn, leads to delivery of hydride to the top (p) face of the double bond as observed in 
entries 1 ,4  and 7, Table 11. The geometric constraints imposed by deliverance of a hydride by an equa- 
torial diimide to the P-position implicates a boat-type conformation (Scheme 8) or a bimolecular mech- 
an i~m.9~ In one instance, (entry 4, Table 11) the principal rearranged alkene was accompanied by a small 
amount of the deoxygenated product in which the alkene had remained in place.198 Other stereoselective 
conversions also appear to be controlled by initial approach of the reagent from the less-hindered face of 
the hydrazone (entry 6, Table 11). When the faces are comparable in accessibility, mixtures of isomers 
are obtained (e.g. entry 8, Table 11). The methodology is also useful for the conversion of a$-alkynic 
ketones to allenes (Table 1 1, entry 9).203 

N-."H w- - 
Scheme 8 

c 
An unusual reduction course is illustrated by results with the crossed dienone in Table 11, entry 7, in 

which reductive migration was accompanied by removal of the second double bond, the mechanism of 
which is not obvious.201 
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Table 11 Reduction of Conjugated Carbonyls with Catechol Borane 

Entry Carbonyl Product Yield (a) Ref. 

4-Cholesten-3-one 3-Cholestene 83-88 195 

Ph ($ Ph Ph 
77 196 

CO2Me 

C02Me 

C02Me 

C02Me 
89 197 

198 

84:16 

0 

55 199 

55 200 

0 

55 200, 
20 I 

93 202 
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Table 11 (continued) 

Entry Carbonyl Product Yield (%) Ref 

r’ 
/=’- 

Ph 
75 203 
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2.1.1 INTRODUCTION 

Nitro compounds are versatile synthetic intermediates which have found widespread utility in indus- 
trial applications. Aromatic nitro compounds are the usual starting materials for commercial applications, 
but aliphatic compounds exhibit a greater diversity of chemical behavior under reducing conditions.14 
Nitroso compounds, hydroxylamines, oximes, amines, nitrones, ketones and silyl nitronates are frequent- 
ly encountered during the reduction of nitro compounds. Several specialized reviews have appeared 
which highlight the versatility of the nitro group in organic chemistry. 

363 
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2.1.2 REDUCTION OF AROMATIC NITRO COMPOUNDS TO NITROS0 COMPOUNDS 

The reduction of nitro compounds should initially produce nitroso compounds. This area has not been 
systematically explored because the nitroso group can be more easily introduced by alternative methods 
such as direct nitrosation, condensation and oxidative  procedure^.^-" In fact, there have been few instan- 
ces in which nitroso compounds have been isolated as intermediates in reductions of nitro compounds. 
For example, it was initially believed that rn-trifluoromethylnitrobenzene produced the corresponding ni- 
troso compound upon reduction,I2 but subsequently the product was shown to be rn-trifluoromethylazox- 
ybenzene.I3 Low yields of an intramolecular dimeric, nitroso compound, benzo[c]cinnoline dioxide (l), 
can be obtained by reducing 2,2’-dinitrobiphenyl with zinc or sodium sulfide (equation l ) . l 4 9 I 5  

ON02 orNa2S oNfO- 
\ 

2.1.3 REDUCTION OF AROMATIC NITRO AND NITROS0 COMPOUNDS TO AZO AND 
AZOXY COMPOUNDS 

Reductions of aromatic nitro compounds often proceed to generate mixtures of nitroso and hydroxyl- 
amine products which then condense to form azoxy and, eventually, azo compounds. This bimolecular 
reduction is practical only for the generation of symmetrically substituted azo compounds. The situation 
can be further complicated if the reduction continues such that aromatic amines are formed; the amines 
may then condense with the intermediate nitroso compounds to generate hydrazo compounds which can 
then undergo a benzidine rearrangement. 

A variety of reducing agents have been used to reduce nitroarenes to azo compounds. However, a mix- 
ture of zinc and sodium hydroxide is used most frequently.l6-I7 Reduction under these conditions pro- 
duces hydrazo compounds, which are then oxidized to azo compounds by dissolved atmospheric 
oxygen;18J9 alternatively, air can be drawn through the product solution to achieve the conversion.20q2’ 
Occasionally, activation of the zinc dust is required prior to its use,22 and, since metal ions form chelated 
complexes with azo compounds, a vigorous post-treatment with acids is re~ommended.~~ The zinc- 
sodium hydroxide reduction conditions are sufficiently mild that p-nitrostyrene (2; equation 2), can be 
reduced without reduction of the vinyl groups.24 

The reduction of (3) is an interesting example involving the formation of an intramolecular azo bridge 
(equation 3).25 

As noted, the bimolecular reduction of aromatic nitro compounds may produce azoxy compounds, azo 
compounds, hydrazo compounds (1,2-diarylhydrazines), benzidines or amines (Scheme 1) depending on 
the reaction conditions. Zinc reduction under basic conditions generates azo compounds, whereas the use 
of acetic anhydride/acetic acid as the solvent system affords symmetrical azoxy compounds.26 Although 
unsymmetrical azoxy compounds are accessible in the aliphatic series, aromatic reagents yield only sym- 
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metrical products. Azoxy compounds are of current interest because of their physiological activities and 
their utilization in liquid crystal ~ystems.2~ The chemistry of aromatic azoxy compounds has been re- 
v i e ~ e d . ~ ~ * * ~  

H 

Scheme 1 

The preparation of o,o'-dicyanoazoxybenzene (6) is representative of the reduction of aromatic nitro 
compounds using zinc under acidic conditions (equation 4).26 The reduction of aromatic. nitro com- 
pounds to azoxy derivatives has also been accomplished with tin(I1) chloride in a basic medium.30 

ZIIJACOHIAC~O 

53% 
(4) 

Magnesium is another metallic reducing agent which produces a mixture of azoxy and azo compounds 
(-75%).3' An alloy of sodium and lead ( D r y n a ~ ~ ~ )  results in a similar mixture of products. A simple pro- 
cedure involving the reaction of an aromatic nitro compound with thallium metal affords good yields of 
the corresponding azoxy compounds (equation 5).33 Although high yields of azoxy compounds are ob- 
tainable from nitroarenes with alkyl or ether substituents, numerous other functionalities inhibit the re- 
action; these include CHO, COR, COzH, C02R, CN, OH and amino groups. 

Alcoholic potassium hydroxide and sodium alcoholates have also been used as reducing agents for 
aromatic nitro compounds; the free alcohol or the alcoholate ion presumably acts as the reducing agent in 
these cases as illustrated for m,m'-diiodoazoxybenzene (8; equation 6)." In a few instances, where 
benzyl alcohol was used to prepare sodium benzylate, pure azoxy products were obtained without the 
formation of amino by-products. 

I 
I I 
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An interesting reduction of aromatic nitro compounds which uses glucose in an alkaline medium 
(equation 7) has received little attention. The advantages of this reaction include high yields, rapid rate 
and ease of product isolation from oxidation  by-product^.^^ Other reagents which bring about the reduc- 
tion of nitroarenes to azoxy compounds include potassium b~rohydride,~~ sodium arsenate?6 phosphine3' 
and yellow pho~phorus .~~ Electrolytic methods have also been u t i l i ~ e d . ~ ~ ~ ~ ~  

(7) 
glucose/NaOH/60 "C @ ' \ NO2 71% c1 

c1 
CI 

(9) 

2.1.4 REDUCTION OF AROMATIC NITRO AND NITROS0 COMPOUNDS TO 
HYDROXYLAMINES 

Reduction of nitro compounds proceeds through intermediate stages involving nitroso compounds and 
hydroxylamines prior to amine formation (equation 8). 

RN02 - RNO RNHOH RNH2 (8) 

Selective reduction to hydroxylamine can be achieved in a variety of ways; the most widely applicable 
systems utilize zinc and ammonium chloride in an aqueous or alcoholic medium.41 The overreduction to 
amines can be prevented by using a two-phase solvent system. Hydroxylamines have also been obtained 
from nitro compounds using molecular hydrogen and iridium catalysts?2 A rapid metal-catalyzed trans- 
fer reduction of aromatic nitroarenes to N-substituted hydroxylamines has also been developed; the 
method employs palladium and rhodium on charcoal as catalyst and a variety of hydrogen donors such as 
cyclohexene, hydrazine, formic acid and phosphinic acid.43 The reduction of nitroarenes to arylhydroxyl- 
amines can also be achieved using hydrazine in the presence of Raney nickel4 or iron(II1) oxide.45 

The preparation of N-phenylhydroxylamine in high yields from nitrobenzene under catalytic transfer 
hydrogenation conditions is also possible utilizing wet 5% rhodium on carbon and hydrazine hydrate?6 
Unfortunately, the transition metal catalysts tend to be expensive and the high temperatures required can 
be detrimental, particularly when the resulting hydroxylamines are explosive in nature.47 

Tellurides (HzTe, NaTeH, PhTeH and Na2Te) are inexpensive and effective agents for reducing aro- 
matic nitro compounds to hydroxylamines. Catalytic quantities of tellurium, in the presence of sodium 
borohydride, reduce p-substituted nitrobenzenes to N-arylhydroxylamines (equation 9)?8 Mild reaction 
conditions, absence of side reactions and experimental simplicity are the main features of this reduction 
sequence. 

NHOH 6 N*;;;ry.! 0 
X X 

X = H, Me, C1, CN, NO2, C0,Et 

(9)  

Selenium also catalyzes the sodium borohydride reduction of nitroarenes to the corresponding N- 
arylhydroxylamines (equation The active species in this selenium-catalyzed reduction was con- 
firmed to be the hydrogen selenide anion.50 The reaction is accelerated by electron-withdrawing groups 
and hindered by electron-donating substituents; nitro compounds bearing strongly electron-donating 
groups are completely inert under the normal reaction conditions. 

The iron sulfide complex (10) resembles the active sites of oxidized rubredoxins: nonheme iron-sulfur 
 protein^.^' The complex catalyzes the reductions of aromatic nitro compounds to N-arylhydroxylamines 
by thiol (equation 1 l).52 The method offers a facile, high yield approach to N-arylhydroxylamines. For 
example, p-dinitrobenzene was reduced to p-nitrophenylhydroxylamine in 92% yield. 
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X X 

X = H, Me, CI, CN, NOz, COzEt 
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(10) 

L J 

X = NOz, CN, COZMe 

2.1.5 REDUCTION OF AROMATIC NITRO AND NITROS0 COMPOUNDS TO ANILINES 

extensively inve~t igated.~*~~ 
The synthetic, and industrially important, reduction of aromatic nitro compounds to anilines has been 

2.1.5.1 Transfer Hydrogenation 

The general area of catalytic transfer hydrogenation, as applied to nitroarenes, has also been re- 
viewed.57 The reduction of nitroarenes to aminoarenes using hydrazine as the hydrogen donor takes 
place readily in the presence of a wide variety of catalysts, including Cu, Fe, Ni, Rh, Ru and Pd.sxqs9 It 
has been observed that controlling the reduction rates is difficult with active catalysts such as Pd but the 
utilization of less active catalysts results in better control, although substitution and dehalogenation re- 
actions are quite common. In the presence of an excess of hydrazine hydrate, a number of nitrobenzenes 
are readily reduced to amines in high yields using iron(II1) chloride on active carbon,60 including the re- 
duction of 5-chloro-2,4-dimethoxynitrobenzene without concomitant loss of the chlorine. The procedure 
is equally effective for the partial reduction of dinitrobenzene derivatives to the corresponding amino- 
nitroarenes.6' The superiority of catalytic transfer hydrogenation for the reduction of poly- and di-nit- 
robenzenes is noteworthy. Since the reduction of aminonitroarenes is considerably slower than their rate 
of formation, selective reduction to the half-reduced stage is.the method of choice for the preparation of 
aminonitroarenes. 

The reductive cyclization of the 2-nitrodihydrocinnamoyl group has found application for the protec- 
tion of alcohols and amines using sodium phosphinate or cyclohexene as the hydrogen donor.6z The hy- 
drogen transfer reduction of both esters and amides regenerates the alcohols or amines under mild 
conditions (equation 12). 
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The search for more active donors for transfer hydrogenation has led to the identification of economi- 
cal and low cost reagents such as formic, phosphinic (hypophosphorous) and phosphorous acids.63 Al- 
though reductions with formic acid are facile, anions of strong acids (such as C1-) quickly terminate the 
reduction. Thus nitroarenes containing a halogen substituent other than fluorine cannot be reduced using 
formic acid because of the catalyst-poisoning effect of the halide generated in situ. Arenes containing 
heterocyclic sulfur atoms are also unreactive. The use of formate saltsu or Pd/AlP04/Si02 catalysts65 ob- 
viates the difficulties encountered with termination of reductions by halogens. 

The selective and rapid reduction of nitro compounds is an active area of research, particularly when 
other potentially reducible moieties are present in the molecules. Anhydrous ammonium formate has 
been developed as a catalytic hydrogen transfer agent for selectively reducing nitro groups in the 
presence of acid, ester, amide, halogen and nitrile groups (equation 13).66 

HC0,NH4, 10% Pd/C, r.t. 
Ar -NO2 * Ar-NH2 

The selective reduction of nitroarenes containing benzyl-protected phenolic groups without concomi- 
tant hydrogenolysis has also been achieved using hydrazine hydrate and Raney This procedure 
avoids strongly acidic conditions. The reaction is selective and a variety of N-benzyl- and chloro-sub- 
stituted nitroarenes are reduced to the corresponding anilines without dehalogenation or debenzylation. 

A detailed investigation of selectivity in the catalytic reduction of (nitroary1)alkylnitriles with hydra- 
zine and metal catalysis has been carried out.68 On a small scale, selective reduction of (nitroary1)alkyl- 
nitrile (13) to either (aminoary1)alkylnitrile (14) or (aminoary1)alkylamine (15) is readily achieved using 
a catalytic quantity of Raney nickel with hydrazine hydrate (2-5 equiv.) if adequate control of tempera- 
ture is maintained. A lower temperature range (20-25 "C) affords (14), whereas warming (50-55 'C) 
with excess hydrazine hydrate (4-5 equiv.) produces (15) in nearly quantitative yields (Scheme 2) .  The 
advantages of the procedure include mild reaction conditions, the absence of high pressure equipment 
and the possibility of a simple scale-up to multikilogram quantities. Furthermore, aromatic rings are not 
reduced, a reaction which frequently occurs when pyridine derivatives are reduced. 

(13) 

Scheme 2 

The effect of ultrasonic irradiation on hydrazine reductions in the presence of iron powder and acti- 
vated carbon in ethanol has also been evaluated.69 The studies include graphite-catalyzed reductions of 
aromatic nitro compounds to the corresponding aryl amine^.^^ The notable features of these reactions are 
the low cost, high yields and the simplicity of the work-up procedure. Significantly, nitro groups can be 
reduced in the presence of a variety of functional groups. 

Raney nickel and hydrazine hydrate have also been used to prepare 4-(benzyloxy)indoles (16) via re- 
ductive cy~lization.~' An improvement can be achieved by using nickel boride instead of Raney 
the advantages of this method include ease of preparation of the catalyst and its nonpyrophoric nature 
(equation 14). 

On Ph 0- Ph 

Ni2Bm2H4*H20* 

91% 
NO2 

H 
(16) 

(14) 
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The observation that formic acid can be decomposed to hydrogen and carbon dioxide at mom tempera- 
ture using [RuC12(PPh3)3] in the presence of triethylamine led to the development of the 
[RUCI~(PP~~)~]/HC~~H/E~~N system as a hydrogen source. Pd/C increases the reactivity of this system, 
which is selective in reducing nitro groups in the presence of alkenes, esters and cyano groups.73 Surpris- 
ingly, the hydrogenolysis of aromatic halides is slower than the reduction of the nitro group. 

2.1.5.2 Borohydride and Borane Reductions 

Sodium borohydride is an effective and widely used reducing agent. The relatively low cost and the 
ease with which it can be handled contribute to its popularity. However, borohydride does not generally 
reduce aromatic nitro compounds to the corresponding aniline derivatives in the absence of a catalyst74 
such as cobalt(I1) chloride,75 palladium,76 titanium(1V) chloride77 or tin(I1) chloride.78 Relatively inex- 
pensive systems such as NaB&-iron(II) chloride79 and NaBH4<opper(I) chlorideg0 also reduce ni- 
troarenes containing electron-donating groups in the ortho or para positions. 

Sodium borohydride reduces disulfides to thiols, which can then be used to reduce nitro groups. Based 
on the redox properties of 1,2-dithiolane, lipoamide (17) was used for the selective reduction of mono- 
substituted nitrobenzenes to the corresponding anilines.8' Lipoamide (17) can also be immobilized on 
hydrophilic polymers such as polyvinylamine, polyethyleneimine and chitosan.82 These polymeric reduc- 
ing catalysts can be recycled and are easy to separate from the reaction mixture. The system has been 
used to reduce nitroarenes to anilines.83 

(17) LAm (18) DHLAm 

Sodium borohydride can also be used to couple  dinitrobenzene^.^^ 1,3-Dinitrobenzene (19) and 1,3,5- 
trinitrobenzene (21) produce diphenylamine derivatives in reactions that are of preparative value when 
the nitro compound is present in excess (Scheme 3). The method involves the addition of a suspension of 
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sodium borohydride in methanolic sodium hydroxide to a solution of the nitro compound in refluxing 
methanol. Under these conditions, no reduction to dinitrocyclohexenes is ~ b s e r v e d . ~ ~ , ~ ~  Coupling pro- 
ducts are not obtained from 1,2,4-trinitrobenzene, even though two of the nitro groups have a meta rela- 
tionship. 1,4-Dinitrobenzene (23) undergoes reductive coupling to yield 4,4’-dinitroazobenzene (24). 

Curiously, 1,2-dinitrobenzene (25) couples with the loss of one nitro group; however, the product is a 
diphenylhydroxylamine derivative (26) rather than a diphenylamine (equation 16). Nitroso compounds 
can also be reduced to amines in good yields using diborane (equation 17).87 

R3 - $ $ - N O  BH,*THF, 62-90% 25 “C * R 3 G N H 2  

R2 R‘ R2 R’ 

2.1.5.3 Reductions Involving Tellurium, Selenium and Sulfur 

Seleno1,88 a very soft nucleophile, reduces ni t roarene~.~~ Hydrogen telluride (H2Te):O sodium hy- 
drogen telluride (NaTeH)g’ and related organotellurols are also effective reducing agents. The ready 
autooxidation of organotellurols to ditellurides prevents their isolation; consequently these reagents are 
generated and used in Benzenetellurol (27) is prepared93 by methanolysis of phenyl trimethylsilyl 
telluride or by reduction of diphenyl ditelluride with phosphinic acid or sodium borohydride and used to 
reduce aromatic nitro compounds to amines (Scheme 4). 

Scheme 4 

PhXTe‘SiMe3 + MeOH i 
Heating tellurium with an excess of Rongalite (HOCH2S02Na.2H20) in  aqueous sodium hydroxide 

under an inert atmosphere affords sodium telluride (Na~Te),9~ which reduces nitroarenes to anilines. The 
reductions are carried out using a catalytic amount of tellurium. The tellurium-mediated reduction of ni- 
troarenes with Rongalite proceeds directly to anilines, and is the method of choice for compounds con- 
taining acid sensitive functionalities. 

Interest in an old reducing agent, sodium sulfide,gS was renewed when it was discovered that its re- 
activity toward nitro groups was sensitive to In the absence of water, the aromatic nitro group in 
(28) can be reduced selectively to (29), without reduction of the aliphatic nitro group, but compounds 
such as (30), which contain a tertiary aliphatic nitro group eliminate the nitro moiety to yield styrene 
derivatives (31; Scheme 5). A unique application of the sulfide reduction involves the preparation of 
isomerically pure substituted aromatic nitro compounds and aniline~.~’ 
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(30) (31) 
Scheme 5 

2.1.5.4 Transition Metal Reductions 

Low valent species of transition metals (Groups IVB, VB and VIB) have found widespread use in the 
reduction of nitro  compound^.^^ Chromium(I1) ~hlor ide?~ titanium(II1) chloridelW and vanadium(I1) sul- 
fatefo1 readily reduce aromatic nitro compounds to arylamines. Chromium(I1) chloridelo2 also reduces 
nitrobenzene and nitroquinoline to the corresponding amines in excellent yields.Io3 

Oxime deoxygenation1" by titanium(II1) chloride spurred investigation of this agent for reducing nitro 
aliphatics;Io5 the method is applicable to other nitro c o m p o ~ n d s . ~ ~ ~ J ~ ~  The active species are thought to 
be ArN02H+ and a hydrolyzed form of titanium(II).lo8 The reaction conditions have been optimized for 
the reduction of aromatic and even heteroaromatic nitro compounds.109 

A combination of titanium(1V) chloride and dialkyl telluride in relatively inert solvent systems reduces 
nitroarenes to arylamines in moderate yields.' lo Presumably, titanium(1V) chloride is reduced to a low 
valent titanium species which subsequently reacts with aromatic nitro compounds to afford the corre- 
sponding amines (equation 18). 

yo2 "2 
Bu2TeRiC14, CH2C12/H20 

42-95% 

Tin(l1) chloride is an effective reducing agent under acidic conditions."' This inexpensive reagent se- 
lectively reduces aromatic nitro compounds in nonacidic and nonaqueous media.l'* Nearly quantitative 
yields of arylamines are obtained using tin(I1) chloride dihydrate in alcohol or ethyl acetate (equation 
19). Under these conditions other reducible or acid sensitive groups such as aldehyde, ketone, ester, 
cyano, halogen and benzyl ethers are not affected. 

R- 5 - 5  R- 

R = H, C1, OH, COZH, CHO, OMe, COZMe, OAc 

The iron cluster [Fe4S4(SPh)4I2- catalyzes the reduction of nitroarenes to arylamines.' l 3  A less hydridic 
nucleophile [HFe(C0)4]- has also found application as a selective reducing agent for nitroarenes. ' l 4  Al- 
though [HFe(C0)4]-] is known to reduce aldehydes, ketones and acid halides,ll5 in THF solvent with tri- 
fluoroacetic acid, it selectively reduces nitrobenzenes to anilines in the presence of aldehyde and acid 
halide groups. 
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2.1.5.5 Hydrogenation 

The catalytic reduction of aromatic nitroso compounds to amines is well documented.' l6 Selective re- 
duction of nitro aromatic compounds can be achieved at room temperature and atmospheric pressure 
using an interlamellar montmorillonitesilylpalladium(II) complex (equation 20). 

3Hz, EtOH, 5-10 min 
I I  

R R 

R = H , M e  

There has also been continuous interest in the preparation of thermally stable polymers which can be 
utilized as heterogeneous catalyst supports. Polybenzimidazole (PBI) (32) is a thermally stable heterocy- 
clic polymer.'18 Polybenzimidazole forms a complex with PdC12 (33) which can be reduced to PBI-Pd" 
(34). This catalyst is extremely stable yet it can be used to reduce a variety of nitro compounds (Scheme 
6) .  The catalyst may be recycled simply by washing with methanol to remove the reduced substrate from 
the polymer; the recycled catalyst shows no loss of activity or of Pd content after more than 20 cycles. 

PBI*Pdo 

Ar -NO2 - Ar -NH2 
H,, r.t. 

Scheme 6 

2.1.5.6 Carbon Monoxide 

Carbon monoxide reduces aromatic nitro compounds when iron pentacarbonyl is used as catalyst.Il9 A 
direct homogeneous catalytic reduction of nitro derivatives with water under moderate carbon monoxide 
pressure also occurs when rhodium carbonyl derivatives in aqueous organic bases are used as catalysts 
(equation 2 Presumably hydridorhodium carbonyl speciesi21 are the active agents whose preferred 
formation in aqueous organic base may be analogous to that of iron carbonyl hydrides.'22 

catalyst 
Ar-N02 + 3CO + H2O - Ar-NHZ + 3C02 (21) 

Several other polynuclear metal carbonyls were tested as catalysts for the reduction of nitrobenzene to 
aniline using carbon monoxide and water as the reducing agent. Rhodium, iridium and osmium clusters 
were found to be very effective and they were far less susceptible to oxidative degradation than 
[ Fe( CO)s]. I 23 

The search for a novel, low cost replacement for elemental hydrogen resulted in the discovery of a 
mixed gas consisting of hydrogen sulfide and carbon monoxide.124 This gas, when used with Fe on 
A1203, reduces dinitroarenes to diamino aromatic compounds in high yield (equation 22). 

catalyst 
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Amines are also obtained in excellent yields, at room temperature and atmospheric pressure, using 
carbon monoxide, ruthenium carbonyl and benzyltriethylammonium chloride in an aqueous base- 
organic solvent system. 125 The method is significantly milder than previously described water gas shift 
reaction conditions. IZ3 

2.1.5.7 Miscellaneous Reduction Methods 

An atmospheric pressure hydrogenation of mononitro aromatic compounds to anilines can be achieved 
using hydrogen sulfide as reducing agent and titanium dioxide as catalyst.126 The reduction of arylnitroso 
compounds by NADH and N1-(2,6-dichlorobenzyl)- 1,4-dihydronicotinamide (DBDN-4H2) has been in- 
vestigated in model systems.127 Arylnitroso compounds such as (35) are readily reduced by NADH and 
DBDN-4H2, but the reaction conditions require the absence of oxygen, or neutral and weakly alkaline 
aqueous buffers (Scheme 7). 

NO NADH + H+ NAD+ NUnU 

&OH -- &OH -H20 - 
NADH + H+ d: &OH 

\ / 

NADH + H+ d: &OH 

\ / 

Scheme 7 

Copper salt-amine complexes can also be used for the reduction of aromatic compounds to the corre- 
sponding amine. 12* A more general and convenient method for reducing nitroso compounds to amines 
involves the use of a nickel/aluminum alloy.129 The low cost and ready commercial availability of 
nickel/aluminum alloy are important features of this reduction procedure which may find wide accept- 
ance as a preparative method. 

2.1.6 REDUCTION OF ALIPHATIC NITRO COMPOUNDS TO HYDROXYLAMINES 

The reduction of nitroalkanes to N-monosubstituted hydroxylamines has not been extensively explor- 
ed. The classical approach involves electrolytic reduction of primary and secondary nitroalkane~.I~@I~~ 
Catalytic hydr~genat ionl~~ and hydride reductions134 of nitroalkenes also yield hydroxylamine deriv- 
atives. 

readily reduces the salts of primary and second- 
ary nitro compounds to the corresponding N-monosubstituted hydroxylamines (equation 23). 136 

Diborane, which does not reduce nitro 

t (23) I \A+ I 
R2 BH3hydrolysis R2 

1.1 

R I  *NO; 3 2 4 3 %  

R' = H or alkyl; R2 = alkyl or aryl; M = Li, K or NH4+ 

Trialkylboron hydrides react with conjugated nitroalkenes to yield nitronate intermediates via a 1,4- 
addition of the hydride. The corresponding nitroalkanes are easily obtained by using silica gel to proto- 
nate the nitronate ~a1t.I~' These reactions presumably occur through a common intermediate (36), which 
is then hydrolyzed to the nitroalkane or reduced by a borane complex to yield hydroxylamine, after hy- 
drolysis. 

Even sodium borohydride catalyzes the reaction of borane complexes with conjugated nitroalkenes 
(equation 24).138 This straightforward approach affords pure hydroxylamines in high yields. As an 
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example, the reduction of 3-nitrochromenes (37) by a borane-borohydride system results in novel hy- 
droxylaminochroman derivatives (38; equation 25).139 A modification of these procedures involving the 
use of in situ generated borane (from NaBH4 and BFyEt20) obviates the need for BHyTHF, which is not 
universally a~ai1able . I~~ 

c 

NaBH4 (cat.) 

'NO2 BH,*THF 7 0 4 0 %  I 
R1 R '  

2.1.7 REDUCTION OF ALIPHATIC NITROALKANES TO AMINES 

While aromatic nitro compounds are reduced to anilines by a variety of methods,1J41 comparatively 
few reagents reduce aliphatic nitro compounds to the corresponding amines. Traditionally, nitro aliphatic 
materials have been reduced using high pressure h y d r o g e n a t i ~ n , ~ ~ ~ ? ~ ~ ~  lithium aluminum hydride1u.'4s or 
aluminum amalgam. I46-I50 

2.1.7.1 Nitroalkane Reductions 

The value of the catalytic transfer hydrogenation route is demonstrated by the selective, high yield and 
rapid reduction of nitro aliphatic compounds to their corresponding amine derivatives using anhydrous 
ammonium formate (equation 26).67 A wide variety of nitro compounds are reduced in the presence of 
other functional groups including acids, esters and nitriles. Furthermore, the method is stereospecific and 
proceeds with retention of configuration: pure racemic syn-nitro alcohols (39a) and (39b) were con- 
verted to the syn-amino alcohols (40a) and (40b) and the axial nitrosteroid (41a) afforded the 6P-amine 
(41b). 

HC02NH4, 10% Pd-C 
AI kyl-NO2 - Alkyl-NH2 (26) 

r.t., MeOH; 31-98% 

NO2 "2 AcO 
X 

(39a) R = Me (40a) R = Me (41a) X = NO, 
(39b) R = CHZOTHP (40b) R = CH20THP (41b) X = NH2 



Reduction of Nitro and Nitroso Compounds 375 

In view of its industrial importance, a number of homogeneous catalysts have been examined for use 
in selective hydrogenations of nitroalkanes to amines. 1 5 *  Tris(triphenylphosphine)ruthenium(II) chloride 
is particularly effective. 153 The mechanism of this hydrogenation is known to involve nitronate anion for- 
mation. 154 

Hydrazine hydrate can also be used to reduce nitroalkanes in the presence of a graphite catalyst.70 The 
low cost of the catalyst serves to make this a particularly attractive reduction method. Electrochemical 
reduction of tertiary nitroalkanes such as the 2-substituted- 1,l -dimethyl- 1 -nitroethanes (42a42c) yields 
amines (44a-44~) as well as hydroxylamines (43a-43~; equation 27).'55 

(42a) R1 = Ar, R2 = H (43a-43~) (44a-44~) 
(42b) R1 = Ar, R2 = OH 
(42~)  R1 = H, R2 = OH 

Titanium(I1) reagents have also been used to reduce aliphatic nitro compounds to amines; halo, cyano 
and ester groups are not reduced.156 Sodium borohydride, in the presence of catalytic amounts of 
nickel(I1) chloride, reduces a variety of aliphatic nitro compounds to amines.157 Nickel boride (Ni2B) is 
an active catalyst for reductions of primary, secondary and tertiary nitro aliphatic compounds to 
amines.'58 The reduction of nitrocyclohexane (45) yields cyclohexylamine (47) as well as small amounts 
of dicyclohexylamine (49), the latter being formed via reaction of intermediates (46) and (48; equa- 
tion 28). 

1 -(Indol-3-yl)-2-nitroalkanes (50) are reduced to the corresponding a-alkyltryptamines (51) using 
nickel boride and hydrazine hydrate (equation 29).72 

H H 

2.1.7.2 Nitroalkene Reductions 

The reduction of a,@-unsaturated nitroalkenes provides a simple access to a vast array of function- 
alities, including  amine^.^ Early studies focused on the catalytic hydrogenation of the nitropropene deri- 
vative (52); 1 -(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (53) is obtained as a minor product in a 
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complex r ea~ t i0n . I~~  The reverse addition of lithium aluminum hydride to P-methyl-P-nitrostyrene 
affords a mixture of p-phenylisopropylamine and N-(~-phenylisopropyl)hydroxylamine.l-'4 

Alkylamines are generally accessible via the reduction of nitroalkenes with lithium aluminum hy- 
dride.'59-161 Substituted thienylethylamines162 can also be obtained using this methodology (equa- 
tion 30). 

R R 

A general synthesis of p-(2- or 3-pyrroly1)alkylamines (55) containing an unsubstituted nitrogen atom 
is available via the reduction of the corresponding nitroalkene (54; equation 3 l).163 

S02Ph H 

Position R 
(54a) 3 H 

(54d 2 H 
(54b) 3 Me 

(54d) 2 Me 

Since hydroxylamines, as well as their precursor oxime derivatives, are reduced by diborane to 
amines,lW the reaction has been extended by reducing the initially formed hydroxylamine intermediates 
(57) to amines (58).165 Thus excess borane reduces nitroalkenes (56) to amines (58) in the presence of a 
catalytic amount of sodium borohydride (equation 32). 

"2 (32) -I-, A, BH, THF 
NHOBH, 

I 85-90% 

M + B H ~  

BH, THF 

The reduction can also be achieved by utilizing in siru generated BH3.THF (from sodium borohydride 
and boron trifluoride etherate).166 The scope of this reaction includes the synthesis of novel 3-chroman- 
amine derivatives (60; equation 33).I4O This stereoselective reaction proceeds via the hydroxylamine in- 
termediate; only cis-2-aryl-3-amino derivatives are obtained. 

R '  R '  

(33) 
"2 R' 7 4 9 4 %  * R2 mph \ 

NaBHflH, 
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In the course of investigations involving the reaction of lithium triethylhydroborate with conjugated 
nitroalkenes (61),137J67 N-ethylamines (62) were consistently observed as by-products (equation 34).16* 
The intermediacy of nitroso compounds has been confirmed in this reaction which provides a useful 
method for the preparation of N-ethylated amine derivatives. These N-alkylated products are not pro- 
duced when sterically demanding reagents, such as potassium tri-s-butylborohydride, are used. Appar- 
ently, the competition between reduction and alkylation of the nitroso group is sensitive to steric effects. 

H 
LiEt3BH/BH3 mNH2 + I 

c (34) 
62-72% \ \ 
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2.2.1 INTRODUCTION 

This chapter covers methods of reduction of nitrogen-nitrogen multiple bonds and methods for the re- 
ductive cleavage of N-N, N-0 and 0-0 bonds. Perhaps the most important use of reactions of these 
types is that they can allow the introduction of amino and hydroxy groups with considerable control of 
stereochemistry. Amino groups are often introduced by the use of azide ion and occasionally by hydrox- 
ylamines or hydrazines as nucleophiles, followed by reductive cleavage. Hydroxy groups can similarly 
be introduced by way of peroxides. Activated azo and nitroso compounds and singlet oxygen are excel- 
lent dienophiles in the Diels-Alder reaction and the cleavage of the heteroatom to heteroatom bonds per- 
mits two functional groups to be introduced in a controlled manner. Alkenes and alkynes can also be 
functionalized at both termini by the cycloaddition of 1,3-dipoles such as nitrones, nitrile imides and ni- 
trile oxides, followed by reductive cleavage. 

38 1 
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Inevitably there is some overlap with other chapters, particularly those dealing with reduction of C=N 
bonded groups (Chapters 1.2-1.8, this volume) and that on the reduction of heterocycles (Chapter 3.8, 
this volume). For completeness, most of the important reduction methods for the appropriate groups are 
also referred to here. An attempt has been made to cover the literature to late 1989; a few later references 
are also included. 

2.2.2 REDUCTION OF GROUPS WITH NITROGEN-NITROGEN MULTIPLE BONDS 

2.2.2.1 Reduction to N-N Bonded Groups 

2.2.2.1.1 Azo and azoxy to hydrazo groups 

Standard methods which existed in the mid-1970s for the reduction of azo and azoxy compounds to 
hydrazo compounds have been reviewed.' The reduction of aliphatic azo compounds is not of much use 
for the synthesis of aliphatic hydrazo compounds because the azo compounds are usually prepared from 
them. Methods for the reduction of aliphatic azoxy compounds directly to the corresponding hydrazo 
compounds involve the use of tin(I1) chloride in hydrochloric acid and catalytic hydrogenation over 
platinum oxide; electrochemical reduction can also be used. 

The reduction is an important method for the preparation of aromatic hydrazo compounds. Useful re- 
agents for the conversion of azobenzenes to hydrazobenzenes in good yield include diimide, sodium bo- 
rohydride in the presence of metal catalysts, lithium aluminum hydride2 and cobalt boride with hydrazine 
h ~ d r a t e . ~  Catalytic hydrogenation has also been used: although further reductive cleavage of the N-N 
bond can occur. Zinc and other metals can be used for the reduction, but strongly acidic conditions have 
to be avoided in order to prevent the benzidine rearrangement of the hydrazobenzenes. For the reduction 
of azoxybenzenes to hydrazobenzenes, commonly used reagents are zinc dust in acetic acid or in alkali 
and aqueous sodium disulfide. 

There are several recent methods for the reduction of azobenzene to hydrazobenzene in near-quantita- 
tive yield.5 Samarium(I1) iodide reduces azobenzene to hydrazobenzene rapidly at room temperature.6 
Hydrogen telluride, generated in situ from aluminum telluride and water, reduces both azobenzene and 
azoxybenzene to hydrazoben~ene;~ a mixture of phenyllithium and tellurium powder has been used to re- 
duce azobenzene.* A complex of the coenzyme dihydrolipoamide and iron(I1) is also effective for the re- 
duction of azo- and azoxy-benzene to hydrazobenzene; the reduction probably involves coordination of 
the azobenzene to iron(I1) as shown in structure (l).9 Electrochemical reduction has been used to prepare 
a number of hydrazobenzenes from the corresponding azobenzenes. In the presence of an acylating agent 
a diacylhydrazine ( e . g .  the pyridazinedione derivative 2) can be isolated from the electrochemical reduc- 
tion of azobenzene.1° 

2.2.2.1.2 Diazo compounds and diazonium salts to hydrazines 

A few examples of the reduction of aliphatic diazo compounds to hydrazines exist,I' but this is not a 
generally applicable method for the synthesis of alkylhydrazines. On the other hand, arylhydrazines can 
be prepared by reduction of aromatic diazonium salts.I2 The most commonly used reagents for this con- 
version are sulfur dioxide (or sodium sulfite) and tin(I1) chloride, these being used to reduce arenediazo- 
nium chlorides in aqueous solution. Several other reagents, including sodium amalgam and 
triphenylphosphine, have been used for specific reductions of this type.I2 Arenediazonium tetrafluoro- 
borates have been reduced to the corresponding hydrazinium salts (3) by benzeneselenol in dichloro- 
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methane s~lu t ion . '~  Partial reduction of the benzenediazonium cation leads to the formation of the corre- 
sponding radical14 or of benzenediimide, PhN=NH. Benzenediimide is an unstable (although detect- 
able)I5 compound which readily loses nitrogen; the usual products of such partial reduction are, 
therefore, benzene and nitrogen. 

2.2.2.2 Reductive Cleavage 

2.2.2.2.1 Azo, azoxy, diazo and diazonium compounds to amines 

Standard methods for the reductive cleavage of azo and azoxy groups are described in several re- 
v i e w ~ . ~ , ~ - ~ , ~ ~  Catalytic hydrogenation of azo compounds over platinum, or with Raney nickel, often leads 
to reductive cleavage; an example is the cleavage of the azo compound (4) to 2-methylindol-3-amine 
(85%) by catalytic reduction over p la t in~m. '~  Catalytic transfer hydrogenation over palladium (with cy- 
clohexene as coreagent) is also an efficient method for the reductive cleavage of azobenzenes to 
anilines.18 A reagent which appears to have wide applications for reductions of this type is nickel-alumi- 
num a l l ~ y . ' ~ . ~ ~  When added to the substrate in aqueous methanolic potassium hydroxide at room tem- 
perature, azobenzene was reduced to aniline (79%) and the azoxy compound MeN=N+O-Ph gave 
methylamine quantitatively. Older methods include metal and acid combinations (for example, tin(I1) 
chloride and hydrochloric acid), hydriodic acid, sodium dithionite and diborane. 

N = NPh 
"2 

C02Me Ph r C 0 2 M e  
Ph 

n OH 

The reductive cleavage of diazo compounds to amines is not a reaction which has found wide use."J1 
Catalytic hydrogenolysis of some diazo esters in acidic media can lead to the formation of amines in fair 
to good yield$.21 although other functional groups present may also be reduced; for example, reduction 
of the diazo compound (5) over palladium in 70% acetic acid gave the amine (6; 82%).4 The conversion 
of aromatic diazonium salts to the corresponding anilines is also a reaction with little general synthetic 
applicability;12 examples of the reaction have been described using zinc or tin in acidic media and am- 
monia (this last reagent probably forming an unstable triazene by nucleophilic attack on the diazonium 
ion). 

2.2.2.2.2 Azides and triazenes to amines 

Since the azide ion is an excellent nucleophile it is often the reagent of choice for introducing a ni- 
trogen functional group. The reduction of the azido group to a primary amino group is consequently 
often an important step in a reaction sequence. The attack of azide ion on a primary or secondary carbon 
center bearing a good leaving group proceeds with inversion of configuration and the subsequent reduc- 
tion of the azido to an amino group proceeds with retention. The amino group can, therefore, be intro- 
duced with control of stereochemistry. An example of a practical application, in which these reactions 
are combined with enantioselective enzymic ester hydrolysis to produce optically active amino alcohols 
from cyclohexene oxide, is shown in Scheme 1 .22 

A wide range of reduction methods is available, including several which are claimed to permit selec- 
tive reduction of the azido group in the presence of other functional groups. Many of the methods fall 
into one of three broad categories: (i) involving the use of hydrogen and metal catalysts, (ii) involving 
low-valent metals, and (iii) involving the use of nucleophiles which initially attack the terminal nitrogen 
of the azide with the formation of a triazene (7). These triazenes can sometimes be isolated, but they are 
usually reduced in situ, by the same reagent or by a different one, to the primary amine. The ease of re- 
duction of the azido group by reagents of the third type, therefore, depends upon the susceptibility of the 
functional group to nucleophilic attack: aromatic azides, especially those with electron-withdrawing sub- 
stituents, are generally easier to reduce than simple aliphatic azides. 
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/\r N3 iii "2 

I 1 - 1  I 

i, lipase from Candida cyclindracea; ii, NaOMe, MeOH; iii, H2, Pd/C 

Scheme 1 

RN = NNHNu 
(7) Nu = nucleophile 

Reviews published in 1971 and 1988 cover the methods known at the time for the reduction of 
azides.23 There are more selective reviews of catalytic methods4 and of reduction by metal hydrides.2 

Catalytic hydrogenation over platinum or palladium is generally an efficient method of reduction of 
azides when there are no other sensitive functional groups present. Nitrogen is evolved in the reaction so 
it is not possible, with normal hydrogenation apparatus, to follow the course of the hydrogenation by the 
uptake of gas. The mechanism of hydrogenation has not been established, but the uiazenes RN=NNH2 
have been suggested as intermediates. Selective hydrogenolysis of azido groups in the presence of 
double bonds and of benzyloxy groups has been achieved using Lindlar catalyst in ethanol;24 for 
example, the azide PhCH20(CH2)3N3 was reduced to the corresponding amine (96%) by this method. 
There are also examples of the reduction of azides over palladium on carbon without affecting other sen- 
sitive functional groups, such as the benzyloxycarbonyl Raney nickel catalyzed reduction has 
similarly been used for selective attack on the azido group in the presence of a double bond and a benzyl- 
oxy group.26 Other catalytic methods include catalytic transfer hydr~genat ion~~ and reduction over rho- 
dium(II1) chloride in the presence of carbon monoxide.28 

Several alkyl and aryl azides have been reduced to the corresponding amines in good yield by tin(I1) 
chloride at room temperature; the less reactive azides require a catalytic amount of aluminum trichloride 
to be added.29 Aqueous vanadium(I1) chloride is a useful reducing agent for aryl azides;30 heteroaryl and 
arenesulfonyl azides have been reduced with aqueous titanium(II1) chloride3' and with a molybde- 
num(II1) catalyst generated from molybdenum(V) chloride and zinc.32 

There are many nucleophilic reagents which can effect the conversion of azides into amines and some 
are very selective. Lithium aluminum hydride is a good reagent in cases where high chemoselectivity is 
not required. Sodium borohydride has also been used to reduce aryl and other azides, either under phase 
transfer conditions33 or by adding the reagent in methanol dropwise to a solution of the azide in THF.34 
2-Nitrophenyl azide was reduced to 2-nitroaniline (94%) by this reagent," although alkoxycarbonyl 
groups were reduced. The complex hydride (Ph3P)zCuBH4 has also been used to reduce 2-nitrophenyl 
azide; aromatic azides bearing azo and ethoxycarbonyl groups were also selectively reduced.35 

Hydrogen sulfide has long been known as a reagent for the reduction of azides and it is selective for 
the azido group in the presence of many other functional groups, reaction taking place by nucleophilic at- 
tack on the terminal nitrogen of the azide. Its uses include the selective reduction of unsaturated nucleo- 
side azides?6 the reduction of azidothiophenes bearing formyl and cyano groups37 and the reduction of 
vinyl azides to carbonyl compounds (Scheme 2).38 A better, and highly selective, reagent is 1,3-propane- 
dithiol (Scheme 3).39 The dithiol can reduce aryl and alkyl azides in the presence of double and triple 
bonds, nitro, cyano, carbonyl and other groups. Its sensitivity to electronic and steric effects can also 
allow for selective reduction of different azides; for example, 4-nitrophenyl azide is reduced in 1 min at 
room temperature, whereas 1-azidoadamantane requires 120 h at 60 'C. Thioacetic acid has also been 
used for selective reduction."0 This reagent permits reduction in the presence of nitro, t-butoxycarbonyl 
and benzyl groups at room temperature. The reduction is accompanied by acetylation so that the products 
are acetamides rather than free amines. 
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i ,  Na2S; ii, H 2 0  

Scheme 2 

Scheme 3 
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These sulfur-based compounds are mild reducing agents. Two tin-based reagents have been described 
which are claimed to combine high reducing power with good ~electivity.~~ The more reactive of these, 
Et3NH+Sn( SPh)3-, rapidly reduces a variety of aliphatic azides in organic solution at room temperature 
and without attack on a carbonyl group. The reagent BuzSnHz can be used to carry out the same reduc- 
tions but is slower. 

Phosphines are known to react with azides to give phosphine imides with elimination of nitrogen. 
These imides, which are often isolable, can then be converted into amines by hydrolysis (Scheme 4). The 
method has effectively been made into a one-pot procedure by carrying out the reaction of triphenylphos- 
phine with azides in THF at room temperature in the presence of a slight excess of This is a 
highly chemoselective method of reduction and many other functional groups, including nitro, alkoxy- 
carbonyl and epoxide, are unaffected. The method has proved to be a useful alternative to catalytic hy- 
drogenolysis in oligonucleotide synthesis.43 Similar reactions have been camed out with 
trialkylph~sphines~' and with triethyl phosphite.44 Diphosphorus tetraiodide has been used to reduce aryl 
and acyl azides dire~tly.4~ 

HZO 
RN, + PPh3 c RN=PPh3 - RNH2 + P h $ O  

Scheme 4 

A useful method of electrophilic amination of aromatic substrates is provided by the reaction of 
organomagnesium or organolithium derivatives with p-toluenesulfonyl azide, followed by reductive 
cleavage of the resulting triazene (Scheme 5)."6 The same reducing agents which cleave azides (for 
example, lithium aluminum hydride, sodium borohydride in phase transfer conditions and hydrogen sulf- 
ide) are used. With the increasing importance of selective lithiation of aromatic and heteroaromatic com- 
pounds, the method has become a very useful one for the regioselective introduction of an amino group. 
An example is provided by the selective amination of diethylamides (8) ortho to the carboxamido group 
(Scheme 6):' The same type of process has been described between vinyl azides and aryllithium re- 
agents4* and between (pheny1thio)methyl azide and Grignard reagents.49 In both cases the intermediate 
triazenes were cleaved by hydrolysis. 

ArMgBr + TsN3 - ArN=N%Ts 'MgBr - ArNH2 

Scheme 5 

CONEt2 CONEt2 
R - f  - i R - f C o N E t 2  ii 

.NNTS Li+ 
Li N '  "2 

(8) 

i,  TsN3; ii, NaBH4, phase transfer catalyst 

Scheme 6 
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All these reduction methods lead to the formation of primary amines (or to acetamides derived from 
them). It is also possible to convert azides reductively into secondary amines. One special case of this 
type is the conversion of P-iodoalkyl azides and related compounds into aziridines by reduction, usually 
with lithium aluminum hydride (Scheme 7).s0 A more general method, which was introduced by Brown 
and coworkers, is the reductive alkylation of azides by heating with trialkylboranes (Scheme For 
example, triethylborane and azidocyclohexane gave cyclohexylethylamine (73%) by heating in xylene 
followed by hydrolysis with methanol. (If hydrazoic acid or azidotrimethylsilane is used in this reaction 
the product is a primary amine.52) An intramolecular version of the reaction was used as the cyclization 
step in a synthesis of the cyclic hexapeptide echinocandin D.s3 The azide (9) gave the amino ester (10; 
72%) as a single stereoisomer when treated with dicyclohexylborane at room temperature. The reaction 
(Scheme 9) probably involves selective migration of the methylene group of the trialkylborane by way of 
the cyclic intermediate shown. 

H 
I Nu LiA1H4* N 

H 
LiAIH, I 

Scheme 7 

(9) (10) 

i, Dicyclohexylborane, r.t. 

Scheme 9 

Intermolecular reactions of this type can be slow if either of the reaction partners has a bulky substit- 
uent. Reactions with chloroboranes RzBCl or RBClz go under much milder  condition^.^^^^^ The stereoc- 
hemistry of the carbon-boron bond is retained in the product; for example, the borane (11) gave the 
amine (12; 90%) on reaction with azidocyclohexane. 

Reaction of aryl azides with hydrazine hydrate can result in reductive cleavage of the azido group. 
Azidobenzene gives a mixture of benzene and aniline when heated with an excess of hydrazine hydrate 
in ethanol.s5 If there is an acyl or an alkoxycarbonyl group at the ortho position, cyclization products are 
formed instead: for example, methyl 2-azidobenzoate gave indazolinone (13; 90%). 
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2.2.3 REDUCTION OF GROUPS WITH NITROGEN-NITROGEN SINGLE BONDS 

2.2.3.1 Cleavage of Hydrazones 

There are several examples of useful syntheses of amines which are based on the reduction and N-N 
bond cleavage of hydrazones. Some of these undoubtedly involve reduction of the C-N bond as the first 
step; in a few cases the N-N bond is probably cleaved first and in others the order in which the re- 
actions take place has not been established. Reactions which involve reduction of the C - N  bond are 
covered in the appropriate sections of Chapters 1.2-1.8, this volume; methods for cleavage of the result- 
ing hydrazines are discussed in the following section (Section 2.2.3.2). 

The most commonly used method for the cleavage of hydrazones is catalytic hydrogenation in the 
presence of acid. An example is provided by the synthesis of secondary and tertiary amines by reduction 
of benzophenone hydrazones (14). derived as shown in Scheme Nickel-aluminium alloy can also 
be used to reduce hydrazones to amines.20 

Ph 
Ph + But 

Ph Y Ph 

(14) 

i, CF3C02H; ii, H2, Pd/C, HCI/EtOH, 1 atm, 50 OC 

Scheme 10 

a-Keto acids can be reduced to a-amino acids by way of their phenylhy~azones.~~ The reaction can 
be carried out by reduction of the hydrazone with hydrogen over palladium or platinum, or with zinc and 
mercury(I1) chloride. As illustrated for the synthesis of alanine in Scheme 11, it is suggested that the 
N-N bond is cleaved first. Carbonyl compounds can be regenerated from their (2,4-dinitrophenyl)hy- 
drazones by titanium(II1) chloride; in this reaction the nitro groups are reduced and the N-N bond is 
then cleaved to give benzene-l,2,4-triamine, which can be isolated, and the imine of the carbonyl com- 
pound, which is hydrolyzed in Hydrazonium salts (e.g.  15) derived from diary1 ketones are 
cleaved by Grignard reagents to give imines (Scheme 12); these reductions probably involve two suc- 
cessive one-electron transfers from the Grignard reagent.59 

0 0 

Ph Ph 

i, H2, Pd/C, H20 

Scheme 11 

Ph 
Y Ph . Ph-Ph ii Ph - Ph 

c n - 
"2' C1- 

n 
NMgBr 84% 

i ,  Me(CHz)9MgBr; ii, HCI 

Scheme 12 
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2.2.3.2 Cleavage of Hydrazines, Hydrazides and N-Nitrosamines 

There are few general methods available for the reductive cleavage of the N-N bond and the condi- 
tions required to cleave this bond can depend markedly on the substituents attached to it. The most wide- 
ly used method for the cleavage of alkylhydrazines is catalytic hydrogenolysis over Raney nickel, 
platinum or (less commonly) pal ladi~m.~ These reactions often require the use of hydrogen under press- 
ure and, with platinum and palladium catalysts, an acidic medium. The cleavage reaction is a key step in 
a number of asymmetric syntheses of amines and amino acids. An approach which has been used by sev- 
eral research groups is outlined in Scheme 13; a chiral hydrazone is reduced or is converted by addition 
of an organometallic reagent into a hydrazine, the N-N bond of which is then cleaved catalytically.m A 
related reaction in which the choice of reduction conditions proved crucial is the synthesis of amino alco- 
hols from aldehyde Nfl-dimethylhydrazones illustrated in Scheme 14; it was important to use platinum 
oxide in the presence of acetic acid, rather than Raney nickel, to avoid epimerization.61 These catalytic 
methods have also proved useful for the cleavage of cyclic hydrazines to  diamine^;^^.^^ an example is 
provided by the reduction of the hydrazine (16) to the diamine (17) in high yield by hydrogenation over 
Raney nickel or platinum in the presence of hydrochloric acid.63 

Scheme 13 

92% ee 
Scheme 14 

OH 

HN,\ 
NH "2 

The structure of the substrate determines whether other reducing agents can be used. Arylhydrazines 
and hydrazinium salts are more easily cleaved than simple alkylhydrazines; for example, catalytic trans- 
fer hydrogenation over palladium has been used to cleave hydrazobenzene to aniline.I8 A substance in 
which the bond is cleaved very easily is the cyclic dication (18); the N-N bridge is opened with a wide 
range of reducing agents, including iron in aqueous acid.64 Hydrazides can be cleaved electroreductively 
or by electron transfer from metals, sodium in liquid ammonia being the most widely used reagent. Two 
very useful surveys have been carried out, one on electrored~ction~~ and the other on metal reduction,66 
which relate the ease of reduction of hydrazides to their structure. Electrochemical reduction of cyclic 
hydrazides is facilitated by relief of ring strain; the presence of more than one acyl substituent in a hydra- 
zide also makes reduction easier. Mellor and Smith investigated the use of a range of metallic reagents, 
including zinc in acetic acid, aluminum amalgam and sodium in liquid ammonia, for the cleavage of acy- 
clic and cyclic hydrazides.66 The mild reducing agent aluminum amalgam efficiently cleaved l ,2-bis@- 
toluenesulfony1)- 1.2-dimethylhydrazine and the bis(trifluoroacety1)hydrazine (19a), but failed to react 
with the bis(ethoxycarbony1) derivative (19b). On the other hand sodium in liquid ammonia proved to be 
a good reducing agent for compound (19b) but not for (19a). The N-N bond of a related hydrazide was 
selectively cleaved by sodium in liquid ammonia in the presence of an epoxide function. 

Azodicarboxylic esters are excellent dienophiles and they can also add to electron-rich double bonds 
as heterodienes. Adducts of both types have been used as intermediates in the synthesis of amino sugars. 
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(18) (19) a: R = COCF, 
b: R = CO2Et 

OMe 

(20) 

Schmidt and his coworkers have cleaved the N-N bond of tetrahydropyridazines (20) with sodium in 
liquid ammonia as a step in the synthesis of 4-aminolyxose  derivative^.^^ Leblanc and coworkers have 
used carbohydrate-derived glycals as two-electron components in cycloadditions to dibenzyl azodicar- 
boxylate; the adducts (e.g. 21 in Scheme 15) were subjected to methanolysis and the N-N bond was 
then cleaved using Raney nickels6* 

MOMO a- * 

RO RO &02CH2Ph 
(21) 

Ro b02CH2Ph HO 

Scheme 15 

Bicyclic hydrazides in which the nitrogen atoms are at the ring junctions have been cleaved by sodium 
in liquid ammonia and the reaction provides a good method of creating medium-ring  amide^.^^.^^ The 
cleavage of the hydrazide (22) provides an example; this gave compound (23), which was a key inter- 
mediate in a synthesis of the spermidine alkaloid ~e lac innine .~~ 

Other reagents which have occasionally been used to cleave hydrazides include diborane (which also 
reduces the carbonyl sodium na~hthalenide$~*~* 0,O-diethyldithiophosphoric acid, 
(E~O)ZPSZH?~ and sulfur mon~chlor ide.~~ Nickel-aluminum alloy in aqueous methanolic potassium 
hydroxide is a good reagent for reductively cleaving a number of N-N bonded compounds, such as 
N-methyl-N-phenylhydrazine and NJV-dimethylnitr~samine.’~,~~ Nitrosamines have also been cleaved 
with titanium(1V) chloride-sodium bor~hydr ide~~ and lithium aluminium hydride. 
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2.2.4 REDUCTION OF N-0 BONDED GROUPS 

2.2.4.1 Deoxygenation of Azoxy Compounds 

This section covers the deoxygenation of compounds containing the structural units (24) and (25). 
Compounds of the first type include not only aliphatic and aromatic azoxy compounds, but also hetero- 
cyclic compounds, such as pyridazine N-oxides; those of the second type include dimers of nitroso com- 
pounds and heterocycles, such as pyridazine 1,2-dioxides. 

There are several well-established methods for the deoxygenation of azoxy compounds, the most com- 
mon of which are catalytic hydrogenation, reduction with lithium aluminum hydride, and the use of zinc 
in an alkaline medium.' These methods can be rather unselective, either because they cause over-reduc- 
tion of the azoxy group or because other functional groups can be reduced. Phosphorus trichloride and 
trialkyl phosphites are more selective;' phosphorus trichloride has been used to deoxygenate pyridazine 
N-oxides containing azido or nitro groups.76 Several metal carbonyls convert azoxybenzene into azoben- 
~ene ;~ ' . ' ~  iron pentacarbonyl gives azobenzene in 77% yield, probably by the route shown in Scheme 
16.78 Aliphatic] and aroma ti^'^ azoxy compounds are deoxygenated with magnesium in methanol or 
ethanol; thus, compounds (26; X = Br or C1) were cleanly deoxygenated with magnesium in ethanol. The 
corresponding di-N-oxides were also deoxygenated by this reagent. Hexachlorodisilane is a mild and se- 
lective reagent for the deoxygenation of N-oxides of various types;80 it was used in a synthesis of the bi- 
cyclic azo compound (27) from the corresponding azoxy compound.8' 

Ph ! /  0- Ph O3Fe(CO)n Ph 

t \  

N = N ; t  - * N = N  
\ 

Ph ' N = N ~  o Ph 

Ph 

Scheme 16 

Stepwise reduction of di-N-oxides has been achieved by using catalytic hydrogenation over palladium 
to remove one oxygen atom.82 An electrochemical reduction method also allows controlled deoxygena- 
tion of these corn pound^.^^ 

2.2.4.2 Deoxygenation of Nitrones, Nitrile Oxides and Tertiary Amine Oxides 

Methods of deoxygenation of nitrones (28), nitrile oxides (29), heteroaromatic N-oxides (30) and ter- 
tiary amine oxides (31) are described in this section. There are some reagents, such as trialkyl phos- 
phites, which can deoxygenate compounds of all these types as well as those in the preceding section, 
whereas others are more limited in scope. Oae and coworkers have outlined three distinct mechanistic 
types of deoxygenation process, which are illustrated in Scheme 17.84 Clearly, a mechanism of type C 
will not apply to tertiary amine oxides (31); on the other hand, these compounds are more easily de- 
oxygenated than heteroaromatic N-oxides, such as (30), by some reagents because the aromatic N-oxides 
are inherently more stable. 

A comprehensive account of methods of deoxygenation of heteroaromatic N-oxides, including de- 
scriptions of experimental procedures, has been given by O ~ h i a i . ~ ~  The most widely used methods are 
catalytic reduction, reaction with phosphorus trichloride and reduction by metals or metal salts. Catalytic 
hydrogenation over palladium in strong acid or in a mixture of acetic acid and acetic anhydride is a good 
but unselective method of deoxygenation. Raney nickel in alcoholic solution can be used to deoxygenate 
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Scheme 17 

N-oxides of virtually all types and it shows some selectivity; halogen substituents are unaffected and 
benzyloxy groups are reduced relatively slowly. Phosphorus trichloride has also been widely used; with 
the exception of hydroxy groups and others bearing an acidic hydrogen atom, most common functional 
groups are tolerated in the deoxygenation. The apparently related deoxygenation of pyridine N-oxides by 
triethyl phosphite was shown by Emerson and Rees to require the presence of oxygen and a peroxide; a 
radical mechanism was suggested for the deoxygenation.E6 Trimethyl phosphite has proved useful as a 
reagent for selective monodeoxygenation of quinoxaline 1 ,4-dioxides, the reaction taking place preferen- 
tially at the nitrogen atom adjacent to a carbon bearing an electron-withdrawing substituent. For 
example, the dioxide (32) gave the N-oxide (33; 8 1 

There are many other literature methods for the deoxygenation reaction, some of which are discussed 
in Ochiai's review.E5 Pyridine and quinoline N-oxides are deoxygenated when heated with iron powder 
or zinc in acetic acid and this was an early method for the one-pot synthesis of 4-aminopyridines from 
4-nitropyridine N-oxides. Nitrogen monoxide or nitrosylsulfuric acid have also been used: it is possible 
to carry out a one-pot nitration and deoxygenation of pyridine N-oxides by carrying out the nitration with 
concentrated sulfuric and fuming nitric acids at elevated temperatures.8E Sulfur dioxide can be used at 
room temperature for the selective deoxygenation of tertiary amine oxides of type (31), most heteroaro- 
matic oxides being unaffected. Under more vigorous conditions pyridine and quinoline N-oxides are de- 
oxygenated; reactions can conveniently be carried out using triethylamine-sulfur dioxide complex in 
dioxaneE9 or by using sulfolene as a source of sulfur dioxide.g0 Another reagent which is selective for 
alkyl-substituted tertiary amine oxides under mild conditions is carbon disulfide (it will also reduce ni- 
t r ~ n e s ) . ~ ~  For example, the dioxide (34) was selectively reduced to its 2-oxide (70%) by carbon disulfide 
in methan01.~' Isoquinoline 2-oxide is, however, deoxygenated by carbon disulfide at 110 0C.92 Other re- 
agents which have been reported to reduce amine oxides of type (31) under very mild conditions include 
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nickel-aluminum alloy,lg acetic formic anhydride,93 tetraphenylp~rphyrinatoiron(II)~~ and sodium hy- 
drogentell~ride?~ This last reagent reduces amine oxides but not sulfoxides; at pH 10 to 11 it can also be 
used to deoxygenate nitrones. 

Some deoxygenation reagents are useful for particular types of aromatic N-oxides. Alkyl- and halo-py- 
ridine oxides are cleanly reduced at 0 "C by a titanium(0) reagent prepared from titanium(1V) chloride 
and lithium aluminum hydride or magne~iurn .~~ Tributyltin hydride can deoxygenate N-oxides of py- 
ridine and quinoline at 80 "C in the presence of AIBN: a radical mechanism is indicated.97 Hexabu- 
tylditin and dichlorotetrabutylditin, ClBuzSnSnBu2C1, are claimed to be superior reagents and will 
tolerate nitro, cyano, chloro and hydroxy groups.98 Electrochemical reduction of pyridine N-oxide has 
also been described. lo  Simple pyridine and quinoline N-oxides have been deoxygenated under very mild 
conditions by dipropyl sulfoxylate, (P~O)ZS?~  by sodium hypophosphite, NaH2P02,'00 and by chlorotri- 
methylsilane in the presence of sodium iodide and zinc.lOl Hexamethyldisilane has also been used in the 
presence of a catalytic amount of TBAF;lo2 the mechanism proposed is illustrated in Scheme 18. This is 
an example of type C in Scheme 17, in which deoxygenation follows nucleophilic attack at the a-carbon 
atom. Other reactions of this type, involving attack by organometallic reagents and by acetic anhydride, 
are well known and lead to the formation of a variety of 2-substituted pyridines from pyridine 
N-oxide.Io3 

Scheme 18 

The deoxygenation of nitrile oxides is rarely an important reaction, but some of the standard methods 
referred to above have been used, including reaction with trimethyl phosphitelW and with iron pentacar- 
bonyl. IO5 

2.2.4.3 Reduction of Oximes to Imines 

The reductive cleavage of the N - O  bond of oximes is a reaction which has been widely used by syn- 
thetic chemists. When accompanied by reduction of the C=N bond the reaction leads to the formation of 
primary amines. Reactions of this type are described in Chapters 1.2-1.8, this volume. The reductive 
cleavage of cyclic oximes, particularly isoxazoles and 4,5-dihydroisoxazoles, has been used as a key step 
in several target syntheses of natural products. These cleavage reactions are covered in Chapter 3.8, this 
volume; however, some of the methods which clearly bring about cleavage of the N-0 bond before re- 
duction of the C-N bond are also described in this section. The products of these reactions are N-unsub- 
stituted imines. Unless the imines are sterically protected or unless special precautions are employed in 
the work-up, the isolated products are usually carbonyl compounds formed by hydrolysis (Scheme 19). 
Reductive hydrolysis reactions of this type are also included here. 

 NOR^ NH 0 

Scheme 19 

A general method for the cleavage of 4,5-dihydroisoxazoles is hydrogenation over Raney nickel in the 
presence of an acid or a Lewis acid, such as boric acidiw or boron trichl~ride.~~'  The products are nor- 
mally P-hydroxy ketones but in the case of compound (39 ,  which was prepared as an intermediate in the 
construction of the AB-ring system of forskolin, reduction over Raney nickel gave an isolable imine 
(36). Io* 

Barton et al. have described a particularly mild method for the conversion of ketoximes into ketimines 
(aldoximes give nitriles instead).lo9 A mixture of tributylphosphine and diphenyl disulfide reacts under 
anhydrous conditions with ketoximes, probably by way of the phosphorane intermediates shown in 
Scheme 20, to give ketimines. The reagent is effectively a 'self-drying' one since it reacts irreversibly 
with water. Chlorodiphenylphosphine is also capable of deoxygenating ketoximes; with this reagent 
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intermediate phosphinylimines can be isolated (Scheme 21).I1° These compounds can then be further 
reduced or they can be hydrolyzed to ketones. 

R’ 
/SPh R2 )= NOH R’)_N 

Bu3P + Ph2S2 = Bu~P,  * Ri -/o<PBu3 L 

SPh ‘ S T  s’ 
Ph Ph 

R1 

R2 
)=NH + Bu3P=0  

Scheme 20 

Rl )=NOH - i I R k N ,  1 - R b N P ( 0 ) P h 2  - ii “‘bo 

i, Ph2PCl; ii, HzO 

R2 R2 OPPhz R2 R2 

Scheme 21 

Low-valent metal salts have been used to bring about reductive cleavage of oximes. Corey and Rich- 
man used chromium(I1) acetate to convert 0-acetyl ketoximes into imines, which were hydrolyzed to 
ketones.’ I Aqueous titanium(II1) chloride and vanadium(I1) salts also reduce oximes; again, the imines 
are usually hydrolyzed in situ, but some hindered imines, such as compound (37), are isolable.’I2 A 
method of preventing hydrolysis is to carry out the reduction in anhydrous conditions in the presence of 
an acylating agent. The products of such reactions, when applied to oximes of enolizable ketones, are en- 
amides. For example, these ketoximes are converted into N-formylenamines when heated in acetonitrile 
with anhydrous titanium(II1) acetate and acetic formic anhydride; cyclohexanone oxime gives the en- 
amide (38; 97%; Scheme 22).Il3 This type of reduction has been used by Barton and coworkers to pre- 
pare enamides from steroidal oximes. They reported that the reaction could be performed by acetic 

NHCHO 

- b  Ti(OAc),, MeCOtCHO 

97% 

(38) 

Scheme 22 
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anhydride alone and recommended acetic anhydride in pyridine under reflux as the reagent of choice.114 
A homolytic cleavage of the N-0 bond, as shown in Scheme 23, is suggested to account for the formal 
reduction by acetic anhydride. 

Samarium(II) iodide,' l5 molybdenum hexacarbony1116 and iron pentacarbony1117 can also cleave the 
N-0 bond of oximes. Amidines (e.g. 39) can be prepared in good yield by reduction of the correspond- 
ing amidoximes with iron pentacarbonyl. The same type of reduction can be achieved electrochemi- 
cal1y.l0 Reactions of nucleophilic reducing agents normally result in reduction of the C=N bond, but 
there are a few exceptions; ketoximes are reported to be cleaved to ketones, by way of the corresponding 
imines, with lithium aluminum hydride and HMPA."* Organolithium, organomagnesium and organoalu- 
minum reagents can react with 0-substituted oximes to give imines, which incorporate a substituent from 
the reagent;lI9 for example, O-methyl oximes (40) of aldehydes react with organolithium reagents to 
give lithioketimines (41; Scheme 24). 

Ph Fe(C0)s Ph 

PhHN PhHN 

- )= NOH *" 
(39) 

RI 

H R2 Li R2 

NLi - R' R2Li ;R1)F] 
(41) 

Scheme 24 

2.2.4.4 Reduction of Hydroxylamines to Amines 

Methods for the reductive cleavage of the N-0 bond in hydroxylamines have assumed increasing im- 
portance in synthesis because it is a key step in routes based on cycloaddition of nitrones and nitroso 
compounds. Inter- and intra-molecular cycloadditions of nitrones lead to the formation of tetrahydroisox- 
azoles (Scheme 25); these compounds are then converted into amino alcohols by reductive cleavage of 
the N-0 bonds. This type of reaction sequence has been exploited in the synthesis of a number of alka- 
loids.120 Nitroso compounds, particularly those activated by electron-withdrawing substituents, act as 
dienophiles in the Diels-Alder reaction (Scheme 26)12' and the cycloadducts can be used as synthetic 
intermediates by cleaving the N-O bonds. 

Scheme 25 
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Scheme 26 

N,N-Dialkylhydroxylamines can be cleaved to secondary amines by titanium(II1) chloride in aqueous 
methanol'22 and by zinc powder in aqueous hydrochloric acid. 123 Titanium(II1) chloride also reduces 
N-hydroxyimidazole~~~~ and hydroxamic acids; thus the protected hydroxamic acid (42) was reduced to 
the P-lactam (43; 67%) with no racemization or loss of the protecting group.'25 Tetrahydro- 1,2-oxazines 
are cleanly reduced by zinc in acetic acid. This method was used to cleave a tetrahydrooxazine (85%), 
generated by intramolecular Diels-Alder cycloaddition, in a synthesis of the alkaloid gephyrotoxin 
(Scheme 27).126 Several tetrahydroisoxazoles have been reduced by anhydrous nickel(I1) chloride and li- 
thium aluminum hydride in THF.Iz7 Sodium naphthalenide proved to be the best reagent for the reduc- 
tion of tri-t-butylhydroxylamine to di-t-butylamine.128 The N-0 bond of hydroxylamines can be 
cleaved catalytically over palladium or nickel, although any double bonds present may be preferentially 
reduced. 129 Diiron nonacarbonyl has also been used to cleave the bond. I3O 

t-BOCNH t-BOCNH 

''t'"'I 
Scheme 27 

When the nitrogen of a 13-oxazine is activated by acylation aluminum amalgam is a suitable reagent 
for reductive cleavage; sodium amalgam has also been used in cases where this reagent is too mild.'31 
Two other very mild methods of reduction apply to hydroxylamines of specific types. Several hydroxyl- 
amines of relatively high basicity have been cleaved by dihydrolipoamide (44), which is formed from the 
coenzyme lipoamide by reduction with sodium b0r0hydride.l~~ Cyclic hydroxylammonium chlorides of 
the general structure (45) have been reduced by hydrogen in the presence of various microorganisms, the 
carbon-carbon double bond being ~naf fec ted . '~~  

SH V C O N H 2  SH 

Oxaziridines can be regarded as a special category of cyclic hydroxylamines. Activated compounds of 
this type, such as the N-benzenesulfonyl derivative (46)134 and the salt (47),135 are very easily reduced. 
They are proving to be useful in synthesis as oxygen-transfer reagents to alkenes, thiols and other 
nucleophiles. 
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2.2.5 REDUCTION OF 0 4  BONDED GROUPS 

2.2.5.1 Introduction 

The oxygen-xygen bond of peroxides is easily reduced and many standard reducing agents are ca- 
pable of cleaving the bond efficiently. Catalytic4 and other'36 methods have been reviewed. Whereas the. 
reduction of hydroperoxides leads to the formation of alcohols, considerable selectivity is possible in the 
products derived from disubstituted peroxides. Hydroperoxides and disubstituted peroxides are, there- 
fore, discussed separately below, even though some of the reduction methods are identical. Reductive 
ozonolysis of alkenes has also been included as a separate third category. 

2.2.5.2 Reduction of Hydroperoxides to Alcohols 

Alkyl hydroperoxides (48) are available by radical oxidation of alkanes, by nucleophilic displacement 
using peroxide anion, and by other methods. The reductive cleavage of the 0-0 bond, therefore, repre- 
sents a useful method for the synthesis of alcohols. The reduction of hydroperoxides to alcohols can be 
brought about by many reagents. Catalytic methods have been widely used;4 although the 0-0 bond is 
very susceptible to reduction, not all catalysts allow the bond to be cleaved selectively. It has been sug- 
gested that the best catalysts for selective reduction are the types which are used to reduce alkynes to al- 
kenes; one such catalyst, palladium and lead(I1) acetate, was used to reduce the hydroperoxide (49) to 
cyclohexenol (89%).137 Salts of tin(II), iron(I1) and other low-valent metals can cleave the bond. Many 
nucleophilic reducing agents have also been used, the most common being sodium hydrogensulfite, li- 
thium aluminum hydride, sodium iodide, sodium thiosulfate, dimethyl sulfide and triphenylphosphine. 
The mechanism most often put forward for these reductions is nucleophilic attack on oxygen (Scheme 
28).138 These methods are usually more selective than standard catalytic reduction methods. 

0 0 0 ,  
ROOH 

RO-OH 7 Nu- - RO- + NuOH 

Scheme 28 

2.2.5.3 Reduction of Disubstituted Peroxides 

Disubstituted peroxides are cleaved reductively by the same reagents as are used for hydroperoxides. 
The usual products are alcohols derived from the two substituents, but considerable selectivity is possible 
with some substrates. This is illustrated by the reduction of cyclic endoperoxides of the general formula 
(50); these compounds are available from the cycloaddition of singlet oxygen to cyclic conjugated 
dienes.'39 The reduction of such compounds provides a good method of synthesis of cis- 1,4-diols, which 
can be formed with retention of the double bond or with reduction of it (Scheme 29). It is also possible to 
prepare unsaturated epoxides by reduction with triphenylphosphine or other phosphorus(II1) reagents. 
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Of the methods for reductive cleavage in the presence of a carbon4arbon double bond, reduction with 
lithium aluminum hydride and with thiourea have been most commonly used. Thiourea is very selective 
and has been used to reduce unstable cyclic endoperoxides, such as compound (51), in situ when they are 
generated by dye-sensitized photooxygenation of dienes (Scheme 3O).l4O Even when reduction of a 
double bond is also required, it may be advantageous to use a selective method of cleavage of the perox- 
ide. For example, in the synthesis of the sesquiterpene cybullol shown in Scheme 31, the final product 
was most efficiently formed in two steps from the endoperoxide, by reductive cleavage (77%) with 
aluminum amalgam, followed by hydrogenation over platinum ( 

0 
(51) 

Scheme 30 

6 
OH 

Scheme 31 

Reactions of peroxides with triphenylphosphine usually result in monodeoxygenation. 142 Dialkyl per- 
oxides react relatively slowly with triphenylphosphine and give ethers as the major products; for 
example, di-t-butyl peroxide gave di-t-butyl ether (8 1 %) after being heated with triphenylphosphine at 
11G120 'C for 30 h. The mechanism suggested for these reactions is an ionic one, triphenylphosphine 
acting as a nucleophile. The reaction illustrated in Scheme 29 can then be rationalized by the loss of tri- 
phenylphosphine oxide and intramolecular attack on the double bond. The reaction has found several 
useful applications in synthesis; an example is a preparation of naphthalene 1,2-oxide (Scheme 32).14, 

i - mo \ / 

i, PPh,, -78 "C 

Scheme 32 
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Several thiols and sulfides (particularly dimethyl sulfide) have also been used as reducing agents. An 
example of this reaction which may well have biological significance is the reduction of 1,2-dioxetanes. 
These compounds are capabie of causing damage to DNA, but they can be efficiently reduced to diols by 
glutathione and several other thiols. Glutathione, a tripeptide, probably protects living cells by deactivat- 
ing dioxetanes and other peroxides in this way. Although dimethyl sulfide can also reduce dioxetanes, 
the products are different, as illustrated in the example in Scheme 33. It is suggested that dimethyl sul- 
fide acts as a reducing agent through electron transfer to the peroxide; CIDNP experiments and other evi- 
dence support this view. Ascorbic acid has been reported to cause cleavage of dilauroyl peroxide; an 
electron transfer mechanism has also been suggested to account for this reaction. 145 

*OH A Ho OH 

*OH 0-0 

OH 
44% 41% 

i, L-glutathione, H20,  5 "C; ii, Me$, CHCl,, 5 "C 

Scheme 33 

Dimethyldioxirane (52) and other methyldioxiranes are easily generated peroxides which have proved 
to be very useful oxygen atom transfer agents; alkenes, sulfides and amines can all be oxidized and 
dimethyldioxirane is reduced to a ~ e t 0 n e . I ~ ~  

x 
0-0 

2.2.5.4 Reductive Ozonolysis of Alkenes 

The cleavage of alkenes by ozone, usually to give carbonyl compounds as products, is a reaction 
which has been widely exploited in synthesis and on which a great deal of mechanistic work has been 
carried out. Reviews of this chemistry are available. 138~147 The ozonolysis usually leads to the formation 
of one of two distinct types of peroxidic product (Scheme 34); the cyclic peroxides (53), which are 
formed in nonnucleophilic solvents, and acyclic hydroperoxides, such as (54), which are formed in the 

\ 

X 
/ 
\ 

(53) 

(54) 

Scheme 34 
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presence of nucleophiles. These can then be reductively cleaved by the methods described in the preced- 
ing sections. With nucleophilic reducing agents, as shown in Scheme 28, the products can be rationalized 
by attack on the peroxide function. Further reduction is obviously possible with some reagents, such as 
lithium aluminum hydride. Dimethyl sulfide, sodium hydrogensulfite and triphenylphosphine have been 
commonly used when reduction to the carbonyl compounds is required. Hydrogenation over modified 
catalysts allows the formation of unsaturated carbonyl compounds; thus, the dialdehyde (55) was pre- 
pared from 1,5-~yclooctadiene by ozonolysis of one double bond followed by catalytic reduction of the 
ozonide. Ozonides can be reductively cleaved directly to alcohols; the best reagent for this purpose is 
borane-dimethyl sulfide complex. 148 

* c::: 
(55) 
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2.3.1 INTRODUCTION 

The reduction of the important sulfoxide functional group has attracted considerable attention during 
the past 20 years. This topic was extensively reviewed in the late 1 9 7 0 ~ , ~ * ~  and there have been several 
excellent reviews of the area very re~ent ly .~-~  The reviews by Grossed and Made~claire~ present a par- 
ticularly thorough coverage and, in each case, include references as recent as 1987. Effective methods 
for the reduction of the related sulfone functionality have proved to be more elusive, in large part be- 
cause of the much stronger S 4  bonds present, but this topic is also given comprehensive treatment in 
the review by Grossed and in a much earlier one by Durst.6 

The reduction of P - 0  is clearly a more daunting task than the reduction of the S 4  bond in a sul- 
fone and the dearth of literature references to this topic reflects this fact. In contrast, much work has been 
done on the reduction of disulfides and other systems with S-X bonds,7 including their selenium and 
tellurium counterparts.* 

A number of reviews which relate to reduction in general and only in part to the types of reduction 
presently being considered may also be of interest to the reader. These include a review of hydride re- 
ductions in general by Brown and Krishnam~rthy~ and of metal alkoxyaluminum hydrides in particular 
by Malek.lo The important role of electrophilic catalysis in achieving reductive S - 0  bond cleavage is 
summarized in a review of the applications of iodotrimethylsilane by Olah and Narang.l' 

403 
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2.3.2 REDUCTION OF S=O AND RELATED FUNCTIONAL GROUPS 

2.3.2.1 Reduction (Deoxygenation) of Sulfoxides 

This section will deal only with those processes which involve a straightforward reduction or deoxy- 
genation of the sulfoxide and not, for example, with processes such as the Pummerer or sila-Pummerer 
reactions, which involve reduction of the sulfoxide with concomitant oxidation at one of the a-carbon 
atoms. Also not included will be those reactions such as desulfinylation, which involve reductive cleav- 
age of one of the C-S bonds. As indicated in the Introduction, there have been several reviews of sulf- 
oxide deoxygenation to the corresponding sulfide.'-5 While many different procedures for achieving this 
type of reduction have been reported, it is possible to identify three major approaches, which will be dis- 
cussed in turn. Although most of the literature cited is from the last 10 to 15 years, the trends already 
emerging in the mid 1970s have become more clearly established, in particular the need for reagents se- 
lective enough to reduce, for example, a sulfoxide in the presence of a ketone or other carbonyl function- 
ality. Thus, while vigorous methods such as lithium aluminum hydride or dissolving metal reductions 
may still be used in simple cases, they have now been largely supplanted by more sophisticated proce- 
dures. 

The first broad class of reagents to find general application to the reduction or deoxygenation of sulf- 
oxides was that of the 'low valent' transition metals. These methods rely on reducing agents such as mo- 
lybden~rn( I I ) ,~~J~ rn~lybdenurn(III) , '~~~~ titanium(II),IS ~anadium(I1)'~ or tungsten(III),12 which are often 
generated in situ by zinc reduction (equation 1). These reagents give excellent yields of sulfides of all 
major types and can be employed in the range 25-100 "C. Other functional groups, such as ketone, ester, 
nitrile, (aromatic) nitro, phosphine oxide or sulfone, were shown by San Filippo and coworkers12 to be 
unaffected and the reducing capabilities of such low valent metal systems have been reviewed by Ho.I6 
More recently, the use of cobalt(I1) in combination with NaBH4,17 and the use of titaniurn(III),l8 have 
been reported for the reduction of sulfoxides to sulfides. 

0 TiCI4, Zno 

R' R' Et,O, CH,CI,, 25 "C 
S ,  II R'S,R' ( 1 )  

8 6 9 7 %  

A second, single reagent procedure relies upon the use of pentavalent phosphorus compounds, in 
which the formation of a very strong P=O bond provides a thermodynamic driving force for the de- 
oxygenation to proceed, often at 25 "C or lower. Thus, Still et a1.19 used phosphorus pentasulfide (tetra- 
phosphorus decasulfide) for the reduction of several types of sulfoxide to sulfide, generally in yields of 
60% or higher, although lower yields were recorded for sterically congested sulfoxides and for heterocy- 
clic sulfoxides. Although P&IO is well known to be capable of effecting carbonyl-thiocarbonyl ex- 
change, the example in equation (2) illustrates that ketones (as well as ester, amide, nitro or halide 
compounds) are not affected under the mild conditions used. Phosphorus pentasulfide is ineffective in re- 
ducing sulfones, sulfinates or sulfites but was successfully applied in the reduction of sulfimides (sul- 
filimines) and selenoxides (see Sections 2.3.2.4 and 2.3.2.5). A plausible mechanistic suggestion for the 
P ~ S I O  reduction of sulfoxides, which involves a four-center transition state and initial formation of an 
unisolable thiosulfoxide intermediate, has been made independently by Still et al. I 9  and by Baechler et 

(Scheme 1). 

p4s10 

CHzCI,, 25 "C 
60% 

Scheme 1 
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have also developed thiophosphoryl bromide (PSBr3) as an alternative to P ~ S I O  which does 
not suffer from the drawback of insolubility in organic solvents. This reagent, readily prepared from 
P~SIO,  red phosphorus and bromine, gives very high yields of the sulfides in reaction times that vary from 
a few minutes to a few hours at 25 "C. These features make PSBr3 generally superior for the sulfoxide- 
sulfide interconversion but the reverse was found to be true for the related conversion of sulfines (thione 
S-oxides) to thionesZ2 shown in equation (3), where the requirement for aqueous work-up in the PSBr3 
reactions created serious difficulties in isolating water-sensitive thiones. In a promising development, 
Yokoyama et al.23 have reported that an analog (1) of the organic phase soluble Lawesson reagent re- 
duces dibenzyl sulfoxide to the sulfide in 83% yield. 

Still et 

R ,o P4SloorPSBr3 R 
c 

R' CH,Cl,. 25 "C R' 
58-95% 

(3) 

Other pentavalent phosphorus reagents which have been used for the deoxygenation of sulfoxides in- 
clude phosphorus pentachlorideZ4 and various combinations of phosphinesz5 or phosphitesz6 with 12 
which also appear to involve pentavalent phosphorus species. In the former case, the addition of a simple 
enamine or tertiary aromatic amine was found to be essential to prevent formation of Pummerer-type 
products. POC13 or Sic14 could be used instead of Pc15. Olah et al.z5 have suggested that a similar mech- 
anism is operative in the reduction of sulfoxides with the reagent tris(dimethy1amino)phosphine-iodine- 
sodium iodide (equation 4), which they find to be superior to an earlier version of this system using 
triphenylphosphine. The iodine appears to play a catalytic role, via initial formation of (MezN)3PIz. 
While not involving pentavalent phosphorus analogs, the application of other phosphorus iodides such as 
P214 or PI3 to the reduction of sulfoxides and selenoxides has been reported by Denis and Krief27-28 and, 
independently, by S ~ z u k i ~ ~  in the case of the former reagent. Finally, in an elegant application of a sulf- 
oxide-deoxygenating agent first reported by Chasar and Pratt,30 Ottenheijm and coworkers3' have suc- 
cessfully used I ,2-phenylene phosphorochloridite (2) as the reducing agent in a novel 
reduction-xidation sequence for the selective epimerization (at sulfur) of a series of sulfoxides, in over- 
all yields of 2637%.  

0 (Me,N)3P, I,. Nal 

R' , R' MeCN, 25-80 OC 

II 
* R/s.. R' + (Me,N),P=O (4) 

68-96% 

The third and final subclass of methodology in the reduction of sulfoxides to sulfides relies upon what 
is basically a dual reagent or 'push-pull' strategy. The nucleophilicity of the sulfoxide oxygen is utilized 
in an initial reaction with an electrophilic species, usually a halosilane, followed by displacement of the 
silanolate leaving group at the sulfonium center by various reducing species, such as I-,32 BI-,~~ or 
PhSH.34 The reaction is completed (Scheme 2) by a final redox step involving the generation of 12, Br2, 
or PhSSPh, respectively. In several cases, two distinct reagents for the initial two steps were employed 
but in other instances a single reagent could be used, such as the use by Oae and coworkers34 of the re- 

Et,O, 25 "C 0 
I I  R's, + C1SiMe3 c 

Scheme 2 



406 Reduction of S-Y Bonds 

agent PhSSiMes or of ISiMe3 by Olah et In the former case, the advantage of a single reagent was 
offset by lowered yields and much longer reaction times. 

Much ingenuity has been displayed in modifying the reagent system used in the above type of reduc- 
tion. The basic thermodynamic driving force in all such cases is the formation of a strong Si-0 bond, 
accompanied by the sacrifice of a relatively weak X-Si bond. Thus, reagents such as (MenSi)2S35 and 
the analogous selenides and tellurides36 have been used to reduce sulfoxides, as well as several selenox- 
ides and telluroxides (see Section 2.3.2.5), in high yields at 25 'C. Other variations include the use of 
various chlorosilanes in combination with zinc dust (equation 5).37,38 These procedures give good to ex- 
cellent yields even for heterocyclic sulfoxides, with little or no Pummerer product formation, and can be 
carried out in the presence of hydroxy or carboxy groups or double bonds. Olah et have used tri- 
chloromethylsilane-sodium iodide as an alternative to the rather unstable iod~trimethylsilane.~~ The sul- 
fides are produced, in yields of over 85%, in minutes at 25 'C using acetonitrile as the solvent, by this 
technique. While not directly relevant to the present topic, it is of interest to note that Miller et a/.40 have 
recently developed a general route to triarylsulfonium salts from diaryl sulfoxides, using similar activa- 
tion by electrophilic silicon reagents, accompanied by nucleophilic displacement of silanolate by aryl- 
lithium or aryl Grignard reagents (equation 6). 

0 ZnO, acetone 
+ C12SiMe2 - R'S,R' + ZnCI, + [Me2Si=O] ( 5 )  R's- R' 

I I  

0-5  OC 

70-95% 

TfOSiR, Ar\ 
S = O  + Ar'MgBr - + S-Ar' + TfO- 

Ar\ 

Ar/ Ar/ 

In addition to the above variations, the nature of the Lewis acid electrophilic activator has also been 
examined, from the standpoint of elements other than silicon, and several recent papers have utilized 
boron electrophiles in this way.'"43 The yields of sulfide obtained are very high and the reductions can 
often be carried out at 0 "C or lower. The reagents used comprise either combined electrophile-nucleo- 
phile systems such as BF3-NaI4I or thexylchloroborane-dimethyl or the bromodimethylborane 
or bromoborane (3) reagents used by Guindon et ~ 1 . ~ ~  These workers also used BBr3 but, unlike the other 
boron bromides, it reacted only sluggishly with diaryl sulfoxides and had the additional disadvantage of 
reacting with any free hydroxy groups present. Other electrophile-nucleophile combinations of a related 
type which have been examined include the strong Lewis acid A11344 and the weak Lewis acid FeCI3 
used in combination with NaBH4 in aqueous ethanol.45 

0 

Other procedures which presumably operate by a very similar type of mechanism include the use of al- 
ternative electrophilic activators such as acid anhydrides46 and acid  chloride^,^' while Olah et a/.48 have 
also used amine complexes of SO2 or so3 as electrophiles, with sodium iodide in each case as the nu- 
cleophilic reductant. Among the simplest systems of this type are those reported by Chasar and 
Shockcof19 using HCI-KI in chloroform, which gives excellent yields even with the keto sulfoxide (4), 
and, interestingly, even t-butyl bromide in refluxing chloroform, reported by Marchelli and  coworker^,^" 
which gives sulfides almost quantitatively. An unusual procedure reported by Olah et was the use of 
the fluorinated triazine (5) or the corresponding trichloro analog (cyanuric chloride). 

A number of procedures have been reported for the reduction of sulfoxides to sulfides which do not 
appear to fit the above broad categories but which are also versatile procedures, employing relatively low 
temperatures and short reaction times. For example, Drabowicz and Mik~ la j czyk~~  used the system 
thiourea S,S-dioxide-iodine in refluxing acetonitrile to reduce several sulfoxides to sulfides in yields of 
89-95%. The sulfinic acid (6) is quite well known as a reducing agent but the catalytic role played by 
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iodine in the present reduction is unclear. AmosS3 has successfully used the poly(styry1)diphenylphos- 
phine-CC4 system to produce sulfides in yields of 81-99%. The method is selective for sulfoxides in the 
presence of aromatic nitro groups and, while very similar mechanistically to the reagent systems used by 
Olah et ~ l . ? ~  is also useful in that it avoids the separation and purification difficulties associated with the 
use of triphenylphosphine. Yoshihara and coworkersS4 have used the thioformamizium salt (7), readily 
prepared from NAN-dimethylthioformamide, in the reduction in dry chloroform of a series of sulfoxides, 
with yields in the range 53-82%. 

+ Me, + 
, N 7  

Ph 
""FP Me s - 7  

c1- H2N 0- 

23.2.2 Reduction of Sulfones 

The reduction of the S - 0  bond in sulfones is much more difficult, partly because this bond is 
stronger than the s--O bond in the corresponding su l f~x ides .~~  In addition, powerful nucleophilic hy- 
dride reducing agents such as LiA1H456 meet with limited success as a result of the normal steric hin- 
drance to attack at tetracoordinate sulfur atoms and competing a- or a'-deprotonation by these strongly 
basic species. The use of electrophilic hydride reagents such as diisobutylaluminum hydride (DIBAL- 
H)57 has been shown to be somewhat effective but only under severe conditions, presumably due to the 
weakly nucleophilic nature of the sulfone oxygen atoms. Grossed has discussed these and related mech- 
anistic problems in a recent comprehensive review. A further complication not found with the sulfoxide 
reduction is the possibility of obtaining the intermediate sulfoxide, as well as the sulfide.58 

In spite of these obstacles, Still and SzilagyiS9 were able to achieve the so far unique reduction of sul- 
fones to sulfoxides using a variant of the 'push-pull' strategy which has proved to be so successful in the 
sulfoxide reduction. After many unsuccessful attempts, it was found that electrophilic activation of one 
of the S - 0  bonds in a series of aliphatic and aromatic sulfones could be achieved using the p-chloro- 
phenyl carbonium ion, derived from the corresponding diazonium tetrafluoroborate by thermal decompo- 
sition. Reduction of the aryloxysulfoxonium salt (8) was achieved by the addition of a NaBH4-AI203 
reagent to yield the corresponding sulfoxide (Scheme 3). No further reduction takes place under these 
conditions. The proposed mechanism, involving nucleophilic attack at the sulfoxonium center by hydride 
to give the S-protonated sulfoxide (9) ,  was confirmed as the major pathway by deuterium-labeling ex- 
periments.60 The yields are moderate and the nature of the electrophile restricts the reaction to simple, 
monofunctional sulfones, but this remains the only general method of converting sulfones into the corre- 
sponding sulfoxides. 

25-55% 

Scheme 3 

Because of the importance of the sulfone moiety in organic synthesis as an 'activating' group and the 
need, therefore, for its facile subsequent removal, it is no surprise that much more attention has been paid 
to methods of reductively cleaving the C-S bond in sulfones. Many such methods are available and 
they have been thoroughly examined in the recent review by GrossertO4 They will not be discussed fur- 
ther here. 
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2.3.2.3 Reduction of Sulfonic and Sulfinic Acids and Their Derivatives 

The pronounced affinity of sulfur for the higher (+4, 6) oxidation states means that other subclasses 
of compound exist which contain S=O units. Many of these are little known but a number of successful 
reductions have been reported, especially of sulfonic acids and their ester, acid halide, erc. derivatives. 
These will be discussed in this section. 

Although a common functional group in organic chemistry, the sulfonic acid (RS03H) unit is remark- 
ably inert to reduction to RSH or any intermediate oxidation level. In contrast to carboxylic acids, for 
example, it is claimed that sulfonic acids resist refluxing with LiAlH4 in dibutyl ether for three days.61 
On the other hand, it has long been known that sulfonyl chlorides can be reduced to the corresponding 
thiols by using amalgamated zinc-sulfuric acid62 or tin(I1) chloride-hydrochloric acid.63 This works very 
well in the aromatic series where chlorosulfonyl groups can be introduced by chlorosulfonation and then 
reduced to the corresponding thiols. Lithium aluminum hydride can also be used to achieve this reduc- 
tion but at -70 "C the intermediate sulfinic acid can be isolated in over 60% yield.@ Brown and Rao6j 
also achieved the sulfonic acid to thiol reduction using a NaBH4-AlCb system. Much more recently 
Nose and Kudo66 have reported the use of NaBH4 alone in THF at 0 "C for the conversion of aromatic 
sulfonyl chlorides to the corresponding sulfinic acids in good yields. The same reagent at higher tem- 
peratures produced mixtures of the disulfide and arenethiol. 

In recent times, several groups have attempted to employ the indirect method of (electrophilic) activa- 
tion of one of the S-0 bonds, followed by reduction, often with a mild reducing agent. One of the ear- 
liest such attempts was reported by Chan et u I . , ~ ~  who found that sulfonyl chlorides and sulfonate esters, 
as well as the analogous sulfenyl and sulfinyl compounds, could be reduced to the corresponding disul- 
fides (equation 7) using an HSiC13-NPr3 system. Oae and coworkers68 were the first to develop a suc- 
cessful reduction of arene- and alkane-sulfonic acids to thiols, using a system, (CF~CO)~O-BUN+I- at 25 
"C, very similar to that used earlief6 for the reduction of sulfoxides. Yields, however, were moderate and 
the thiol was present predominantly as the trifluoroacetate ester (equation 8). Oae and Togo69 found 
Ph3P-I2 successful in reducing arenesulfonic acids quantitatively to arenethiols in refluxing benzene. 
While the reduction also proceeds with alkanesulfonic acids, the thiols so formed are transformed into 
alkyl iodides under the reaction conditions (equation 9). In the same way presumably, arenesulfonic 
acids are reduced to thiols with Ph3P-Ar2S2 but the alkanesulfonic acids give high yields of the mixed 
sulfides (RSAr) in this reaction.70 Interestingly, Oae and Togo7I also found that both arene- and alkane- 
sulfonic acids could be reduced to the corresponding disulfides in good yields, using P401o or other poly- 
phosphoric acid derivatives with KI. The reaction is presumed to proceed via the sulfonyl iodide - it has 
been known for many years that sulfonyl halides are quantitatively reduced to the disulfides with HI.72 
Olah er ~ 1 . ~ ~  used iodotrimethylsilane in dichloromethane at 25 "C to convert sulfonyl, sulfinyl and 
sulfenyl halides into the analogous disulfides. Here iodotrimethylsilane can be viewed as a milder, more 
convenient form of the HI reagent. 

HSiCI,, Pr3N 
2 0, 00 w Ph/S\S 'Ph 

Ph/ 'C1 PhH, 80 "C 
85% 

(7) 

Other mild procedures for achieving the conversion of sulfonic acids to disulfides include BBro-KI in 
refluxing 1,2-di~hloroethane~~ and P2I4 in refluxing a~etoni t r i le .~~ Interestingly, P4S 10 in sulfolane at 100 
'C converted sulfonic acids into polysulfides (ArSnAr, n > 2).76 The polysulfides were subsequently con- 
verted into the thiols by LiAIH4 or NaBH4 reduction.76 Cipris and P o u I ~ ~ ~  found that a large excess of the 
corresponding thiol converted aromatic sulfonyl chlorides into disulfides according to equation (lo),  
while AI13 alone has been shown recently to convert sulfonyl chlorides into disulfides in yields of over 
80%.44 Two other reductive transformations of sulfonyl compounds of a less simple type have been 
noted. Arenesulfonyl azides were converted into aryl alkyl sulfides in moderate yield on treatment with 
trialkylboranes, followed by alkaline H202 (equation 1 l).78 Kagabu et af.79 have reported the successful 
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conversion of a series of arenesulfonyl chlorides with trimethylsilyl cyanide into the corresponding thio- 
cyanates. The reaction proceeds via the (sodium) sulfinate as intermediate and requires a reducing sys- 
tem (Na2S03-K2C03) for successful completion (equation 12). 

+ 5 Ar-SH + HCI + 2 H,O 

0 Me,SiCN O+ bo Na2S03 II 
Ar 'CN (12) - 

Ar 'C1 Ar/  reflux, Me& 
47-87% 

In contrast to the other types of $-n functionality already discussed, there has been very little syste- 
matic study of the reduction of sulfinic acids and their derivatives. This probably reflects nothing more 
than the relative paucity of such species in organic synthesis, since sulfinates have often been identified 
or proposed as fleeting intermediates in the reduction of sulfonic acid derivatives, as discussed above. 
Pinnick et described an interesting reductive coupling of aromatic sulfinate salts to disulfides, using 
ethyl phosphinate in DMSO. Yields are moderate and the reaction is confined to aromatic sulfinates. A 
mechanism has been proposed via a sulfoxy sulfone intermediate. In a reaction reminiscent of the work 
of Cipris and P ~ u l i , ~ ~  Oae et af.*' have reduced sulfinic acids to disulfides in better yields (80-100%) 
than those in the earlier procedure by using ClSiMes as coreagent, along with a large excess of the thiol 
reducing agent (equation 13). If a mixed disulfide is required, yields are lower due to disproportionation. 
Two examples of reductions of sulfinyl systems in recent syntheses of natural products were noted.82*x3 
One involves the reduction of allylic sulfinamides to allylic thiols with LiAIH4 (equation 14). and the 
other the conversion of sulfinic acids into S-acetyl thiols by a sequence involving SOC12, thioacetic acid 
and triphenylphosphine (equation 15). 

0 

s, R' OH 

I I  + 3R' -SH + 4CISiMe3 - R'SxS.R' + R'OSxS'R'  + 2(Me3Si),0+ 4HCI (13) 

There has been recent controversy over the reduction of seleninic acids (RSe02H) to selenenic acids 
(RSeOH). Reich et and Kice et ~ 1 . ~ ~  have independently concluded that earlier claims for the isola- 
tion of 'stable' selenenic acids are probably in error. While selenenic acids are stable in dilute solution, 
they show a pronounced tendency to form the corresponding anhydrides in the absence of water. 

2.3.2.4 Reduction of Sulfimides (Sulfilimines) and Sulfoximides (Sulfoximines) 

These nitrogen analogs of sulfoxides and sulfones are still relatively unusual types of organosulfur 
compound but a few methods are known for their reduction. Colonna and for example, 
found that N-tosylsulfimides could be reduced to sulfides in good yields, using formamidinesulfinic acid 
(thiourea S,S-dioxide) (6) under phase-transfer conditions at 70 "C (equation 16). This reagent was later 
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adopted for the reduction of disulfides (see Section 2.3.4.1) and sulfoxidess2 and the latter were shown 
not to be intermediates in the reduction of sulfimides. Still and T~rnbu11*~ showed that phosphorus penta- 
sulfide is as effective for the reduction of sulfimides as it had earlier proved to be for sulfoxides.19 In ad- 
dition to the N-tosyl derivatives, free diarylsulfimides were also reduced by this method. Oae and 
coworkers34 showed that one of their procedures is capable of extension to N-tosylsulfimides (72-96% 
yields) and have used dichlorocarbene (generated from chloroform in a phase-transfer system) for the re- 
duction of both sulfimides and sulfoximides to sulfides.s8 Oae and coworkerss9 have also used i -benzyl- 
1,4-dihydronicotinamide (BNAH), catalyzed by various metalloporphins, for the reduction of both 
sulfimides and sulfoxides in benzene at 25-80 'C. Young and Reidgo have conducted a thorough examin- 
ation of the kinetics of the reduction of sulfimides to sulfides with the thiolate ion. 

NTS (NH,),C=SO, 

The sulfoximide system is of particular interest because stable chiral analogs are readily obtained (R # 
R'). A thorough examination of a series of stereochemical reaction cycles involving sulfoximides (10) 
was carried out by Cram and  coworker^.^' While the conversion of sulfoximides to sulfoxides is of 
course a reduction, it is perhaps more correctly viewed as a deimination reaction and Cram and cowork- 
ers reported the conversion of sulfoximides to sulfoxides in 99% yield, with 99% retention of configura- 
tion, using either NO+PF6- or, better, aqueous nitrous acid (equation 17). Oae et have shown that 
other nitrosating agents such as TsNO 4-(S-nitrososulfonyl)toluene and t-butyl thionitrate may be used in 
dry acetonitrile and are as effective as aqueous "02 (equation 18) for the deimination of sulfoximides 
(and sulfimides). Racemization of the sulfoxides obtained, however, was noted. These workers showed 
conclusively that N20 was evolved, as expected, from the initial N-nitrosation step. An interesting proce- 
dure reported by Oae et for the conversion of sulfoximides to sulfoxides involves the use of elemen- 
tal sulfur or diphenyl disulfide and again proceeds with essentially complete retention of stereochemical 
configuration. 

O,\ ,,NH aq. "0, - o,\ /** (17) 
R' R"' T 

R"' s. 
R' 25 "C 

(10) 

2.3.2.5 Reduction of Se and Te Analogs 

While the literature in this area is sparse, it is useful to bear in mind that the strength of the relevant 
bonds is in the order S 4  > Se=O > T e d .  Thus, while sulfoxides have been used as general oxidiz- 
ing agents in various methods, such as the Pfitzner-Moffat or Swern procedures for the mild oxidation of 
primary and secondary alcohols,94 diary1 telluroxides have been shown to be selective oxidants for the 
direct transformation of thiols (mercaptans) to disulfides, phosphines to phosphine oxides or hydroqui- 
nones to quinones.95 The telluroxides could also be used in a catalytic cycle for the mild conversion of 
thiocarbonyl compounds to the corresponding carbonyl corn pound^.^^ Engman and CavaY6 have reported 
the first fully characterized tellurone (11). Not surprisingly, this is a more powerful oxidant than the tel- 
luroxide analog,9s and will oxidize benzylic alcohols and oxidatively cleave l ,2-diols. 

0, - /P 

M e 0  

Likewise, diphenyl selenoxide has been shown to convert aromatic amines to the corresponding 
a~obenzenes?~ while, in contrast to their sulfur analogs, benzeneseleninic acid and its anhydride are well 
established as versatile oxidants in organic chern i~ t ry .~~ 
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Several of the procedures discussed in the sulfoxide section describe the successful extension of the 
method to the reduction of s e l e n o ~ i d e s , ~ ~ , ~ ~ , ~ ~  and there is little doubt that many of the other procedures 
cited earlier could be used likewise. Sakaki and Oae99 used triphenylphosphine selenide and similar se- 
lenides to reduce selenoxides to selenides in 79-93% yield (equation 19). Using a chiral phosphine se- 
lenide, these workers showed that the phosphine oxide formed had suffered predominant inversion, with 
a stereospecificity of over 80%. DettyIoo has reported the application of the silane PhSeSiMe3 (12) to the 
reduction of selenoxides and telluroxides. The reactions are rapid and proceed essentially quantitatively, 
even in the presence of a hydroxy or carbonyl group. 

(19) 
0 Art Ar, 
'I + Ar-P=Se - ReSe.Rt + Ar-P=O + Se 

R'Se. R' Ar/ A: 

Lang and ComassetoIo1 have shown that formamidinesulfinic acid, or thiourea dioxide (6), is an effi- 
cient and inexpensive reagent for reducing selenoxides and telluroxides, as well as various selenium( IV) 
halide derivatives, to the corresponding selenides and tellurides. 

2.33 REDUCTION OF P=O COMPOUNDS 

Little work appears to have been done with the reduction of phosphine oxides to phosphines, in sharp 
contrast with the voluminous literature on the reduction of sulfoxides (see Section 2.3.2.1). Two simple 
explanations which suggest themselves are: (i) the thermodynamic problem of a very strong P=O bond 
(cf. the sulfones); and (ii) the fact that, in contradistinction to the vast number of stable sulfone- and sulf- 
oxide-containing intermediates encountered in organic synthesis, the supporting role of phosphorus inter- 
mediates is usually fleeting and confined very often, for example, to the single step involved in a Wittig 
reaction. Changes in oxidation state of the phosphorus atom, therefore, have so far been of little import- 
ance. 

Nevertheless, a number of papers have appeared on this topic, including an important one by Mislow 
and coworkerslo2 which examined the reduction of a series of chiral acyclic phosphine oxides by S iXk 
or Si3Cls. These reactions proceed in high yield (70-90%), with stereochemical inversion at phosphorus 
and with almost complete stereospecificity. A complex mechanistic scheme is proposed to account for 
the observed results. The authors found that amine oxides and sulfoxides were also deoxygenated by 
SizC16, although it should be noted that Pummerer-like chlorination products were observed in significant 
amounts for sulfoxides with a-C-H bonds. Since optically active phosphine oxides may readily be ob- 
tained from the reaction of diastereomerically pure menthyl phosphinate esters with Grignard re- 
a g e n t ~ , ~ ~ ~  it is of interest to note that Marsilm has found phenylsilane (PhSiH3) to be a reliable agent for 
the conversion of phosphine oxides to the corresponding phosphines, in quantitative yield and with com- 
plete retention of configuration (equation 20). 

If further evidence of the difficulty of reducing the P-0 bond were needed, the recent findings of 
Yamashita et a1.Io5 provide interesting confirmation. Many a-hydroxyalkyldiphenylphosphine oxides 
(13) were converted into the corresponding alkyldiphenylphosphine oxides (14) in 33-73% yield, with 
PC13-KI (equation 21). No competing reduction of the P=O bond was apparently observed. Majew- 
skiIo6 has reported the disproportionation of dialkylphosphine oxides into dialkylphosphines and phos- 
phinic acids (equation 22). The reaction proceeds in yields of over 90% and the phosphines are easily 
isolated by distillation. 

0 0 
Ph, 1 1  PCI,. KI Ph, 1 1  

P R  
Ph' py i, Ph' yR, 

OH CHCI,-Me,CO H 
25-50 "C 
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In other developments, Lecat and DevaudIo7 have proposed an electrochemical reduction (Scheme 4) 
to recover triphenylphosphine from triphenylphosphine oxide produced, for example, in the Wittig re- 
action. Yields of up to 86% were obtained. Engel and ChakrabartyIoga have reduced phosphoric and 
phosphonic chlorides to the corresponding monobasic phosphorous and phosphonous acid derivatives 
(equations 23 and 24), using NaBH4 in refluxing dioxane. Triphenylphosphine oxide is reportedlylo*b re- 
duced to triphenylphosphine in 75% yield by the electron-transfer system SmI2-THF-HMPA, at 65 "C. 

Me2S04 + Me 2 e -  
Ph,P - p4s10 

Ph,P=O Ph3P=S Ph3P - S' 

Scheme 4 

.. 
P, 

R' ' "C1 OH 

NaBH4 - RO'I R' 
RO, 00 

2.3.4 REDUCTION OF S-X TO S-H 

23.4.1 Reduction of Disulfides and Diselenides 

The reduction of disulfides to thiols (equation 25) is a familiar reduction process in organic chemistry, 
being easily effected by a variety of reducing agents. The subject has been reviewedioy but still continues 
to attract attention and some recent methods will be discussed here. Various hydride reducing agents 
have been used, such as NaBH4 (in refluxing THF-MeOH),IIo potassium triisopropoxyborohydride in 
THF,I I and the mild reagents potassium triphenylborohydride' I 2  and lithium tri-r-butoxyaluminum hy- 
dride' I 3  in THF. In all cases, the authors noted that diaryl disulfides were reduced much faster than their 
dialkyl counterparts. Given the great importance of the disulfide-thiol redox relationship in living organ- 
isms, it is interesting to note that a biomimetic reducing system of 1 -benzyl- 1,4-dihydronicotinamide 
(BNAH), catalyzed by 3-methyllumiflavin, has been used by Oae and coworkers' l 4  for the reduction of 
diaryl disulfides. 

Maiti e f  ul . ' Is  reported the reduction of a series of disulfides to thiols, using hydrazines. Other ap- 
proaches to this reduction have employed thiourea S,S-dioxide (6),l l6 a reagent known to reduce sulfox- 
ides and sulfimides,*6 as well as selenoxides and telluroxides,lOl and an interesting Birch-type reduction 
using aluminum in liquid ammonia.l17 Activation of the aluminum used (by halogen or halide) appeared 
to be essential but the role of the activating agent was not explained. In some procedures the thiols were 
not isolated, but trapped by reaction of thiolate ion with alkyl halides,Il6 as in Amos and Fawcett'sIix re- 
ductive cleavage using a polymer-supported phosphine reagent, or with Michael acceptors, as in  an inter- 
esting procedure using CO-H20-Se11Y in an autoclave at 50-100 "C. In a similar vein, Suzuki and 
Sato12L' showed that Pzh treatment of dialkyl or diaryl disulfides could be used to form mixed sulfides 
from benzyl alcohols (equation 26). 
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Diselenides have been cleaved reductively to the selenolate ion with CO-H20-Se,l19 NaBH4 or so- 
dium or potassium hydrides.121 Very recently, Kong and Zhou122 have utilized sodium hydrogen telluride 
to selectively reduce a variety of disulfides to thiols in yields ranging from 65-98%. Bunte salts 
(RSSO3Na) are also efficiently reduced to the corresponding thiols using this reagent. 

The desulfurization of disulfides to sulfides is also, formally, a reduction. Harpp and Gleason'23 
showed that tris(dialky1amino)phosphines readily produced the corresponding sulfides, except in the case 
of diaryl disulfides. For example, important natural products such as a-lipoic acid and cystine could be 
converted to their monosulfides in excellent yield. Harpp and Gleason showed that inversion of configu- 
ration occurred at only one of the a-carbon centers, in accord with the proposed mechanism (equation 
27). Later, Middleton et af.124 showed that triphenylphosphine could be used to convert even diaryl disul- 
fides into sulfides, but only under very forcing conditions (250-300 "C) in the absence of solvent. Inter- 
estingly, when diaryl disulfides are treated with triphenylphosphine in wet dioxane, the primary product 
obtained is not the sulfide desulfurization product, but the thiol reduction Trapping of the 
arenethiolate presumed to be formed initially with a sulfenylating species (sulfur transfer agent) was 
shown by these workers to produce unsymmetrical disulfides in yields of 73-83%. The reactions of di- 
sulfides with trivalent phosphorus compounds have been reviewed by Mukaiyama and Takei.126 

(R"$'J)$' + R's \ I R' - RS- + (R"2N)3P-SR' - R'S-R, + (R"*N)3P=S (27) 
benzene, 25-80 "C 

2.3.4.2 Reduction of Thiocyanates and their Se and Te Analogs 

The reduction of thiocyanates to the corresponding thiols (equation 28) has long been known and has 
been extensively r e ~ i e w e d . ~ ~ ' ~ ' ~ ~  While much less well known, the reduction of seleno- and telluro- 
cyanates has also been reviewed r e ~ e n t l y . ~ ~ ~ ~ ' ~ ~  Among the reducing agents which have been employed 
in this area are sodium dithionite (Na2S204), dithiothreitol (Cleland's reagent) and phosphinic acid 
(H3POz). While reports of the preparation of tellurocyanates exist,131 E n g m a ~ ~ ' ~ ~  has noted that very few 
compounds of this type have been completely characterized, perhaps because of a facile disproportiona- 
tion reaction, as shown in equation (29). 

[HI 
RN'xCN - R-YH (28) 

Y = S, Se, Te 

NaBH4 has been found to be an effective reducing agent for the reduction of both thiocyanates (in 
DMF at 25 oC)'33 and selenocyanates (in pyridine at 25 0C).134 A procedure for the reduction of thio- 
cyanates using tributyltin hydride (equation 30) has been reported by Ueno et The mechanism of 
the reduction is probably homolytic and the thiostannanes (15) formed are stable and can be readily iso- 
lated. The thiostannanes, in addition to being more pleasant to handle than the parent thiols, can be con- 
verted into typical thiol derivatives, such as thiol esters, in excellent yields.13s 

Bu3SnH 

AIBN, 60 "C 

- R's\ R"'CN SnBu3 

86-99% (15) 
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3.1.1 INTRODUCTION 

3.1.1.1 General 

Heterogeneous catalytic hydrogenation continues to be a most useful technique for the addition of Hz 
to carbonxarbon double and triple bonds and to the aromatic nucleus, particularly if the objective in- 
volves chemo-, regio- or stereo-selectivity.Id Generally, the conditions for a laboratory preparation are 
mild and the catalyst is easily separated from the product. A simple apparatus often can suffice, although 
commercial reactors add safety, convenience and the ability to conduct hydrogenations over a wide 
range of hydrogen pressures and temperatures. Reliable catalysts can be purchased and stored for years 
without significant loss of activity, and some active catalysts can be prepared conveniently when needed. 

The addition of hydrogen is catalyzed by a large variety of materials, but synthetically useful proce- 
dures generally employ nickel or the platinum metals, whose surface provides the reaction centers. To in- 
crease the fraction of the metal which is exposed to the fluid phase, the metal is finely divided or 
distributed over the surface of an appropriate, presumedly inert, support. Although the properties of a 
catalyst are affected by the method of preparation, the characteristics of the metal are d ~ m i n a n t . ~ . ~  

The choice of catalyst and conditions for optimal results sometimes can be critical, but often is not. A 
number of generalizations can aid in the selection of a suitable procedure; however, the best guide for an 
initial choice is based on the recorded experience of others.14 However, in order to improve or adapt the 
procedure to a particular objective, some understanding of the dynamics and mechanism of heteroge- 
neous catalytic hydrogenation can be helpful. 

3.1.1.2 Catalysts 

Knowledge of the source of the catalysts which are most commonly used in synthetic procedures is 
useful. Supported platinum metals which contain 1-10% of the metal dispersed on carbon, alumina or 
silica are available from commercial sources, as is Adams’ platinum oxide (a catalyst much used in the 
past).3 The latter is a mixture of Pt, cw-PtO2.xHz0, and Na,Pt304, according to Cahen and IbersS7 The 
presence of sodium is thought to be related to the promoting effect of acids on its a~t iv i ty .~  If KN03 is 
used in place of NaN03 in its preparation, the product is a mixture of Pt and a-PtOzGxHzO, which is re- 
duced to Pt by H2. A rhodium/platinum (7:3) oxide is prepared by a similar procedure and, when reduced 
by H2, it exhibits the activity and selectivity of a pure rhodium catalyst.8 Unsupported platinum metals 
have been prepared by the hydrogen reduction of the corresponding hydroxide (Pd, Pt, Rh, Ir) or oxide 
(Os) in water at atmospheric or high p r e s s ~ r e . ~ . ~ ~  High surface purity ruthenium powders have been de- 
scribed for use in studies of the effect of water vapor on the hydrogenation of benzene.” Water has an 
unusual promoting effect on ruthenium-catalyzed  hydrogenation^.^ 

Raney nickel can be purchased in a form which is ready for use (W-2), or can be prepared by publish- 
ed procedures which furnish catalysts with a range of a~tivit ies.~ The increase in selectivity of Raney Ni 
catalysts upon ‘aging’ apparently results from the formation of CO by the decomposition of the ethanol 
under which the catalyst is usually stored.12 Highly regio- and stereo-selective catalysts are prepared as 
slumes by the reduction of the metal acetates, and are used in situ or stored for later use. P-2 nickel is 
prepared by reducing an aqueous alcoholic solution of Ni(OAc):! with NaBH4.I3 More recently, highly 
selective Ni and Pd catalysts were prepared by the reduction of Ni(OAc):! or Pd(0Ac)z with NaH and 
t-pentyl alcohol in THF.14*15 

Chemically bonding metal complexes to an insoluble solid is a method of preparing catalysts whose 
active centers have well-defined structures, but the results have yet to be applied to synthesis.16 Polymer- 
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bound palladium and rhodium complexes appear to offer the combined advantages of the selectivities of 
soluble hydrogenation catalysts and the ease of separating heterogeneous catalysts from the products.i7 

3.1.2 DYNAMICS AND MECHANISMi8 

3.1.2.1 Transport Phenomenalg 

The rate and selectivity of a surface-catalyzed reaction can be affected by the existence of concentra- 
tion or temperature gradients in the quiescent layer of fluid which surrounds the catalyst particle or is 
contained within its pores upon whose surface much of the exposed active material is distributed. The re- 
actants in the bulk phase reach the reactive sites by diffusion through these regions of the fluid, and they 
affect the kinetics when the rates of the surface-catalyzed reactions are fast relative to the rate of trans- 
port of reactants to the catalytic sites. In the hydrogenation of unsaturated liquids or compounds in solu- 
tion, the agitation of the liquid-catalyst mixture must be adequate to assure that the solution remains 
saturated with hydrogen. 

The transport of either the unsaturated reactant or hydrogen may limit the rate. The diffusivity of H2 is 
much greater than any unsaturated reactant, but, in a liquid phase, the transport of hydrogen may limit 
the rate because of its low solubility in the commonly used solvents.20 To minimize diffusional effects, 
small amounts of the metal are deposited on nonporous supports, or on supports with wide pores with the 
metal confined to an outer shell of the supporting particle. Colloidal particles also afford short diffueidn . 
paths. Temperature gradients are unlikely to be important if the catalyst particle is immersed in 9 liquid 
and the agitation of the mixture is vigorous. Madon e? al. have recommended procedures to establish that 
neither heat nor mass transfer, either interphase or intraparticle, affect the rate. l9 

3.1.2.2 Kinetics20 

The formal kinetic expressions for the rate of surface-catalyzed reactions are like those of homogene- 
ous catalysis, whether simplified by assuming a rapidly established equilibrium between reactants and 
the catalytic site, as in the Michaelis-Menten equations for enzyme catalysis, or based on less restrictive 
assumptions such as the steady state for the reactive intermediates. Following the simplified Langmuir- 
Hinshelwood method, the rate is assumed to be a function of the fraction of the active sites which are oc- 
cupied by the reactants. The fraction occupied is related to the concentration of the reactant in the bulk 
phase through a Langmuir adsorption isotherm. One useful formulation assumes that the adsorption of 
the unsaturated hydrocarbon (A) is not competitive with hydrogen. I Under conditions in which the sur- 
face reactions are rate limiting, the expression for the rate of forming the product is equation (1) where 
K H  and K A  represent the equilibrium constants for adsorption of H2 and A, respectively, and [H2] and [A] 
are the concentrations of the reactants in the fluid phase. If KA[A] is much greater than unity, then the 
rate is independent of [A]. Often this condition is met by an alkene or alkyne, giving equation ( 2 )  which 
holds until near the end of the reaction when the concentration of A becomes small.*I 

-d[Al/dr = ~ A K H K A [ H ~ [ A ] / ( ~  + KH[HzI)(~ + KA[A]) (1) 

If the system is well represented by Langmuir-Hinshelwood kinetics, then the relative values of the 
adsorption equilibrium constants of various unsaturated compounds can be obtained from the relative 
rates determined individually and in competition.22 The expression for the competitive reaction between 
two compounds A and B results from the division of the corresponding rate expressions for each com- 
pound (equation 3) to give equation (4). The ratio of the individual rates of hydrogenation, kdkB, permits 
the abstraction of the ratio K ~ K B  from the competitively determined ratio kAKdkBKB (equation 5 ) .  The 
assumption that the adsorption of the unsaturated compound is rapid and reversible relative to the rates of 
the surface-catalyzed reactions may not be correct. In that case, K ~ K B  is an ‘apparent’ relative adsorp- 
tion equilibrium constant (see Section 3.1.3.2.2). 

-4AIldr = ~AKH[HZIKA[A]/(~ + KH[HZI)(I + KA[A] + KB[BI) (3) 
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If B represents a nonreducible compound, a reversibly adsorbed inhibitor or poison, and &[B] is 
greater than (1 + KA[A]), then equation (3) takes the form of equation (6),  which shows that a reversibly 
adsorbed poison causes the rate of hydrogenation of A to become proportional to its concentration, i.e. 
kinetically first order. An irreversibly adsorbed poison will slow the rate but not affect the rate express- 
ion unless particular sites are poisoned selectively or the decrease in rate moves the reaction out of a 
mass transport limiting regime. Although these equations are approximations, they often reproduce the 
form of the physical phenomena of heterogeneous catalytic hydrogenation, and provide a useful guide 
for the interpretation of results. 

Generally, solvents exert a greater effect upon competitive reactions than upon the individual reaction 
rates when corrected for the solubility of h y d r ~ g e n . ' ~ - ~ ~  Solvents which are strongly nucleophilic, such 
as amines, compete for active sites, and benzene slows the hydrogenation of alkenes, particularly on 
pd. 19,ZI 

3.1.2.3 Mechanism 1,20*23 

3.1.2.3.1 Formalism of Horiuti-Polanyi 

The early use of deuterium in place of hydrogen in the study of catalytic hydrogenation led to the rec- 
ognition that the process was not simply the addition of HZ to the double bond. Horiuti and Polanyi pro- 
posed that both Hz and alkene (1) are bound to the catalyst surface and transformed to products by a 
sequence of elementary steps, which they represented as shown in Scheme 1, where an asterisk (*) repre- 
sents a vacant site on the catalyst.24 The last step, (d), is virtually irreversible under the usual hydrogena- 
tion conditions, but can be observed in the exchange reactions of D2 with alkanes. The mechanism 
accounts for the isomerization of an alkene if the reversal of step (c), which involves the formation of the 
alkyl intermediate (3), involves the abstraction of a hydrogen atom other than the one first added, and is 
coupled with the desorption of the alkene, (2) + (1). At present, the bond between the alkene and the 
metal often is represented as a wcomplex (4), as in equation (7).1-5 

H2 + 

-I--+-+ 

tt+ * H  

(3) 

2* 2H* 

2* -I+ * *  

H* - 
* H  

H* - 
H H  

2* 

Scheme 1 The Horiuti-Polanyi mechanism of alkene hydrogenation 

x + M -  - H  
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3.1.2.3.2 Organometallic analogy 

The rapid development of catalysis by soluble transition metal complexes and the results of surface 
science studies afford useful insights into the mechanisms of heterogeneous c a t a l y ~ i s . ~ ~ ~ ~ ~ ~ ~ ~  The surface 
of a metallic particle presents an array of atoms differing in coordination number which depends on the 
atom's location on a terrace, step or kink.27 The spectroscopy of adsorbed reactants and intermediates 
have properties which suggest structural relationships to organometallic compounds and, presumably, 
their reactions are a n a l o g ~ u s . ~ ~ ~ ~ ~  

Depending upon its location, and assuming octahedral coordination as a maximum, a metal atom may 
have one, two or three vacant coordination sites at which a monodentate group may be bound.29 These 
sites correspond approximately to a location on a terrace, step or kink.27 A convenient symbol for the ex- 
posed atom is IM where x represents the number of vacant sites before exposure to the reactants. The 
elementary reactions which occur are assumed to be those of an organometallic complex which contains 
the analogous structural unkZ8 For example, the dissociation of Hz on a metal surface may involve a 
single atom, providing it has at least two vacant coordination sites (equation 8). The migration of hy- 
drogen atoms to other parts of the surface may be represented as in equation (9) where XM may be 'M, 
2M or 3M. Indeed Hz dissociates more rapidly on the edges of a stepped platinum surface than on atoms 
located on the terraces or close-packed planes.27 A single vacant site can bind an alkene, or alkyne, as a 
wcomplex and, if it is located on an atom which also bears a hydrogen atom, its insertion into a metal- 
hydrogen bond may occur (equation 10). If both the alkyl group and a hydrogen atom are bound to the 
same metal atom then reductive elimination can proceed to the alkane (equation 11). The reactions may 
involve neighboring surface atoms in ways analogous to dinuclear or polynuclear metal complexes, and 
can be represented by an extension of the above symbolism. 

H 
H2 i- 'M = ZM-H (8) 

/ ^ I  \ - 4 

- ' M + - - & &  
H H  

(11)  

Obviously, these later representations imply more knowledge of structure than the asterisks of Horiuti 
and Polanyi, but they serve to emphasize possible mechanistic relationships with homogeneous catalysis. 
Interestingly, as in hydrogenations catalyzed by soluble transition metal complexes,28 the spectroscopi- 
cally observable structures may not include important intermediates along the main reaction paths. For 
example, Yates et al. have shown that the spectral intensity of the IR bands associated with ethylidyne, a 
previously postulated intermediate in the hydrogenation of ethylene,30 is not related to the rate of the lat- 
ter rea~tion.~'  Presumably, reaction occurs on a small fraction of the surface, most of it being occupied 
by unreactive groups. 

3.1.3 HYDROGENATION OF C 4  
The addition of hydrogen to simple alkenes proceeds rapidly with any of the readily available forms of 

palladium, platinum, rhodium or nickel catalysts. However, the structure of more complex alkenes and 
the presence of additional functional groups, whether or not reducible, can dictate the particular catalyst 
and reaction conditions which should be used to ensure that the addition of hydrogen is complete, or to 
promote regio- or stereo-selectivity. 
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3.1.3.1 Double Bond Migration 

The isomerization of an alkene often accompanies the addition of hydrogen but goes unnoticed unless 
the isomer is appreciably less reactive, results in the loss of chirality in the alkene, or differs in stereose- 
le~t iv i ty .~ .~  The relative rate of hydrogenation to isomerization depends on the structure of the alkene, the 
catalyst and the conditions 

Metals differ in their tendency to promote isomerization. Nishimura et af. found that, on unsupported 
platinum metals, the order of decreasing activity is Pd >> Rh, Ru, Pt > Os > Ir.33 The more active forms 
of Raney Ni exhibit a greater tendency than Rh to catalyze isomerization, but aged Raney Ni (see Sec- 
tion 3.1.1.2) and P-2 Ni are less active in this regard.12J3 Of the common catalysts, platinum often is 
used when isomerization is to be avoided, and palladium is chosen for its selectivity and reactivity when 
isomerization is acceptable or d e ~ i r e d . ~ . ~  

3.1.3.1.1 Mechanism 

The mechanisms of isomerization which have been considered fall into two categories; ‘associative’, 
first proposed by Horiuti and P ~ l a n y i , ~ ~  and ‘dissociative’, advanced by Farkas et The ‘associative’ 
mechanism is a consequence of the reversibility of the formation of the alkyl intermediate shown in 
Scheme 1 and in equation (lo), while the dissociative mechanism, in its current form, involves allylic 
species (5)-(7) shown in Scheme 2. The Horiuti-Polanyi mechanism implies that double bond isomeri- 
zation and the addition of H2 proceed through a common intermediate, whereas the dissociative mechan- 
ism represents an independent pathsz6 

Scheme 2 Dissociative mechanism: isomerization of l-butene to cis- and trans-2-butene 

The representations in Scheme 2 and equations (7)-(11) use a formalism which indicates important 
elements of structure that a surface atom requires for the respective  mechanism^.^^ On a 2M site, the as- 
sociative mechanism can take place through the reversibility of equation (9). This site provides the re- 
quired hydrido group and a vacant coordination position to accept the alkene, a two-electron donor 
ligand.28 

The ‘dissociative’ mechanism of double bond migration via an allylic intermediate can occur at a 3M 
site, as indicated in Scheme 2, or at a two atom site such as XM-zM which can provide the three vacant 
coordination positions which are required to bind both the n-allyl, a four-electron donor, and the hydrido 
g r o ~ p . ~ ~ + ~ ~  Because the surface of a metal provides sites which differ in structure, both mechanisms may 
operate on a given catalyst, the relative importance being a function of the metal, the alkene and the re- 
action c o n d i t i o n ~ . ~ ~ ~ * ~ ~  

Microwave spectroscopy identifies the location of the deuterium introduced by exchange into simple 
alkenes, and has been used with both homogeneous and heterogeneous catalysts to clarify the mechan- 
isms of is~merizat ion.~~ Using this method, Naito and Tanimoto showed that the addition and exchange 
reactions of propene over Pd/SiOz at 187 K take place via n-propyl and s-propyl adsorbed intermedi- 
a t e ~ . ~ ~  The adsorbed s-propyl group is not symmetric for hydrogen abstraction because of restricted rota- 
tion about the alkyl-metal bond.26 In addition, an apparent intramolecular hydrogen migration between 
the 1- and 3-positions was assumed to be evidence of a suprafacial 1,3-sigmatropic shift of a hydrogen 
atom within the mcomplexed propene. This mechanism, however, is not supported by the stereoselective 
exchange of Dz with the 8(14)-cholestene (10; Scheme 3), or by the quantum mechanical calculations of 
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Anderson et al., who concluded that a mechanism involving coadsorbed allyl and a hydrogen atom, as 
represented in Scheme 2, is allowed.37 

HO 

HO 

* 

HO 

Scheme 3 

An example of the exclusive operation of the dissociative mechanism is seen in the palladium-cata- 
lyzed isomerization of cholest-7-en-3P-01 (8) to cholest-8( 14)-en-3P-ol (10) which does not add H2 (D2) 
in the absence of a strong acid (Scheme 3).23*38 The formation of the alkyl intermediate is prevented by 
the increase in the internal nonbonded interactions which would have to be overcome to form a cis junc- 
tion of the B/C rings (see Section 3.1.3.3.4). The conversion to the allylic intermediate (9)  avoids these in- 
ternal interactions. In the presence of D2 and palladium, the 8( 14)-ene (10) exchanges the a-hydrogens at 
carbons 7, 9 and 15 with deuterium more rapidly than at any other position, which implicates three dif- 
ferent v-allyl complexes.38 

3.Z.3.Z.2 Modifiers of isomerization 

A comparison of the mechanisms of isomerization and hydrogen addition shows that an increase in the 
availability of hydrogen at the reaction site should favor the addition of hydrogen over isomerization, 
and this has been demonstrated The relative rate of isomerization to the addition of hy- 
drogen can be affected also by nucleophilic reagents which include strong bases, amines, phosphines and 
C0.4*39 Apparently, these nucleophiles are adsorbed reversibly and compete for vacant coordination sites 
with H2 along with the unsaturated compound. Whether isomerization proceeds via the associative or the 
dissociative mechanism, a vacant site must be provided to accept a hydride from the adsorbed alkyl inter- 
mediate or the adsorbed alkene, respectively. The adsorption of H2 not only furnishes the hydrido groups 
required for addition but also decreases the number of vacant sites. 

The alkene itself is a nucleophile. Thus, increasing the ratio of alkene to catalyst (Pd/C) from 4:1 to 
30: 1 decreases the rate of isomerization of 4-t-butylmethylenecyclohexane (11) to 4-t-butyl- 1 -methylcy- 
clohexene (12; equation 12), relative to the rate of hydrogen addition.40 With the 4:l ratio, isomerization 
is about 10 times as fast as addition, and the saturated product is mainly the more stable trans isomer (see 
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Section 3.1.3.3.5). Tertiary amines, triphenylphosphine and CO are much more effective inhibitors of 
isomerization. 

Benzene appears to inhibit isomerization with Pt and Rh  catalyst^;^ however, the effect may be due in 
part to differences in the solubility of hydrogen in the solvents. The rate of hydrogenation of cyclohexene 
catalyzed by Pt/SiOz is independent of the solvent, including benzene, provided that the concentration of 
dissolved hydrogen is used in the rate expre~sion.'~ With Pd however, the corrected rate constants are 
smaller in benzene and smaller still in xylene, than in nonaromatic solvents.21 

To compensate for the decrease in the rate of hydrogenation caused by the added nucleophile, the 
amount of catalyst or the hydrogen pressure may be increa~ed .~ .~  The nucleophile shifts the kinetics from 
zero to first order in the alkene, which increases selectivity. 

3.1.3.2 Structure-Reactivity 

3.1.3.2.1 Individual rates 

The rate of hydrogenation of a carbon+arbon double bond depends upon its structural environment, 
the catalyst and the reaction conditions. Attempts to find linear free energy relationships between struc- 
ture and reactivity have had limited success in determining whether the substituent effects are mainly 
polar or steric, but the studies serve to assemble much of the available pertinent information on the sub- 
jec t ? 1 ,42 

The rate of hydrogenation decreases with an increase in the number of alkyl substituents in the order 
C H p C H R I  > CH2=CR1R2 > cis-R1CH=CHR2 > trans-R1CH=CHR2 > R1CH=CHR2R3 > 
R'R2C=CR3R4. Variation in the structure of the alkyl group has a secondary effect as does the polarity 
of the attached group, providing that the substituent is not conjugated with the double bond.41 On palla- 
dium, polar effects are small or negligible?' 

3.1.3.2.2 Competitive rates 

The structure of the alkene has a greater effect on the competitive reactivities than on the individual 
rates. For example, Maurel and Tellier determined the individual and competitive rates in cyclohexane 
on a 7.5% Pt/SiOs catalyst (20 'C, 1 atm; 1 atm = 101.3 kPa) of 15 substituted alkenes (Table 1)$3 The 
relative values of the individual rates agree well with the rates of those compounds which are also in- 

Table 1 Individual and Competitive Rates of Hydrogenationa of Alkenes on Platinum43 

Structural type Compound k A b  k A K A C  

RCH=CH2 1 -Hexene 
4-Methyl- 1 -pentene 

R I R ~ C = C H ~  2-Methyl-1 -pentene 
2,3-Dimethyl- 1 -butene 
C yclopentene c;;;1 Cyclohexene 

R1R2C=CHR3 1 -Methylcyclopentene 
3-Ethyl-2-pentene 
1 -Methylcyclohexene 

R1RZC=CR3R4 2,3-Dimethyl-2-butene 
1,2-DimethylcycIohexene 

110 
125 
120 
160 
100 

(100) 

95 
65 
40 
75 
20 

7.4 x 105 
4.7 x 105 
1.3 x 104 
0.9 x 104 
1.3 x 105 

(1.0 x 104) 

3.7 x io3 
3.5 x 102 
1.0 x 102 

1.8 
@.6 

~ ~~ 

*Catalyst, 7.5% Pt/SiOt. bIndividual rate constants relative to the rate of cyclohexene scaled to 100. 'Competitive rates scaled 
relative to cyclohexene, k,K, = 1.0 x IO4. 
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cluded in the study by Hussey et al., who used a 0.52% Pt/A1203 catalyst at 25 'C in cyclohexane.44 The 
rate constants cover a range of less than 10, whereas the equilibrium constants have a range of 2 x lo5, 
and furnish a linear plot of the logarithm of the equilibrium constants against the Taft polar substituent 
constant u*. However, the polar and steric substituent constants are intercorrelated and therefore the re- 
sult is 

Hussey et al. interpret the relative competitive rates on platinum catalysts as measures of competitive 
rates of alkene adsorpti0n.4~ They note that very little isomerization accompanies hydrogenation, which 
suggests that desorption of the alkene is slow. A rapid interconversion of adsorbed alkene and the alkyl 
intermediate of the Horiuti-Polanyi mechanism is indicated by the distribution of deuterium in the deut- 
erated alkane formed when D2 is used in place of H2; yet little or no deuterium appears in the recovered 
alkene.32 

The appropriate interpretation may depend on the range of structures considered, the catalyst and the 
conditions employed. The interpretations differ in that in one, the rate of desorption is assumed to be fast 
relative to the conversion of adsorbed alkene to the alkyl intermediate, while in the other, desorption is 
assumed to be relatively slow. Catalysis by palladium may conform more closely to the reversible ad- 
sorption model than does platinum. 

The relative individual rates and the relative competitive rates are determined by the difference in en- 
ergy of the same transition states but different ground states; in the former the alkene is bound to the 
catalyst, in the latter it is free. The effect of alkene structure on relative reactivity indicates that the struc- 
tural change on adsorption is greater than the changes which follow adsorption on the catalyst. Interes- 
tingly, hydrogenations over P-2 Ni are apparently first order in alkene, which probably accounts for the 
greater sensitivity to structure shown by this catalyst in individual hydrogenations as compared to Pt. l3  

3.1.3.2.3 Alkene assocktion constants 

The relative equilibrium constants for the adsorption of alkenes on the surfaces of platinum metals are 
not available from static measurements. Accordingly, the kinetically derived constants have been com- 
pared with the association constants of alkenes with metal ions in solution. Of these, the measurements 
by Tolman are the most in~truct ive.~~ 

Tolman has shown that the equilibrium constants for the reactions of 38 substituted alkenes with 
Ni[P(O-o-tolyl)3]3 (13) in benzene, to form (ENE)bis(tri-o-toly1phosphite)nickel complexes (14), are 
sensitive to the structure of the alkene (equation 13). Values of K I  at 25 "C vary from 10-4 to 4 x IO8. 
The stability of the complex is enhanced by electron-withdrawing substituents such as cyano and car- 
boxy and lowered by alkyl groups. That resonance involving unshared electrons on the oxygen of an al- 
koxy group overpowers the inductive effect is indicated by the relative values of KI for allyl methyl 
ether, 1-hexene and vinyl butyl ether which diminish in that order by factors of 3: 1 : O . M .  

NiL3 + ENE = (ENE)NiL2 + L whereL=P(O-o-tolyl)3 (13) 
(13) (14) 

The equilibrium constants for a series of cycloalkenes decrease in the order norbomene > cis-cyclooc- 
tene > cyclopentene > cycloheptene > cyclohexene, which correlates with the calculated strain energies 
as well as the kinetically determined relative adsorption constants on Pt (Table 2). Tolman states that 
electron donation from a filled metal &orbital to an empty alkene T*-orbital is extremely important in 
determining the stability of these complexes. Steric effects of substituents are relatively unimportant 
compared to electronic effects, and resonance is more important than inductive interactions. The ability 
of the metal to back bond is lowered progressively in the series Nio > Pto > Rh' > Pt'l > Ag' which re- 
duces the importance of resonance and decreases the selectivity of the metal for different substituted al- 
kenes. 

The diimide reduction of an alkene has been suggested as a model for the adsorption of an alkene on a 
metal, and has been used to help identify the intramolecular interactions which determine the stereoc- 
hemistry of hydrogenating alkyl-substituted cycloalkenes.'" Both processes involve syn addition; in one, 
two hydrogen atoms are transferred to the face of the double bond, in the other, a .rr-alkene complex is 
formed. Both represent changes in the direction of forming an eclipsed conformation of an alkane. Gar- 
bisch et al. found that the major factors that contribute to the observed reactivities in diimide reductions 
of unsaturated hydrocarbons are torsional strain, bond angle strain and a-alkyl substituent effects, as in- 
dicated by the good agreement between calculated and observed relative reactivities which covered a 
range of 38 OOO?8 This treatment was applied also to stereoselectivities. Comparisons with catalytic 
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hydrogenations are limited but show a parallelism, and clearly, diimide reductions are more sensitive to 
structure than are the individual rates of hydrogenation and, possibly, the kinetically determined equili- 
brium constants for adsorption on Pt (Table 2). 

Table 2 Structure-Reactivity of Cycloalkenes. Comparisons of Individual and Competitive Hydrogenation Rates 
with Related Reactions 

H2, Pta Ni(ENEp6 STRAIM6 Diin~ide~~ 
Compound kAM KAB~’ K.S AH (Kcal) krel 

Norbomene 223 - 4.4 27.2 4.5 x 102 
cis-C yclooctene 10 25 6.2 x 1(r2 7.4 17 
Cyclopentene 121 7.5 2.6 x 1(r2 6.8 16 
C ycloheptene 78 6.3 2.3 x 1(r2 6.7 12 
C yclohexene 113 ( 1 .O) 3.5 x 10-4 2.5 ( 1 .O) 

”0.52% Pt/A1203 at 25 ‘C, 1 atm. 

3.1.3.3 Stereochemistry 

3.1.3.3.1 Syn addition 

With few exceptions, the stereochemistry of the hydrogenation of a carbon-carbon double bond is the 
result of syn addition of two atoms of hydrogen from the catalyst to the proximal face of the double 
bond.23 A classical demonstration is given by the hydrogenation (Pd, AcOH, 1 atm) of the Q- and (E)- 
isomers of 2,3-diphenyl-2-butene (15) and (16) which yield respectively the meso (98%) and (&) (98%) 
isomers of 2,3-diphenylbutane (equations 14 and 15).32 Likewise the hydrogenation of dimethyl 1,2- 
cyclohexenedicarboxylate yields only the cis saturated isomer.23 Such stereospecificity is not always 
found. 

Ph 

XPh 
(15) 

1 atm 

meso-2,3-diphenylbutane 

98% 

Pd, H2 
(f)-2,3-diphenylbutane 

p h H p h  1 atm 98% 
(16) 

The hydrogenation of 1,2-dimethylcyclohexene (17; PtO2, HOAc, 1 am)  yields truns-(19) as well as 
cis- 1,2-dimethylcyclohexae (18),23,32 but Ir and Os in ?-butyl alcohol are much more selective (equation 
1 6).49 The addition of hydrogen to (17) competes with isomerization to 1,6-dimethylcyclohexene (20), 
which not only reacts more rapidly but yields trans (19) as well as the cis product (18) via syn addition of 
the two hydrogen atoms (equation 17). In the Pt-catalyzed reaction, the intermediate (20) can be ob- 
served, although its steady-state concentration remains low (0.21% of the 1,2-isomer 17) because of its 

[HI -a 
(17) (18) 

Pressure (atm) (%) 
pt 1 82 
Pt 300 96 
os  1 98.6 
Ir 1 98.9 

(19) 

(%) 
18 
4 
1.4 
1.1 
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greater competitiveness. This explanation for the apparent antarafacial addition of hydrogen is supported 
by the fact that the amount of the trans isomer (19) which is formed over a particular metal correlates 
with its ability to catalyze the migration of a double bond.33 

3.1.3.3.2 Apparent anti additwn 

Anti addition has been observed in compounds which lack an allylic hydrogen that can participate in a 
1,3-hydrogen shift as above. With heptane as solvent (25 'C, 1 atm), the hydrogenation of dimethyl bi- 
cyclo[2.2.2]oct-2-ene-2,3-dicarboxylate (21) yields 7.1 % of the anti addition product (24) over a Pt/C 
catalyst, but only syn addition (22) occurs over Rh/C?O An acidic medium (small amounts of a strong 
acid in methanol) has little effect on catalysis by Rh, but greatly increases the fraction of anti addition 
catalyzed by Pd/C, as much as 60% in the presence of p-TsOH. Evidence for the participation of the sol- 
vent was assumed to indicate a proton transfer to the alkyl intermediate with inversion of configuration 
at the attached carbon atom. 

RWC COzMe 

C02Me * (22) + 

C02Me 

However, the carbonyl of the methoxycarbonyl group may be involved in the formation of an oxallylic 
intermediate (23), which affords a path to both syn and anti isomers. A similar structure was proposed by 
Teratani et al. to explain the distribution of deuterium in the products of deuteration of 2-methylcyclo- 
hexanone catalyzed by palladium; such a structure was not required to explain the results of catalysis by 
rh~dium.~ '  

3.1.3.3.3 Catalyst hindrance 

If syn addition to the opposite faces of the double bond yields diastereomeric compounds, then the 
orientation is subject to a number of factors. Linstead et al. asserted that adsorption on the catalyst occurs 

(25) X = OH 
(26) X = But 

ex0 (%) 

100 
75 

D 
endo (a) 

0 
25 
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so that steric hindrance with the catalyst is minimized, and that hydrogen is transferred to the proximal 
face of the double bond to yield the principal product.52 Often, the application of this principle appears 
straightforward. For example, the addition of deuterium to norbornene yields the exo-2,3-dideuteronor- 
bornane on Pd, Pt, or Rh.32 Substituents at C-7 affect the orientation. An anti hydroxy group (25) has no 
effect, but the t-butyl group (26) exhibits an opposing influence (equation 18). A syn t-butyl group (27) 
directs 80% endo and 20% exo, while a syn-OH (28) directs 60-70% ex0 (equation 19). 

D,, PdlC k: + ,̂ i,, D 

ex0 (%) endo (%) 

(27) X = Bu' 20 80 
(28)X =OH 100 0 

3.1 -3.3.4 Intramolecular nonbonding interactions 

Adsorption alters the structure of an alkene, and the subsequent hydrogen transfers are accompanied 
by further changes in the organic moiety.23 The transition state for adsorption undoubtedly has greater 
double bond character than the transition state for the formation of the alkyl intermediate, which implies 
that intramolecular nonbonding interactions will be greater in the latter. 

Hydrogenation of the strained hexamethylbicyclo[2.2.0] hexa-2S-diene (29) is highly stereospecific 
over the platinum metals at 25 'C, 1 atm.32 Addition of hydrogen from the less-hindered ex0 direction 
yields the bicyclohexene (30) but further addition is very slow (Scheme 4). Raising the pressure (150 
atm) results in the syn, ex0 addition of a second mol of H2 over Ru and Rh to form (31; >98%). The re- 
sistance to addition can be attributed to the increase in nonbonded interactions among the four endo 
methyl groups which accompanies the formation of the alkyl intermediate. These interactions are 
avoided in the dissociative mechanism of isomerization to the exo-methylene intermediate, apparently 
the path taken on Pt and Ni at 50 'C, where both the syn, exo-(31) and the anti addition product (32) are 
formed. 

Rh, Ru 
25 "C 
150 atm 

Ru, Rh, Pd, Pt 
50 OC, 1 atm \ 

(32) Scheme 4 

The inability of cholest-8(14)-en-3P-o1 (10) to be hydrogenated except in the presence of a strong acid 
has been explained in a similar manner (see Scheme 3).23,38 The transfer of the first hydrogen to the less- 
hindered a-face of the double bond is resisted by the large increase in the repulsive nonbonding interac- 
tions involving the methyl groups at C-10 and C-13. A A-7 unsaturated steroid (33) which contains a 
9P-H is hydrogenated from the P-side of the molecule to form (34; equation 20)?2 Other examples are 
found in Molnar's review which contains data on the stereochemistry of hydrogenating a large variety of 
steroids .32 
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MeO,,,,, ’ 
H,, Pt, AcOH 

* 

AcO AcO 
(33) (34) 
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3.1.33.5 Application of con formational analysis 

The geometry of the alkene moiety at the transition state for adsorption is assumed to approximate to 
the most stable conformation of the alkene>3 This model correctly explains the predominance of the 
axial-equatorial-disubstituted cyclohexanes in the products from alkyl-substituted methylenecyclohex- 
anes under conditions in which alkene isomerization is a minor factor (see Section 3.1.3.1 .2).40 The ef- 
fect of an increase in pressure (0.25-150 atm) on the ratio of isomers formed on hydrogenating 
4-t-butylmethylenecyclohexane (11; Pt02, AcOH) is explained as indicating a change in the product- 
controlling reaction from the formation of the alkyl intermediate to the adsorption of the alkene.23 Simi- 
larly, the effect of increasing the hydrogen pressure on the change in stereoselectivity in the hydrogena- 
tion of methyl @)-a-acetamidocinnamate, which is catalyzed by the chiral cationic complex 
[(R,R)- l,Zbis(phenyl, o-anisylphosphino)ethane]rhodium(I), has been demonstrated to be due to a 
change in the rate-limiting reaction, from the oxidative addition of hydrogen to the formation of the al- 
kene rhodium complex.s3 

If the reductive elimination of the alkane is product-controlling, and if all the preceding reactions of 
the Horiuti-Polanyi mechanism are relatively rapid and reversible, including the desorption of the al- 
kene, then the principal product should be the more stable isomer with substituents in equatorial posi- 
tions. Palladium appears to conform to the expectations for this mechanism because isomerization is 
often rapid, and the more stable isomers predominate in the products of addition (see Section 3.1.3.1.2). 
However, when isomerization is inhibited by added nucleophiles, the less stable stereoisomer is the main 
saturated product. Gonzo and Boudart concluded from the kinetics of hydrogenation of cyclohexene 
catalyzed by Pd/SiO2 that the rate-controlling step is the reductive elimination of alkane.21 If their con- 
clusions apply to the methylenecyclohexanes, then it suggests that the preceding reactions may be com- 
paratively rapid, but not rapid enough to obtain an equilibrium distribution of the alkyl intermediates. 

The principles described above may serve as a useful guide for unsaturated hydrocarbons, but substi- 
tuents other than alkyl groups may involve attractive interactions with a catalytic site. A compound in 
which a phenyl group is attached to a double bond in a five- or six-membered cycloalkene and is also 
vicinal to an alkyl substituent yields a larger fraction of the cis stereoisomer than is formed from the re- 
lated dialkyl~ycloalkene.~~ Cis isomers are formed preferentially on Pd and Rh, and are believed to in- 
volve structures in which the phenyl group is bound to the surface through its 7r-electrons?2 

The Pd-catalyzed hydrogenation of alkyl-substituted 1-alkoxycyclohexenes is stereoselective. The 
axial/equatorial stereoisomer predominates no matter where the alkyl substituent is located on the ring.32 
Nishimura suggested that the result indicates that the product-controlling step involves the reductive 
elimination of the most stable alkyl intermediate which is attached to the metal at the carbon atom that 
bears the alkoxy group (equation 21). 

OEt 

3.1.3.4 Haptophilicity 

The location of hydroxy groups relative to the carbon+arbon double bond appears at times to direct 
the addition to the side of the molecule which presents the greater catalyst hindrance.32 This has been 
noted by Dart and H e n b e ~ t , ~ ~  who termed it an ‘anchor effect’, and later by Nishimura and Mori for the 
hydrogenation of several steroid structures.s5 

A hydroxy group situated on an allylic carbon of a five- or a six-membered ring can exhibit an anchor- 
ing effect on a Ni catalyst (equation 22); with other metals the group’s steric effect is dominant.32 The 
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hydrogenation of 1-methylcyclohexenes, with an amino group ("2 or "Me) in place of the hydroxy 
group, exhibits stereoselectivities like the corresponding alcohols on a Ni catalyst (equation 23), but the 
dimethylamino group exerts only a steric effect, as do the amine  hydrochloride^.^^ 

V + H 2  -cy Ni 

OH OH 

Pd "2 Ni or H2 Pt qNH2 H, * qNH2 
(23) 

60% 

0 -  
80% 

The name 'haptophilicity' was coined by Thompson to describe this effect of polar groups, which is 
presumed to arise through the ability of the group to coordinate to the surface of the catalyst.56 A study 
of the Pd/C-catalyzed hydrogenation of a series of tetrahydrofluorenes (36) to the hexahydro derivatives 
(37) shows that the effect does not correlate well with the basicity of the group, e.g. CH20H > C02Na in 
the solvent 2-methoxyethanol (equation 24). That the groups also exert a steric effect which may be 
dominant is recognized, and solvent effects can be important. Other structural elements in complex mol- 
ecules can influence the stereoselectivity, so it is difficult to predict the relative importance of haptophil- 
i ~ i t y . ~ ~  

(36) (37) 

R cis (%) trans (%) 
CH2OH 95 5 
C02Na 55 45 

3.1.4 HYDROGENATION OF C=C 

3.1.4.1 Semihydrogenation 

The semihydrogenation of the carbonxarbon triple bond is a particularly valuable and frequently used 
application of heterogeneous catalysis to synthetic chemistry, and is the subject of several recent re- 
v i e w ~ ! , ~ , ~ ~ - ~ ~  Catalysts prepared from palladium and nickel are most commonly used, but the form of the 
catalyst and the conditions of use affect the results (see Section 3.1.1.2). A polymer-bound palladium 
catalyst, PdCh with poly-4-diphenylphosphinomethylstyrene, is intended to combine the selective 
properties of mononuclear transition metal complexes with the ease of separating the product from a 
s01id.I~ Whether catalysts of this type will replace the more traditional heterogeneous catalysts remains 
to be seen. 

The hydrogenation of an alkyne can be virtually stopped at the semihydrogenated stage with various 
preparations of Pd and Ni catalysts by adding to the reaction mixture a nitrogen base, such as quinoline, 
pyridine or ethylenediamine, that is reversibly adsorbed on the catalyst in competition with the alkyne 
and the product alkene.3.4q58*59 Solvents affect the adsorption equilibria. Depending upon the catalyst and 
the structure of the alkyne, the strength of adsorption of the amine from an alkane solvent may be so 
great as to slow the hydrogenation to a virtual standstill. The use of a hydrogen-bonding solvent (MeOH, 
EtOH) will lower the surface coverage by the amine and increase that of the hydrocarbons.20.22 

High selectivity can be achieved because the alkyne is more strongly bound than the alkene to a metal 
center and either displaces or blocks the readsorption of any alkene which leaves the surface of the cata- 
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lyst. Selectivity suffers unless the diffusion of the reactants to the reaction sites is faster than the cata- 
lyzed reaction (see Section 3.1.2.1). To optimize selectivity, the catalytic activity can be lowered and/or 
the diffusion path shortened. The latter accounts for the high selectivity for the conversion of dienes to 
monoenes of the recently prepared and characterized colloidal palladium catalysts.m 

Lowering the temperature, -10 to -30 'C, has improved the selectivity of the Lindlar catalyst when 
used in the presence of quinoline dissolved in pentane, hexane or he~ane /THF.~~  However, raising the 
temperature increases the rate of desorption of the alkene, which appears to account largely for the re- 
sulting increase in the selectivity of the heavier Group VI11 metals for the hydrogenation of the simple al- 
kynes.6' 

Various materials have been incorporated into the preparation of the catalysts to lower the metal's in- 
trinsic a ~ t i v i t y . ' ~ , ~ ~  Lindlar's treatment of palladium deposited on CaCO3 with Pb(0Ac)z lowers its ac- 
tivity, apparently by affecting the morphology of the Unfortunately, Lindlar's recommendation 
that quinoline be used with his catalyst is sometimes overlooked, which may account for some of the 
poorer selectivities reported when its use is not mentioned. 

The function of quinoline is illustrated by the kinetic study of Steenhoek et al. who reported high 
stereoselectivities using quinoline with Pd/CaC03 prepared according to Lindlar but omitting the treat- 
ment with lead acetate. Quinoline is adsorbed reversibly on the reactive sites, competing with the al- 
kyne and the product alkene, but much more effectively with the latter. Accordingly, as the concentration 
of alkyne diminishes, the quinoline occupies more of the surface as does the alkene but the amount of ad- 
sorbed alkene remains too low to affect the composition of the product. Quinoline is unaffected by the 
usual mild experimental conditions so its concentration remains constant throughout the system, includ- 
ing the boundary layer and pores of the catalyst where it is most needed. Not surprisingly, the stereospe- 
cificity of the P-2 nickel catalyst for the hydrogenation of alkynes is improved markedly by the use of 
ethylenediamine in 2-3 times the molar amount of the catalyst. 

Selectivity also is increased by the use of supported catalysts in which a small amount of metal 
(-0.1 %) is highly di~persed.4.~~ However, this strategy may fail if the reagents are not sufficiently free of 
adventitious catalyst poisons. A catalyst containing approximately 5% of the metal can act as a sop for 
such  material^.^ Very small loadings of Pd on wide pore aluminas have been shown to increase the selec- 
tivity of converting acetylene to ethylene in a large excess of the latter, an important industrial objective. 
Carbon monoxide is usually added to the gaseous mixture to improve selectivity, the CO functioning as a 
reversibly adsorbed competitor, as does quinoline when the fluid phase is a liquid.@ 

3.1.4.2 Mechanism 

The reaction of D2 with simple alkynes on Group VI11 metals indicates that the reaction is more com- 
plicated than is implied by equation (25). Which of these complications should be assigned to the read- 
sorption and subsequent reactions of the first-formed alkene or to other transformations of the adsorbed 
intermediates is ~ n s e t t l e d . ~ ~ - ~ ~ - ~ '  

Reactions of soluble metal complexes, whose mechanisms of catalysis appear to be reasonably well 
known, can serve as a guide to the main reaction paths followed on heterogeneous catalysts. Mono- 
nuclear complexes catalyze syn addition of H2 to alkynes to yield initially only cis isomers, as in equa- 
tion (25).65 More recently, Muetterties and coworkers showed that the dinuclear rhodium hydride 
complex { (p,-H)Rh[P(OPri)3]2)2 (38) converts alkynes to trans isomers as initial products (equation 
26).66 The alkyne addition compound (39) was isolated; its structure shows the vinyl group bonded to 
one rhodium atom by a a-bond and to the other by a m-bond, while the substituents on the vinyl group 
are trans to one another. This structure resembles ones hypothesized earlier to explain the formation of 
truns isomers and  alkane^.^^.^' Hydrogenations of alkynes which are catalyzed by the dinuclear rhodium 
hydride are much slower than the hydrogenation of an alkene catalyzed by the dinuclear tetrahydride 
(40), which is formed rapidly from (38) in the presence of H2 (equation 27).66 

Additional evidence that reaction paths analogous to the reactions of mononuclear and dinuclear rho- 
dium complexes exist on palladium is shown by the effect of triphenylphosphine on the stereoselectivity 
of the hydrogenation of di-t-butylacetylene (DTBA).6' In the absence of PPh3 but on a highly dispersed 
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H 

catalyst, DTBA yields 84% cis and 16% trans to about 80% conversion when the isomerization of the cis 
to the trans isomer comes into play. With a ratio of PPh3 to the exposed Pd atoms of 2.0: 1 the reaction is 
slow but the products are the cis and trans isomers in a fixed ratio of about 1:2, which does not change 
during the complete semihydrogenation of the alkyne; the isomerization of cis-DTBA to trans-DTBA is 
rapid in the absence of PPh3, but does not occur in this experiment. The result can be understood if the 
alkyne functions as a monodentate ligand at the site at which the more rapid hydrogenation to cis-alkene 
occurs but as a bidentate ligand at sites which yield trans as well as cis isomers as initial products. The 
phosphine, a monodentate ligand, is a less effective competitor at dinuclear sites. The less sterically en- 
cumbered 3-hexyne is a much more effective competitor than DTBA for the mononuclear sites and its 
cis stereoselectivity is improved by PPh3, the usual consequence of adding nucleophiles. 

The predominance of the cis isomers in the products of the Pd- or Ni-catalyzed hydrogenations of di- 
substituted alkynes suggests that the main reaction path involves the alkyne bound to a single metal atom 
as in catalysis by the mononuclear complexes ClRhL3 or HRhL4.28 Surface sites which can furnish the 
required coordinative unsaturation correspond to the designations 3M and 2M-2M. The latter designa- 
tion indicates a structural element which also can support a mechanism like that of the dinuclear rhodium 
complex (38). 

An alternative mechanism to account for the formation of alkanes is that the alkene which is released 
from the catalytic site is immediately readsorbed unless the vacated site is filled by some other donor 
molecule. The process may be likened to the ‘cage effect’ in the formation of radical pairs in solution. 
Adsorption of the alkene is exothermic and, accordingly, is likely to have a low energy barrier. The 
lower selectivity of Os, Ir, and Pt has been attributed to the readsorption of alkene.6’ 

3.1.4.3 Regio- and Stereo-selectivity 

The semihydrogenation of a carbonxarbon triple bond can be accomplished in molecules containing 
double bonds, whether isolated or conjugated with one a n ~ t h e r . ~ ’ - ~ ~  A classical example is the final stage 
but one in the synthesis of @-carotene.] Stereospecificity is high if the triple bond is separated from the 
double bond by one or more methylene groups as in enyne (41; equation 28), but, according to Henrick. 
conjugated enynes such as enyne (42; equation 29) usually yield mixtures over Lindlar catalyst (in petro- 
leum ether with added q ~ i n o l i n e ) . ~ ~  

H,. L-Pd, -5 IO 0 “C 
I 

OH THF. hexane, quinoline 

roH 
96%, 98.1 % pure 
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H,, L-Pd, -20 O C  
OH 7 \ * 

methanol, no quinoline (42) 

92% (7E,9Z),  8% (7E ,9E)  

A diyne can be semihydrogenated to the enyne if one triple bond is terminal and the other is not, the 
terminal bond being hydrogenated se le~t ive ly .~~ If both bonds are nonterminal and unconjugated, hy- 
drogenation to the (Z,Z)-diene is accomplished in high ~ i e l d . ~ ’ - ~ ~  Interestingly, the (ZZ)-octadeca-9,12- 
dienecarboxylic acid as well as the (3-enyne appear as initial products of the hydrogenation of 
octadeca-9,12-diynecarboxylic acid (Pd/CaCOs, hexane, quinoline at 25 “C, 1 

A triple bond can be semihydrogenated in the presence of a variety of reducible or hydrogenolyzable 
groups, although G conjugation with the carbonyl group of aldehydes and ketones poses problems of 
stereoselectivity .5’,s9 

3.1.5 DIENES AND POLYENES, REGIO- AND STEREO-SELECTIVITY 

3.1.5.1 Isolated Dienes 

Regioselectivity in hydrogenating isolated double bonds is governed mainly by the same structural ef- 
fects which determine the relative competitive reactivities of monoenes. Thus terminal double bonds are 
reduced in preference to nonterminal and the less alkyl-substituted to the more. Strain in the double bond 
alters this preference, for example 5-methylenebicyclo[2.2.l]hept-2-ene is hydrogenated to 2-methyl- 
enebicyclo[2.2. l]heptane.’~3~32 Nickel and palladium catalysts are usually most selective. 

1,5-Cyclooctadiene (1S-COD) is converted selectively to cyclooctene (97.8% on the addition of 1 mol 
of H2 per mol of diene) over a colloidal Pd supported on poly(N-vinyl-2-pyrrolidone) in methanoLW The 
reaction is in part direct and in part proceeds through isomerization to the 1,4-COD, which is observed, 
and, presumably, through 1,3-COD, which is not observed. 1,3-COD is the most reactive and selective of 
the three dienes; at its complete conversion it yields 99.9% cyclooctene. Nishimura discovered that the 
reduction of 1,5-COD is highly selective over Pd/CaC03 or Pd black in the presence of phenylacetalde- 
hyde with almost complete suppression of the reduction of cyclooctene.68 The inhibition is probably due 
to the decarbonylation of the aldehyde; the adsorbed CO competes with the cyclooctene for surface 
sites.69 

3.1.5.2 Conjugated Dienes 

The hydrogenation of conjugated dienes to monoalkenes poses questions of both regio- and stereo- 
selectivity and is a function of the metal and the  condition^.'^*^^ The distribution of products depends 
not only on the inherent selectivity of the initial addition process but also on the competition between the 
diene and the first-formed alkene(s) for the reactive sites. The latter may add hydrogen or be isomerized. 
If the structure of the diene allows the change, the diene itself may be isomerized. As for alkynes, palla- 
dium and nickel catalysts tend to be the most selective to the monoene. 

3.1.5.3 Conjugated Diene Mechanisms 

The monoenes formed on hydrogenating 1,3-alkadienes correspond to 1,2- and 1,4-adducts of hy- 
d r ~ g e n . ~ ~ , . ” ~  To account for the main products of the reaction of D2 with 1,3-butadiene over Pd/A1203, 
1 -butene-3,4-d2 and trans-2-butene- 1,4-d2, Meyer and Burwell assumed that the diene is adsorbed on the 
surface in the trans c ~ n f o r m a t i o n . ~ ~ * ~ ~  Addition of deuterium to a terminal carbon atom forms an allylic 
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species which is a common intermediate for the principal products. Later studies led to more detailed 
mechanisms designed to explain the observed regio- and stereo-sele~tivities.~~ 

Adsorption may involve one or both double bonds. If only one double bond is involved initially the re- 
action would follow the sequence in equation (30). This appears to characterize additions on Cu and Au, 
for example.32 

- + M +  D2 ====== _ /=  I + M (30) 

I MD 
MD2 

D 

The a-allyl intermediate may be transformed to a .rr-allyl structure with either the syn or anti configu- 
ration (relative to the methynyl hydrogen) as in equation (31), see also Scheme 2. The union with a sec- 
ond hydrogen leads to adsorbed alkenes: 1-butene and either trans-2-butene from the syn-allyl 
intermediate or cis-2-butene from the anti form (Scheme 2). The desorption of the alkene competes with 
the further addition of hydrogen to form the alkane (equation 32). The reaction of a a-allyl structure with 
hydrogen can yield the unbound alkene directly. The selectivity may depend upon the relative import- 
ance of these competitive reactions, which are likely to be a function of the metal as well as the reaction 
 condition^.^^ 

syn-x-allyl o-allyl anri-x-allyl 

\=/ t alkene-d2 + M 

I 
M 

I 
MD2 

+ \ = /  

3.1.5.4 Allenes and Cumulenes 

Acyclic allenes can be hydrogenated with high selectivities to the monoenes over palladium cata- 
l y s t ~ . ~ ~  The less-substituted double bond tends to be the more readily reduced. Crombie et al. showed 
that, when allowed to react competitively over PdBaSOo, a terminal alkyne is hydrogenated in pref- 
erence to a terminal allenyl isomer, which in turn competes for the surface more effectively than the non- 
terminal alkyne, e.g. HCdCH2C02H > H2C==C=CHC02H > MeC=CC02H. They also compared 
the regio- and stereo-selectivities of Lindlar Pd, 10% Pt/C, 10% Rh/C and a Raney Ni, all used without 
quinoline, to hydrogenate these compounds and found the palladium catalyst to be most selective to the 
enoic acid (90-99%) and stereoselective to the cis-2-butenoic acids, 96% from tetrolic acid and 93% 
from allenecarboxylic acid. The catalysts exhibit similar selectivity for the hydrogenation of both al- 
kynes and allenes and, accordingly, one should anticipate that catalysts and conditions which lead to 
highly selective semihydrogenations of alkynes should be about equally effective for the semihydrogena- 
tion of allenes. Quinoline or other bases should provide self-terminating hydrogenations. 

syn-1,2-Addition appears to be the dominant process for the addition of H2 to allenes. Passing 1,2- 
butadiene in a stream of H2 over Pd/A1203 produces a mixture of products consisting of 1 -butene (40%), 
cis-2-butene (53%) and trans-2-butene (7%). The regioselectivity is only moderate; the less-substituted 
double bond is favored by a ratio of 3:2; however, the ratio cis-/trans-2-butene is 7.5: 1. This difference 
was attributed to adsorption, which minimizes steric hindrance with the ~ u r f a c e . ~ ~ * ~ ~  This conclusion was 
supported later by Crombie et al. from their observation of the stereochemistry of hydogenation of a 
group of systematically substituted allenes under ambient conditions over 5% Pd/J3aS04.32 Vinyl inter- 
mediates were invoked to explain the results (equation 33). 
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MH / 
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MH2 

c YR -k R 
+ 

MH 
(33) 

MH 

The hydrogenations of allenes may proceed through allylic  intermediate^.^^ The distribution of pro- 
ducts formed during the reaction of 1,2-butadiene with D2 depends on the particular nickel catalyst used. 
Reactions on the more selective catalysts (Ni powder, Ni/SiOz) are presumed to proceed mainly via vinyl 
intermediates; reactions on the less selective catalysts (Ni/A1203) proceed via allylic intermediates (equa- 
tion 34). A similar dichotomy of mechanisms is assumed to characterize reactions on Pd. 

m R  c mR I 

The palladium-catalyzed hydrogenations of 1.2-cyclononadiene and 1 ,2-cyclodecadiene form substan- 
tial amounts of trans- as well as the c i s -~ycloa lkene .~~,~~ The only unhindered approaches to either 
double bond of these dienes lead to a cis isomer. Because the trans is the less stable geometrical isomer 
in rings with fewer than 11 carbon atoms, its formation implies that an intermediate is produced which is 
capable of yielding both cis- and trans-cycloalkenes at comparable rates. Moore proposed that the inter- 
mediate has the syn-anri-n-allyl structure (43; equation 35). 

cis-cyclononene - fc& . . . . . . . ., - trans-cyclononene (35) 

H H 

(43) 
syn,anri-n-allyl 

This hypothesis is supported by Lin’s studies of the reactions of the C9 to c13 1,2-cycloalkadienes with 
HRh(PPh3)d and CIRh(PPh3)3,70 complexes classified by Collman et al. as monohydride and dihydride 
hydrogenation catalysts, respectively.28 The monohydride complex unites with allenes to form n-allyl 
compounds which have characteristic NMR spectra in solution. 1,2-Cyclononadiene yields almost the 
same proportion of cis- and tr-ans-cyclononene with either Pd/A1203 or HRh(PPh3)4 as catalyst; little of 
the trans isomer is formed when ClRh(PPh3)3 is used. The X-ray crystal structure of the complex formed 
from the reaction of ClRh(PPh3)3 with 1,Zcyclononadiene shows that only one double bond of the diene 
is coordinated with rhodium.71 
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The hydrogenation of cis-l,4-diphenyl- 1,2,3-butatriene (44) over Lindlar's Pd yields mainly the (Z,Z)- 
diene (45), accompanied by a little of the (E,@-diene (equation 36).3,32 Lower stereoselectivity accom- 
panies the hydrogenation of 1,6-diindenylene-2,3,4-hexatriene in which the cumulene unit is conjugated 
with double bonds.3 Recall that the stereoselectivity of the hydrogenation of a triple bond is lowered 
when it is conjugated with a double bond. Possibly the intermediate formed has a n-allylic structure 
which can account for the various products, just as allylic intermediates can account for the products of 
hydrogenating conjugated dienes on Ni and Pd catalysts.32 

3.1.6 AROMATIC HYDROCARBONS 

The hydrogenation of aromatic hydrocarbons is catalyzed by various transition metal oxides and sul- 
fides, but for a laboratory preparation the catalyst usually is selected from Ni, Ru, Rh, Pd or Pt.374 Nickel 
catalysts require elevated temperatures and pressures, which dictate the use of a high pressure autoclave. 
Rhodium, platinum and ruthenium are effective under mild conditions, rhodium being the most active. 
Rhodium and ruthenium are used when the hydrogenolysis of carbon-oxygen or carbon-nitrogen bonds 
is to be avoided. Under mild conditions, the hydrogenation of mononuclear aromatic hydrocarbons pro- 
ceeds slowly over palladium, which suggests its use when the aromatic ring is to be retained. 

3.1.6.1 Structure-Reactivity 

The rate of hydrogenation of the benzene ring is lowered by alkyl substiuents, although with two or 
more, the arrangement of the groups affects the rate.41 Smith et al. determined the individual and compe- 
titive rates of all the methyl-substituted benzenes on Pt and Rh catalysts in the solvent acetic acid, and 
found that not only the individual rates ( k ~ )  but also the derived relative equilibrium constants ( K A B )  de- 
crease with increasing methyl Within groups of isomers, k A  and KAB change in opposite 
directions. For the xylenes, the rate constants ( k ~ )  increase but the KAB decrease in the order 1,2- > 1,3- > 
1,4-. A similar relationship applies to the trimethylbenzenes; the order of increasing rate is 1,2,3- < 1,2,4- 
e 1,3,5-, while KAB decreases in the same order. The more limited group of compounds studied on Ni at 
170 'C by Wauquier and Jungers shows the same relationships.22 

That the kinetically derived relative adsorption constants, KAB, decrease with the numbers of alkyl 
substituents is surprising because alkyl substituents increase the basicity of the benzene ring and stabilize 
q6-arene transition metal complexes.28 The directly measured adsorption coefficients of benzene, to- 
luene, p-xylene and mesitylene on a cobalt catalyst at 89 'C do increase with the number of methyl 
groups and the rates of hydrogenation decrease in that ordera4' A consensus regarding the significance of 
the kinetically determined adsorption constants has not been reached.41 

Another kinetic method of determining relative adsorption constants does show that toluene is ad- 
sorbed more strongly than benzene on the platinum metals.73 The method determines the effect of the 
partial pressure of toluene on the rate of hydrogenation of benzene. With the assumption that adsorption 
is reversible, the ratio of adsorption coefficients, hh, is evaluated by the use of equation (37) where 
V O B  and VB(T) represent the rate of hydrogenation of benzene in the absence of toluene and in its presence 
at stated partial pressures of toluene (fT) and benzene ( f B ) .  This method avoids the determination of the 
relative individual rate constants that is required by the method of Wauquier and Jungers.22 Xylene inhi- 
bits the hydrogenation of alkenes on Pd more effectively than does benzene, which is consistent with the 
effect of alkyl groups on the basicity of benzene.*' 

VOB/VB(T) = 1 + (W~B)(PT/PB)  (37) 

The importance of steric effects on the individual rates of arene hydrogenation is not well defined, but 
1,4-di-r-butylbenzene is more reactive than its 1,3-isomer or t-butylbenzene; competitive experiments 
show that, of the three, it has the smallest apparent adsorption constant.74 It  is not surprising that in 
hydrogenations of isomeric arenes, which are zero order in arene, the more strongly adsorbed arene 
reacts more slowly. The orientation of the substituents in the di-t-butylbenzenes not only affects their 
relative reactivity but also the proportions of the unsaturated intermediates which are formed.74 
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3.1.6.2 Intermediates and Mechanism 

A priori, the mechanism of hydrogenation of benzene may be represented as a series of hydrogen 
transfers from the catalyst to the adsorbed benzene and the adsorbed intermediates (Scheme 5) .  I The 
often observed first order reaction in H2 suggests that the addition of the second hydrogen atom is the 
more difficult step, indicating that the largest energy barrier lies between adsorbed arene and adsorbed 
diene. However, no cyclohexadienes have been detected as intermediates. 

C6H6 (g) C6H8 (g) C6HIO (g) C6HI2 (g) 

ri t l  
Scheme 5 

A I ,4-cyclohexadienic structure (46) was proposed for the octahydroparacyclophane formed in the hy- 
drogenation (PtO2) of paracyclophane (47), whose unusual properties provided a degree of plausibility to 
the claim (equation Actually, four isomeric dienes, none of which has the first postulated struc- 
ture, are formed.76 The possible structures have one trisubstituted double bond in each six-carbon cycle, 
as in formula (48). Dienes are more reactive than tQe related arenes or cyclohexenes and apparently are 
more tightly bound to a catalytic 

(47) 

Intermediate cyclohexene(s) can be detected in amounts which depend upon the structure of the aro- 
matic compound, the catalyst and the reaction conditions, all being variables which are likely to affect 
the relative rates of the processes indicated in Scheme 5.',23975 Strain in the arene, which is released in 
part upon adsorption or the addition of the first hydrogen atom, increases the competitiveness of the 
arene relative to the derived cyclohexene, as illustrated in the hydrogenation of para~yclophane.~~ The 
strained 1,2-di-?-butylbenzene yields 1,6-di-?-butylcyclohexene whose maximum concentration depends 
upon the catalyst and the solvent: 45% (Rh/C, AcOH), 30% (Rh/C, EtOH), and 6% (Pt/C, EtOH).I The 
reactivity of the derived cyclohexenes also are lowered by the bulky substituents, presumably a steric ef- 
fect. Apparently this pathway competes with one that does not involve the desorbed cyclohexene, a path 
which is indicated by the stereochemistry of the reduction.74 

Ruthenium was recognized early to be the catalyst which produced the largest amount of the inter- 
mediate cyclohexene from the xylenes, rhodium and platinum giving decreasing amounts.23 The import- 
ance of water in maximizing the yield of cyclohexene using ruthenium as catalyst was demonstrated by 
Don and Schoiten." A recent patent application claims yields of 48% cyclohexene at 60% conversion of 
the benzene.79 

3.1.6.3 Stereochemistry 

Although cis isomers are the principal products of hydrogenating disubstituted benzenes under mild 
conditions, trans isomers are also formed. The reaction is kinetically controlled at near ambient condi- 
tions but cis-trans isomerization will occur at higher temperatures where the reversibility of the hy- 
drogen addition becomes significant. 

A comparison of the proportion of the saturated stereoisomers, formed under the same conditions 
(PtO2, AcOH) from the isomeric xylenes and the derived dimethylcyclohexenes, leads to the proposal 
that the reaction proceeds through the desorbed cyclohexenes.23 Low concentrations of the intermediate 
cyclohexenes were detected later. The effect of the metal on the stereoselectivity of hydrogenating o- 
xylene follows closely the effect of the metal on the hydrogenation of 1,2- and 1,6-dimethylcyclo- 
h e ~ e n e . ~ ~  The highest selectivity for the conversion of o-xylene to the cis isomer is given by iridium 
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(99.2%), the least by palladium (57.7%); the percent given by 1,2-dimethylcyclohexene on the two cata- 
lysts are 99.2 and 25.9%, the 1,6-isomer gives 89.0 and 25.6%, respectively. 

That desorbed cyclohexenes give rise to the trans-disubstituted cyclohexanes is most clearly illustrated 
by van Bekkum and coworkers' hydrogenation of t-butyl-substituted benzenes.] For example, the hy- 
drogenation of 2-t-butylbenzoic acid over Rh/C in ethanol at 22 "C and 1 atm yields cis-2-t-butylcyclo- 
hexanecarboxylic acid and 6-t-butylcyclohexenecarboxylic acid at a fixed ratio until about 80% 
conversion, at which point the hydrogenation of the cyclohexene begins and yields both cis- and trans-2- 
t-butylcyclohexanecarboxylic acid. 1,2-Di-t-butylbenzene and 1,3,5-tri-t-butylbenzene exhibit similar 
pr0perties.l 

The effect of pressure on the stereochemistry of hydrogenating 1,4-di-t-butylbenzene on rhodium also 
indicates a competition between the addition of six hydrogen atoms during a single period of residence 
on the catalyst and a path involving desorbed cy~loa lkenes .~~ Accessible high pressures, which are 
expected to increase the rate of addition of hydrogen, are unable to cause the xylenes or 1,4-di-t- 
butylbenzene to yield only the cis isomers. Whether an increase in pressure can improve the stereoselec- 
tivity of the indium- and osmium-catalyzed hydrogenation of m- and p-xylene has not been tested. Small 
amounts of dimethylcyclohexenes are detected in the solutions (26 T, 1 atm, Bu'OH), which indicates 
the existence of a path through desorbed inte1mediates.4~ 

3.1.7 POLYCYCLIC AROMATIC HYDROCARBONS 

3.1.7.1 Regioselectivity 

A considerable degree of control of the regioselective hydrogenation of polycyclic aromatic hydrocar- 
bons has been achieved through the choice of catalyst and optimized conditions. The review by Nishimu- 
ra and Takagi and Rylander's monographs furnish many examples and  reference^.^.^^^ 

Of the platinum metals, palladium, which is least able to catalyze the hydrogenation of the benzene 
ring under mild conditions, is the most selective for converting biphenyl to phenylcyclohexane or naph- 
thalene to tetralin. With alkyl substituents at the 2-position, the unsubstituted ring is reduced preferen- 
tially. However, the regioselectivity of reducing a 1-alkylnaphthalene depends upon the size of the alkyl 
group; a methyl substituent favors the unsubstituted ring, the t-butyl group directs to the substituted ring 
(equation 39) . '~ '~  This structural effect is attributed to the release of peri strain in the critical transition 
state, an effect which is magnified in the enhanced reactivity of the 1 

R R R 

Pd/C 

AcOH, 80 "C, I atm 
(39) 

R = M e  66% 
= B u t  3% 

34% 
97% 

Anthracene and phenanthrene can be converted to their 9,lO-dihydroderivatives in high yield over 
copper chromite at 100-150 "C and 150 atm. The change can be accomplished under milder conditions 
using platinum metal catalysts, Rh/A1203 with anthracene and Pd/C with ~henanthrene .~ ,~ .~  

Using palladium as catalyst, the region of minimal bond delocalization is reduced preferentially, 
whereas platinum tends to catalyze the reduction of terminal rings (equation 40).334*6 

97 % 

- ''/' (40) 
\ / 

95% 

1-3 atm 
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3.1.7.2 Stereoselectivity 

The stereochemistry of hydrogenating naphthalene is described in Weitkamp's review.80 Mainly cis- 
decalin is formed when the hydrogenation is catalyzed by platinum metals under relatively mild condi- 
tions; ruthenium is the most stereoselective (95-98% cis) while palladium is the least. The rrans-decalin 
which is formed appears to result from the reduction of octalin intermediates via a mechanism similar to 
that which accounts for the formation of trans-dialkylcyclohexanes from dialkylbenzenes. 

The cis-stereoselectivity and the rate of hydrogenation (Pd/C) of the substituted ring in 1,4-di- 
alkylnaphthalenes increase with the bulk of the substituents; equal amounts of the cis- and trans-tetralins 
form from 1,4-diethylnaphthalene, while the di-t-butylnaphthalene yields almost exclusively the cis 
isomer (99%).1*3,75 A similar affect of structure on rate and stereoselectivity is observed in the hydroge- 
nations (Rh/A1203) of l ,4-dialkylben~enes.~~ 

The hydrogenation of phenanthrene proceeds through aromatic intermediates to the perhydrophenan- 
threne.75 Under mild conditions the product has the syn-cis-syn configuration, but more vigorous condi- 
tions yield products of lower selectivity. Similar results can be expected for the hydrogenation of more 
complex polycyclic aromatic  hydrocarbon^.^^^^^^ 

3.1.8 CHEMOSELECTIVITY 

3.1.8.1 Nonconjugated Functional Groups 

Carbon+arbon unsaturation can be hydrogenated selectively in compounds which also contain other 
reducible or hydrogenolyzeable functional groups. 1,3,4*32~59 Apparently this reflects the strong interaction 
of the metal with carbon+arbon double and triple bonds. 

Aliphatic nonconjugated nitroakenes can be reduced to the saturated nitro compounds without diffi- 
culty using platinum or palladium  catalyst^.^*^*^ A similarly situated alkynic group too is reduced selec- 
tively using Pd. 

Unconjugated unsaturated aldehydes and ketones can be reduced without affecting the carbonyl group, 
particularly with a Pd catalyst; Ni and Pt have been used, but the reduction must be terminated after the 
addition of 1 equiv. of h y d r ~ g e n . ~ , ~ , ~ , ~ ~  The nitrile group also can survive the reduction of carbon-carbon 
unsaturation in the same molecule. 

The hydrogenolysis of allyl-oxygen bonds can be avoided by the use of Rh or Ru catalysts, and modi- 
fied Pt catalysts have been effe~t ive.~ Epoxides also survive conditions used to hydrogenate carbon- 
carbon double and triple bonds. 

3.1.8.2 Conjugated Functional Groups 

Generally, a$-unsaturated carbonyl groups are more stable towards hydrogenation than their uncon- 
jugated isomers; however, the conjugated alkenic double bond can be hydrogenated in preference to an 
isolated  ne.^-^ This reflects the effect of an electron-attracting substituent on stabilizing the association 
of an alkene with a transition Palladium catalysts are most useful, but selectivity is enhanced by 
the choice of solvent or the use of added base. Many examples are found in the reviews by Molnar and 
by Aug~st ine.~**~'  

Vinyl and allyl groups can be saturated but hydrogenolysis and other undesired reactions may occur. 
The choice of metal as a catalyst and the solvent affects the results of hydrogenating substituted cyclo- 
hexenyl  ether^.^,."^ Besides the saturated ether, the cyclohexanone and its diethyl acetal, the cyclohexanol 
and cyclohexane are formed in ethanol in proportions which vary with the metal. The relative rates of the 
competing reactions depend on both solvent and metal and yields exceeding 96% of the saturated ether 
are reported for catalysis by Pd in ethanol, and Ru or Rh in t-butyl alcohol (see Section 3.1.3.3.5). 

The enamine (49) can be hydrogenated to the tertiary amine; Pd gives the highest yield (99%), the pro- 
duct having the trans configuration (equation 41).4 The yield is lower with PtOz (in ethanol, 2-propanol 
or ethyl acetate); however, the cis isomer predominates (92-98%). The stereochemical result on Pd sug- 
gests that the product-controlling reaction is the union of hydrogen with the most stable alkyl intermedi- 
ate, as proposed for the Pd-catalyzed hydrogenation of vinyl ethers (see Section 3.1 .3.3.5).32 The 
association constants measured by Tolman show that a vinyl ether is more weakly bound to a metal than 
is an alkene and one may infer that the vinyl amino group would affect the metal-alkene .rr-bond in the 
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same way (see Section 3.1.3.2). 
intermediates. 

Reduction of C=C and C S  Bonds 

The weakening of the n-bond facilitates the equilibration of the alkyl 

CHNMe2 

(49) 
NMe2 

100% trans 

3.1.9 CATALYTIC TRANSFER HYDROGENATION 

The possibility that organic molecules of relatively low oxidation potential could serve as a source of 
hydrogen which could be transferred catalytically to unsaturated compounds under mild conditions was 
proposed by Braude, Linstead et al. in 1952, and the scope of the reaction was subsequently explored.82 
Hydrogen transfer between like molecules, as in the disproportionation of cyclohexene on Pt and Pd to 
form cyclohexane and benzene, had been discovered much earlier by Zelinskii et a[. Cyclohexadienes 
disproportionate more rapidly on these catalysts forming equimolar amounts of cyclohexane and ben- 
zene. Indeed cyclohexene and cyclohexadiene, or their readily available alkyl derivatives, are among the 
most frequently cited hydrogen donors for catalytic transfer  hydrogenation^.^^.^^ A considerable body of 
work has appeared since the review by Brieger and Nestrick, and the improvements in technique, includ- 
ing greater catalyst loadings and different hydrogen donors, have increased the utility of the process.R3 

Palladium in the form of Pd black or Pd/C is the most effective catalyst. Although Raney nickel has 
been used, there is doubt that it serves only as a hydrogen transfer catalyst because it contains a consider- 
able amount of adsorbed hydrogen. Platinum and rhodium have been found to be ineffective. Both 
alkenes and alkynes have been hydrogenated and syn addition to 1,2-diphenyiacetylene has been demon- 
~ t r a t e d . ~ ~ , ~ ~  

Regioselectivity in the catalytic transfer hydrogenation of dimethyl bicyclo[ 2.2.l]hepta-2,5-diene-2,3- 
dicarboxylate is a function of the hydrogen donor.4 Using cyclohexene or 1,3-cyclohexadiene as donor, 
addition to the unsubstituted double bond predominates, forming dimethyl bicyclo[2.2.1 ]hept-2-ene-2,3- 
dicarboxylate while, with 1 -methylcyclohexene or a-terpinene as donor, endo-dimethyl[2.2.1 lhepta-2- 
ene-5.6-dicarboxylate is the main product. Alkyl substitution in the donor slows the hydrogen transfer 
and allows a redistribution of the adsorbed diene species to the favored 2,3-double bond, a structure 
which is stabilized by the electron-withdrawing methoxycarbonyl groups (see Section 3.1.3.2.3). 

Hydrogen transfer reductions are facilitated by the use of a simple column reactor containing a small 
amount of palladium catalyst in the form of palladium black and with formic acid as the hydrogen 
donor.84 Transfer hydrogenation is accomplished by allowing a solution of the starting material, in an ap- 
propriate solvent plus 1 % formic acid, to pass slowly through the column. The optimal flow rate is easily 
adjusted, the effluent collected and the solvent evaporated. A single pass is sufficient to complete the 
addition of 1 mol of hydrogen to cinnamic acid, coumarin, oleic acid, fumaric acid or cholesterol. 

Discussions of the mechanisms of these reactions usually consider whether the hydrogen transfers in- 
volve a catalyst-mediated donor-acceptor complex or proceed according to mechanisms which are part 
of the hydrogenation-dehydrogenation reactions which are observed at low hydrogen pressures.82s83 Both 
donor and acceptor molecules compete for adsorption on the catalyst and their transformations are af- 
fected by the amount of adsorbed hydrogen which is present. A recent study of the disproportionation of 
specifically deuterated 1,4-cyclohexadienes catalyzed by colloidal nickel shows that it is a multistep re- 
action.R5 The dehydrogenation of the diene is strictly cis selective but the hydrogen loses its molecular 
identity before the hydrogen addition step. The authors conclude that the direct H-transfer between two 
molecules of 1,4-cyclohexadiene is excluded. 
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3.2.1 HYDROGENATION OF NONCONJUGATED C=C BONDS 

Chlorotris(triphenylphosphine)rhodium(I), [RhCI(PPh3)3], was reported independently by three groups 
in 1 965,24 and its application to catalytic homogeneous hydrogenation has been studied intensively by 
Wilkinson's group.5 The Wilkinson catalyst is now the most widely used for hydrogenation of a variety 
of unsaturated substrates, and several extensive reviews of this catalyst have been published. I 

With this catalyst alkenes such as 1 -hexene, 2-pentene, 3-hexene, cyclohexene, 2,3-dimethyl-2-butene, 
styrene, allyl alcohol, allyl cyanide and acrylamide, are reduced under mild conditions. Rates of 
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hydrogenation of some representative alkenes catalyzed by [RhCl(PPh3)s] are listed in Tables 1 and 2. 
The addition of triphenylphosphine decreases the rate of hydrogenation.6 Small amounts of impurities 
such as oxygen and hydroperoxides in catalytic systems sometimes increase the rate of hydr~genation,'.~ 
but large quantities of impurities cause deposition of rhodium metal.9*10 The steric effect has been stu- 
died." The less-substituted double bonds of unconjugated alkadienes are usually reduced selectively. 

Table 1 Rate Constants for the Hydrogenation of Alkenessb (1.25 mM Solution of [RhCI(PPh3)3] in Benzene) 

Cy clopentene 
Cyclohexene 
Cycloheptene 
Hex-l-ene 
Dodec-l-ene 
1 -Methylcyclohexene 
cis-Pent-2-ene 
2-Methylpent- 1 -ene 
Styrene 
cis-4-Methylpent-2-ene 
cis-4-Methylpent-2-eneb 
rrans-4-Methylpent-2-ene 
trans-4-Methylpent-2-eneb 

34.3 
31.6 
21.8 
29.1 
34.3 
0.6 

23.2 
26.6 
93.0 
9.9 

12.6 
1.8 
1.9 

'Errors in the rate constants (k' > cu. 20 x IO-' M-' sd ) do not exceed f5%; errors on low k' values are somewhat greater. 
bDeuteriation by D2. 

Table 2 Rate of Hydrogen Consumption (mmol min-I) at 0.66 atm of Hydrogen Partial Pressure for Unsaturated 
Substrates under Standard Conditions; Catalyst [RhCl(PPh,),], 1.25 mM in Benzene, Substrate Concentration 

1.25 M5b 

Substrate8 Rare (mmol min-') Substrate Rare (mmol min-') 

Acenaphthylene 
Acylamide 
Allyl alcohol 
Allyl cyanide 
Octa- 1.7-diene 
Cyclohexene 
Styrene 

1.76 f 0.1 1 3-Ethylpent-2-ene 0.02 f (0.002) 
0.22 f 0.01 Hexa- 1,5-diene 0.2 1 k 0.0 I 
3.02 k 0.18 trans-Hex-3-ene 0.05 k (0.005) 
0.45 k 0.03 Cyclohexa- 1,3-diene 0.13 fO.01 
0.65 * 0.04 Penta- 1,3-diene 0.06 * (0.004) 

2.56 f0.15 4-Fluorostyrene 3.70 f 0.26 
4-Methoxy styrene 3.22 * 0.22 

0.80 f 0.05 2.3-Dimethylbut-2-ene 0.0 1 f (0.00 1 

'The following were either not reduced or were reduced extremely slowly (<0.01 mmol min?) under the standard conditions: 
acrylic acid, allylamine, allyl chloride, bicyclo[2.2. I]hepta-2,5-diene, cyclohexa-l,4-diene, maleic anhydride and 
tetrachloroethylene. 

H,, < I  atm 

/ (3) 

+ 

(4) 
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Both isotetralin (1) and 1,Cdihydrotetralin (2) are reduced in the presence of the catalyst to an 80:20 
mixture of 9.10-octaline (3) and 1,9-octaline (4).12 The sterically less-hindered double bond of eremo- 
philone (5) is preferentially hydrogenated. l 3  

Labeling experiments show that the addition of hydrogen to C 4  bonds proceeds with syn stereoc- 
h e m i ~ t r y . ~ ? ~ ~ * ~ ~  Thus a trans-alkene is hydrogenated to give the threo p r ~ d u c t , ’ ~  and deuteration has been 
shown to afford cis isomers. 14,16.17 

The variation of the halogen and the other ligands coordinated to rhodium exerts important effects on 
the activity and selectivity. [RhBr(PPhs)3] and [RhI(PPh3)3] show higher catalytic activities in hydroge- 
nation of terminal alkenes than [RhCl(PPhs)3], and lower rates of isomerization.I8 Other rhodium-phos- 
phine complexes, such as [Rh(NO)(PPh3)3],19*20 [Rh(OCOR)(PPhs)3] (R = alkyl, aryl, substituted 
alkyl),21 [RhCl(PR3)3] (R = substituted phenyl, a l k ~ l ) , ~ ~ - ~ ~  and complexes having aminopho~phine,~~ tri- 
phenylarsine, or triphenylstibine,26 also catalyze hydrogenation of alkenes. 

Halogen can be replaced by hydride to produce a catalyst, [RhH(CO)(PPh3)3]?7~28 which catalyzes the 
selective hydrogenation of 1 -alkenes. 1 -Hexene gives hexane under mild conditions, while cyclohexene 
and cis-4-methyl-2-pentene are not reduced. The activity of [RhH(CO)(PPh3)3] decreases with time,2x 
but the catalyst can be reactivated by UV i i~adiat ion.~~ The hydridorhodium(1) complex [RhH(S-phenyl- 
5H-dibenzophosphole)], catalyzes rapid hydrogenation of terminal alkenes under mild conditions.30*31 
Internal alkenes, conjugated alkenes, and alkynes can be differentiated. The rhodium hydride complex 
derived from the reaction of [RhCl(PPh3)3], Cs+(7-butenyl-7,8-carborane)-, and trimethylvinylsilane in 
THF, has been used for the reduction of alkenes,32 as have [RhC13(pyridine)3],33 [Rh2HC13(CsMe~)21,~~ 
and [ R ~ H C ~ ~ ( P R ~ ) Z ] : ~ - ~ ~  A water soluble, air stable complex, [RhCl(TPPTS)3] (TPPTS = triphenylphos- 
phine m-trisulfonate), has been used for hydrogenation of linear and cyclic alkenes and polyenes with or 
without functional groups under very mild reaction conditions. Selective hydrogenations are achieved by 
controlling the volume of hydrogen absorbed. For example, (6) is selectively converted to (7) in 32 h or 
to (8) in 76 h.3s [Rh( 1,5-COD)(MeCN)2]BF4 is an efficient catalyst for the hydrogenation of 1 -hexene,39 
while isomerization occurs with the analogous iridium complexes$0 

Hz. 1 atm 
[RhCI(TPF’TS)3] Q rs., water * Q + Q 

(6) (7) (8) 

Chelating bidentate ligands affect the hydrogenation, and especially chiral ligands have been used for 
asymmetric hydrogenation (see Section 3.2.5). The complex [RhCl(PPh3)(dppcb)] (dppcb = 1,2-bis(di- 
pheny1phosphino)- 1,2-dicarbadodecaborane) is an effective catalyst only at higher temperatures.“1 
Bis(dipheny1phosphino)methane (dppm) upon coordination to rhodium forms dinuclear complexes. 

Some of them exhibit high activity for hydrogenation of alkenes, as has been shown with [Rh2(p 
Cl)(CO)2(dppm)2]+ in methanol.42 Tridentate phosphine ligands also form dinuclear complexes such as 
[Rhz(COD){CH(PPh2)3}](CF3S03)2~acetone, which reacts with hydrogen in acetone to liberate cyclooc- 
tane, and on addition of 1-hexene catalytic hydrogenation proceeds (25 “C, 1 atm Hz).~’ 

Cationic rhodium(1) complexes, such as [ R ~ C ~ ( P ~ ) Z ( D M F ) ( B H ~ ) ] C ~ ? ~ , ~ ~  [Rh(diene)(PPh3)2]+, 
[RhHz(PPh3)zL2]+ (L = solvent)?”50 [Rh(CH;?==CHCN)(CO)(PPh3)2]C10451 and [Rh(q4-C8H1o)(q5- 
CgH also catalyze alkene hydrogenation. 

Phosphine-substituted rhodium carbonyl clusters, such as [Rh6(CO) IoL61 (L6 = (PPh&, [P(OMe)3]6, or 
[(-)-DIOP]3), are good catalyst precursors for cyclohexene hydrogenation.s3 

The pentamethylcyclopentadienyl (Cp*) derivatives of rhodium54 such as [(RhCp*)2(0H)3]C154d and 
the catalyst system prepared from [(RhCp*)2( I J , - C ~ ) Z ] ~ ~ ~  and pyrazole-type ligands,55 are used for alkene 
hydrogenation in 2-propanol. 

The complexes [RuCh(PPh3)3] and [RuHCl(PPh3)3], when used in the presence of methanol, ethanol 
or triethylamine, serve as efficient catalysts for the hydrogenation of 1 - a l k e n e ~ . ’ s * ~ ” ~ ~  At ambient tem- 
peratures rates of hydrogenation of internal alkenes and cycloalkenes and isomerization of alkenes are 
very low.6o Thus, the selective reduction of terminal alkenes has been attained (equation 1).61 When a 
solution of [RuClz(PPh3)3] or [RuHCl(PPh3)3] is exposed to oxygen, green complexes of triphenylphos- 
phine oxide are formed and the activity of the catalyst is i o ~ t ? ~ . ~ ’  The dihydride complex [RuHz(PPh3)4] 
is also used as catalyst for selective hydrogenation of 1 -alkenes.62 The alkene-coordinated complex 
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[Ru(alkene)(PPh3)3] has been isolated as a catalytically active intermediate. An analogous iron dihydride 
complex, [FeH2N2(PEtPh2)3Ir is usable as a catalyst for the hydrogenation of ethylene.63 The orthometal- 
ated complex of ruthenium, [RuC1{P(OC~H4)(OPh)2}{P(OPh)~}3] is also an active catalyst, but the 
analog [RuHCl{P(OPh)3}4], which is not orthometalated, is not active.@ 

H2, 1 atrn 
[RuCMPPh3)31 

EtOH-benzene o +  r.t., 99 rnin 

0 (1) /\/\// - / \ / \ / +  

98 % < 1% 

[R~C12(AsPh3)3],~~ [RUH(NO)(PR~)~] ,~~ [ R u H ( O A C ) ( P P ~ ~ ) ~ ] , ~ ~  [ R u ( O A C ) ~ ( P P ~ ~ ) ~ ] , ~ ~  and 
[ R U ( P P ~ ~ ) ~ ( C F ~ S O ~ ) ~ ] , ~ ~  also show catalytic activities for the hydrogenation of alkenes. 

The cationic complex [RuCl(DPPB)(MeCN)3]+PF6- (DPPB = 1,4-bis(diphenylphosphino)butane) is a 
good catalyst for the hydrogenation of terminal alkenes, acetonitrile and imines.69 

The anionic ruthenium cluster [Ru3(NCO)(CO)lo]- acts as an efficient catalyst for the reduction of ter- 
minal and unactivated alkenes under mild  condition^.^^ A mechanistic study using the osmium analog 
has been done.71 The complexes [{ Ru(-q4-Ph4C4CO)(C0)2}2] and [ { Ru(q4-Ph2Me2C4CO)(C0)2}21 have 
been used as catalysts for the hydrogenation of alkenes, alkynes, ketones, aldehydes and anthracene 
under mild  condition^.^^ The complex [Ru~(CO)S(PP~~)(~L-PP~~)(~-O=CP~)], obtained by pyrolysis of 
[Ru3(C0)9(PPh3)3], is a catalyst for the hydrogenation of cyclohexene and 2-cyclohexen- 1 -one, giving 
cyclohexane and cyclohexanone with a small amount of cyclohexanol, re~pectively.’~ 

The complex [OsHBr(CO)(PPh3)3] is effective for the selective hydrogenation of conjugated and non- 
conjugated dienes to monoenes, and this complex also catalyzes the hydrogenation of linear and cyclic 
alkenes. (-)-Cawone (9) is selectively reduced to 2-methyl-5-( 1 -methylethyl)cyclohex-2-en- I -one (10) 
or 2-methyl-5-( 1 -methylethyl)cyclohexanone (ll), depending on the reaction  condition^.^^ 

n 
(10) 100% 

(10) 12% (11) 88% 
i ,  [OsHBr(CO)(PPh,),], H,, 1 atm, r.t.; i i ,  [OsHBr(CO)(PPh,),], H,, 5 atm, 100 “C 

Vaska’s complex [IrCl(CO)(PPh3)2] and its derivatives can be used as catalysts for the hydrogenation 
of alkenic  compound^.^^-^^ The rates of hydrogenation depend on steric effects similar to those observed 
for [RhCI(PPh3)3] (terminal alkene > cis-alkene > trans-alkene). Isomerization is more rapid than hy- 
drogenation. The catalyst is activated by UV irradiation.80 [Ir(COD)(PR3)2]+-type complexes are inactive 
in aromatic and hydrocarbon solvents, but active in chlorinated solvents such as chloroform and dichlo- 
r~methane . ”~~’  The cationic iridium complexes of the type [Ir(COD)(PR3)(Py)]PF6 are highly efficient 
catalysts for hydrogenation of hindered alkenes.92 The complex (R = C6Hi I )  readily hydrogenates steric- 
ally congested steroid alkene groups without reducing carbonyl groups, carbon-halogen bonds and cy- 
clopropane rings. For example, (12) is reduced to (13) in the presence of the above complex.y3 

In the presence of the cobalt hydride complexes, [ C O H ~ ( P P ~ ~ ) ~ ] , ~ ~  [COH(CO)(PP~~)~] ,”~  
[COH(CO)(PBU~)~]~~  and [ C ~ H ( C O ) ~ ( P B U ~ ) ~ ] , ~ ~  alkenes are reduced at elevated temperatures and press- 
ures. 
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CEH17 CEH I7 

- d P  
H,, 1 atm 

[I~(COD)(PCY~)(PY)IPF~ 

100% 

ButMe2Si0 
H 

Bu'Me2SiO JdP (12) (13) 

The complexes [RCo(C0)2{P(OMe)3}2] (R = Me and MeCO) show a marked catalytic activity (450 
turnovers h-l) for hydrogenation of terminal alkenes under ambient conditions," while more-hindered 
alkenes are reduced slowly. Cobalt complexes such as [ C O H ~ ( P R ~ ) ~ I ~ ~ * ~ ~  and [ C O H N ~ ( P P ~ ~ ) ~ ] ~ ~ J ~  are 
also active catalysts for alkene hydrogenation. 

Several complexes of Pdo and Pd" containing PR3, DMSO, etc. catalyze hydrogenation of monoal- 
kenes.lO1-l@' Salen complexes of Pd" and Ni" are employed as catalysts for alkene hydr0genati0n.I~~ The 
cluster complex of palladium [Pds(PPh)n], is a catalyst for the hydrogenation of alkenes, dienes, alkynes 
and many other kinds of unsaturated compound, lo6 

The complexes derived from platinum complexes and SnC12 exhibit catalytic activity for hydrogena- 
tion under mild conditi~ns.'~~-l I 6  These complexes have also been used for alkene hydroformylation. 
The above catalyst system and [PtC12(PPh3)2] assist hydrogenation of polyenes to monoalkenes, but 
isomerization of double bonds has been observed. The anionic cluster complex [ { Pt3(CO)6)5]2- has been 
used as a catalyst for hydrogenation of cyclohexene. l7 

A number of Ziegler-type catalysts based on early transition metals exhibit catalytic activity for alkene 
hydrogenation.1a.118 Hydrogenation of alkenes is also catalyzed by 8-metallocene species such as 
[Cp2ZrH2],119a [Cp2ZrMe2],1'9b [CmMHR] (M =Zr, Hf; R =Me, CHMe2),120 and so on.121 Zirconium(I1) 
complexes catalyze the hydrogenation of 1,3- and 1,5-~yclooctadiene to give cyclooctene.122 Titanocene 
 derivative^'^^-'^^ and polymer-anchored titanocenes126 have also been used for alkene hydrogenation. 
Ti" complexes with chiral cyclopentadienyl ligands have been used for asymmetric hydrogenation of 
simple alkenes (see Section 3.2.5).127-129 

Recently, both actinide and lanthanoid complexes have been used as catalysts for the hydrogenation of 
alkenes and alkynes. 1-Hexene is hydrogenated rapidly at atmospheric pressure in the presence of the 
species prepared from ucl4 and t-b~tyll i thium.'~~ Actinide-hydride complexes are also efficient cata- 
lysts for 1 - h e ~ e n e . I ~ ~  Hydrogenation of propene proceeds effectively with the organoactinide complexes 
supported on The hydride complexes, [ { (CsMe5)2LnH)2]133 and [ (Me2Si(C~Me4)2LnH)2],'~~ 
and the species derived from [CpsLn] and NaH,13s are highly active catalysts for alkene hydrogenation. 
The relative ordering of activities is found to be approximately inversely proportional to metal ionic 
radius: Lu > Sm > Nd > La. [ ((C5Mes)2LuH)2] is the most active catalyst among the complexes shown 
in Table 3, exceeding 120 OOO turnovers h-I at 25 "C and 1 atm of h ~ d r 0 g e n . l ~ ~  Organoyttrium hydride 
complexes are also catalysts for alkene hydrogenation. 137 

Table 3 Hydrogenation of I - H e ~ e n e ' ~ ~  

Catalyst Temperature ('C) Rate (h-I) ReJ 

0 
25 
25 
25 
0 
0 

25 

60 
650 
9000 
4000 
5 100 
6400 

120 000 

90 
90 

90 
136 

Functional groups such as hydroxy, ester and amide often direct the sterochemistry of hydrogenation. 
Hydrogenation of allylic and homoallylic alcohols occurs with high stereo~electivity.~~~ Catalysts used 
in the hydroxy-directed hydrogenation include: [RhCl(PPh3)3], a cationic chelating diphosphine- 
rhodium complex, [Rh(NBD)(PhzP(CH2)4PPh2)]BF4 (15), and a cationic iridium complex, 
[ ~ ~ ( C O D ) ( ~ C Y ~ > ( P Y ) ~ P F ~  (20). 

Homogeneous hydrogenation of chiral allylic and homoallylic alcohols is accomplished with a high 
degree of diastereoselectivity, as shown in the hydrogenation of 3-phenylbut-3-en-2-01 (14) and 4-phe- 
nylpent-4-en-2-01(16) in the presence of (15).139 



448 Reduction of C=C and C=C Bonds 

97 3 

* 
OH 

(15) + 
88 12 

OH THF Ph-OH Ph Ph 
(16) 

With the cationic rhodium complex (15) diastereoselectivity is high (>91%) at 44 atm of hydrogen,I4O 
but it falls off at atmospheric pressure. Hydrogenation with the cationic iridium complex (20) in 
dichloromethane (25 'C, 1 atm H2) exhibits a low level of dia~tereoselection.~~~,~~~ The rhodium complex 
(15) is also superior to iridium complex (20) in the hydrogenation of homoallyl alcohols,142 as in the 
stereoselective synthesis of (18) from (17). 143 

OH 
OBz 

(15). H,, 68 atrn 

94% 

OH 
OBz MeOzC 

(17) (18) 

Excellent diastereoselectivity has been observed in the directed hydrogenation of cyclic alkenic alco- 
hols (19) and (21).141J44-149 In all cases, trans products are formed predominantly. 

+$OH H,, [WCOD)(PCy3)PylPFb (20) '3 'F + , t , z # , , , o ~  - 
R = Me, 74% 

>lo0 1 
'o-. 

(19) 

+\'OH R = H, (15), H2, 9596, transxis = 290: 1 
c DR R = Me, (ZO), H2, 64%, truns:cis = >loo: 1 

(21) 

The directed hydrogenation of cyclic unsaturated ethers145b and carboxylic acids and their esters,150 
has been studied using the catalysts (15) and (20), but the selectivities are usually lower than those of 
allylic and homoallylic alcohols (equations 2a, 2b and 3). 

+,,C02Me H,, 1 atm \\+' C02Me 
(2a) 

(15). 96.9% yield 
(ZO), 99.9% yield 

I I  c I I  
(15), 90.4% yield U 
(20). 8 1.4% yield 

U 

c 
H,, 1 atm 

RO \+\' RO""' 
R = H, (15), 98:2 (20), 99.7:0.3 
R = Me, (15),86:14 (20), 97:3 

(3) 
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0 0 

449 

(4) 

truns:cis = 130: 1 

The amide group is superior to the ester as a directing group (equation 4).15'-'52 
The cationic rhodium complex (15) catalyzes the hydrogenation of 3-substituted itaconic acid esters 

with high diastereoselectivity. When a chiral rhodium complex is employed, effective kinetic resolution 
O C C U ~ S . ~ ~ ~  

3.2.2 HYDROGENATION OF CONJUGATED ALKENES 

3.2.2.1 Dienes, Trienes and Polyenes to Saturated Hydrocarbons 

Sterically unhindered conjugated alkenes and chelating nonconjugated dienes (1,5-~yclooctadiene, 
norbomadiene) can be hydrogenated by [RhCl(PPh3)3] under low hydrogen pressure (1 atm), though re- 
action proceeds slowly. At elevated hydrogen pressure (60 atm), however, the rate increases and some 
rather sterically hindered dienes are also rapidly hydr~genated.~~ 

Dienes and trienes are hydrogenated in aqueous-organic two-phase media using [ [ RhCl( 1 ,5-hexa- 
diene)]z] and a phase transfer catalyst.153 

Detailed kinetic and mechanistic studies for the homogeneous hydrogenation of polybutadiene (90% 
1,2-addition; Mn = 10 000) in the presence of [RhCl(PPh3)3] as catalyst have been carried out by moni- 
toring the amount of hydrogen consumed. Quantitative hydrogenation of carbon-carbon unsaturation 
present in polybutadiene proceeds at 20-50 'C under subatmospheric pressures (<1 atm). 154 

Unsaturated polymers (cis- 1 ,Cpolybutadiene and butadiene-styrene copolymer) are also hydrogenated 
by Ziegler  catalyst^.^^^^^^^ 

3.2.2.2 Dienes and Trienes to Alkenes by 1,ZReduction 

The rhodium complexes [RhH(PPh3)4] and [Rh(C0)2(PPh3)2].2C6H6, which interact strongly with 
1,3-dienes, allow selective hydrogenation of 1,3-dienes to the corresponding terminal monoalkenes 
(equation 5) .  The hydrogenation proceeds smoothly in cyclohexane at 50-100 'C under 15 atm of hy- 
drogen. 15' 

H,, 15 atm 
[RhH(PPh3)4] + PEt, -- 

46 "C 
60% 

m 

The selective hydrogenation of terminal double bonds of conjugated linear dienes can be attained 
using [CpNiRu3(pH)3(C0)9] as catalyst. 

Potassium pentacyanocobaltate(II), derived form cobalt(I1) chloride and KCN, catalyzes the hydroge- 
nation of l ,3-dienes to monoalkenes. l ,3-Butadiene (22), isoprene159 and l -phenyl- l ,3-butadiene (23),I6O 
have been converted to mixtures of the corresponding 1 -butenes, trans-Zbutenes and cis-2-butenes. The 
product distribution depends highly on reaction conditions such as the cyanide:Co ratio, the concentra- 

H2, I atm, 20 "C N - - + - + / = /  

(22) Yield 
Solvent CNlCo (%I (%) (%) 

H2O 4.8 16 81 2 
H2O 6.0 95 4 1 

Glycerol-MeOH 5.0 9 87 4 
Glycerol-MeOH 5.7 50 9 41 
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tion of added base and the kind of solvent. Relatively high selectivity has been attained by finely tuning 
these factors. The reaction is usually carried out in water, aqueous alcohols, or mixed solvent systems 
such as methanol and ethylene glycol. Sorbic acid sodium salt (24) affords sodium 2-hexenoate (25) in 
high yield.I6' Tertiary aryl- or alkyl-phosphine complexes of the type [ {  Co(C0)3(PR3)}2] can be used as 
catalysts in the absence of carbon monoxide, although high substrate:catalyst ratios cause decomposition 
of the catalyst.'62 

H,, 1 atm 

Several other transition metal complexes, including [RuCl~(PPh3)3],'~~ Pd2(DPPM)3101q102 and 
P ~ C ~ Z ( D M S O ) , ' ~ ~ ~ ' ~  [Pd(0Ac)z(PPh3)~],'~ [Ni(a~ac)2]-A12Et3C13-PPh3,'~ [MoH~(Cp)21,'~~ 
[IrC1(CO)(PPh3)z],lM [CoH~(bipy)(PR3)21,~~~ [CO(C~HS){ P(OMe)3}3]'68 and Ziegler catalysts,'69 are 
used for the selective reduction of dienes to monoalkenes. 

Acyclic and cyclic allenes are converted to alkenes at 60 'C under atmospheric pressure of hydrogen 
with [RhCl(PPh3)3]. 1 ,ZNonadiene (26), 3-ethyl- 1 ,Zpentadiene and 1,2-~yclotridecadiene are hydroge- 
nated to give cis-Znonene (27), 3-ethyl-2-pentene and cyclotridecene (cis:trans = 85: 15), respective- 
iy.170 

H1. 1 atm 

(27) -e\ 60 "C 
66% 

(26) 

1,3-Cyclooctadiene (28) can be converted to cyclooctene (29) almost quantitatively by [RhH(PPh3)4] 
and [R~(CO)~(PP~~)Z].~C~H~.~~~ On the other hand, 13- and 1,4-cyclooctadiene (30 and 31) have been 
hydrogenated to cyclooctene (29) with [Ir2HzC12( 1,5-COD)(PPh3)2] 171 or [Ir( 1 ,~-COD)Z]PF~!~ Zirco- 
nium(II1) complexes containing the chelated bis(dipheny1phosphino)methane act as catalysts for the hy- 
drogenation of both I ,3- and 1,5-~yclooctadiene to cyclooctene in quantitative  yield^.'^^,'^^ 

c 

H,, 15 atm if-7 [ {  Rh(CO)z(PPhd h1*2C6H6+2P& 

1oooc 
99.7% 
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In the presence of a catalytic amount of [Ru(q4-COD)(q6-COT)], cycloheptatriene is hydrogenated to 
cycloheptene under 1 atm of H2 at room temperature.172 

1,5,9-Cyclododecatriene (32) has been hydrogenated to cyclododecene (33) with various cat- 
a l y s t ~ ~ ~ ~  such as [ (Co(C0)3(PBu3) ]2],162 [NiI~(PPh3)21,'~~ [ P t ( S n C b ) ~ l ~ , ~ ~ ~  [ R U C ~ ~ ( P P ~ ~ ) ~ I , I ~ ~ ~  
[R~C12(C0)2(PPh3)2] 176 and [RhCb(Py)3]/NaBh. 177 + H2.41 atrn 

[RWOMPPhdzl 

I58 O C ,  1.2 h 
94.6% 

(33) (32) 

Reduction of cyclic conjugated dienes such as 1,3-cyclohexadiene to cyclohexene is also attained with 

With [Cr(PhC02Me)(C0)3], 1,3,5-cycloheptatriene gives 1,3-~ycloheptadiene and cycloheptene in 
[Co(CN)2(bipyridine)] more rapidly than with [CO(CN)#-.'~~ 

successive ~ t e p s . 1 ~ ~  

3.2.23 Dienes to Alkenes by l&Reduction 

Several complexes having arenes, [Cr(C0)3(arene)] (arene = benzene, mesitylene, methyl benzoate, 
etc.) and [Cr(CO)3(cycloheptatriene)], are excellent catalysts for selective 1.4-hydrogen addition to 1,3- 
 diene^.'^^.'^^ 1,4-Hydrogenation of methyl sorbate (M), isoprene (36) and 1,3-pentadiene (38) in cyclo- 
hexane affords methyl cis-3-hexenoate (35), 2-methyl-2-butene (37) and cis-Zpentene (39), respectively. 
[Cr(C0)3(MeCN)s] is also an active catalyst under mild conditions (40 'C. H2 1.4 as are 
[Cr(CO)s] or [Cr(NBD)(C0)4] under UV irradiation.IS2 

H2 (atm) Temperature ("C) Time (h) 
[Cr(C0)3(benzene)] 48 160 8 
[Cr(C0)3(methyl benzoate)] 48 150 2 
[Cr(CO),(cycIoheptatriene)] 30 120 1 
[Cr(CO)3(chlorobenzene)] 30 150 2 
[M~(CO)~(cycloheptatnene)l 30 100 6 
[Mo(CO),(mesitylene)] 30 150 0.5 
[W(C0)3(mesitylene)] 30 165 6 

Yield (a) 
94 
99 
98 
96 
90 
28 (4-monoene 5 5 )  
13 (2-monoene 43) 

[Cr(CO)3(MeCN)3], H2,1.4 atm, 40 "C, 90% 
[CpCr(CO)3], H2,90 atm, 70 "C, 95% 

- 
/=L 

(39) 
IT- 

(38) 
[Cr(C0)3(MeCN)3], H2, 1.4 atm, 40 "C, 100% 
[CpCr(CO)3], H2. 90 atm, 70 OC. 100% 

Hydrogenation of methyl p-eleostearate (methyl rrans,tran~,tran~-9,11,13-octadecatrienoate) with 
[Cr(CO)3(arene)] yields the diene products from 1,4-addition (trans-9-cis- 12- and cis- 1 0-trans- 13-oc- 
tadecadienoates). With a-eleostearate (methyl cis,trans,trans-9,1lIl3-octadecatrienoate), stereoselective 
1,4-reduction of the trans,trans-diene moiety yields linoleate (cis,cis-9,12) accompanied by cis,trans- 1,4- 
dienes which are formed from the isomerization of a- to p-ele0~tearate.I~~ 
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3.2.2.4 Hydrogenation of C = C  Bonds Conjugated with Aromatic Rings, CN, CO, C02R, erc. 

Complex [RhCl(PPh3)3] is a good catalyst for the hydrogenation of alkenes conjugated with aromatics, 
nitriles, aldehydes, ketones, carboxylic acids, esters, lactones, amides, nitro compounds, furans, thio- 
phenes and other unsaturated heterocyclic corn pound^.^^^^^^^^^ With aldehydes, decarbonylations some- 
times occur on hydrogenation by [RhCl(PPh3)3].184 a,a-l]nsaturated ketones resist decarbonylation, but 
are converted into saturated dimethyl acetals during hydrogenation in benzene-methanol. Electron-with- 
drawing substituents increase the rate of hydrogenation; for the alkenes H2C=CHR, the order is R = CN 
> COzMe > Ph > alkyl. (-)-Dehydrogriseofulvin (40) gives griseofulvin (41), indicating that hydrogena- 
tion at the MeC=C(CO) group is faster than at the MeOC=C(CO) group.13 

11 

[RhCI(PPh3)3] 

55-60 "C 
- 

Me0 

OOMe 

*O 

OOMe U2. 1 atm 

c1 
(40) 

c1 . 
(41) 

[RhCl(PPh3)3] catalyzes the hydrogenation of a$-unsaturated nitro compounds, and the nitro group 
A modified catalyst having a phenyldipiperidylphosphine ligand hydrogenates styrene to 

e t h y l b e n ~ e n e . ~ ~ ~ ~ ~ - ~ * ~  
The air stable complex [RhCl(Py)2(DMF)(BH4)]Cl can hydrogenate a,@-unsaturated carbonyl com- 

pounds to saturated products. Methyl 3-phenylbutenoate (42) is converted to methyl 3-phenylbutanoate 
(43). 4-Cholesten-3-one, testosterone, 17-methyltestosterone and progesterone are also hydrogenated in 
good 

H,, 1 atm 

Cationic Rh' complexes [RhL(CO)(PPhs)s]C104 (L = unsaturated nitrile) show catalytic activities for 
the hydrogenation of a$-unsaturated nitriles under mild conditions (30 oC).'86 Selective reduction of the 
carbonxarbon double bonds of a,@-unsaturated carbonyls also occurs in high yield with [{Rh( 1,5-hexa- 
diene)Cl}z] and a phase transfer catalyst in aqueous media.153 

With [RuC12(PPh3)3], a,@-unsaturated ketones are reduced to saturated  ketone^.^',^^ Hydrogenation of 
1,4-androstadiene-3,17-dione (44) gives the 4-ene-3,17-dione (45) in high yield.ls7 [OsHBr(CO)(PPhs)s] 
also catalyzes hydrogenation of a,@-unsaturated ketones to give saturated ketones.74 

50 "C 
93.7% 

Crabtree's catalyst, [Ir(coD)(Pcy3)(Py)]PF6, is quite inert to other functional groups under hydroge- 
nation conditions, as illustrated by the reduction of the enone (46), in which the gem-dibromocyclopro- 
pane ~urvives.~3 

The complexes [(arene)Cr(C0)3] (arene = methyl benzoate, naphthalene) are highly efficient catalysts 
for selective hydrogenation of acyclic enones to ketones.ls8 Isolated C d  bonds remain intact. 

a$-Unsaturated carbonyl compounds such as crotonaldehyde, acrolein, methyl vinyl ketone, mesityl 
oxide and ethyl cinnamate can be hydrogenated in fair yields by use of [cO2(co)8] and [CoH(C0)41 
under a carbon monoxide and hydrogen a t m ~ ~ p h e r e . ~ ~ * ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ , ~  Alkenes and alkynes conjugated with 
aromatic rings are also hydrogenated. 189c At elevated temperatures, however, overreduction of aldehydes 
and ketones to alcohols and hydrocarbons occurs.19o 
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Appropriately substituted a$-unsaturated acids or aldehydes such as a-phenylacrylic acid, a-methyl- 
acrylic acid, a-methylcrotonaldehyde, and allylic alcohols such as cinnarnyl alcohol, have been reduced 
in the presence of [Co(CN)3I3- in fair to good yields,191 while acrylic acid and acrolein cannot be re- 
duced. Styrene and substituted styrenes are also reduced.lg2 

The complexes derived from chloroplatinic acid and tin(II) chloride can catalyze the hydrogenation of 
a,P-unsaturated ketones (equation 6).l I 1 s 1  l 4 s 1 I 5  

0 H2, 34 atm 0 

u 90 "C 
100% U 

Using Vaska's complex, hydrogenation of methyl acrylate is accelerated by weak UV irradiati~n.'~ A 
related rhodium complex, [RhH(CO)(PPh3)3], is also activated by UV irradiation in the hydrogenation of 
ethyl acrylate.29 

3.2.2.5 Transfer Hydrogenation of Conjugated C-C Bonds 

a$-Unsaturated ketones are converted to saturated ketones in the presence of [RuC12(PPh3)3] by 
means of transfer hydrogenation from organic compounds such as benzyl alcohol, ethylene glycol and 
formic acid, at relatively high temperat~res. '~~ For example, a$-unsaturated ketones (47) and (49) are 
reduced to the corressponding ketones (48) and (50), respectively. 

3.2.3 HYDROGENATION OF AROMATIC AND HETEROAROMATIC RINGS 

The hydrogenation of isolated aromatic rings is not an easy task with homogeneous transition metal 
catalysts. Several complexes, however, have been successfully used for this purpose. 

Benzene and substituted benzenes are hydrogenated to cyclohexanes by several catalyst systems. With 
[{ (716-C6Me6)RUC12}2] and Na2C03,9 OOO molecules of benzene are reduced to cyclohexane per molec- 
ule of catalyst at 50 "C under 50 atm of hydrogen for 36 h.194 Under the same conditions, styrene, ani- 
sole, methyl benzoate, acetophenone and benzophenone are completely hydrogenated to 
ethylcyclohexane, methoxycyclohexane, cyclohexanecarboxylic acid methyl ester, methyl cyclohexyl 
ketone and dicyclohexyl ketone, respectively (equation 7). Hydrogenation of benzene-d6 gives C6Dd-k 
in 95% yield.194 

Other ruthenium complexes also catalyze the hydrogenation of benzenes. Under high pressure of hy- 
drogen, benzene is hydrogenated to cyclohexane by use of [(q6-C6Me6)RuHCl(PPh3)].195 With 
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R = H, Me, OMe, C02Me,  COMe 

[(q6-C6Me6)(q4-C6Me6)RuI, p-xylene is hydrogenated to cis- 1,4-dimethylcyclohexane. The rate of hy- 
drogenation decreases with alkyl substitution.196 

Ziegler catalysts prepared from nickel or cobalt 2-ethylhexanoate and triethylaluminum (3 or 4: 1 ratio) 
are very efficient for the hydrogenation of aromatic compounds.118+197~198 o-Xylene (51) gives a mixture 
of cis- (52) and trans- 1,2-dimethylcyclohexane (53) in 6535 ratio. Phenol (54), dimethyl phthalate and 
dimethyl terephthalate are also reduced in high yield, while nitro-substituted benzene and phenols cannot 
be reduced. Catalytic activity toward benzene hydrogenation decreases in the order Ni 2 Co > Fe > Cr > 
cu.197 

H,, 68 atm 
Ni" + AlEt, 

150 O C  

(51) (52) 65% (53) 35% 

150-160 'C 
OH 

(54) 
0 OH 

92% 5% 

Arenes are hydrogenated under mild conditions using Rh'-N-phenylanthranilic acid anchored to poly- 
styrene beads. For example, benzene is reduced to cyclohexane at room temperature under 3.4 atm of hy- 
d r ~ g e n . ' ~ ~  

Benzene-d6 is converted to C6D6H6 (nearly all cis) by hydrogenation with [{ (q5-CsMes)RhC12}2] in 
the presence of bases. Benzene is hydrogenated faster than toluene, and acetophenone is reduced to 
methyl cyclohexyl ketone (50 "C, 50 atm).200 

The complex [{RhCl( 1,5-COD)}z] and a phase transfer catalyst (cetyltrimethylammonium bromide or 
tetrabutylammonium hydrogen sulfate) also reduce aromatic hydrocarbons under hydrogen.z01 

Benzene and substituted benzenes are reduced under mild conditions using [Co(C3H5){P(OMe)3}31 as 
catalyst. Benzene, anisole and alkylbenzenes are converted to cyclohexanes, while alkyl benzoates give 
l-alkoxycarbonylcyclohexenes.168*zo2 Interesting is the fact that benzene is more easily reduced than cy- 
clohexene because of the special affinity of the benzene ring for cobalt. 

Strongly acidic systems (TaF5/HF or SbFS/HF) have also been used for hydrogenation of aromatic 
compounds at 50 "C under 50-100 atm of H2.203 

Naphthalene (55) and anthracene (57) are hydrogenated to decalin (56) and perhydroanthracene (58) 
catalyzed by [Co(C3Hs)(P(OMe)3}3]. 168,202 Rhl-N-phenylanthranilic acid anchored to polystyrene beads 
can also hydrogenate naphthalene to decalin. 199 

Hz, 1-3 atm 

w 

LCo(C3HdI P(OMe)3 131 

r.t. 
99% 
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With nickel(I1) 2-ethylhexanoate and triethylaluminum, tetralin (59) is obtained by hydrogenation of 
naphthalene (55). 197 Polycyclic aromatics, such as anthracene (57; equation 8), 9-methylanthracene and 
9-trifluoroacetylanthracene, are partially hydrogenated to 1,2,3,4-tetrahydroanthracene derivatives by use 
of [Rh(DPPE)(arene)]+ in methanolzw and by ruthenium hydride complexes having triphenylphosphine 
ligands 9 .z05 

H,, 68 atm 
Nil' + AIEt, 

210oc 
(55) 84% (59) 

Hz, 1 atm 
[Rh(DPPE)(arene)]+ 

e60 OC 
(57) 

Partial hydrogenation of aromatic rings can also be accomplished with catalysts such as [cOZ(co)S] 
under an atmosphere of carbon monoxide and hydrogen, but the isolated benzene nucleus cannot be re- 
duced.zM Anthracene (57), naphthacene, perylene (61) and pyrene (63) are converted to 9,lO-dihydroan- 
thracene (60), 5,12-dihydronaphthacene, 1,2,3,10,11,12-hexahydroperylene (62) and 4,5-dihydropyrene 
(64), respectively. 

Hz, 197 atm -m  [Co2(C0)8I 

135 OC 

(60) ax) (57) 99% 

72% 

@ \ 

/ 
I 

@ \ 

\ 

Pyridine (65) is converted to piperidine (66) in 98% yield with Ziegler catalyst, Nil1 + AIEt3.118,'97 The 
phase transfer catalyst system [{ RhCl( 1,5-COD))2] with cetyltrimethylammonium bromide or tetra- 
butylammonium hydrogen sulfate can also reduce heteroaromatic compounds.z01 

c 0 H,, 68 atm 
Ni" + AIEt, 

N 
150-174 "C I 

H 
(66) 

98% 
(65) 
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Pyridine and quinoline are also reduced to piperidine and 1,2,3,4-teuahydroquinoline by [RhCb(Py)s] 
and NaBH4. Isoquinoline and indole are not hydr~genated.~~' 

[RuHCI(PPh3)3] and [RUH~(PP~~)~(PP~~CC~H~)]- can reduce polyammatic compounds under hydrogen. 
Quinoline (67) and phenanthridine (69) are converted to 1,2,3,4-tetrahydroquinoline (68) and 9,lO-dihy- 
drophenanthridine (70).913205a 

-a H,, 21 atm 
[RuHCI(PPh,),] 

85 "C I 

H,, 21 atm 
[RuHCI(PPh,),] 

c 

85 O C  

I 
H 

Sulfur-containing heteroaromatics can be smoothly hydrogenated with [Coz(CO)a] under carbon 
monoxide and a hydrogen atmosphere (238-272 atm), as demonstrated by the reduction of thiophene 
derivatives (71).208 

HZ. 238-272 aim 

O R  
~ ~ ~ ~ ( ~ ~ ) 8 1  

C - k R  S 180-190 "C S 
(71) 
R = H, 66%; R = Me, 77%; R = Et, 82% 

3.2.4 HYDROGENATION OF C=C BONDS 

3.2.4.1 Reduction of C d  Bonds to Saturated Hydrocarbons 

With [RhCl(PPh3)3] or [Rh(OAc)(PPh3)3], 1 -hexyne (72) and other alkynes are hydrogenated to the 
saturated compounds by way of the  alkene^.^^.^' 

Under an atmosphere of hydrogen and acetylene (2: I ) ,  [Rh2(C0)2(DPPh )2] in toluene h y  .rogenates 
acetylene at 80 "C to ethane at a rate of -3.3 mol of ethane mol-I of Rh dimer h-I. No cyclotrimerization 
of acetylene is observed in this reaction.209 

[Ti(Cp)2(C0)2] is a catalyst for the hydrogenation of phenylacetylene to ethylbenzene, while alkyl- 
substituted terminal alkynes are reduced to Electron rich titanium(I1) complexes, 
[CpzTi(PhWPh)(PMe3)], [(MeCp)2Ti(PhC=CPh)(PMe3)] and [CpCp*Ti(PhC=CPh)] are also cata- 
lyst precursors for the hydrogenation of alkynes to alkanes at 20 'C under atmospheric pressure of hy- 
drogen.211 
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3.2.4.2 Reduction of Terminal C d  Bonds to Alkenes 

In benzene and with acidic alcohols such as 2,2,2-trifluoroethanol or phenol as cosolvents, the rate of 
hydrogenation of alkyne by Wilkinson's catalyst, [RhCl(PPh3)3], is accelerated, while that of C==C 
bonds does not change, which allows selective hydrogenation of alkynes.212 [Rh(COD)(PPh3)(Py)]PFs 
can also catalyze the selective reduction of I-alkynes to I-alkenes in the presence of benzoate ion. For 
example, phenylacetylene is slowly reduced with 1 equiv. of D2 (1 atm) to cis-PhCD=CHD by 
[Rh(COD)(PPh3)(Py)]PF6 in the presence of an excess of Et3NH+PhC02-. Thus compound (74) is con- 
verted selectively to (75).213 

Methanolic solutions of the dinuclear complexes [Rhz(pX)(C0)2(Ph2ECHSPh2)2]+ (X = C1, Br; E = 
P, As) and [IrzCl(C0)3(Ph2PCH2PPh2)2] are catalysts for the hydrogenation of alkynes to alkenes.42 The 
complex [RuH(PMezPh)5]PFs selectively converts terminal alkynes to alkenes without hydrogenating 
C = C  bonds.214 [CoH(CO)(PBun3)3] catalyzes partial hydrogenation of 1 -pentyne (76) to 1 -pentene (77) 
in 95% yield without isomerization of the alkenic bond, but aldehydes are not tolerated under the re- 
action c o n d i t i o n ~ . ~ ~ ~ * ~ ~ ~  [CoCl{ P(OEt)s},J (n=3,4) is also active for hydrogenation of alkynes to al- 
k e n e ~ . ~ ~ ~  

Hz, 30 atm 
[CoH(CO)(PBW31 

* - /' 40 "C, 45 min 
(76) 95% (77) 

[Co2(C0)6(HCdH)] has catalytic activity for hydrogenation of acetylene to ethylene. On increasing 
the acetylene concentration, however, cyclotrimerization to benzene becomes the dominant process.216 

1 -Pentyne and l-hexyne are hydrogenated with [Ti(Cp)2(C0)2] to l-pentene and 1 -hexene, respective- 
ly, but phenylacetylene gives ethylbenzene?*O Reduced compounds of [Ti(Cp)2CL] with Na, Mg, Ca, so- 
dium naphthalenide, or butyllithium catalyze the hydrogenation of a variety of alkynes to alkenes.122-126 

The C=C bond in phenylacetylene can be selectively reduced, giving styrene, by 
[OsHBr(CO)(PPhs)s] under H2 at atmospheric pressure. After ca. 100 catalytic cycles, the selectivity for 
the production of styrene is still close to In the absence of the alkyne, styrene is reduced to 
ethylbenzene at a comparable rate, but the presence of as little as 1% phenylacetylene suppresses the re- 
duction of the double bond almost completely. 

The iron cluster [{ (q5-CsH5)Fe(p3-CO))4] catalyzes the selective hydrogenation of alkynes to alkenes 
at 100-130 "C and 6.8-68 atm of hydrogen. Terminal alkynes are selectively hydrogenated to alkenes 
even in the presence of alkenes or internal alkynes.217 

3.2.4.3 Reduction of C=C Bonds to &-Alkenes 

Highly stereo- and chemo-selective hydrogenation of internal alkynes to cis-alkenes has been attained 
with [(arene)Cr(CO)s] complexes. 188 For example, reduction of 7-tetradecyne (78) gives (79) in quantita- 
tive yield. 

H2, 70 atm 
[(methyl benzc 

The complex [CoH(CO)(PBun3)3] catalyzes partial hydrogenation of 2-pentyne to cis-2-pentene in 
85% yield.98a-98b+215 Catalysts can also be generated from [(Co(CO)z(PR3)}3] (R = Ph, Bun) under hy- 
drogenation ~ o n d i t i o n s . 9 ~ ~ ~ ~ ~ ~  

The complexes of the type [Rh(diene)Ln]PF6 (diene = norbomadiene, 1,5-cyclooctadiene; L = tertiary 
phosphine; n =2 or 3) are also used as catalysts for the reduction of internal alkynes to cis-alkenes 
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(equation 9). Selectivity is greater than 95%.48950 At 1 atm of H2 [(pH)2H2Rh2(tri~hos)2]~+ in DMF at 
22 "C catalyzes, although very slowly, the hydrogenation of dimethyl acetylenedicarboxylate (80) to di- 
methyl maleate (81).219 

H2, 1 atm 
[Rh(diene)L,lPF6 

yield >98% 
selectivity >95% 

* /=7 
R R  R-R' (9) 

Hydrogenation of alkynes to cis-alkenes with [RuHCl(PPh3)3] proceeds at a rate roughly 0.1 times as 
fast as that of alkenes.220 The complex [RuH(PMezPh)s]PFs selectively reduces internal and terminal al- 
kynes without hydrogenating the corresponding alkenes. 2-Butyne is hydrogenated to cis-2-butene at 20 
'C under 1 atm of H2.214 Disubstituted alkynes are hydrogenated stereoselectively in the presence of 
[RuC12(PPh3)3] to give cis-alkenes in a 1: 1 mixture of ethanol and benzene at 20 oC.221 

[Pds(PPh)2(PPh3)2] is a catalyst for the hydrogenation of various alkynes and conjugated dienes, with 
alkynes selectively hydrogenated to cis-alkenes.222 

In the presence of [ C P ~ M O ~ ( C O ) ~ ] ? ~ ~ ~  [N~~(COD)~(CI,-~~-RC=CR)]?~~~ and [Ni4(RNC)4( ~ 3 - q ~ -  
RC=CR)3],223d alkynes are converted to cis-alkenes. The alkenes once formed no longer bind to the 
complex and hydrogenation does not proceed further to give alkanes or even isomerized alkenes.223 

Cocondensation of lanthanoid metal atoms with internal alkynes generates lanthanoid complexes of al- 
kynes, which are potential catalysts for hydrogenation. [(Sm( l -hexyne)),J or [{ Er(3-hexyne)},] cata- 
lyzes hydrogenation of hex-3-yne to cis-hex-3-ene (97% cis) at room temperature and atmospheric 
pressure of ~ 2 . ~ ~ ~  
Cyclopentadienyltitanium(I1) complexes, [CpzTi(PhC=CPh)(PMe3)], [CpCp*Ti(PhC=CPh)] and 

[(MeCp)2Ti(PhMPh)(PMe3)], are catalyst precursors for the hydrogenation of alkynes to cis-alkenes 
in the presence of an excess of PMe3 under mild conditions (1 atm of H2).211 

The iron cluster [{ (q5-CsHs)Fe(p3-C0)}4], catalyzes the selective hydrogenation of alkynes to alkenes 
at 100-130 "C and 6.8-68 atm of H2. Internal alkynes are slowly reduced to cis-alkenes, but nitro groups 
attached to aromatic rings and terminal carbon-carbon double bonds are also hydrogenated.218 

3.2.4.4 Reduction of C d  Bonds to trans-Alkenes 

The hydrogenation of acetylenedicarboxylic acid dimethyl ester (80) and diphenylacetylene (83) with 
[RhH2(OC(=O)OH)(PPri3)2] gives dimethyl fumarate (82) and trans-stilbene (84), respectively. This 
complex also catalyzes an isomerization of cis-stilbene to trans-stilbene, though hydrogenation of alkyne 
is about eight times faster than the isomerization.225 

H,, 1 atm 
[RhHz(OC(=O)OH)(PPri~),l _ _  

MeO2C C02Me - L\ 
20 oc C02Me 

(82) 

H,, 1 atm 
[RhH2[0C(=O)OH )(PPr',),] Ph 

w 

Ph 
\==\ Ph-Ph 

20 oc 
(83) (84) 

The dinuclear hydridorhodium complex [ { (p.-H)Rh( P(O-Pri)3}2}2] is a catalyst for the stereo- 
selective hydrogenation of dialkylalkynes and diarylalkynes to the corresponding trans-alkenes. Al- 
though the hydrogenation rates are much lower than for terminal alkenes (approximately l turnover 
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min-1 at 20 'C), the catalytic reaction is totally stereoselective. Unfortunately, the lifetime of the catalyst 
is very short; after approximately 5 min under the catalytic conditions, cis-alkenes become significant 
products ?26 

With [RhC13(Py)3], DMF and NaBH4, diphenylacetylene is hydrogenated to trans-stilbene as the sole 
product, while dimethyl acetylenedicarboxylate is converted to dimethyl maleate, and butyne- 1 &diol to 
cis-but-2-ene- 1,4-di01?~~ 

3.2.5 HOMOGENEOUS ASYMMETRIC HYDROGENATION OF C=C BONDS USING 
CHIRAL CATALYSTS 

3.2.5.1 Chiral Catalysts 

Attempts to prepare optically active organic compounds by enantioselective hydrogenation of pro- 
chiral alkenes with the aid of homogeneous catalysts emerged in the late 1960s and now this methodo- 
logy has become one of the most attractive synthetic approaches to this class of compounds?28 Homer 
and Knowles independently demonstrated, for the first time, that phosphine-rhodium complexes were 
promising catalysts for asymmetric h y d r o g e n a t i ~ n ? ~ ~ * ~ ~ ~  Early in the 1970s KaganZ3' and KnowlesZ3* de' 
veloped the chiral chelating diphosphines (85a)231 and (85b),232 respectively, and had great success in 
the asymmetric hydrogenation of certain alkenic substrates. Since then, a great number of chiral diphos- 
phines have been synthesized and used as chiral ligands.233 Most of the highly efficient diphosphines are 
1,2-diphosphines and 1 ,4-diphosphines such as (85c)-(95). The ferrocenylphosphines (96) are also im- 
portant chiral ligands.245 

H 

(R,R)-DIOP (Sa )  (R,R)-DIPAMP (85b) (S,S)-CHIRAPHOS (85c) (ref. 234) 

.YPPhZ PPhz 
UPPh2 '"' PPhz 

R = Me: (R)-PROPHOS (86) (ref. 235) 
R = Ph: (R)-PHENPHOS (87) (ref. 236) 
R = C6Hll: (R)-CYCPHOS (88) (ref. 237) 

(R,R)-NORPHOS (89) (ref. 238) 

QPPh2 PPh2 

(S,S)-DPCP (90) (ref. 239) (S,S)-PYRPHOS (91) (ref. 240) 

CAMPHOS (94) (ref. 243) (R)-BINAP (95) (ref. 244) 

ph2ph N PPh, 

COR 
R = Bu'O: (S,S)-BPPM (92) (ref. 241) 
R = R'NH: (S,S)-R-CAPP (93) (ref. 242) 
R' = 3,4-C1&jH3, p - B c 6 H 4  

R = NMe,: (R,S)-BPPFA (96s) (ref. 245) 

R = N(Me)CH2CH2 N 3 (96~)  

R = OH: (R,S)-BPPFOH (96b) 
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Chiral bidentate ligands such as d i p h o ~ p h i n i t e s ? ~ ~ ~ . ~ ~ ~  diaminopho~phines~~~~*~~~ and aminophos- 
phine-phosphinite~?~~~,"~ have also been used.228b Although much information has been accumulated 
the choice of chiral catalysts and reaction conditions still remains empirical, and one must make an effort 
to find the most suitable catalytic system and reaction conditions for every new substrate. 

3.2.5.2 Asymmetric Hydrogenation of Enamides and Related Substrates 

a-Acylaminoacrylic acids (97) were the first successful alkenic substrates used in homogeneous asym- 
metric hydrogenation. Kagan reported asymmetric hydrogenation of (3-a-acetylaminocinnamic acid 
with DIOP-Rh+ complexes giving N-acetylphenylalanine in 72% ee.231 The Monsanto group also de- 
veloped chiral ligands, (R)-o-anisylcyclohexylmethylphosphine [(R)-CAMPIZ3O and (85b),232 and ob- 
tained very high optical yields (>90%) in the RhI-catalyzed asymmetric hydrogenation of (97). Now, a 
number of chiral phosphine ligand-metal complexes are known to catalyze this type of asymmetric hy- 
drogenation, some of which are listed in Table 4. In contrast to the high ee obtained for (2')-a-acylami- 
noacrylic acids and esters, the hydrogenation of the @)-isomers usually proceeds very slowly and in poor 
ee, though some alkyl-substituted (E)-a-acylaminoacrylic acids are hydrogenated in high ee.249 Using 
Rh-PYRPHOS complexes, (97) can be hydrogenated with a high substrate to catalyst ratio (up to 
50 000).250 With a water soluble catalyst, [Rh( 1,5-COD){ 3R,4R)-3,4bis(diphenylphosphino)-l, l-di- 
methylpyrrolidinium-P,P'}]~2BF4, the sodium salt of a-(acety1amino)cinnamic acid has been hydroge- 
nated in aqueous media in 90% ee.251 

Extensive studies on the mechanism of the reaction have been camed out by H a l ~ e r n ~ ~ ~  and 

- R2+-+co2H 

H,, 1 atm 

Rh-diphosphine' R3 "COR' 
R2)==(co2H R3 "COR' 

(97) (98) 

Table 4 Asymmetric Hydrogenation of a-Acylaminoacrylic Acids" 

Substrate DIOP (% ee) DIPAMP NORPHOS BPPM (% ee) BINAP (9% ee) BPPFA (% ee) 
(% ee )  (% ee)  

=(co2H NHAc 73 94 90 99 (98) 93 

a 

F(co2H 82 
Ph NHCOMe 

b 

/COIH 
NHAc 
. 84 

/ 
AcO c 

96 

94 

97 91 (100) 

94 86 (79) 86 

'Figures in parentheses are given for the hydrogenation of N-benzoyl derivatives. 

The carboxylic functionality in a-acylaminoacrylic acids can be replaced by other electron-withdraw- 
ing groups such as alkoxycarbonyl, carbonyl, keto and cyano groups.228b These substrates have been re- 
duced in high enantioselectivity (more than 90% ee; equation 10). Dipeptides and oligopeptides have 
been obtained in high ee by asymmetric hydrogenation of the corresponding prochiral dehydropep- 
tides.254 Although enamides without any other functional groups have been reduced only with difficulty 
in high ee, BINAP-ruthenium(I1) complexes bring about high enantioselectivities (99% ee).255,256 Thus 



Homogeneous Catalytic Hydrogenation of C - C  and C=C 46 1 

the hydrogenation of N-acyl- 1 -alkylidene- 1,2,3,4-tetrahydroisoquinolines in the presence of 
[Ru(OCOR)2(BINAP)] gives isoquinoline alkaloids generally in high optical punty (equation 1 1). This 
method finds a very wide applicability and has been successfully applied to asymmetric synthesis of 
morphines, benzomorphans and m o r p h i n a n ~ . ~ ~ ~  

c dCoR (10) (RR)-DIPAMP-Rh 

Ph NHAc Ph NHAc 
R = OMe, 95% ee; R = NH,, 94% ee 

ACHO 
M e 0  

H,, 4 atm 
[Ru(OAC)~I (R)-BINAPJ] 

-0Me uOMe 

3.2.5.3 Asymmetric Hydrogenation of Acrylic Acids and Esters 

Acrylic acids were the substrates chosen at the early stage of the asymmetric hydrogenation of alkenes. 
Reduction of (E)-3-phenyl-2-butenoic acid with a neomenthyldiphenylphosphine-rhodium complex as 
catalyst was achieved in 61% ee, which showed that asymmetric hydrogenation of acrylic acids is a 
promising way to produce optically active carboxylic acids.258 However, it was soon revealed that other 
coordinating functionalities such as amido, carboxy , amidomethyl, alkoxycarbonylmethyl and hydroxy- 
carbonylmethyl groups, are required for obtaining high enantioselectivity. Thus, itaconic acid (99) has 
been reduced to (R)-2-methylsuccinic acid (100) in 95% ee with the (S,S)-R-CAPP-Rh+ complex.2sg 
Asymmetric reduction of itaconic acid by transfer hydrogenation with the catalyst derived from 
[{ Rh(COD)C1}2] and BPPM, and triethylammonium formate as hydrogen source, also proceeds with 
high enantioselectivity.260 

CO2H H,, 1 atm 
(S,S)-R-CAPP-Rh b 

C02H 95% ee CO2H 

(99) (100) 

Certain alkyl- or aryl-substituted acrylic acids such as tiglic acid and 2-(6-methoxy-2-naphthyl)prop- 
enoic acid (101) are hydrogenated in 92% and 97% ee, respectively, with [Ru(OAc)z( (S)-BINAPJ]?61 
Acrylic acids having hydroxyalkyl substituents or their esters can also be hydrogenated in high enanti- 
omeric excesses with the same catalyst system (equation 12). The sense of stereochemistry is the same as 
that found for the corresponding substrates without these functional groups. Trisubstituted acrylic acids 
have been reduced with the modified ferrocenyldiphosphine-Rh complex in 98% ee (equation 13).262 

H,, 135 atm - [Ru(OAc)z { (S)-BINAP ) ] 

97% ee 
M e 0  

&CO” 

M e 0  

I1 H,, 135 atm - [Ru(OAc)z { (S)-BINAP ) ] 

97% ee 
M e 0  M e 0  

H,, 86 atm 
/Co2H [Ru(OAc),{(R)-BINAP)] 

H,, 86 atm 

* -  Lo _ _ ( m 2 H  [Ru(OAc),{ (R)-BINAP)] 

HO ,.‘ 
93% ee 
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H,, 50 atm 

*112H (R,S)-(96c)-Rh 98.4% ee H:2H 

Hydrogenation of acrylic acid esters with high enantioselectivity has usually been accomplished with 
difficulty. The enantioselective reduction of a,@-unsaturated carboxylates with sodium borohydride in 
the presence of cobalt-semicomn complexes has been achieved in up to 96% ee (equation 14). The (E)-  
and (Z)-isomers each afford products of opposite configuration, and the isolated double bonds remain un- 

NaBH4 
1 mol % CoCI, 
1.2 mol % L' 1 

25 "C, 1-2 d 

R = PhCH2CH2, 94% ee; R = Me2C=CH(CH2),, 94% ee; R = Me2CH, 96% ee; R = Ph, 81% ee 

CN 

ButMe2SiOH2C CH20SiMe2But 

With the catalysts derived from (S,S)- 1,2-bis(diphenylphosphinomethyl)cyclobutane and 
[RhH(CO)(PPh3)3] or rhodium carbonyls, the a,@-unsaturated aldehydes, neral and geranial, are hy- 
drogenated to (R)- and (S)-citronellal in 79% and 60% ee, respectively.264 Cyclic a,@-unsaturated 
ketones such as isophorone and 2-methyl-2-cyclohexenone have been hydrogenated using ruthenium hy- 
drides coordinated with chiral diphosphines in up to 62% ee to give chiral ketones, though conversions 
are not satisfactory.265 

3.2.5.4 Asymmetric Hydrogenation of Allylic Alcohols 

Some cationic Rh- and Ir-phosphine complexes have been used for diastereoselective hydrogenation 
of chiral allylic and homoallylic alcohols.266 Here, the preexisting chirality of the sfl-hybridized carbons 
induces new asymmetry on the neighboring alkenic diastereofaces through coordination of the hydroxy 
group to the transition metals (see Section 3.2.1). 

Highly enantioselective hydrogenation of prochiral alkenic alcohols has been attained with BINAP- 
Ru" catalysts.267 (R)- or (S)-citronellol (102) was obtained in nearly quantitative yield and with 9699% 
enantioselectivity by hydrogenation of geraniol or nerol using [Ru(OAc)2(BINAP)]. The stereochemical 
outcome is outlined in Scheme 1. The hydrogenation is camed out in methanol at room temperature, at 
an initial hydrogen pressure higher than 30 atm. The substrate to catalyst mol ratio reaches more than 
20 000 without difficulty. The allylic and nonallylic double bonds in the substrates can be clearly dif- 
ferentiated and the product was contaminated by less than 0.5% dihydrocitronellol. This procedure has 

(R)-BINAP-RU~~ 

* -OH 
OH \ / fR)-(102) 

(S)-BINAP-RU'~ 



Homogeneous Catalytic Hydrogenation of C 4  and C d  463 

been successfully applied to the asymmetric synthesis of (3R,7R)-3,7,11 -trimethyldodecanol, a versatile 
intermediate for the synthesis of a-tocopherol. Homogeraniol can be hydrogenated in 92% ee. 

In the hydrogenation of racemic allylic alcohols catalyzed by a chiral Rh catalyst, at most, 20:l dis- 
crimination has been attained for some acyclic substrates.268 BINAP-Ru complexes have been used for 
kinetic resolution of chiral acyclic and cyclic secondary alcohols with up to 74: 1 differentiation between 
the enantiomeric alcohols (equation 15).269 

H,, 4 atm 
[Ru(OAc)Z( (R)-BINAP) ] 

c 

b,,, 

3.2.5.5 Asymmetric Hydrogenation of Simple Alkenes 

Hydrogenation of simple alkenes in high enantiomeric excesses has not been attained with the chiral 
rhodium catalysts,270 but a fused cyclopentadienyl ligand with C2 symmetry has been used in enantiose- 
lective titanocene-catalyzed hydrogenation of  alkene^.^^^-'^^ Thus 2-phenyl- 1 -butene (103) was hydroge- 
nated in 96% ee. 

H2 1 atrn 

96% ee 

Ph 
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3.3.1 INTRODUCTION 

This chapter is devoted to the discussion of the reduction of carbon-carbon double and triple bonds by 
noncatalytic methods. These methods include reductions by diimide, by dissolving metals in the presence 
or absence of proton donors, by low-valent metal ions, by metal hydride-metal halide combinations and 
by so-called 'ionic hydrogenation' procedures. Of these widely diverse methods of reduction of carbon- 
carbon double and triple bonds, the reduction by diimide appears to be the most versatile. The reduction 
of carbon-carbon double and triple bonds by diimide occurs with complete stereoselectivity and stereo- 
specificity, and can be effected in the presence of a variety of other, very chemically reactive functional 
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groups. The other methods of reduction of carbon-carbon double and triple bonds described in this chap- 
ter possess excellent synthetic utility in certain cases; however, their application depends critically on the 
structure of the unsaturated organic substrate and the reagent(s) used to effect the reduction. 

3.3.2 REDUCTION OF C-C AND CEC BY DIIMIDE 

3.3.2.1 Introduction 

The first observation of the reduction of a carbon-carbon double bond by ‘diimide’ appears to be the 
report of the reduction of glyceryl oleate to stearic hydrazide in the presence of hydrazine, although at 
the time it was not recognized that diimide was the active reducing agent.’ (Diimide has also been 
referred to as diimine and diazene. As diimide is the name most commonly used in the current literature, 
diimide is the term used in this chapter.) Although there were several other reports of the reduction of 
double bonds in the presence of hydrazine, it was not until the early 1960s that the synthetic potential of 
the reaction was recognized when results of studies from several independent laboratories implicated 
diimide (HN=NH) as the actual reducing agent.2-5 Following the proposal that diimide is the reactive 
intermediate in these reduction reactions, numerous experimental and theoretical studies were initiated to 
find other methods for the generation of diimide, and to determine the structure(s) of the reactive inter- 
mediate(s) and the mechanism of the reduction reaction. 

3.3.2.2 Methods of Generation of Diimide 

Many methods have been discovered for the generation of diimide in solution. However, not all of 
these methods are synthetically useful or practical. The most widely used procedures are described in the 
following paragraphs. 

1. Diimide can be generated by the oxidation of hydrazine with oxygen (air) in the presence of a cata- 
lytic quantity of Cu” and/or a carboxylic acid in a wide range of protic and aprotic solvents. The organic 
substrate is dissolved in a suitable solvent, hydrazine is added along with a catalytic amount of CU” and 
acetic or propionic acid. The solution is vigorously stirred, or air is bubbled through the solution. 

2. Diimide can be generated by the oxidation of hydrazine with hydrogen peroxide, generally in the 
presence of a catalytic quantity of Cull and an added carboxylic acid.2 The organic compound is dis- 
solved in a suitable solvent, hydrazine is added along with a catalytic amount of Cull and acetic or pro- 
pionic acid and 30% hydrogen peroxide is slowly added dropwise. 

3. Diimide is generated by the acid-catalyzed hydrolysis of the dipotassium or disodium salt of azodi- 
formate (K+ -02CN=NC02- K+) in protic or aprotic  solvent^.^ The azodiformate is dissolved or sus- 
pended in the organic solvent containing the compound to be reduced and acetic acid is slowly added. 

4. Diimide is also formed in the thermal and base-catalyzed decomposition of benzene-, 4-methylben- 
zene-:4-nitroben~ene-,~ and 2,4,6-triisopropylbenzene-sulfonyl hydrazide.’ 

The protic solvents most widely used are methanol, ethanol, ethoxyethanol and methoxyethanol in 
which most organic molecules are soluble. Aprotic solvents that have found extensive use are diglyme, 
dimethoxyethane, tetrahydrofuran, methylene chloride and chloroform. 

3.3.2.3 Mechanism of Reduction by Diimide 

There are three isomeric structures for diimide, N2H2; cis- and trans-diimide (1 and 2), and 1,i -diimide 
(aminonitrene; 3). ‘Diimide’ has been generated and trapped at low temperatures from the gas-phase 
electric discharge of hydrazine,* and by the thermal decomposition of metal salts of p-toluenesulfonyl 
hydrazide.9 A careful analysis of the available spectroscopic data has indicated the formation and 
presence only of (2).1° 1,l-Diimide (3) has been recently generated by the low temperature photochemi- 

N = N  N = N  N = N  
H H  H H 

\ 

H n 
(1) (2) (3) 
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cal decomposition of carbamoyl azide.“ As theoretical studies have suggested, cis-diimide must be 
formed as a reactive intermediate in the reduction systems, although it has not yet been physically char- 
acterized. 

The NzHz system has been subjected to several theoretical studies at many different levels of theory. 
To summarize, trans-diimide is calculated to be lowest in energy, with cis-diimide being higher in en- 
ergy by 4.7-7.3 kcal mol-’ (1 kcal mol-l = 4.18 kJ mol-’) and 1,l-diimide being 24.5-27.4 kcal mol-’ 
higher in energy. The results of the theoretical calculations also indicate that the trans-to-cis inversion 
and rotation barriers are very high (over 40 kcal mol-’). 

Stereochemical studies on the reduction of C 4  and C d  by diimide have shown that the transfer of 
hydrogens from ‘diimide’ occurs in a completely syn manner.2 The reduction of (4) and (5) with dideute- 
riodiimide, generated by the deuterolysis of dipotassium azodifonnate, resulted in the formation of the 
meso- and (+)-reduction products (6) and (7) in at least 97% stereospecificity (the lower limit of detecta- 
bility with IR spectral analysis).2 The reduction of diphenylacetylene (8) produces only cis-stilbene (9) as 
an intermediate reduction product.2 It was considered that the reduction of multiple bonds by diimide oc- 
curred as a synchronous transport of a pair of hydrogens to a single face of the n-system via a transition 
state represented as 

CR + NZDZ - DtR ( 1 )  
R %‘ R 

(4) (6)  

R = COZH, CH,OH, Ph 

Ph Ph - Ph-Ph + NZHZ w (3) 

Theoretical calculations of the energy surfaces for the concerted transfer of hydrogen from (l), (2) and 
(3) to ethylene give calculated energy barriers of 26.7,45.3 and 45.8 kcal mol-I, respectively.12 Although 
cis-diimide has not been observed, the results of the theoretical studies indicate that cis-diimide under- 
goes hydrogen atom transfer to ethylene with a considerably lower energy barrier than does rruns- or 1 , l -  
diimide.I2 Since most of the procedures used to generate diimide in solution probably produce 
trans-diimide, isomerization of trans- to cis-diimide must occur, most probably involving a rapid proto- 
nation-deprotonation sequence catalyzed by the added carboxylic acid. In this chapter the term ‘diimide’ 
will imply cis-diimide as the reducing agent. 

During diimide reductions considerable nitrogen gas is formed by the disproportionation of diimide. 
Theoretical calculations on the energy surfaces for the transfer of hydrogen from cis-diimide to cis- and 
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trans-diimide give energy barriers of 19.3 and 23.8 kcal mol-', respectively, considerably smaller than 
that for the transfer of hydrogen from (1) to e th~1ene . l~  From a practical point of view, the occurrence of 
the disproportionation of diimide requires the use of a considerable excess of the diimide precursor, and 
places a lower limit of reactivity for diimide reduction of a double or triple bond if it is to be observed. 

3.3.2.3.1 Relative reactivities 

Several studies have been carried out to determine the relative reactivities of substituted alkenes and 
dienes toward reduction by diimide. Garbisch et al. have determined the relative reactivities of a large 
number of substituted alkenes toward reduction by diimide generated by the triethylamine-induced de- 
composition of p-toluenesulfonyl hydrazide in diglyme at 80 "C. l 4  Representative results appear in Table 
1. Increasing alkyl substitution on the double bond results in decreased reactivity. Trans double bonds 
are, in general, more reactive than cis double bonds, and strained double bonds are more reactive than 
nonstrained double bonds. It was concluded that the major factors contributing to the observed relative 
reactivity differences are torsional strain, bond angle bending strain and a-alkyl substituent effects.I4 (A 
more detailed description of these interactions and examples will be cited in Section 3.3.2.4.) An empiri- 
cal correlation was developed to calculate the relative rates of the reduction of substituted alkenes with 
diimide.14 

Table 1 Relative Reactivities of Substituted Alkenes Toward Reduction with DiimideI4 

Substrate h e l a  Substrate k d '  

1 -Pentene 20.2 
trans-2-Pentene 2.59 
cis-2-Pentene 2.65 
2-Methyl-1 -pentene 2.04 
2-Methyl-2-butene 0.28 

Cyclo entene 15.5 
2,3-Dimethyl-2-butene 0.50 

Cy clolexene 1 .oo 

1 -Methylcyclohexene 0.1 I 
1,2-Dimethylcyclohexene 0.0 12 

Cyclononene 5.7 

Cycloheptene 17.0 
Cyclooctene 17.0 

Cyclodecene 0.85 
B1cyclo[2.2.1 Iheptene 450 
Bicyclo[2.2.2]octene 29 

%,I relative to cyclohexene. 

A similar trend in relative reactivities has been observed in the reductions of unsaturated acids (Table 
2).15 The presence of strongly electron-withdrawing groups, such as the carboxylic acid function, enhan- 
ces reactivity toward reduction of a double or triple bond by diimide. 

Table 2 Relative Reactivities of Unsaturated Acids Toward Reduction with Diimide" 

Acid h e l a  Acid krci" 

Fumaric 100 trans-Cinnamic I O  
Maleic 10 cis-Cinnamic 3 
Methylfumaric 3 trans-Methy lcinnamic 1.4 
Methylmaleic 0.7 cis-Methylcinnamic I .4 

'kk,,, relative to fumaric acid. 

Conjugated dienes are more reactive than monoenes (Table 3).16 The selectivity between double bonds 
of an unsymmetrically substituted diene follows the substitution trend noted for monoenes, i.e. the less 
substituted double bond preferentially undergoes reduction. 

Table 3 Relative Reactivities of Conjugated Dienes Toward Reduction with DiimideI6 

Diene krela Diene krd' 

1,3-Cyclohexadiene 47 2,3-Dimethyl- 1.3-butadiene 3.1 
2-Methyl- 1,3-butadiene 13.6b 2,5-Dimethyl-2,4-hexadiene 0.5 

" k , , ~  relative to rate of reduction of cyclohexene. bRelative rate of reduction of the least substituted double bond. 
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3.3.2.3.2 Stereoselectivity of diimide reductions 

The results of many stereochemical studies have indicated that diimide approaches from the less steri- 
cally hindered side of the double bond, i.e. steric approach control dominates the stereoselectivity of the 
diimide reduction reaction. This is consistent with the rather exothermic nature of the reaction,12 which 
suggests that the transition state for the reaction occurs early along the reaction coordinate, in which case 
ground state electronic and steric effects will control the stereoselectivity of the reaction. However, when 
the approach to the faces of the double bond are similar in steric hindrance, alkene conformational and 
torsional effects play dominant roles in determining the stereoselectivity of the reduction process. l4 

Examples showing the effect of steric hindrance on the approach of diimide to the two faces of the 
double bond on the stereoselectivity of the reduction of a double bond are illustrated in equations (5)-(9). 
In equation (3, the reduction of norbornadiene occurs exclusively from the ex0 direction to produce 
(12), which undergoes further reduction exclusively from the less sterically hindered exo direction to 
produce (13).17 3,4-Dimethylcyclobutene (14) undergoes reduction on the face of the ring opposite the 
two methyl groups (equation 6).18 Reduction of the bicyclo[2.2.0]hexadiene (16) occurs exclusively from 
the ex0 direction (equation 7).19 The reduction of a-pinene (18) occurs highly stereoselectively on the 
face of the double bond on the same side as the bridging methylene (equation 8).20 And finally, the ste- 
roid derivative (21) undergoes reduction from the less hindered (Y side (equation 9).*’ 

H 
(12) 44% 

(14) 

D + 

b D 
(15) 

H H  
(13) 26% 

C02Me 
(7) 

(19) 99% (20) 1 %  

(22) 85-95% (21) 

Interesting exceptions have been reported in which the diimide approaches the most sterically hindered 
double bond. The reduction of 7-hydroxy-, 7-acetoxy- and 7-r-butoxy-norbornadiene ( 2 3 a ~ )  occur in a 
highly syn,exo manner (equation 10).17 Two possible explanations have been forwarded to account for 
these results.’’ The first involves an electronic interaction of the functional groups with the syn double 
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bond, which enhances its reactivity toward reduction with diimide. The second involves hydrogen bond 
formation between diimide and the oxygen-containing functions, which directs the diimide reduction of 
the syn double bond. 

(23) a : R = H  
b: R = COMe 
c: R = OBu' 

(24) a: 8% (25) a: 27% 
b: 10% b: 50% 
c: 0-3% c: 6345% 

In the reduction of alkylidenecyclohexanes the approach to the faces of the double bond are similarly 
sterically hindered, and roughly equal amounts of products derived from attack at the two faces of the 
double bond should be formed. This is the case with (26a). Replacement of the vinyl hydrogens with 
methyl groups should not greatly affect the approach of diimide to either face of the double bond. How- 
ever, such substitution results in increases favoring formation of the trans isomer (28). This trend has 
been interpreted in terms of subtle changes in the conformations of the alkenes, which affect the ease of 
approach of diimide to the two faces of the double  bond^.'^,^^ 

(26) a: R '  = R2 = H 
b: R '  = Me, R2 = H 
c: R'  = R2 = Me 

(27) a: 49% 
b: 46% 
c: 30% 

(28) a: 5 1 % 

b: 54% 
c: 70% 

The reduction of 1,5-dimethylcyclopentene (29a) and 1,6-dimethylcyclohexene (29b) results in  the 
preferential formation of the trans-dimethyl products (31; equation 12).22 In these cases the approach of 
the diimide occurs from the direction which will allow the methyl groups to move away from each other, 
i.e. in the transition state for hydrogen transfer from diimide the direction of the approach of diimide is 
dictated by torsional effects generated between the methyl groups.23 

(29) a: n = 1 
b : n = 2  

(30) a: 31% (31) a: 69% 
b: 29% b: 71% 

3.3.2.4 Scope and Limitations 

The reduction of carbon-carbon double and triple bonds with diimide can be carried out under excep- 
tionally mild conditions, which can be selected to tolerate the presence of a number of reactive functional 
groups that would either be reduced or would suffer hydrogenolysis under catalytic hydrogenation condi- 
tions. Diimide reductions can be carried out in the presence of reactive functional groups including 
allylic h a l i d e ~ , ~ ~ % * ~  esters,23 aminesz3 and disulfides.2s Vinyl halides and ethers undergo reduction, but 
they react only very ~ l o w l y . ~ ~ ~ ~ ~  Unsaturated ketones are reduced to saturated ketones by diimide gener- 
ated by the hydrolysis of dipotassium az~diformate.*~-~' (The use of hydrazine as the diimide precursor 
results in the formation of azines with aldehydes and ketones.) Other functions that are rather sensitive 
toward reduction by other reducing agents, but are not reduced by diimide, are N-028 and O-N-N29 
containing systems. The reduction of double bonds in very thermally labile systems can be accomplished 
at -70 "C in methylene chloride by diimide generated by the acidolysis of dipotassium azadiformate with 
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acetic acid.30 The reaction shown in equation (13) illustrates the use of this procedure to reduce the high- 
ly reactive endoperoxide (32).30a 

K+-O,CN=NCOT K+ 

-70 "C, CHCI,, MeC0,H 

(32) (33) 

Substituted allenes readily undergo reduction with diimide to produce alkenes, which undergo further 
slower reduction to  alkane^.^'.^^ The diimide preferentially approaches the allene chromophore from the 
less hindered side of the less substituted double bond to produce the alkene having the cis stereochem- 
istry as is illustrated by the reductions of allenes (34) and (37) in equations (14)32 and ( 1 5 p  The re- 
activity of the allene chromophore towards reduction by diimide appears to be only slightly greater than 
that of the product alkenes; however, extensive overreduction occurs in the presence of the highly elec- 
tronegative carboxylic acid functional group, as illustrated in equation ( 1  5).33 Increasing the degree of 
substitution on the allene chromophore increases the reactivity of the allene to reduction. This effect 
must be due to the long-range electronic effect of functional groups attached to the remote end of the al- 
lene chromophore on the energy of the IT MOs of the bond undergoing reduction.34 An interesting 
example is the reduction of allene (41) involving the more highly strained exocyclic double bond from 
the less sterically hindered direction opposite the phenyl group as illustrated in equation ( 16).3s 

(35) 32% (36) 1 %  

Alkynes undergo reduction to produce cis-alkenes, which in turn undergo further reduction to the al- 
kane. With alkyl-substituted alkynes, the reactivity of the triple bond is comparable with that of the 
double bond of the product alkenes, and extensive overreduction occurs. With 1-iodoalkynes, however, 
the reduced reactivity of the product cis-I-iodoalkenes toward further reduction allows for the isolation 
of the cis-I-iodoalkenes in good yields. An example is the reduction of the iodoalkyne (43) shown in 
equation ( 17)?b 

Highly regio- and stereo-selective deuterium and tritium labeling can be readily accomplished by 
diimide reduction in aprotic solvents using dipotassium azodiformate and labeled acetic acid, or by the 
hydrolysis of azodiformate salts in labeled protic solvents. 

A limitation to the use of diimide as a reducing agent appears to be the relative rate at which diimide 
reacts with the unsaturated substrate. If the rate of reduction is sufficiently slower than that of the dispro- 
portionation of diimide, the latter reaction will dominate and no reduction will be accomplished. A fur- 
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ther consideration is the reactivity of any other functional groups present in the substrate toward reaction 
with hydrazine, which may be used as the source of the diimide, or, if not, formed by the disproportiona- 
tion of the diimide generated from other sources. 

Although diimide was initially thought to be useful only for the reduction of symmetical double and 
triple bonds ( i .e.  C=C, C d ,  N-N, etc.), it was subsequently demonstrated that aromatic aldehydes 
can be reduced to the corresponding benzyl alcohols in excellent yield by diimide generated by the hy- 
drolysis of dipotassium a~odi formate .~~ Aromatic ketones are reduced more slowly, while aliphatic alde- 
hydes and ketones are reduced even more slowly yet.23 Imines of aromatic and aliphatic aldehydes and 
ketones undergo reduction in good yield with diimide generated from hydrazine.38 

3.3.3 REDUCTION OF C=C AND CEC BY DISSOLVING METALS 

3.3.3.1 Introduction 

The reduction of a carbon-carbon multiple bond by the use of a 'dissolving' metal was first accom- 
plished by Campbell and Eby in 1941.39 The reduction of disubstituted alkynes to cis-alkenes by cata- 
lytic hydrogenation, for example by the use of Raney nickel, provided an excellent method for the 
preparation of isomerically pure cis-alkenes. At the time, however, there were no practical synthetic 
methods for the preparation of pure trans-alkenes. All of the previously existing procedures for the for- 
mation of an alkene resulted in the formation of mixtures of the cis- and trans-alkenes, which were ex- 
tremely difficult to separate with the techniques existing at that time (basically fractional distillation) into 
the pure components. Campbell and Eby discovered that dialkylacetylenes could be reduced to pure 
trans-alkenes with sodium in liquid ammonia in good yields and in remarkable states of isomeric 

Since that time several metal/solvent systems have been found useful for the reduction of C 4  
and C=C bonds in alkenes and alkynes, including lithi~m/alkylamine,~~ calcium/alkylamine,4' so- 
dium/HMPA in the absence or presence of a proton donor$2q43 activated zinc in the presence of a proton 
donor (an al~ohol),''''.~~ and ytterbium in liquid ammonia.46 Although most of these reductions involve 
the reduction of an alkyne to an alkene, several very synthetically useful reactions involve the reduction 
of a,@unsaturated ketones to saturated ketones4' 

3.3.3.2 Mechanisms of Dissolving Metal Reductions 

The mechanism of dissolving metal reductions depends on the nature of the solvent and the nature of 
the substrate. The proposed mechanism for the reduction of dialkylacetylenes by sodium in HMPA in the 
presence of a proton donor is illustrated in equation ( The addition of an electron to the triple bond 
of (45) is proposed to produce the trans-sodiovinyl radical (46), or the corresponding radical anion (47), 
which undergoes protonation by the added alcohol to produce the radical (48). Further reduction of (48) 
by sodium produces the trans-sodiovinyl compound (49), which on protonation produces the truns-al- 
kene (50). In the absence of a proton donor, the reduction of (45) with sodium in HMPA results in the 
formation of a mixture of cis- and trans-2- and 3 - h e ~ e n e s . ~ ~  Control studies showed that the isomeriza- 
tion products 2- and 3-hexene are not formed by rearrangement of the cis- or trans-3-hexenes. It was 
concluded that the starting alkyne (45) acts as a reversible proton donor reacting with an intermediate 
anion or radical anion to produce the delocalized anion (51) which is then protonated to produce the al- 
lene (52). Reduction of the allene (52), or further rearrangement to the alkyne (53) followed by reduc- 
tion, then leads to the formation of the mixture of the cis- and trans-2- and 3-hexenes (equation 19).42 
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Although the mechanisms of the reductions of substituted alkynes by the other dissolving metal/solvent 
combinations have not been studied in such detail, it would appear that similar mechanisms are opera- 
tive. 

- . . . . . . .. . . . . . . 

-=-L (19) 7: /=9=/- 7 \ = , 
The mechanism and stereochemistry of the lithium in ammonia reduction of a,@-unsaturated ketones 

has been studied by Stork and  coworker^!^ The reduction is proposed to proceed by formation of a me- 
tallated oxyallyl anion (55; equation 20), which undergoes protonation at the P-carbon atom!7a The 
stereochemistry of the protonation step was probed by the use of substituted o~talones!~~ The results 
supported the suggestion that the reduction of an octalone system with lithium in ammonia will produce 
the product of greatest stability (cis or trans) having the newly introduced hydrogen axial to the ketone- 
containing ring. This is required by the necessity of maintaining continual overlap of the worbital with 
the enolate double bond as shown in intermediate (57) in equation (21).47b 

Na 
(20) c=c-c=o - C=C-C-OM 

"3 

(54) (55) 

(56) (57) (58) 

The reduction of a,@-unsaturated ketones with alkali metals in HMPA in the absence of a proton 
donor has been proposed to proceed via the mechanism shown in equation (22), in which a dianion is 
formed!* Protonation during work-up results in the formation of the final reduced product (63). 

- \ -  2H' - - \  - e ,c-c=c-0- /c'c=c-o c=c-c=o e 

3.3.3.3 Scope and Limitations 

In the initial studies by Campbell and Eby it was noted that 3- and 4-octyne, 3-hexyne and 5-decyne 
could be efficiently reduced to the corresponding trans-alkenes in good yields and with remarkably high 
stereo~electivity.~~ Shortly thereafter, Henne and Greenlee reported the quantitative reduction of 1 -al- 
kynes to l -alkenes using sodium in ammonia in the presence of ammonium ion!9 In the absence of am- 
monium ion, however, extensive metallation of the I-alkyne 0ccurs.4~ In the presence of ammonium ion 
dialkylacetylenes are inefficiently reduced (extensive hydrogen evolution occurs, in which sodium is 
con~umed)!~ 

Benkeser et al. have reported that the reduction of 3- and 5-octyne with lithium in ethylamine at 
-78 "C produces the corresponding trans-alkenes in good yield.40 At 17 "C, however, overreduction of 
the alkene can occur if excess lithium is present.40 

Although most of the reductions of carbon+arbon +systems have involved the reduction of triple to 
double bonds, Whitesides and Ehmann have described the reduction of alkenes to alkanes using sodium 
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Na R 

"3 R 
* R-R - 

(64) R = Et, PS, Bun (65) 

in HMPA in the presence of t-butyl alcoh01."~ These reductions appear to be fairly stereoselective and 
produce the alkane probably arising from the more thermodynamically stable conformation of the inter- 
mediate anion, as illustrated in the reductions of (66) and (69) shown in equations (24) and (25).43 

Na 

HMPA. Bu'OH 
H H 

(66) (67) 91% (68) 3% 

HMPA, Na Bu'OH -b+& H 
H 

(69) (70) 73% (71) 27% 

The reduction of disubstituted acetylenes with calcium in mixed solvent systems or methylamine, 
ethylenediamine or amine-mixed solvent systems produces trans-alkenes in 7048% yields; however, 
extensive migration (9-28%) of the wbond occurs, which is attributed to isomerization of the alkyne as 
illustrated in equation ( 19).41 

Zinc, either activated as a zinc/copper couple or by reaction with 1,2-dibromoethane, in the presence 
of an alcohol solvent effectively reduces alkynes to alkenes. Terminal alkynes are reduced essentially 
quantitatively to 1 -alkenes.44 Disubstituted acetylenes, interestingly, are reduced to the corresponding 
cis-alkenes, one example being illustrated in equation (26).& Zinc, activated by either LiCuBr:! or dibro- 
moethane, reduces conjugated diynes to conjugated (Q-ene~nes.4~ The triple bond nearest to a hetero- 
atom functional group is preferentially reduced (equation 27).45 The triple bonds of eneynes are also 
preferentially reduced (equation 28).45 Finally, the disubstituted alkyne (78) is smoothly reduced to the 

R R  w 

(73) 

Zn/Cu - R-R 
refluxing MeOH 

(72) R = Ph, CHZOH 

- Zn/BrCHzCHzBr OEt - -  - -  c - 

-? OEt refluxing EtOH 

Et0 
OEt 

(74) cis-(75) 

Zn/BrCH2CHzBr 

refluxing EtOH 
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(29) 

(a-alkene (79) without loss of the alkoxy functional groups (equation 29).45 The mechanism of the zinc 
reduction of alkynes does not appear to have been studied in detail and the factors leading to the ob- 
served chemoselectivity and stereoselectivity are not readily apparent. 

The reduction of disubstituted acetylenes with ytterbium in liquid ammonia also produces trans-al- 
kenes in good yields."6 This reducing system does reduce some double bonds, such as the strained double 
bond in norbomadiene; however, in general, carbon+arbon double bonds do not undergo reduction with 
this reducing system.46 The expense of powdered metallic ytterbium does not make this a very practical 
reducing agent for synthetic purposes. 

a$-Unsaturated ketones undergo reduction with lithium in ammonia in the presence of an alcohol, as 
exemplified in equation (21).47 A number of acyclic and cyclic a$-unsaturated ketones have been re- 
duced by alkali metals in anhydrous HMPA (via the dianion), or HMPA-containing nonprotic solvents, 
to the corresponding saturated ketones in 45-95% yields (equations 30 and 31).48 The formation of the 
intermediate dianion apparently prevents further reduction of the carbonyl group. 

Li 

HMPA, ether 

(81) 55% 

P, 
(80) 

(82) (83) 72% (84) 18% 

In summary, dissolving metal reductions are useful for the reduction of conjugated and nonconjugated 
alkynes, and the carbon-carbon double bonds of a$-unsaturated ketones. The reduction of conjugated 
dienes appears not to have been extensively reported, and would probably give rise to mixtures of 
isomers. The reduction of conjugated dienes is a source of by-products in Birch reduction, when the in- 
termediate anion is protonated at the terminus of the pentadienye system (see Chapters 3.4 and 3.5). Only 
one report on the reduction of nonconjugated alkenes has appeared. Although the results of studies on the 
attempted reductions of functionally substituted alkenes other than a$-unsaturated ketones have not 
been reported, it should be obvious that this reduction procedure cannot be applied to systems that con- 
tain functional groups that will react with the dissolving metal, or the highly basic conditions that are 
generated during the course of the reaction. 

3.3.4 REDUCTION OF C=C AND CEC BY LOW-VALENT METAL SPECIES 

3.3.4.1 Introduction 

The reduction of alkynesSo and electronegatively substituted alkenesS1 by Crl* in aqueous DMF was 
first reported by Castro and coworkers in 1964, who also carried out a detailed study of the mechanism 
of the reactions. It does not appear that reductions by other low-valent metal ions have been studied, or if 
so they are not capable of reducing carbon-carbon double and triple bonds. 
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33.4.2 Mechanism of the Reduction of C=C and C d  by Crll 

Alkynes are reduced to trans-alkenes in excellent yields by CrIISO4 in aqueous DMF at room tempera- 
ture (equation 32).s0 Terminal alkynes are reduced to terminal alkenes in excellent yield (equation 33).s0 
The reduction of alkynes is second order in Cr". The proposed mechanism for the reduction involves 
rate-determining attack by Crl* on a 1: 1 alkyne-Cr" complex as is illustrated in equation (34).s0 In order 
to account for the observed stereochemistry, the reduction is proposed to occur via the transition state 
structure (91). 

r H  

Simple alkenes do not undergo reduction by Crll?l However, electronegatively substituted alkenes, or 
apparently those bearing functional groups that are capable of forming a complex with Cr", are readily 
reduced by CrlIS04 in good yields in aqueous DMF at room temperature.s1 As in the reduction of the 
substituted alkynes, this reaction has been shown to be second order in Cr" and first order in alkene. The 
reduction of alkenes, in general, shows little stereoselectivity or stereospecificity as is illustrated in equa- 
tions (35) and (36), but in one case, equation (37), an unexplained high level of selectivity was observed. 
A mechanism was proposed for the reduction of electronegatively substituted alkenes involving com- 

(92) (93) 85%; meso:(&) = 4852 

- Ncxph Ph 

Ph CN Ph CN 

(94) (95) 84%; meso:(&) = 5050 



Reduction of C = C  and C d  by Noncatalytic Chemical Methods 483 

plexation of the substrate and reduction to an enol complex of general structure (9Qs1 The presence of a 
carboxy, ester or nitrile function appears to be necessary to induce the reduction of carbon-carbon 
double bonds. 

- (37) 
CS' 

Me02C C02Me HZO, DMF Me02C C02Me 

(96) (97) 100%; meso:(?) = 1OO:O 

3.3.4.3 Scope and Limitations 

The reduction of a carbon-carbon triple bond to a trans-alkene is a synthetically useful reaction. How- 
ever, the synthetic utility of this reaction does not appear to have been evaluated, in particular with re- 
spect to the compatibility of other functional groups that might be present in the substrate molecule with 
the highly reducing capability of the Cr". 

The reduction of carbon<arbon double bonds requires the presence of electronegative functional 
groups capable of forming a complex with Cr". Again, the problem of the compatibility of other func- 
tional groups with Cr" must be condsidered. The essentially total lack of stereospecificity in the reduc- 
tion of such substituted alkenes also severely limits the synthetic applicability of this reduction reaction. 

3.3.5 REDUCTION OF C-C AND C h C  BY METAL HYDRIDE-TRANSITION METAL 
HALIDE COMBINATIONS 

3.3.5.1 Introduction 

Alkynes and alkenes have been found to undergo reduction to alkenes and alkanes with LiAlH4 in the 
presence of transition metal-(11) and -(III) halides from titanium to n i~ke1 .5~9~~ The extent of reduction 
depends on the nature of the transition metal and the reaction  condition^.^^ Copper and zinc halides do 
not effect reduction with LiA1H4.52,53 LiAlH4 in the presence of TiIV halidess4 and ZrIV halidess5 also ef- 
fectively reduces alkenes to alkanes. NaBH4 appears to less effective, only reducing alkynes and alkenes 
in the presence of C O " . ~ ~  NaH in the presence of Nil1 acetate5' and MgH2 in the presence of CUI iodides8 
reduce alkynes peferentially to cis-alkenes, and alkenes to alkanes. 

3.3.5.2 Mechanism of Metal Hydride-Transition Metal Halide Reductions 

All of the proposed mechanisms for the reduction of alkynes with metal hydride-transition metal 
halide combinations involve an initial hydrometallation of the r-system by the transition metal hydride, 
formed by the reaction of the original metal hydride with the transition metal halide, to form the vi- 
nylmetallic intermediate (99; equation 38). For the reduction of alkenes, similar alkylmetallic intermedi- 
ates are implied to be formed. In the case of the reduction of alkenes with NaBH4 in the presence of Co" 
in alcohol solution, the hydrometallation reaction appears to be reversible as evidenced by the incorpora- 
tion of an excess of deuterium when NaBDo was used in the r e d u ~ t i o n . ~ ~  
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R t 
R R  %* w = = =  

R 

1 MH 
R 

1 MH 
R R  

R 
w + 

The mechanisms vary, however, in how the intermediate organotransition metallic intermediates are 
converted to the reduced products. In most cases, the reduction of alkynes results in the formation of pre- 
dominantly the cis-alkenes; however, significant quantities of the trans-alkenes are also 
Also, in these cases there is little deuterium incorporation when the reaction mixture is worked up with 
deuterium oxide. In these cases a homolytic dissociation of the C-M bond is proposed to occur, the re- 
sulting vinyl radical then abstracting a hydrogen atom from a metal hydride species.52 The stereochem- 
istry of this process is consistent with the generally observed stereochemistry in such radical processes 
involving vinyl radicals. This homolytic process is very reasonable, particularly with those organotransi- 
tion metal species possessing very weak C-M bonds. However, in the reduction of alkynes using Ti"', 
quenching the reaction mixture with deuterium oxide results in very high incorporation of deuterium in 
the product, suggesting that the intermediate vinylmetallic species is stable toward homolytic cleavage 
under the reaction conditions. The reduction of alkynes with MgH2 in the presence of CUI gives the cis- 
alkene as the sole product.58 In this case, the cis-alkene is proposed to be formed by the hydrolysis of the 
C - C u  bond during the hydrolytic work-up. This is also reasonable in view of the greater stability of 
C-Cu bonds and their hydrolytic reactivity. 

In the case of the reduction of alkenes to alkanes, it does not appear that the stereo-selectivity or -spe- 
cificity of this process has been studied. It is doubtful that the final steps in the reduction reactions differ 
from those proposed for the reduction of alkynes, and little stereo-selectivity or -specificity is to be an- 
ticipated. The mechanism for the reduction of alkenes with LiAIH4 in the presence zirconium(1V) 
chloride is proposed to occur via a metal exchange reaction followed by hydrolysis (equation 39).55 

A possibility not suggested as a possible mechanism for the exclusive formation of the cis reduction 
product of a n-system is the reductive elimination of an organometallic hydride intermediate as illus- 
trated in equation (40). 
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33.5.3 Scope and Limitations 

The reduction of mono- and di-substituted alkenes with a 1: 1 molar ratio of LiAlH4 and Ti"', V"', Cr"', 
Mn", Fe", Fell', Co" and Ni" chlorides occurs in very high yields, with the relative efficiencies being Co 
> Ni > FelI > Fell1 > Ti > Cr > V > Mn > Cu > Zn.52,53 Only Ti, Co and Ni were effective when present in 
catalytic q ~ a n t i t i e s . 5 ~ ~ ~ ~  Ti'" (ref. 54) and ZrtV (ref. 5 5 )  chlorides are also effective for the reduction of 
alkenes to alkanes. Trisubstituted alkenes undergo reduction only slowly, and then only in the presence 
of Co" and Ni11.52353 Tetrasubstituted alkenes apparently do not undergo reduction. 

1-Alkynes undergo reduction to 1-alkenes, which in turn are further reduced to the corresponding al- 
kanes. However, when the reduction of phenylacetylene is carried out in the presence of a stoichiometric 
amount of FeCIz, or a catalytic amount of NiC12, at -40 'C for a short period of time, styrene is formed in 
excellent yield (very minor amounts of overreduction also When the reductions are carried out 
at room temperature for 24 h, however, excellent yields of ethylbenzene are obtained (equations 41 and 
42).52 The diarylacetylene, diphenylacetylene (106), is reduced to only cis-stilbene by L iAlh  in the 
presence of Fe" chloride (equation 43).52 Dialkylacetylenes, such as (107), are cleanly reduced to cis-al- 
kenes by LiAlH4 in the presence of Ni" chloride (equation 44).52 The use of the other transition metal 
chlorides in the reduction of alkynes results in the formation of small amounts of the trans-alkenes in ad- 
dition to the predominant c i ~ - a l k e n e . ~ ~ - ~ ~  

LiA1H4-FeCI, ( 1 : 1 ) or 
LiAIH,-NiCI, ( 1 :O. 1) 

Ph * Ph- 
THF, -40 "C (10 or 60 min) 

(103) (104) 92 or 94% 

LiAIH,-FeCI, (I:1) or 
LiAIH4-NiC1, ( 1  :O. 1) 

THF, r.t., 24 h 
(103) Ph- 

(105) 94 or 99% 

LiAIb,  FeCI, Ph Ph 
Ph-Ph * LJ 

(106) 86% 

THF 
(43) 

LiAIH,, NiCI, Pr" - Pr" = \=/ (44) 
THF 

(107) (108) 9699% 

The use of NaBH4 as the hydride source appears to have been employed only with Co" chloride?6 
Mono- and di-substituted alkenes readily undergo reduction, with cis-alkenes undergoing reduction fas- 
ter than trans-alkenes. Trisubstituted alkenes react extremely slowly, while tetrasubstituted alkenes ap- 
parently do not undergo reduction. 

NaH in the presence of t-butoxide and Ni" acetate reduces mono- and di-substituted  alkene^.^' Trisub- 
stituted alkenes do not react. ]-Alkynes are reduced to mixtures of cis- and trans-alkenes, which undergo 
competitive, further reduction to alkanes. MgHz, in the presence of Cut iodide or t-butoxide in THF at 
-78 "C, reduces 1-alkynes to 1 -alkenes,58 which are stable toward further reduction. Disubstituted ace- 
tylenes are cleanly reduced to ~is-alkenes.'~ 

The utility of metal hydride-transition metal halide reductions is limited only to alkenes and alkynes 
which do not contain functional groups which can react with the metal hydride, or with potential low- 
valent transition metal species. This severely limits the use of this reaction. 
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3.3.6 REDUCTION OF C-C BY IONIC HYDROGENATION REACTIONS 

3.3.6.1 Introduction 

'Ionic hydrogenation' is a term used to describe the reduction of a b X  n-system, or the hydrogeno- 
lysis of a C-X bond, by the use of a proton source and a hydride source in the same reaction.59 Protona- 
tion of the n-system or the X functional group occurs to form a cationic intermediate, the cationic 
intermediate then abstracting a hydride from the hydride source. Although many proton sources have 
been utilized, the most common is trifluoroacetic acid. Similarly, many hydride sources have been inves- 
tigated, with the most common being an organosilane. 

3.3.6.2 Mechanism of the Ionic Hydrogenation Reaction 

The rate-determining step in the ionic hydrogenation reaction of carbon4arbon double bonds involves 
protonation of the C=C to form a carbocation intermediate, followed by the rapid abstraction of hydride 
from the hydride source (equation 45).60 There is a very sensitive balance between several factors in 
order for this reaction to be successful. The proton source must be sufficiently acidic to protonate the 
C 4  to form the intermediate carbocation, yet not so acidic or electrophilic as to react with the hydride 
source to produce hydrogen. In addition, the carbocation must be sufficiently electrophilic to abstract the 
hydride from the hydride source, yet not react with any other nucleophile source present, i.e. the con- 
jugate anion of the proton source. This balance is accomplished by the use of trifluoroacetic acid as the 
proton source, and an alkylsilane as the hydride source. The alkene must be capable of undergoing proto- 
nation by trifluoroacetic acid, which effectively limits the reaction to those alkenes capable of forming a 
tertiary or aryl-substituted carbocation. This essentially limits the application of this reaction to the re- 
duction of tri- and tetra-substituted alkenes, and aryl-substituted alkenes. 

\ 
-S i -H 

The ability of an organosilane to transfer a hydride to an intermediate carbocation is, in most cases, 
quite sensitive to the nature and number of the alkyl or aryl groups bonded to the silicon atom. The 
general sequence of reactivity decreases in the sequence: Et3SiH > (n-CsH19)3SiH > Et2SiHz > PhzSiHz > 
PhsSiH > PhSiH3.6143 

The stereoselectivity of the ionic hydrogenation reaction appears to be controlled by the steric size of 
the trialkylsilane in the reduction of Ag(lO)-octalin (109; equation 46), which shows a high degree of sen- 
sitivity to the steric size of the organosilane hydride donor.60 However, in the reduction of (112; equation 
47) there is a considerably smaller change in the range of stereoselectivity of the reduction process.6O 
The lower sensitivity in the stereoselectivity of reduction of (112) relative to (109) has been interpreted 

CF,CO,H 
c 

(109) 

Bu"SiHs 
Et2SiH2 
Et3SiH 
Ph,SiH 
BuS3SiH 
But2MeSiH 
But3SiH 

&I+ H 

(110) 
22% 
40% 
42% 
58% 
72% 
83% 
93% 

H 

(111) 
78% 
60% 

58% 
42% 
28% 
17% 
7% 
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(112) (113) (114) 
Bu”SiH3 4% 96% 
Et2SiH2 8% 92% 

BuS3H 16% 84% 

But2MeSiH 16% 84% 

Et3SiH 10% 90% 

CF3COZH 

Et3SiH, Ph3SiH 
Ph or PhSiH, Ph 
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(47) 

in terms that steric approach control may not be the sole factor responsible for the stereoselectivities ob- 
served in these reactions.60 However, in the reduction of (115 equation 48), the delivery of hydride to 
the carbocation occurs exclusively from the less sterically hindered ex0 face.@ It appears that the stere- 
oselectivity of this reduction reaction is sensitive to the structure of the substrate, the structure of the hy- 
dride source and perhaps the solvent used for the reaction. 

The ‘ionic hydrogenation’ reaction is not limited to the reduction of appropriately substituted alkenes, 
but has also been observed to occur with C=O and h N  ~r-systems?~ In the case of the reduction of 
ketones?’ if protonation of the resulting alcohol followed by loss of a molecule of water produces an 
aryl-substituted cation, reduction to the corresponding alkane occurs. Similarly alcohols can be induced 
to undergo ‘ionic hydrogenolysis’ if a reasonably stabilized carbocation can be formed on dehydra- 
tion.63*65,66 Other systems containing good leaving groups such as halides can also be induced to undergo 
‘ionic hydrogenolysi~’.~~ 

3.3.63 Scope and Limitations 

The ‘ionic hydrogenation’ of carbon-carbon multiple bonds has been demonstrated only for the reduc- 
tion of carbon-carbon double bonds which on protonation result in the formation of tertiary, or aryl-sub- 
stituted, carbocations. The ability to use this reduction reaction with functionally substituted alkenes will 
be limited to those systems that do not contain functional groups that would otherwise react with trifluo- 
roacetic acid or the organosilane. 

There has been no report on the success, or failure, of the attempted reduction of c--C bonds by the 
ionic hydrogenation type of reaction. The reason for this is not clear. Carbon-carbon triple bonds are ca- 
pable of being protonated by trifluoroacetic acid to produce what appear to be vinyl cationic species, 
which should be capable of abstracting a hydride from an organosilane. 
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3.4.1 INTRODUCTION 

The reduction of aromatic compounds to their dihydro derivatives by dissolving metals is one of the 
most powerful synthetic procedures available to organic chemists. In one simple reaction it provides a 
bridge between aromatic and alicyclic molecules, thereby making much of the huge arsenal of aromatic 
chemistry readily available for the construction of alicyclic structures. It also furnishes the facility to 
carry through a protracted synthesis a moiety which is inert towards an extensive array of reagents, but 
which is readily converted by the reductive process into a range of useful functionalities. 

The most commonly used procedure is that established by Wooster7 and extensively developed by 
Birch,* i.e. the reduction of a solution of the substrate in a mixture of liquid ammonia with an alcohol 
(usually ethanol or t-butyl alcohol) and an inert cosolvent (e.g. diethyl ether, tetrahydrofuran) with an al- 
kali metal (lithium, sodium or potassium). Low molecular weight amines have been utilized in place of 
the ammonia, although the procedure then leads to more extensive reduction. Hexamethylphosphoramide 
may also serve in place of the ammonia? but there is no apparent advantage to offset its higher cost, tox- 
icity and carcinogenicity. Of rather more interest is the potential of electrochemical and photochemical 
approaches, which may give complementary outcomes. 

The great majority of applications of the ‘Birch reduction’ have been centered on aromatic ethers, 
simple alkylbenzenes and bicyclic and polycyclic aromatic hydrocarbons. Over the past decade or so, 
however, there has been increasing attention given to other derivatives. The reductions of aromatic acids 
and amides have been placed on a systematic basis, while new procedures have been established for sub- 
strates which have until recently been regarded as unsuitable candidates for reduction, e.g.  aromatic 
ketones and esters,6 and even nitriles.’O 

3.4.2 THE BIRCH REDUCTION 

Metals of Groups I and I1 dissolve readily in liquid ammonia. The resulting solutions of solvated 
electrons are powerful reducing agents that may be used to perform highly selective reactions. Our 

1 ROH 

t 
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Scheme 2 

understanding of the details of the reduction process as applied to benzenoid substrates (1) and (10) is 
summarized in Schemes 1 and 2, respectively." In the first case electrons are added in a reversible step 
to form a radical anion (2), which is protonated and reduced further to a pentadienyl anion (4).'* For the 
more reactive substrate (lo), the radical anion (11) may be protonated to afford the pentadienyl radical 
(12), or reduced further to a dianion (13)13 which is then protonated to afford the same pentadienyl anion 
(14) that would be formed by reduction of (12). Protonation of anions (4) and (14) occurs predominantly 
at the central carbon to form the unconjugated IP-dienes (9) and (E), respectively, which are re- 
sistant to further reduction. 

With substrates bearing electron-withdrawing groups (EWG) the radical anions are formed in suffi- 
ciently high concentrations that protonation by ammonia proceeds rapidly. However, with hydrocarbons 
and aromatic ethers erc., it is necessary to displace the initial equilibrium between the substrate and the 
radical anion through protonation by a stronger acid than ammonia (pKa ca. 35). Alcohols (pK, 16-20) 
are normally used for this purpose. 

Overreduction may occur as a consequence of initial protonation at the terminal atoms of the cy- 
clopentadienyl anions to form the conjugated 1.3-dienes (5) or (16), which are then vulnerable to further 
reduction, affording tetrahydro products, e.g. (8), (20) or (21). These products can also be formed when 
the reaction medium is sufficiently basic to catalyze conjugation of the 1,4-dienes to the 1,3-isomers. The 
alcohol may then serve an important additional role by functioning as a buffer (cf. Section 3.4.3.6, how- 
ever). 
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3.4.2.1 Experimental Procedures 

Procedures for metal-ammonia reductions have been described in several reviews1-6 and are outlined 
for specific substrates in later parts of this section. The following comments are therefore only a sum- 
mary of the more important factors. Many reductions are relatively insensitive to the choice of condi- 
tions, but the majority may be significantly improved by the appropriate choice of metal, proton source, 
temperature, order of mixing and quenching procedure. 

Although it may not always be necessary it is advisable, at least during feasibility studies on a new re- 
action, that reduction be carried out in ammonia which has been thoroughly dried and then distilled. This 
is especially important when sodium or potassium are employed since colloidal iron, which invariably 
contaminates commercial sources of ammonia, catalyzes the formation of amide ion and the reaction of 
these metals with alcohols; lithium is not significantly affected. There are many examples, however, 
where reaction mixtures have been deliberately doped by iron salts to suppress overreduction. 

Sodium metal is a convenient drying agent for liquid ammonia, and a small amount of an iron salt 
should be added to catalyze the formation of sodium amide, since sodium itself reacts progressively more 
slowly with water as the pH of the ammonia solution increases. Oxygen should be rigorously excluded 
from the reaction, and although ammonia at reflux provides quite good protection, it is advisable to em- 
ploy an inert atmosphere. Nitrogen is usually satisfactory, but there is a potential for reaction with li- 
thium, so the use of helium or argon has been recommended for reductions with this metal.3 Temperature 
is often an important factor and should be monitored with an internal thermometer or sensor. Low tem- 
peratures (less than -70 "C) may be crucial for the ring reduction of aromatic esters and ketones, and 
help to suppress unwanted side reactions with other substrates, e.g. hydrogenolysis of methoxy substit- 
uents. 

The choice of metal can have a profound effect on the outcome of a reduction,15 and this has been at- 
tributed in some cases to the differences in reduction potential (Li = -2.99 V, Na = -2.59 V, K = -2.73 
V, Ca = -2.39 V), but variations in outcome are probably due more to the effects of aggregation or coor- 
dination of intermediates with the metal cation. Lithium and sodium are usually the most satisfactory, but 
potassium may be superior, and sometimes essential for specialized applications.I6 Calcium metal has 
been recommended for reductions in methylamine/ethylenediamine and for the reduction of a-acetoxy 
ketones, while magnesium appears to offer advantages in some reductions of aromatic amides, esters and 
polycyclic  hydrocarbon^.'^ On the whole, however, there appears to be little point to the use of metals 
other than the common members of Group I. The solubilities of ionic substrates, e.g. carboxylate salts, 
and their products depend very much on the metal counterion, although it is common for insoluble sub- 
strates to dissolve as the reduction progresses. Alcohols aid solubility, but a cosolvent is usually neces- 
sary,  and tetrahydrofuran (which must be dry and oxygen free) is most commonly utilized, although 
other ethers may be employed. 

Tertiary alcohols (butyl and amyl) react very slowly with the metal, but methanol or ethanol protonate 
the intermediate radical anions more rapidly and can suppress side reactions; propan-2-01 may provide an 
effective compr~mise.~ Water and ammonium salts have also been used for protonation, but have an un- 
desirable effect on many reactions, and should be avoided for quenching purposes while any metal re- 
mains. Any excess of metal is best consumed by the addition of a simple diene (isoprene or 
penta-l,3-diene), since the metal will often react more rapidly with the (protonated) product than with 
the quenching agent, leading to overreduction. Inverse quenching has been advocated for especially sen- 
sitive products. '* 

It has been noted elsewhere3 that the order of addition of reagents is the most important single variable 
to influence product distribution. A procedure which is convenient and normally reliable is based on the 
addition of small pieces of metal to a mixture of substrate, ammonia, solvent and (if appropriate) alcohol 
at less than -70 'C until the blue colour persists for a reasonable period (approximately 10 min). For less 
reactive substrates, lithium should be used and the addition of the alcohol delayed so that a higher con- 
centration of metal is maintained during the reduction process. Quenching is best effected by 1,3-penta- 
diene (or similar substance), followed either by ammonium chloride or another electrophile. In reactions 
where in situ alkylations are performed these are best carried out on lithium derivatives, so in cases 
where other metals have been used for reduction carefully dried lithium bromide is added before the 
electrophile. 

Reduction of C=C and C=C Bonds 
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3.4.2.2 Scope and Limitations 

3.4.2.2.1 Substituent effects 

Electron-releasing groups direct reduction to unsubstituted 2,5-positions, and while alkyl groups retard 
reduction (t-butyl > isopropyl > ethyl > methyl), alkoxy groups slightly accelerate the rate of reaction.19 
A selection of reaction rates is provided in Table 1. Phenols are rapidly ionized and the resulting salts are 
resistant to electron addition, although reduction may be effected with high concentrations of lithium.*O 
In sharp contrast, P-naphthols are reduced in the hydroxy-bearing ring, furnishing the corresponding 
p-tetralones.21 

Table 1 Rates of Reduction of Substituted Benzenes Relative to Benzenet9 

Compound Relative rate Compound Relative rate 

p-Di-t-buty lbenzene 
Mesitylene 
t-Bu lbenzene 
0-Xy Y ene 
Isopropy lbenzene 
Aniline 
n-Bu lbenzene 
Eth y Lnzene 

c0.005 
0.017 
0.050 
0.050 
0.10 
0.10 
0.21 
0.25 

m-Xylene 
p-Xylene 
Dimethylaniline 
Tetralin 
Indane 
Benzene 
Anisole 
Sodium benzoate 

0.28 
0.30 
0.30 
0.38 
0.94 
1 .o 
3.28 

>200 

Groups which allow electron delocalization also accelerate reduction (sodium benzoate reduces >200 
times more rapidly than benzene, for example) and afford 1,Cdihydro derivatives, irrespective of alkyl, 
alkoxy and amino substituents. A major limitation on the choice of electron-withdrawing groups is the 
ease with which they themselves undergo reduction. Carboxylic acids present no difficulties, but esters, 
amides, ketones and polycyclic aromatic compounds usually require specially selected conditions. In the 
absence of an electron-withdrawing group, however, it is often difficult to reduce benzene rings which 
carry bulky substituents or which are heavily substituted, although there are examples where intramolec- 
ular protonation greatly accelerates reaction (see below). 

3.4.2.2.2 Secondary reactions 

A variety of secondary reactions may reduce the yield of a desired product and in some cases prevent 
its formation altogether, e.g. it is possible for ether groups to be dealkylated, and for both aryl and 
benzylic heteroatom substituents to undergo hydrogenolysis (see Section 3.4.3.1 1). Rearomatization may 
be a problem, usually through the presence of oxygen but in some cases by loss of hydride ion. Tetrahy- 
dro products often arise as a consequence of either initial protonation at C-1 or C-5 of the intermediate 
pentadienyl anions, or base-catalyzed conjugation of 1,4-cyclohexadienes, or as a result of quenching 
procedures which do not ensure complete consumption of the metal before protonation of the product 
anions. Ammonia is an excellent solvent for alkylations but may prove to be too nucleophilic for very 
reactive electrophiles, such as benzyl iodides. 

3.4.3 SURVEY OF BIRCH REDUCTIONS 

3.4.3.1 Benzenoid Hydrocarbons and Ethers 

The use of anisoles (22) as synthetic equivalents to cyclohex-2-enones (Scheme 3) has been wide- 
spread since the original observations of Birch, and the literature is replete with examples over the past 
five decades, e.g. in the syntheses of steroids,2 terpenoids6 and  alkaloid^.^^^^^ The most thorough studies 
have been carried out within the context of the conversion of estrone derivatives to 19-norandrostane and 
pregnane derivatives and are instructive for the selection of reagents and reaction parameters for reduc- 
tions of this general type.5 
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M e 0  
M e 0  M/R0H/”3- 

(22) 
Scheme 3 

The Birch reduction of aromatic hydrocarbons and ethers to the 2,5-dihydro derivatives proceeds most 
satisfactorily when the substitution pattern allows the addition of hydrogen to two unsubstituted positions 
in a pura relationship. If this requirement is satisfied, better yields are obtained from more highly sub- 
stituted aromatic rings than from (say) anisole itself, which affords a substantial amount (20%) of 
1 methoxycyclohexene (cf. Scheme 1). Extra substitution presumably hinders protonation at the terminus 
of the dienyl anion (which would lead to a conjugated diene and overreduction). The utilization of ani- 
sole moieties as precursors to cyclohexenones has been of very limited value with many 1,2,3-substitu- 
tion patterns and more densely substituted derivatives. Compounds (23) to (26), for example, have only 
been reduced by employing massive excesses (200-600 equiv.) of lithium while the aromatic 
ring in (28) is completely resistant to reduction.25 

(26) R = H 
(27) R = OH 

The reduction of silyl aryl ethers in place of the more common alkyl analogs is a useful variation,26 
which would seem to have considerable potential in view of the widespread use of silyl ethers in syn- 
thesis. Trimethylsilyl ethers are cleaved during the reaction process (presumably through attack by al- 
koxide ion), but both t-butyldimethylsilyl(29) and isopropyldimethylsilyl (30) phenyl ethers are stable in 
the reducing medium and afford the 1,4-dihydroaryl silyl ethers (31) and (32) in 80-97% yields. The di- 
hydroaromatics (33; R = Me, OMe) were used as precursors to the relatively inaccessible P,y-unsatu- 
rated ketones (34) through fluoride-mediated hydrolysis of the silyl enol ethers. Alternatively, (33; R = 
Me) could be regiospecifically C-acylated to give (35). 

RMe2Si0 RMezSiO 

(29) R = But 
(30) R = Pr’ 

(31) R = Bur 
(32) R = Pr’ 
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3.4.3.1 .I Intramolecular protonation of Birch intermediates 

A number of isolated reports in the literature indicate that neighboring hydroxy functions enhance the 
rates of reduction of substrates which would otherwise be very slow to react. It has been suggested that 
the rate accelerations may stem from both complexation with the metal counterion associated with the in- 
termediate radical anion and intramolecular protonation. It was found, for example, that the yield of re- 
duction products from the 1 1 p-hydroxy derivative (27) was significantly enhanced (>69%)*’ when 
compared with the 33% yield obtained from the analog (26), although the reaction was still carried out 
with ea. 600 equiv. of lithium metal. Selective reduction of the A-ring in the tetrahydropyranyl ether (36) 
could be achieved satisfactorily, but in the alcohol (37) concomitant reduction of the 13-phenyl group 
took place, indicating participation by ‘the 17a -hydro~y .~~  

M e 0  
(36) R = THP (38) R = 0 
(37) R = H (39) R = CH2 

Lithium-ammonia reduction of the arylnorbornanone (38) proceeded satisfactorily via the exo-alcohol 
to give the normal dihydroaromatic derivative, whereas the methylene analog (39) gave a 1: 1 mixture of 
dihydro and tetrahydro products.29 Recent studies on the reduction of dimethanoanthracenes (40) to (42) 
have provided some very interesting examples of the intramolecular protonation of radical anions 
(Scheme 4). Reduction of the parent hydrocarbon (40) or the methoxy derivative (41) proceeds very 
slowly to give the expected dihydro compounds (43) and (44), respectively. Alcohol (42), however, is 

- (40) R = H 
(41) R = OMe 
(42) R = OH 

(43) R = H 
(44) R = OMe w 

Scheme 4 
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reduced within minutes to the tetrahydro product (46), which arises through protonation at substituted 
positions on the more hindered face of the aromatic ring and is therefore clearly intramolecular in nature. 
It may be assumed that diene (45) is an intermediate, and it has been found that a sample prepared inde- 
pendently is reduced under the same conditions to (46).30 

During a total synthesis of the diterpenoid enmein, the tricyclic alcohols (47) and (48) were converted 
into a range of c-ring ketones (Scheme 5). The degree of reduction and the ease with which it occurs, 
relative to (23), make it apparent that intramolecular protonation is involved here also.3’ 

(47) - 9% - 64% 22% 
EtOH (120 equiv.) 

OMe 

Me0 

Li (100 equiv.) 
(48) - 10% 

EtOH (300 equiv.) 

Li (600 equiv.) 
(23) 8% 

EtOH (780 equiv.) 

13% 

11% 

28% 

- 

Scheme 5 

3.4.3.2 Alkyl- and Alkoxy-naphthalenes 

Naphthalene (49) reacts with sodium in liquid ammonia to form a red complex which is quenched by 
methanol to form the 1P-dihydro derivative (51), and may therefore be assumed to be the dianion (50).j2 
If alcohol is present in the reaction mixture, then the 1,4,5,8-tetrahydro derivative (52) is formed 
(Scheme 6). 1-Naphthyl derivatives are reduced in the unsubstituted ring, whereas there is a marked pref- 
erence for reduction of the substituted ring in 2-methyl- and 2-methoxy-substituted isomers. This pref- 
erence is not as well defined for bulkier substituents, however, and is reversed in the case of 
2-t-butylnaphthalene; further details are in a 1970 reviewa3 Because of the facile isomerization of the 1,4- 
dihydro isomers to conjugated derivatives, overreduction occurs readily and ether groups are fairly read- 
ily hydrogenolyzed. It is therefore important to select the reaction conditions with care,33 

~ “ “ i “ i ~ ” ” ” ~ ~ ~  / 

(49) (50) (51) (52) 

Scheme 6 

3.4.3.3 Biphenyls, Fluorenes and Fused Polycyclic Hydrocarbons 

There has been some confusion over the structure of the dihydro reduction product of biphenyl (53), 
first reported 50 years ago. However, it has been firmly established that it is the 1,4-dihydro derivative 
(54), as would be expected if the second aryl group is viewed as an EWG substituent, and from theoreti- 
cal  consideration.^.^^ The conflicting analyses have been due to the ease with which the products undergo 
isomerization. Biphenyls with substituents at C-2 and C-3 tend to undergo reduction in the substituted 
ring (e .g .  80% in the 3-methyl derivative). Reduction of 4-methylbiphenyl is indiscriminate, however, 
while the 4-methoxy analog gives only deoxygenated products.35 
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Fluorene has been reported to afford the 3,9a-dihydro product, but it is almost certain that this is the 
2Aa-dihydro isomer (55; n = 1) by analogy with b i~henyl .~  9,lO-Dihydrophenanthrene (56) is reduced as 
expected to (55; n = 2), but spontaneously reverts to the starting material on standing. These systems do 
not require the presence of alcohol for reduction and it is consequently possible to alkylate the intermedi- 
ate anions with alkyl halides, as (56) gives (57).36 These products are much more stable and structural 
analysis is simplified accordingly; oxidation of the doubly allylic methylene occurs readily to afford the 
dienone (58; Scheme 7). Dienones of this type have potential as intermediates for the synthesis of natural 
 product^.^' Anthracene and phenanthrene are both readily reduced in the central ring to form the 9,lO-di- 
hydro derivatives as might be expected, but to avoid further reduction it is necessary to have an iron salt 
present. Further examples are reviewed el~ewhere.~ 

3.4.3.4 Phenols 

Phenols are normally resistant to reduction as a consequence of ionization. This property was put to 
good effect in the reduction of 7-methoxyfluoren-2-01 (59; Scheme 8).38 Because the phenoxide ring 
does not serve as an electron sink, the Wdihydro derivative is formed, while the styrenic double bond is 
protected from reduction. However, phenols have been reduced with concentrated solutions of lithium 
(Scheme 9),20 and 4-methoxyphenol (63) is reduced to (64) under surprisingly mild conditions 
(Scheme 

\ HO 

/83 Li(4M)MH3 

Bu‘OH HO HO 

2-Naphthols are reduced to P-tetralones (which are presumably protected from further reaction as the 
corresponding enolate anions) even more readily and it is surprising to find that even 6-methoxy-2-naph- 
tho1 (65) is converted into ketone (66; Scheme 1 l).40 Reduction of the equilenin ketal (67) was found to 
be highly dependent on the choice of metal. Reduction of (67; Scheme 12) or its sodium salt by lithium 
in the absence of an alcohol afforded (after acid hydrolysis) equilin (68) as the major product, whereas 
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i, Li/”, 

ii, EtOH 
(added slowly) 

OMe OMe 

Scheme 10 

the tetrahydro derivative (69) was obtained by reduction with potassium. i t  was shown that (68), the 
presumed intermediate in the formation of (69), was reduced directly and was not isomerized to the con- 
jugated 8-ene beforehand. Similar results were obtained by reduction of 2-naphthol (71; Scheme 13) with 
sodium (again without an added proton source) which afforded a 3:2 mixture of (72) and (73). Reduction 
of (67) by calcium, however, yielded the A ring reduced derivative (70) as a mixture of  epimer^.'^ 

HO a0”’s omoMe 
(66) 

Scheme 11 

i, Li/”, (-70 “C) 

ii, H,O+ - 
HO 

(68) 

i, Ca/”, (-70 “C) 

ii, H ~ O +  

HOW / 

(70) 
Scheme 12 

iJW”, (-70 “C) 

HO a ii,NH,CI HO HO 
(72) (73) (71) 

Scheme I3 

3.4.3.5 Aromatic Amines 

NN-Dimethylaniline was one of the earliest substrates for reduction examined by Birch. This and sub- 
sequent studies have shown that a variety of aniline derivatives are reduced initially to the 23-dihydro 
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derivatives (74), but also that these are easily isomerized to the 2,3-dihydro isomers (75) either in situ 
(leading to tetrahydro derivatives) or during work-up procedures!' The dienamines formed in this way 
may be hydrolyzed to cyclohexenones, treated with electrophiles, or utilized in [4 + 21 cycloadditions. 
The less basic morpholino dienamines (76) are more stable and afford the most reliable 

3.4.3.6 Carboxylic Acids 

Aromatic acids are reduced by metal-ammonia solutions very much more readily than simple hydro- 
carbons and ethers. In contrast to the normal requirements for the latter derivatives, it is often possible to 
achieve reduction with close to stoichiometric quantities of metal. The addition of aromatic carboxylic 
acids to liquid ammonia (or vice versa) results in the immediate precipitation of the ammonium salt. As 
the metal is added, however, the precipitate usually dissolves as reduction proceeds, especially if lithium 
is used. If reduction is carried out in carefully dried, redistilled ammonia, as little as 2.2 mol of lithium 
are consumed in some cAses, thereby demonstrating that the substrate is reduced much more readily than 
the ammonium ions, which instead react with the intermediates from reduction of the substrate. How- 
ever, protonation by NH4+ is not essential since reduction proceeds equally well on preformed metal car- 
boxylates (although low solubility is then often a problem). The addition of an alcohol is not necessary, 
but it may serve as a useful buffer and can often improve solubility. The presence of alcohol can never- 
theless be deleterious, since it facilitates isomerization of the initially formed 1,4-dihydro isomer to the 
3,4-isomer and in this way affords the possibility of further reduction.43 

3.4.3.6.1 Reductive alkylations 

The reduction of benzoic acids affords the dienolate (77) which may be alkylated in situ by a variety of 
electrophiles to afford 1 -substituted derivatives. Clearly, the addition of alcohol must be avoided or 
limited to small quantities. It may also be necessary to remove the ammonia before adding the electro- 
phile. The vast majority of applications have been based on reactions with alkyl halides to form (78), but 
additions of (77) to formaldehyde,44 epoxides45 and +unsaturated esters46 to form the range of adducts 
(79) to (81) have also been reported (Scheme 14). 

H02C R 

(78) \ R-halide 

(79) (80) 
Scheme 14 
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The 1,4-dihydrobenzoic acids derived from reductive alkylation may undergo facile rearomatization 
with either loss of the carboxylic acid group or the alkyl group. The gibberellin synthesis intermediate 
(82), for example, was found to be especially labile, forming (83) simply on exposure to air."7 Oxidative 
decarboxylation may be deliberately achieved with lead tetraacetate or electrochemically.48 Loss of the 
1-alkyl group is likely to be a problem when the alkyl moiety can form a reasonably stable free radical, 
since a chain reaction may then be sustained.49 

3.4.3.63 Alkylbenzoic acids 

Following the early studies of Birch,8 a comprehensive study of the reduction of alkylbenzoic acids 
was undertaken by Van Bekkum et ~ 1 . ~ ~  These authors found that 2-alkyl derivatives gave almost quanti- 
tative yields of 1,4-dihydro products irrespective of the procedures employed. With other alkyl deriva- 
tives, generally excellent yields of 1 ,4-dihydro compounds were again obtained from combinations of 
Li-NH3 (NH4Cl quench), Li-NH3-Hz0, or Li-"3-EtOH (NH4Cl quench). With the last combination, 
however, significant quantities of tetrahydro products from 4-alkyl derivatives were obtained, and if the 
NH4Cl quench was omitted, 4S-dihydro isomers became the major products. If an excess of NIClCl was 
added before the lithium metal, then extensive reduction of the carboxy group took place. C-Alkylation 
experiments were also conducted and invariably gave 1 -alkyl- 1,4-dihydro products when alkylation oc- 
curred. Not surprisingly, alkylation did not occur when water had been added, while variable results 
were obtained in the presence of ethanol. In the absence of an added proton source the yields were excel- 
lent. 

3.4.3.6.3 Tetrahydrobenzoic acids 

The first sets of experiments camed out on the reduction of benzoic acids gave mixtures of dihydro 
and tetrahydro derivatives. This is hardly surprising in the light of the Van Bekkum study. The first sys- 
tematic investigation appears to have been carried out on p-isopropylbenzoic acid (84; Scheme 15),50 for 
which it was found that reduction by lithium-ammonia at -70 'C followed by the addition of ethanol and 
then ammonium chloride at 5 min intervals furnished a 2: 1 mixture of trans- and cis- 1,4-dihydro deriva- 
tives (85). In the absence of ammonium chloride the 3,Cdihydro isomer (86) was obtained and this could 
be reduced further to a 2.5: 1 mixture of the tetrahydro derivatives (87) (ammonium chloride quench) and 
(f)-phellandric acid (88). 

C02H C02H COiH C02H C02H 2 i 3 L i M H 3  ,$ ___t Li/NH3 2 - Li/NH3 0 - LiOEt- 

ii, NH&l EtOH EtOH 

A 

(85) (84) (86) (87) (88) 

Scheme 15 

Indane-2-carboxylic acid (89) has been converted in a similar manner (Scheme 16) to the hydrindene 
acid (90).51 A crucial step in the conversion of (-)-abietic acid into (+)-kaurene (93) and (+)-phyllo- 
cladene (94) involved the reduction of (91) to the mixture of epimers (92) combined with other double- 
bond isomers (Scheme 17).52 
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H 
i, Li/”3, EtOH 

C02H ii, Li/”,, NHICl * aC02H 

(89) (90) 
Scheme 16 

Scheme 17 

3.4.3.6.4 Methoxybenzoic acids 

One of the synthetically most useful groups of aromatic acids are those which also bear alkoxy func- 
tions, in that the reduced products are potential cyclohexenones, while oxidative rearomatization may af- 
ford useful aromatic substitution patterns. The electron densities of the intermediate radical anions are 
dominated by the carboxy group so that 1,4-dihydro products are formed initially, although the problems 
of subsequent isomerization and overreduction are similar to those encountered with alkylbenzoic acids. 
The main problem with anisoic acids is the potential for hydrogenolysis of the alkoxy function@). Al- 
koxy groups in a meta relationship to the acyl group present no difficulties, but para substituents are in- 
variably hydr~genolyzed~~ and ortho substituents are often vulnerable to reductive ~leavage.5~ The 
extent of ortho alkoxy loss depends very much on the substrate and reaction conditions. A simple Li- 
“3 reduction of 2-methoxybenzoic acid under ‘aprotic’ conditions at -33 “C, for example, results in ca. 
70% loss of the methoxy group?5 whereas 2.5-dimethoxybenzoic acid under the same conditions fur- 
nishes a quantitative yield of the l ,4-dihydro derivative. Hydrogenolysis can be suppressed through the 
use of methanol as the proton source,56 but one-pot reductive alkylation is then impractical. 

(i) Reduction of 3-methoqhenzoic acid 
Early studies on the reduction of 3-methoxybenzoic acid (95) led to a variety of products and a number 

of uncertainties in structural assignments. A careful study of the reduction was therefore undertaken and 
revealed that when (95) was reduced by sodium-ethanol-ammonia the 1,4-dihydro derivative (96) was 
formed initially, but isomerized rapidly and quantitatively to the 4,5-dihydro compound (97) under the 
reaction conditions. Further reduction could then occur to give the tetrahydro compound (98; Scheme 
18)? 

The method of choice for the preparation of the 1,Cdihydro compound (99) therefore entails reduction 
of (95) with lithium in ammonia in the absence of alcohol, followed by quenching with ammonium 
chloride. Acid (99) is also susceptible to rearrangement under acidic conditions, however, and the isomer 
(100) is formed at pH 4-5 (conditions which might readily prevail during the isolation procedure). 
3-Methoxybenzoic acid (95) undergoes reductive alkylation at C- 1 without difficulty, and has been 
used extensively in synthesis. 
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COzLi C02Li C02H 

Nal”@tOH D 6 -NaOEt_ 6 Na/”@tOH D & 
OMe OMe OMe 

(96) (97) (98) 

CO2H 
I 0 -  OMe 

(95) 
C02H 

I 

C02H 
I 

(99) (100) 
Scheme 18 

(i i)  Reduction of 2-methoxybenzoic acid and derivatives 
Reduction of 2-methoxybenzoic acid (101) with lithium or sodium in ammonia with methanol as the 

proton source affords the 1,4-dihydrobenzoic acid (102; R = H) in good yields,56 but with more weakly 
acidic alcohols or in the absence of methanol (conditions which are necessary for reductive alkylation), 
the methoxy group suffers partial hydrogenolysis; the extent to which this occurs depends on the metal 
used and the reaction temperature. For example, in the reductive alkylation of (101) to (102; R = Me), 
the major product from reduction by lithium in ammonia under reflux (-33 “C) followed by quenching 
with methyl iodide is (103) (corresponding to ca. 70% hydrogenolysis of the methoxy group). The use of 
sodium in place of lithium reduces the loss significantly while reduction with potassium com- 
pletely suppresses the hydrogen~lysis.~~ 

The variable loss of the methoxy substitutent is in fact a feature common to most 2-methoxybenzoic 
acid derivatives and appears to stem from the ammonium ions which are generated on mixing of the acid 
with ammonia. Pretreatment with one equivalent of base prevents hydrogenolysis completely in most 

although the reduced solubility of the carboxylate salt can lead to incomplete reduction. Potas- 
sium salts are reasonably soluble, but reduction of the benzoate esters may afford the best solution (see 
Section 3.4.3.7). 

3.4.3.6.5 Naphthoic acids 

The metal-ammonia reduction of naphthoic acids occurs initially in the ring bearing the carboxy 
group, the position of which is an important factor in governing the final outcome of the reduction. 

1 -Naphthoic acid (104) gives dihydro acid (loa), resulting from 1,4-reduction of the carboxy-bearing 
ring (Scheme 19).59 The intermediacy of the enediolate (105) is indicated, since it may be trapped by a 
strong proton source such as ammonium chloride, or an alkyl halide.60 If the simple 1P-dihydro com- 
pound (106; R = H) is required, rapid quenching of the reaction mixture with ammonium chloride gives 
superior results6’ to carrying out the reduction in the presence of an alcohol, particularly ethanol; the lat- 
ter conditions can lead to isomerization andlor overreduction.62 

2-Methoxy-l-naphthoic acids (107; R’ = H, OMe) have been reduced with l i thiud3 or sodiumw in 
ammonia, with no loss of the ortho methoxy substituent being reported. Thus, in the presence of ethanol 
the 1A-dihydro acids (108; R2 = H) are obtained, while reduction in the absence of a proton source and 
quenching with methyl iodide affords the alkylated acids (108; R’ = H, OMe, R2 = Me).65 The conditions 
used for the reductive alkylation in the earlier examples (Na/”3/-70 “C) would enhance retention of the 
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or R-halide 

C02H R C02H 

(104) (105) (106) 

Scheme 19 

methoxy group for reasons mentioned earlier. 4-Methoxy- 1 -naphthoic acid loses the methoxy group 
completely during reduction by metal-ammonia solutions, affording (106; R = H). Reductive methyla- 
tion with lithium in ammonia, followed by a methyl iodide quench, gives a mixture of mono- and di- 
alkylated acids (106; R = Me) and (109).66 Reduction of the second ring occurs only after reduction of 
the first ring is complete. Dihydro acids (108; R2 = Me, R' = H or 7-OMe) have been reduced further and 
the products utilized in model studies for the construction of the A-ring region of  gibberellin^,^^ while 
acid (108; R' = 6-OMe, R2 = H) has been used as a convenient source of the corresponding P-keto 
e~ter .6~  

2-Naphthoic acids similarly undergo preferential reduction in the carboxy-bearing ring. If alcohol and 
limited quantities of metal (ca. 5 equiv.) are used, the 1,2,3,4-tetrahydro derivatives are formed in excel- 
lent yield. Reduction in the second ring also proceeds cleanly in the expected sense when additional met- 
al is added, and acids (110) and (111) have been obtained in this way.68 

Me0 -rncoZH 
(110) 2,6-isomer 
(111) 2,7-' isomer 

In the absence of alcohol the reduction may be halted at the dihydro stage, but with difficulty. Stoi- 
chiometric control (3 equiv. of metal) gives reasonable results, but it seems to be most effective to use 5 
equiv. of lithium with added iron(II1) chloride.69 Thus, from the reduction of (112), quenching with am- 
monium chloride gives either the 1,2- or 1P-dihydro products (114) and (115), respectively, while re- 
action with methyl iodide affords excellent yields of the 2-methyl- 1,2-dihydro derivatives (113; Scheme 
20). 

Initial reduction of the C(l)-C(2) .rr-bond, in contrast to the normal lP-pathway encountered with 
most aromatic carbonyl compounds, is presumably a consequence of the energetic advantage in preserv- 
ing aromaticity in the second ring. Similar results have been obtained with 2-acetylnaphthalenes and 3,4- 
dihydrophenanthren-l(2H)-ones (Section 3.4.3.9.3). Methoxy substituents in the ring bearing the 
carboxy group are prone to hydrogenolysis. Methoxy is invariably lost from C- 1, C-3 and C-4 when re- 
duction proceeds to the tetrahydro stage, but retention at C-3 and C-4 is possible when reduction is 
limited to the dihydro stage in the presence of anhydrous iron(II1) chloride. Acids (116) to (119) have 
been prepared thus in 65-80% yields.66 

Controlled hydrogenolysis of a methoxy substituent has been used to advantage in an expeditious syn- 
thesis of the tetrahydronaphthoic acid (122), an important starting material for the total synthesis of gib- 
berellins, i.e. regioselective metallation of 1,6-dimethoxynaphthalene (120) at C-7 followed by 
carboxylation to afford (121) and then reduction furnished (122) in 71% overall yield (Scheme 2 
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R mco2H - R QJyco2, 
(114) (115) 

Scheme 20 

R R 

OMe 

(116) R = H 
(117) R = Me 

(118) R = H (isolated as keto acid) 
(119) R = Me 

C02H 

P O M e  

ii, COz C02H "3 

OMe OMe OMe 

3.4.3.6.6 Biphenylcarboxylic acids 

While 2-phenylbenzoic acid is reduced smoothly (Li or Na, "3; NH4Cl) to the dihydro derivative 
(123), the outcome from the reduction of the C-4 isomer is very sensitive to reaction conditions. It was 
found that in addition to the expected products (124) and (125) (the latter arising from isomerization of 
the 1 ,4-dihydro isomer), there was formed a 25% yield of a mixture of alcohol (126) and hydrocarbon 
(127).71 In a subsequent investigation, in which rapid quenching procedures were employed, a 3: 1 mix- 
ture of (124) and (125) was obtained, indicating that the previous overreduction had occurred during the 
quenching process. Greatly improved results were obtained by substituting the corresponding r-butyl 
ester as a substrate, for which reduction occurs only in the more-substituted ring.72 

(123) (124) (126) R = CH2OH 
(127) R = Me 
(128) R = C02H 
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3.4.3.6.7 Intramolecular reductive alkylation 

Reduction of acid (129) by lithium in ammonia furnished the spiro-fused bicyclic acid (130) as the 
major product (Scheme 22). Equally good results were obtained with calcium metal, but lower yields 
were obtained with sodium and potassium.73 The bromo and iodo analogs of (129), and the isomeric acid 
(131) failed to give any bicyclic products, h0wever.7~ 

C1 

Scheme 22 

3.4.3.7 Aromatic Carboxylic Esters 

Early studies on the reduction of aromatic esters by metal-ammonia systems afforded little, if any, 
ring-reduced compounds but rather the products of functional group red~ction,’~ and this became the 
prevailing wisdom for four decades. Nevertheless, a completely general procedure for ring reduction ap- 
pears to be the low temperature reduction by sodium76 or potassium58 in the presence of one equivalent 
of t-butyl alcohol. Even lithium has been shown to give excellent results and may be the preferred metal 
if the reduction is followed by in situ alkylation (see below);77 lithium fails to give ring reduction with 
2,6-disubstituted substrates, however. The role of the proton source has been examined in one systematic 
study?8 the results of which are summarized in Table 2. It appears that methoxy substituents promote re- 
duction and, in the case of methyl 2,6-dimethoxybenzoate (132), obviate the need for an added proton 
source. 

Rabideau has advocated the use of water as the proton source, added prior to the addition of the metal 
(sodium), followed by inverse quenching with aqueous ammonium chloride. The procedure is of little 
generality, however, since it was found to be unsatisfactory for methyl esters and reduction was inhibited 
by para ethyl, isopropyl and t-butyl  substituent^.'^ 

Quenching the ester reductions with ammonium chloride affords the 1 ,4-dihydrobenzoates in 90- 
100% yields.80 On the other hand, reaction with alkyl bromides or iodides, in situ, generally affords the 
C- 1 -alkylated products, again with good to excellent efficiency. These procedures have been success- 
fully applied to more complex substrates, e.g. the gibbanes (133) and (134; Scheme 23).81 In these cases 
the alkylations were completely stereoselective, with the approach of the electrophile being controlled by 
the neighboring e-ring carboxy. However, no diastereoselectivity was observed in the reductive methyla- 
tion of the (-)-menthyl ester (135).82 

Alkylation of potassium enolates is not always fruitful, and so counterion exchange with lithium bro- 
mide prior to addition of the electrophile has been re~ommended.~~ Reduction of aromatic esters instead 
of acids provides a number of potential advantages. The esters tend to be more soluble than carboxylate 
salts, hydrogenolysis of 2-alkoxy substituents does not appear to present the same problem, and the prod- 
ucts are more stable. This can be important when enol ether functions are generated, allowing the necess- 
arily acidic work-up procedures for carboxylic acids to be avoided. Indeed, the hydrolysis of enol ether 
functions may be very slow in aqueous acid and is best achieved through catalysis by mercury(I1) ni- 
trate.*‘ 

It is of considerable interest to find that t-butyl esters may be reduced satisfactorily, in contrast to ali- 
phatic t-butyl esters, which are cleaved to acids under Birch  condition^.^^ Also noteworthy is the regio- 
selective reduction of the ester (136; Scheme 24),72 in marked contrast to the reduction of the 
corresponding acid. Hydronaphthoate esters (137), (138) and (139) have been prepared (Scheme 25) and 
are envisaged as useful intermediates for diterpene synthesis. 
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Table 2 Reduction of Benzoate Esters by Metals in Liquid Ammoniaa 

Substrate Metal 
Proton Yield of 
source I ,4-dihydrobenzoate (%) 

C02Et 
I 

C02Me 
I 

C02Me 

&OM' 

C02Me 

M e o ~ o M e  

Na 

K 
K 
Li 

K 
K 

K 
K 

- 
Bu'OH 

Bu'OH 
- 

- 
Bu'OH 
Bu'OH 

- 
Bu'OH 

- 
Bu'OH 

<5 
>95 
30-50 
>95 

20-30 
>95 
>95 

60-70 
>95 

>95 
>95 

'Reductions carried out at -78 'C with 2.5 gram equiv. of metal and 1.5 mol equiv. of BuDH (if added). 

0 -OMe 
i, WBu'OH/NH3 

i i ,  Me1 
b 

M e 0  ~ 

C02H COzMe 

M e 0  

i,  K/Bu'OH/NH3 

i i ,  Me1 M e 0  M e 0  

(134) 
Scheme 23 
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#co2Et i, N m H ,  c 

ii, NH,CI 
/ / 

(136) 
Scheme 24 

C O N e  i ,Na/” ,  
Me0 -”(” - ii, Me1 M e 0 - 3 3 c 0 2 M e  

(137) (2,6- and 2.7-isomers) 

Me0 @C02Me M e 0  @cozMe 

OMe 
OMe 

i, Nix!”, 

ii, Me1 
Me0 Me0 

OMe 0 

(138) 

I 
C02Me 

Scheme 25 

3.4.3.8 Aromatic Amides 

The ring reduction of aromatic amides, and in particular benzamides, was once thought not to be 
possible,B4 and in fact sodium-liquid ammonia reductions of secondary amides had been recommended 
as a route to  benzaldehyde^.^^ It was found subsequently, however, that under the appropriate conditions 
1 ,Cdihydrobenzamides could be prepared using sodium in ammonia in the presence of an alcohol. Both 
primary and secondary amides could be reduced, although increasing the steric bulk of the alkyl group 
decreased the yields of the 1,4-dihydro compound dramatically, while tertiary benzamides gave either re- 
duction of the carbonyl group or a very low yield of the 1 ,4-dihydro c o m p ~ u n d . ~ ~ , ~ ~  

In a more recent study it was found that the conditions (potassium metal, ammonia, -78 “C, 1 equiv. 
r-butyl alcohol) which had proved to be so effective with esters also gave excellent results with the 
2-methoxybenzamides (140) and (141; Scheme 26), although the successful outcome was tentatively 
attributed to the presence of the ortho methoxy. While both (140) and (141) gave high yields of the 
C-methylated derivatives (142) and (143). respectively, only the less-hindered (140) could be alkylated 
with 2-bromoethyl acetate, to give (144). Amide (141) was prepared by C-6 lithiation of (140) followed 
by C-methylation, and opens up the exciting prospect of combining two powerful methodologies.x2 

Me0 Me0 

CONEt2 i, K/Bu‘OH/”, c Qi,0NEt2 
ii, R-halide 

(140) R1 = H 
(141) R = Me 

(142) 
(143) R1, R2 = Me 

(144) 

R’ = H, R2 = Me 

R 1  = H, R2 = C H ~ C H ~ O A C  

Scheme 26 
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Although the potential for achieving enantioselective syntheses through the reductive alkylation of es- 
ters incorporating a chiral auxiliary into the substrate appears to be poor, the potential for stereocontrol in 
the corresponding reactions of chiral amides is excellent. The L-prolinol derived oxazepine (145) af- 
forded the C-methylated product (146) as an 85: 15 mixture with its cis diastereomer, while higher levels 
of diastereoselectivity were obtained with bulkier halides (e.g. EtI, 99: 1 and CH2=CHCH2Br, 98:2) 
(Scheme 27). A range of prolinolamides were also studied, including (147; R = H, Me, CH20Me), which 
affords even better stereoselectivity independent of R, e.g. (148) was formed as a 260:l mixture with its 
C-1 epimer (Scheme 28).87 

0 0 

ii, Me1 

Scheme 27 

MOMe LOR ii,MeI 

3.4.3.9 Aromatic Ketones 

As with esters, the prevailing view held for many years was that ring reduction of aromatic ketones 
was not feasible. The first indication that this was incorrect was provided by the reduction of the hydro- 
phenanthrenone (149; Scheme 29).88 Further isolated examples of ring reduction in naphthyl ketones and 
molecules containing such moieties have been reported subsequently, but it is clear that these systems 
are much more easily reduced than simple benzenoid systems. Optimal procedures for the reduction and 
reductive alkylation of such systems were first established by Watanabe and Narisada for acetophenone 
and its methoxy derivatives.I6 

O n  

(M = Li, Na, K) 

3.4.3.9.1 Acetophenones 

A systematic study of the reductive alkylation of acetophenonesI6 revealed that the desired transforma- 
tion (Scheme 30) required a careful selection of reagents and conditions. The best results were obtained 
from reduction by potassium in ammonia at -78 "C, with t-butyl alcohol as the proton source. Exchange 
of the potassium counterion of the enolate (152; M = K) for lithium then ensured regioselective alkyla- 
tion at C-1 to give (153) in 80-90% yields (Scheme 30). Metals other than potassium as the reductant led 
to undesirable side reactions with the carbonyl group, which included simple reduction to the methylcar- 
binol and ethylbenzene (lithium or sodium), while the absence of a proton source or presence of a strong 
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one (HzO or acetic acid) during the reduction encouraged formation of the pinacol (154). Sodium as a 
counterion with the enolate (152; M = Na) led to overalkylated and O-alkylated products. The successful 
outcomes with potassium as reductant may be due to the fact that the potassium pinacolates are unstable 
(addition of KNH2 to benzopinacol, for example has been shown to cause dissociation to benzophenone 
k e t ~ l ) ? ~  

KIBu'OHMH3 6 i, LiBr 

v i i ,  R-halide 

(154) (155) R' = 2-OMe 

(157) R' = 4-OMe 
(158) R' = 2,5-(OMe)2 

(159) R' = H, R2 = Et 
(156) R' = 3-OMe (160) R' = H, R2 = CH2CH=CH2 

(161) R' = H, R2 = CH2COZEt 
(162) R' = 2-OMe, R2 = Me 
(163) R' = 3-OMe. R2 = Me 
(164) R' = 2,5-(OMe),, R2 = CH2Ph 

Acetophenone and several derivatives, (155) to (158), were subjected to reductive alkylation using the 
appropriate conditions. As might be expected from results with benzoic acids, the methoxy group was 
lost from 4-methoxyacetophenone, but the 2- and 3-derivatives (155) and (156) gave good yields of alk- 
ylated 2,5-cyclohexadienes, as did the 2,5-dimethoxy compound (158). A range of products with various 
electrophiles was obtained in good to excellent yield, including (159) to (164).'6*90 

3.4.3.9.2 I -Tetralones and I-indanones 

Early reports indicated that 1 -tetralones are reduced by sodium or lithium in liquid ammonia at -33 'C  
to the corresponding tetralols or tetralins, although a very recent study has shown that up to seven prod- 
ucts (four of them dimeric) may be formed when lithium is ~t i l ized.~ '  Nevertheless, the reductive alk- 
ylation conditions applied successfully to the ring reduction of acetophenone also succeed with 
1-tetralones. 1-Tetralone itself was transformed into (165) in 60% yield,16 while modifications to the 
original procedure allowed the methoxylated derivatives (166) to (169) to be prepared in excellent 
yields?2 

(165) R' = Me, R2 = H 
(166) R'  = Me, R2 = 5-OMe 
(167) R' =Me, R2 = 7-OMe 
(168) R' = Me, R2 = 5,7-(OMe), 
(169) R' = CH,C(Br)=CH,, R2 = 5-OMe 
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Keto acid (170) has been transformed into the diastereomeric mixture of keto acids (171) and (172), 
where the predominant reaction pathway involves approach of the electrophile anti to the carboxylate 
group (Scheme 3 1). It was found to be essential to neutralize the ammonium ions generated from addi- 
tion of the substrate acid to the liquid ammonia before adding the potassium metal, however.92 

i, KOBu' 

iii, THF-H,O 

C02H iv, Me1 C02H 

(170) (171) 4a 64% 
(172) 4p 19% 

Scheme 31 

1 -1ndanones also undergo reductive alkylation, although not as well as 1-tetralones. Good yields were 
obtained with methyl iodide and 1-indanone as well as its 4-, 6- or 7-methoxy derivatives to give the di- 
hydroindanones (173) to (176).93 

(173) R = H 
(174) R = 4-OMe 
(175) R = 6-OMe 
(176) R = 7-OMe 

3.4.3.9.3 Acetylnaphthalenes and hydrophenanthrenones 

The reduction and reductive alkylation of acetylnaphthalenes follows a similar course to that found for 
naphthoic acids, in that the ring bearing the acetyl group is preferentially reduced. Simple reduction 
products are stable enough to be isolated, and regiospecific alkylations of the generated enolates do not 
appear to be as dependent on the cation as they are with acetophenones, 1 -tetralones and 1 -indanones. 1 - 
Acetylnaphthalene may be reduced by lithium, sodium or potassium in liquid ammonia at -33 "C to the 
dienolate (177),9439s which is alkylated regiospecifically at C-1 by methyl iodide to give (178; R = Me) 
and also protonated at C-1 to give (178; R = H) when the reaction mixture is subjected to an inverse 
quench with a large excess of aqueous ammonium chloride.96 Traditional quenching procedures afford 
the 3,4-dihydro isomer (179) as a result of isomerization (Scheme 32). The 1-methoxy group of 1,7-di- 
methoxynaphthalene (180) directs electrophilic attack to the para position; sodium/ammonia solutions 
then readily hydrogenolyze this group, thereby giving ready access to 1 -alkanoyl-6-methoxynaph- 
thalenes (182; Scheme 33).97 d' I R-halide &OM R = H  do \ 

\ NHJI 
I 1  

or NH&I \ 
I 1  

(inverse quench) (normal quench) 

( 178) (177) (179) 
Scheme 32 

Early studies on the reduction and reductive alkylation of 2-acetylnaphthalenes (184) afforded mix- 
tures of dihydro and tetrahydro derivatives. In one case, the alcohol (188) was the major product.98 A 
comprehensive examination of the reductive process and quenching methods has been carried out recent- 
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RYo RYo 

OMe 

(180) 

I 
OMe 

(181) 

Scheme 33 

ly, however, and the conditions required to optimize the yields of either dihydro derivatives (186) or te- 
trahydro products (187) defined, as summarized in Scheme 34?5 

0 0 

ii or iii, v -I 

(186) (187) 

i, K/”3; ii, Na/”,; iii, Li/”3; iv, Li/NH3/FeCl3; v, NH4Cl; vi, Me1 

Scheme 34 

Dihydrophenanthren-4( IH)-one (189) is readily reduced by lithium, sodium or potassium in ammonia 
at -33 ‘C, presumably to the dienolate (190), since reaction with methyl iodide affords (191). Quenching 
with ammonium chloride, however, leads to the conjugated enone (192; Scheme 35). 

The isomeric ketone (193) reduces equally well with lithium, sodium or potassium in refluxing am- 
monia, but to the tetrahydro stage, i.e. to ketone (194); optimal yields were obtained with 4 mol equiv. of 
metal and catalytic amounts of iron(II1) ~hloride.9~ The presence of the iron salts in this example did not 
limit the reduction to the dihydro stage, contrary to the findings with 2-acetylnaphthalenes, but gave 
slightly higher yields than did reductions in their absence. Reductive alkylation of (193) affords a variety 
of products depending on the metal used (Scheme 36). Potassium and sodium are effective reductants, 
but encourage bisalkylation, yielding mostly (195) with a cis ring fusion. Alkylation of the lithium enol- 
ate is regiospecific, affording mainly (196), but less stereoselective. 

The e-ring in the tetracyclic compounds (197; R = H, OMe) has been reduced with sodium and alcohol 
in liquid ammonia to afford the a$-unsaturated ketones (198; R = H, OMe; Scheme 37).IoO 
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- 
I I  (M = Li, Na, K) 

\ / \ M e 0  M e 0  

Scheme 35 

i i ,  NH4CI 

(M = Li, Na, K) 
M e 0  

(194) 

ii, Me1 
Me0 \ 

(195) R = Me 
(196) R = H 

Scheme 36 

(197) R = H, OMe (198) R = H, OMe 
Scheme 37 
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3.4.3.10 Aryl- and Benzyl-silanes 

3.4.3.10.1 Arylsilanes 

Birch reduction of aryltrialkylsilanes by lithium-liquid ammonia+thanol at -70 'C has been studied 
systematically and a typical conversion is indicated in Scheme 38.Io1 The major products are usually the 
1,4-dihydro derivatives in accord with ESR evidence, which shows that a trimethylsilyl group stabilizes 
aromatic radical anions.Io2 A significant exception is p-trimethylsilyltoluene (199), which affords the 
2S-dihydro product (200) in 95% yield (Scheme 39) and is probably typical of arylsilanes bearing apara 
substituent which is electron releasing. Cleavage of allylic silyl groups in the products by ethoxide ion is 
a significant problem, especially at higher temperatures (-30 'C). Further reduction to tetrahydro and 
perhydro derivatives also occurs under these conditions. Electrochemical reduction (in methylamine- 
lithium chloride) affords better yields of the simple dihydroaryl~ilanes.'~~ -d-. NdEtOHI", * R 

c 

-70 "C 

Scheme 38 

SiMe3 

The 'activating' influence of the trimethylsilyl function is also apparent in the reduction of naph- 
thalene derivatives (Scheme 40). The 1 ,Cdisilyl derivative (201) is reduced exclusively in the substituted 
ring to give (202), while 2-trimethylsilylnaphthalene (203) affords a 4: 1 mixture of (204) and (205), re- 
spectively.lo2 As would be expected, the reduction of C-silylbenzoic acids and their esters is controlled 
by the carboxy function.6 

SiMe3 SiMe3 

@I :;,:::;- @3 
SiMe, SiMe3 

(201) (202) 

Me3Si 

(204) 

Scheme 40 

(205) 

3.4.3.10.2 Benzylsilanes 

The Birch reduction of benzylsilanes generally proceeds in high yield and affords the opportunity to 
prepare alkylidenecyclohexene structures by protodesilylation of the dihydroaromatic products, exam- 
ples of which are provided in Scheme 41.Iw Reduction of the parent benzyltrimethylsilane proceeds sat- 
isfactorily with ethanol as the proton source, but fails with some substrates. The substitution of t-butyl 
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alcohol for ethanol, however, avoids the generation of nucleophilic ethoxide, thereby furnishing a more 
satisfactory procedure. The methodology has also been used in the preparation of y-hydroxysilanes 
which were subjected to oxidative fragmentations.lo5 

D O M e  Li/EtOH/”, 
L 

D O M e  HC‘-THF- Me3Si Me3Si 

f l  Li/EtOH/”, * 
Me3Si Me3Si 

i,Li/EtOH/”, C02Me HCI-THF 

E g M e i  ii, CH,N, a s i M e 3  MeOH * 

Scheme 41 

3.4.3.11 Hydrogenolysis during Birch Reductions 

3.4.3.11 .I Hydrogenolysis of nuclear substituents 

Hydrogenolysis of halogen and sulfur groups is to be expected during Birch reductions, but if the sub- 
strate is sufficiently activated it is possible to preserve a fluorine substituent.Io6 The thioether function 
has also been retained in the reduction of 3-methylthiobenzoic acid to its 1,4-dihydro derivative, but not 
the ortho isomer.Io7 Hydrogenolysis of simple aryl alkyl ethers is rare, but there are a number of well- 
defined situations in which this is likely to occur, e.g. ethylenedioxybenzene is reduced to phenol.Io8 It 
has already been noted in earlier sections (3.4.3.6 and 3.4.3.7) that alkoxy groups in a para relationship 
to a carbonyl group are invariably lost during metal-ammonia reductions. The methoxy group of 4-meth- 
oxybiphenyl is also lost during reduction,Iog but its loss may be prevented by the presence of a strategi- 
cally located hydroxy group (converted to phenoxide during the reaction, cf. Scheme 8), as in the 
formation of (207; Scheme 42).I’O Biaryl ethers undergo reductive fission, a reaction which has been ap- 
plied extensively to structure elucidation in the dibenzylisoquinoline alkaloids. I I  I 

OH OH 

Deoxygenation of phenols may be achieved by reduction of aryl diethyl phosphates with lithium or so- 
dium in liquid ammonia.’’* A recent application of the methodology is outlined in Scheme 43.lI3 The re- 
action works well with a variety of substituted phenols, but not with dihydric phenols or naphthols. The 
alternative reduction of aryl sulfonates has also been examined, but the limited solubility of these deriva- 
tives can present difficulties. 

3.4.3.11.2 Protocols for the retention of benzylic substituents 

As a general rule, oxygen substituents are lost from benzylic positions during metal-ammonia reduc- 
tions. An important set of exceptions are those compounds which possess a methoxy group in a para re- 
lationship to the benzylic substituent. Thus, 4-methoxybenzyl alcohol (208) may be reduced in high yield 
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MeovoMe 
But 

Scheme 43 

to the 2,Sdihydro derivative (209; Scheme 44), whereas benzyl alcohol itself and the 2- and 3-methoxy 
derivatives are reduced to the dihydrotoluenes.114 

U ( - J H  Na/Et0H/NH3 h 

M e 0  Me0 

Reduction of 1 -(4-methylphenyl)ethanol affords a 4: 1 mixture of the 2’,5’-dihydro derivative with 
4-ethyltoluene,’ l 5  showing again the influence of an electron-releasing substituent in the para position. 
The result with 4-methoxybenzyl alcohol appears to be completely general. Benzylic hydroxy groups 
may also be preserved when the proximal aryl ring is hydroxylated, as in the formation of (207; Scheme 
42) and in the reduction outlined in Scheme 45.Il6 

OH OH 

h 

Li/EtOH/”, 

Me0 Me0 

Scheme 45 

Metal-ammonia reduction of acetal (210) was reported to afford the deoxygenated derivative (211; 
Scheme 46) as the major product,”’ but the choice of a dioxolane protecting group turns out to be unfor- 
tunate, since hydrogenolysis is probably a consequence of strain in the five-membered ring. It is possible 
to retain the acetal function during reduction of the acyclic or 1,3-dioxane analogs and 30-75% yields of 
the dihydro derivatives (212) have been reported.IIR 

n 

Me0 
Me0 JY / Na/Et0H/”3- 

Benzylic amines are resistant to hydrogenolysis under Birch reduction conditions, unless the amine is 
quaternary, as in the Emde reaction. A means of preserving an aryl carbonyl group is therefore to protect 
it as an aminal derivative. An illustration is provided by the preparation of aldehyde (213), an important 
flavor constituent of cumin, as outlined in Scheme 47.Il9 
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0 

(212) 
R1 = H, Me; R2 = Me, Et, -CH2CH2- 

0 

I I 

Scheme 41 (213) 

3.4.4 FURTHER METHODS FOR THE REDUCTION OF AROMATIC RINGS 

Extensive investigations have been made into further methods for the reduction of aromatic rings 
based on the use of dissolving metals in other solvents, especially the lower molecular weight amines 
(the Benkeser reduction), electrochemical methods (cathodic reductions), photochemical methods and 
the reaction of radical anions with silylating reagents rather than proton sources. The aim of much of this 
work has been to produce the normal Birch products more conveniently or cheaply, but very often the 
outcome has been quite distinct. The alternative method may then provide access to products which are 
not so easily obtained by the standard metal-liquid ammonia methodology. 

3.4.4.1 The Benkeser Reduction 

Solutions of Group I metals in the lower molecular weight amines are more potent reductants than 
those in liquid ammonia, and as a general rule substrates are more extensively reduced than by the Birch 
method.120 Naphthalene (49; Scheme 48), for example, is reduced by a solution of lithium in ethylamine 
to a 1:l mixture of and A9-octalins (214) and (215). If ethylenediamine is employed as the me- 
dium, the completely saturated decahydronaphthalene is formed, while the proportion of (215) may be 
increased to 80% by utilizing a (1: 1) mixture of ethylamine with dirnethy1amine.l2l The formation of the 
more-substituted alkene appears to be a general result for such primary and secondary amine mixtures 
and has been used to good effect in the reduction of both toluene and cumene to their 3,4,5,6-tetrahydro 
derivatives (216) and (217), respectively, in ca. 80% yields. A comprehensive review of these kinds of 
reducing systems, which also draws comparisons with the Birch method, is available,122 but more recent- 

Scheme 48 

(216) R = Me (219) (220) 
(217) R = Pr’ 
(218) R = But 

(221) (222) 
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ly an improved system has been described. This is based on solutions of calcium in methylamine-ethyl- 
enediamine (1: 1) and products (218) to (225), for example, have been formed in generally high yields 
from the parent aromatic hydr0carb0ns.l~~ 

I 

3.4.4.2 Electrochemical Methods 

Electrochemical methods for the reduction of aromatic substrates utilizing ammonia and amines as sol- 
vents with lithium salts as electrolytes have been successful. Toluene was reduced to the 25dihydro 
derivative in 95% yield in methylamine-lithium chloride if an undivided cell was used, while a 53:47 
mixture of 3- and 4-methylcyclohexenes was formed in a divided cell. 124. Of greater interest, however, 
are attempts to achieve these reductions in aqueous media. In one experiment utilizing a two-phase mix- 
ture of substrate in aqueous tetra-n-butylamrnonium hydroxide and a mercury cathode, anisole was re- 
duced on a preparative scale (15 g) to its 2.5-dihydro derivative in 80% yield. The optimal temperature 
for most reductions appeared to be 60 'C and under these conditions, even suspensions of high molecular 
weight substrates could be successfully reduced, e.g. steroid (226) afforded a >90% chemical yield of 
(227). Much higher coulombic yields were obtained when a small amount of THF was added to the mix- 
ture, however. 125 

Me0 Me0 

3.4.43 Photochemical Methods 

Photochemical electron transfer reactions of electron donor-acceptor pairs in polar solvents provide a 
convenient and effective method for the generation of radical cations which can be trapped by complex 
metal hydrides. One of the most effective systems is based on irradiation of a solution of substrate, so- 
dium borohydride and l ,4- or l ,3-dicyanobenzene. A range of bi- and poly-cyclic aromatic hydrocarbons 
has been converted into the dihydro derivatives in this way.126 An especially important aspect of this 
route to dihydroaromatic compounds is that it may give access to products which are regioisomeric with 
the standard Birch reduction products. Thus, o-xylene is converted into the 1,4-dihydro product (229) 
rather than the 'normal' 3,6-dihydro isomer (228). The m- and p-xylenes are similarly reduced to (230) 
and (231), respect i~ely. '~~ 

I I I I SiMe-, 

3.4.4.4 Reductive Silylations 

An interesting alternative to the Birch reduction with useful synthetic potential is provided by reduc- 
tive silylation. Benzene, on treatment with lithium metal and trimethylsilyl chloride in THF for a pro- 
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longed period, for example, affords a high yield of the 1.4-disilyl derivative (232).12* Naphthalene is 
converted into a 2: 1 mixture of the 1,2- and 1,Cadducts (233) and (234), respectively (Scheme 49).129 

(49) (233) 
51me3 

(234) 

Scheme 49 

Estradiol bis(trimethylsily1) ether (235; Scheme 50) has been converted into a diasteromeric mixture of 
adducts (236) which were hydrolyzed by aqueous acetic acid to a mixture of the isomeric enones (237; 
36% yield) and (238; 9% yield).130 This provides an especially direct route for the introduction of func- 
tionality at C-1, which would otherwise require a multistep sequence. Reductive silylation has also been 
used to convert anisole into enone (239)13' which, following a kinetic resolution, has been used in an en- 
antioselective synthesis of (+)-ol-curcumene (240 Scheme 5 1).132 The silyl substituent was employed to 
control the stereochemical and regiochemical aspects of subsequent steps. 

ufi 
Me3Si0 

SiMe3 

0 0 

Scheme 50 

SiMe3 i, 2 M HCI several 

steps Me3Si 

(239) P 
Scheme 51 

3.4.4.5 Organometallic Procedures 

Unlike most q2-coordinated complexes, those derived from osmium(II), e.g. [Os(NH3)s(q2-C6H6)I 
possess a reasonable degree of kinetic stability and are formed regioselectively. For example, on treat- 
ment with a mixture of zinc amalgam and [Os(NH3)s(OTf)3], anisole rapidly forms the 2,3-isomer (2411, 
although this rearranges to the 3,4-isomer (k - 1 s-I at 20 "C). The complexes are more reactive towards 
catalytic hydrogenation than the parent aromatic ligand and are readily reduced to q2-coordinated cy- 
cloalkenes which may then be demetallated by oxidation. Hydrogen is added stereoselectively anti to the 
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metal centre and (241) affords either the tetrahydro or dihydro derivative, depending on the reaction con- 
ditions (Scheme 52).133 The method has the potential to give reduction products in which the alkenic 
bond is in a complementary location to that expected from the Birch process. 

0 

OMe OMe 

(241) 1 OMe 
1 

Scheme 52 
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3.5.1 INTRODUCTION 

Although the conjugated systems of polyenes and unsaturated carbonyl compounds are somewhat 
similar in terms of structure and bonding, their chemical reactivities are significantly different. The num- 
ber of available methods for partial reduction of unsaturated carbonyls is overwhelmingly greater than 
the number of known methods for polyene reduction, and this review deals almost exclusively with un- 
saturated carbonyl compounds, concentrating upon the reduction of the C 4  double bond, We sub- 
divide it according to synthetic methodology rather than substrate nature, an arrangement that provides a 
general view clarifying the scope and limitations of a given method and saving repetition. Dienes and 
styrenes are discussed at the end of the review. 

Methods for reduction of enones may be divided conveniently into four historically based classes. The 
earliest procedures employed dissolving metals; more recent developments, such as reduction with low- 
valent transition metal compounds and electrochemical processes, may also be included in this category 
as they all proceed via sequential addition of electrons and protons to the substrate molecule. These 
methods are discussed in Section 3.5.2. 

Catalytic hydrogenation (Section 3.5.3) may be regarded as the second generation of reducing systems. 
Indeed, both heterogeneous and homogeneous catalytic hydrogenation replaced many of the earlier dis- 
solving metal techniques. 

The discovery of metal hydrides and complex metal hydrides, particularly those of boron and alumi- 
num in the early 1940s, revolutionized the reduction of organic functional groups. These reagents may be 
regarded as the third generation of reducing systems. Extensive studies have led to a broad variety of hy- 
dridic reagents whose reducing power and selectivity are controlled by appropriate modification of the li- 
gands in the metal coordination sphere.' Applications of these hydridic reagents as well as other main 
group metal hydrides, such as silicon and tin derivatives, are discussed in Section 3.5.4. A variety of 
transition metal hydrides, such as iron, copper, chromium and cobalt compounds are employed in stoi- 
chiometric quantities, and are presented in Section 3.5.5. Composite reducing systems consisting of a 
transition metal catalyst and a relatively nonreactive hydride donor represent the fourth generation. Many 
of the transfer hydrogenation methods may be included within this fourth category as well. Therefore, al- 
though in many respects several transfer hydrogenation techniques resemble regular catalytic hydrogena- 
tions, they are discussed in Section 3.5.6, which deals with composite reducing systems. Biocatalyzed 
reduction is a useful approach to enantioselective reduction of enones under very mild conditions. A 
number of microbiological and enzymatic transformations, as well as biomimetic reactions, are outlined 
in Section 3.5.7. A few other methods that were not included above are presented as miscellaneous tech- 
niques in Section 3.5.8. Finally, partial reductions of dienes and styrenes are discussed in Section 3.5.9. 

3.5.2 ELECTRON TRANSFER REDUCTIONS 

3.5.2.1 Dissolving Metal Reduction 

A variety of organic functional groups are reduced by active metals either in the presence of a proton 
donor or followed by treatment with a proton donor. This approach is one of the earliest reduction proce- 
dures in organic chemistry. Although its importance has decreased with the development of catalytic hy- 
drogenation and metal hydride reduction, there remain a substantial number of dissolving metal 
reductions that are still in use due to their advantageous selectivity. Dissolving metal reductions of a$- 
unsaturated carbonyl compounds have been discussed in several review articles.2-'0 

Metals commonly utilized include the alkali metals, mainly lithium, sodium and potassium, and also 
calcium, zinc, magnesium, tin and iron. Alkali metals and calcium have been used in liquid ammonia,1° 
in low molecular weight aliphatic amines,] I in hexamethy1phosphoramide,l2 in ether or in THF contain- 
ing crown ethers,'3c or in very dilute solutions in polyethers such as 1,2-dimethoxyethane (DME)."a,'3 
Reactions with metal solutions in liquid ammonia often use a cosolvent, such as ether, THF or DME, to 
increase solubility of the organic substrate in the reaction mixture. These same metals, as well as zinc 
and magnesium, have been used as suspensions in various solvents including ether, toluene, xylene, etc. 
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In all procedures a proton source (frequently ethanol, 2-propanol, t-butyl alcohol or even water) is pro- 
vided in the reaction medium, added with the substrate, or added during the work-up procedure. 

Sodium amalgam, aluminum amalgam, zinc, zinc amalgam, tin and iron have been added directly to 
solutions of the substrate in hydroxylic solvents such as ethanol, 2-propanol, n-butyl alcohol, i-pentyl al- 
cohol, acetic acid, water or aqueous mineral acid. With hydroxylic solvents, and especially with relative- 
ly acidic ones, metal amalgams are often used rather than free metals, to minimize the release of 
hydrogen gas as a side product. 

The dissolving metal reductions are better classified as ‘internal’ electrolytic reductions in which an 
electron is transferred from the metal surface (or from the metal in solution) to the substrate. Reduction 
with low-valent metal ions may also be included in this general class (vide infra). 

The generally accepted mechanism for dissolving metal reduction of enones (Scheme 1) ’O  involves re- 
versible addition of an electron to a vacant orbital of the substrate (S), yielding a radical anion (S-.). The 
latter can be protonated to give a neutral radical, which may either dimerize or accept another electron 
and a proton. Alternatively, stepwise or simultaneous reversible addition of two electrons to S can give a 
dianion capable of accepting two protons. The sequence and timing of these steps depend upon the 
substrate, the homogeneity and reduction potential of the medium, and the presence and nature of proton 
donors in the medium, among other factors. 

S 
+e- - 
t- 

H+ - HS 
HS - HS - SH - 

-e 

- H+ HSH 
I e- 

H+ 
-2e- v- g e -  

- HS- 

Scheme 1 

S’ 

The stereochemistry of reduction has been extensively studied. Metal-ammonia reduction of steroid 
and terpenoid enones with a (3-carbon at the fusion of two six-membered rings leads, in general, to the 
thermodynamically more stable isomer at that ~0si t ion. l~ Stork has formulated a more general rule, 
namely that the product will be the more stable of the two isomers having the newly introduced (3-hy- 
drogen axial to the ketone ring.15 This rule has correctly predicted the stereochemical outcome of many 
metal-ammonia reductions, with very few exceptions. The rule is rationalized in terms of stereoelec- 
tronic effects in the transition state (either the radical anion or the dianion stage). For example, in reduc- 
tion of octalones of the type shown in Scheme 2, only two (1 and 2) of three possible anionic transition 
states involving a half-chair conformation of the enone-containing ring would be allowed stereochemi- 
cally.‘S 

I R3 \ R’ R2 

Scheme 2 

In these two conformers the orbital of the developing C-H bond overlaps with the remainder of the 
wsystem of the enolate. The alternative conformer (3) is not allowed because it does not fulfil the over- 
lap requirement. The trans transition state (1) is generally more stable than cis-(2), and the trans-2-deca- 
lone reduction product would be obtained despite the fact that the cis isomer, having a conformation 
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related to (3) should be more stable when R2 and/or R3 are larger than a hydrogen atom. This rule of 
‘axial protonation’ has been found to be widely applicable to metal-ammonia reductions of octalones, 
steroids and other fused-ring systems. Representative examples are given in Scheme 3.I5-l8 

0 & 15’Et20- o& + o& (ref. 16) 

H H 
99.6% 

(ref. 17) 
Lil”3’Et2t 

0 

Scheme 3 92% 

Generally, the conditions employed in the work-up of metal-ammonia reductions leads to products 
having the more stable configuration at the a-carbon atom, but products having the less stable configura- 
tion at this center have been obtained by kinetic protonation of enolate  intermediate^.^^,^^ A more 
detailed discussion of stereochemistry in metal-ammonia reduction of a,@-unsaturated carbonyl 
compounds is given in ref. 10. 

3.5.2.I.1 Scope and limitations 

Before the introduction of metal-ammonia solutions for the reduction of a,@-unsaturated carbonyl 
compounds,I0 sodium, sodium amalgam, or zinc in protic media were most commonly employed for this 
purpose. Some early examples of their use include the conversion of carvone to dihydrocarvone with 
zinc in acid or alkaline medium?’ and of cholest-4-en-3-one to cholestanone with sodium in a l ~ o h o 1 . ~ ~ ~ ~ ~  
These earlier methods are complicated by a variety of side reactions, such as over-reduction, dimeriza- 
tion, skeletal rearrangements, acid- or base-catalyzed isomerizations and aldol condensations, most of 
which can be significantly minimized by metal-ammonia reduction. 

A wide variety of a,@-unsaturated ketones have been reduced to saturated ketones, usually in good 
yield, by metal solutions, mainly in liquid ammonia. 10,z4-z6 The reduction is applicable to compounds 
with any degree of substitution on the double bond. Although only 2 equiv. of these metals are required 
for the conversion of an enone to a saturated ketone, it is often convenient to employ the metal in excess. 
A suspension of lithium bronze (Li4NH#’ in ether allows the employment of the metal in stoichiometric 
amounts. Proton donors are often employed to reduce competing side reactions, such as dimerization. 
The presence of proton donors in the medium may lead to the conversion of an a$-unsaturated ketone to 
the saturated alcohol, but at least 4 equiv. of metal must obviously be present for this type of reduction to 
take place. 

Alcohols, such as methanol and ethanol, lead to the sole formation of saturated alcohols from unsatu- 
rated ketones when the former are present in excess during the reduction. Mixtures of ketones and alco- 
hols are generally formed when 1 equiv. of these proton donors is employed.z8 These alcohols have an 
acidity comparable to that of saturated ketones, and when they are present, an equilibrium can be estab- 
lished between the initially formed metal enolate and the saturated ketone. The latter is then reduced to 
the saturated alcohol. Such reductions generally do not occur to a very significant extent when 1 equiv. 
of t-butyl alcoholz9 or some less acidic proton donor, such as triphenylcarbinol,z8 is employed. The 
acidity of the ketone involved, as well as the solubility of the metal enolate in the reaction medium, are 
important in determining whether alcohols are formed. 

Even though the reaction conditions may lead to formation of the metal enolate in high yield, further 
reduction may occur during the quenching step of the reaction. Alcohols such as methanol and ethanol 
convert metal enolates to saturated ketones much faster than they react with metals in a m m ~ n i a , ~ ~ . ~ ’  and 
quenching of reduction mixtures with these alcohols will usually lead to partial or complete conversion 
to alcoholic product rather than to the saturated ketone. Rapid addition of excess solid ammonium 
chloride is the commonly employed quench procedure if ketonic products are desired,3z but other re- 
agents that destroy solvated electrons before neutralization may be employed, such as sodium ben- 
z0ate,3~ iron(II1) n i ~ a t e , ~ ~ , ~ ~  sodium br~mobenzene,~’ sodium 1,2-dibr~moethane~ 
and acetone.I4 
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3.5.2.1.2 Reduction-crlkylation 

The versatility of metal-ammonia reduction was considerably advanced by the discovery that the li- 
thium enolates of unsymmetrical ketones generated during reduction can undergo C-alkylation with alkyl 
halides and carbonation with carbon d i o ~ i d e . ’ ~ . ~ ~  These enolate-trapping reactions allow regiospecific in- 
troduction of groups at the carbon atoms of unsymmetrical ketones via the appropriate enone precursors. 
This procedure has been widely employed for ketones of a variety of structural The proce- 
dure usually involves generation of a specific lithium enolate of an unsymmetrical ketone by reduction of 
the corresponding a$-unsaturated ketone with 2 equiv. of lithium in liquid ammonia that contains no 
proton donor or just a single equivalent of one. This enolate is then reacted with excess alkylating agent 
(Scheme 4). 

Scheme 4 

This reduction-alkylation sequence has been extensively used in the total synthesis of natural 
products, such as progesterone and lupeol (Scheme 5).46,47 8 / I  ii, i*Li/”3*Et20_ A Br (,& “+,, ! 

-- Lupeol 

0 0 
Scheme 5 

If the ammonia is removed and replaced by anhydrous ether, the intermediate lithium enolate can be 
converted to a P-keto ester by carbonation, followed by acidification and treatment with diazomethane, 
as illustrated in Scheme 6.48 

i, Li/”,; i i ,  C02/Et20; iii, H30+; iv, CH2N, 

Scheme 6 

3.5.2.1.3 Dimerization processes 

Because of the intermediacy of radical anions and/or hydroxyallyl free radicals in dissolving metal re- 
ductions of enones, dimerization may compete with simple reduction. Scheme 7 shows the three types of 
dimers that may be produced. 

The dimerization products shown in Scheme 7 are generally the major ones obtained in electrochemi- 
cal  reduction^^^-^^ (vide infia) or reductions at metal s~rfaces , ’ ’~~~~ in which radical anion intermediates 
must diffuse to a surface before further electron transfer can occur. In metal-ammonia solutions, how- 
ever, simple reduction is generally favored over dimerization. These solutions provide high concentra- 
tions of available electrons, favoring the probability of the radical ion or hydroxyallyl radical accepting a 
second electron. 
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2H’ 

OM OH \ 

Scheme 7 

3.5.2.1.4 Alkene synthesis 

Appropriate quenching of a reductively formed lithium enolate with a carboxylic acid anh~dride:~,~~ 
methyl ch l~roformate~~ or diethyl phosphorochloridate yields the corresponding enol esters, 

enol carbonates or enol phosphates. These derivatives may be transformed into specific alkenes via re- 
ductive cleavage of the vinyl oxygen function,58 as illustrated by the example in Scheme 8. 

50% 
i, Li/”,, EtzO; ii, (EtO),POCI, Et20; iii, LiEtNH, 

Scheme 8 

3.5.2.1.5 Intramolecular reactions 

Dissolving metal reductions of unsaturated ketones involve intermediates with carbanionic character at 
the P-position. Therefore, intramolecular displacements, additions, and eliminations may occur during 
the reduction of polyfunctional enones. Many a,@-unsaturated carbonyl compounds have structural fea- 
tures which allow such intramolecular reactions. The examples given in Scheme 9 include intramolecular 
substitution of a tosylate leaving group,59 addition to a ketone to form a cyclopropanol,60 and elimination 
of an acetate group to give an unconjugated enone.61 

This approach has been applied in the synthesis of a perhydroindanedione skeleton via intramolecular 
addition to an ester in formation of a stable steroidal hemiacetal,63 and in lithium-ammonia con- 
version of a bicyclic unsaturated triester into a tricyclic keto diester (Scheme 

a$-Unsaturated ketones with leaving groups at the y-position normally undergo reductive elimination 
with metals in ammonia to give metal dienolates as an initial product. Quenching these enolates with arn- 
monium chloride allows the isolation of the P,y-unsaturated ketone. The latter can isomerize under basic 
conditions to the conjugated enone. Such processes have been reported with a broad variety of leaving 
groups, such as h y d r o ~ i d e , ~ ~ . ~ ~  a l k ~ x i d e ~ ~  and acetate?’ as well as during fission of a l a c t ~ n e ~ ~ - ~ ~  or an 
epoxide ring.” 

a$-Unsaturated carbonyl compounds having a leaving group at the P-position react with dissolving 
metals to give metal enolates, which may undergo elimination to yield new a,@-unsaturated carbonyl 
compounds that are susceptible to further r e d u c t i ~ n . ~ , ’ ~ - ~ ~  For example, @-alkoxy-a,@-unsaturated es- 
ter~’”’~ and acids79 have been found to undergo double reduction. This procedure was used as a key step 
in the total synthesis of eremophilane sesquiterpenes (Scheme 1 

Both linear and cross-conjugated dienones are reduced by solutions of metals in liquid ammonia. For 
example, steroidal 4,6-dien-3-ones (Scheme 12) and related compounds are reduced initially to 3 3 -  
die no late^;^^^^^^^ while addition of ammonium chloride to the latter leads to formation of the noncon- 
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jugated 5-en-3-one system,84 addition of proton donors such as ethanol or water initiates isomerization 
leading to the more stable, conjugated 4-en-3-one skeleton.81v82 Treatment of the dienolate with excess 
methyl iodide rather than a proton donor gives the 4,4-dimethyl-5-en-3-0ne.“~*~~ 

Li+ 

Scheme 12 
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Linearly conjugated dienones may be completely reduced to saturated alcohols using excess lithium in 
liquid ammonia.89 In variously substituted dienones, the less-substituted double bond is often selectively 
reduced under these conditions. For example, treatment of a steroidal 14,16-dien-20-one with lithium in 
liquid ammonia (with or without 1-propanol) leads mainly to reduction of the 16,17 double bond 
(Scheme 1 3),90991 and the less-substituted double bond of cross-conjugated steroidal 
santonin, or related substrates is selectively reduced under these conditions (Scheme 1 3).68-70-94 

Scheme 13 

3.5.2.1.6 Chemoselectivity 

Although a host of organic functionalities are reduced by dissolving r n e t a l ~ , ~ . ~ * ~ - ~  it is often possible to 
reduce double bonds of a$-unsaturated carbonyl systems without affecting other reducible groups. In-  
ternal, isolated alkenes are normally stable to metal-ammonia solutions unless they have very low lying 
antibonding orbitals95 or special structural features that stabilize radical anion  intermediate^.^^ However, 
terminal alkenes may be reduced by dissolving metals.97 Mono- and poly-cyclic aromatic compounds 
undergo reduction with dissolving metals in liquid ammonia (Birch reducti~n),~.~.~.~.~~,~~ but these re- 
actions are generally slow unless proton donors are added. It is therefore possible to reduce a$-unsatu- 
rated ketones selectively in the presence of aromatic rings.1w103 Selective reduction preserving a 
reducible indole ring was performed.lM 

Ethynyl carbinols are reduced to allyl alcohols and eventually to alkenes with metal-ammonia solu- 
tions containing proton donors.lo5 However, by excluding proton donors, selective reduction of con- 
jugated enones has been carried out despite the presence of ethynyl carbinol g r o ~ p s . ~ ~ * ~ ~ ~ ' ~ ~  Similarly, 
selective reduction of conjugated enones containing allylic alcohols has also been achieved.3s~106*10x 
Carbon-halogen bonds of alkyl and vinyl halides are readily cleaved by metals in a m m ~ n i a . ~ - ~ - ~  Yet, as 
shown in Scheme 14, alkyl fluoride may be retained by limiting reaction times?3 and a rather sensitive 
vinyl chloride functionality is preserved by using an inverse addition technique.lW 

P-l A 
I 

1 8 1 , 1 4 1 1  

* 

i, Li/",, THF 
4 0  to -60 "C, 1.5 min 

i i ,  NH4CI 
/ 

0 0 

Scheme 14 
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Many other examples of chemoselective enone reduction in the presence of other reducible function- 
alities have been reported. For instance, the C-S bonds of many sulfides and thioketals are readily 
cleaved by dissolving metals.5~8,9*110 Yet, there are examples of conjugate reduction of enones in the 
presence of a thioalkyl ether group.ilovlll Selective enone reduction in the presence of a reducible nitrile 
group was illustrated with another steroidal enone. I I 2  While carboxylic acids, because of salt formation, 
are not reduced by dissolving metals, esters1 l 3  and amides2g8 are easily reduced to saturated alcohols and 
aldehydes or alcohols, respectively. However, metal-ammonia reduction of enones is faster than that of 
either esters or amides. This allows selective enone reduction in the presence of esters1I4 and 
amides37*115v116 using short reaction times and limited amounts of lithium in ammonia. 

3.5.2.2 Reduction with Low-valent Transition Metals 

Low-valent species of early transition metals, such as chromium(II),ii7 titanium(II), titanium(III),' l 8  
vanadium, molybdenum and tungsten are useful reducing agents.l I 9  Electron-deficient alkenes and al- 
kynes are easily reduced by chromium(I1) sulfate, (2')-alkenes being more rapidly reduced than the corre- 
sponding (E)-isomers.120 Titanium(II1) species are weaker reducing agents, exhibiting higher 
chemoselectivity.I2I Several steroid enediones have been reduced by chromium(I1) chloride: 122 interes- 
tingly, reduction of cholest-4-ene-3,6-dione yields a different product from that obtained by titanium(II1) 
reduction of the identical substrate (Scheme 15).I2Ic 

THF or acetone 

0 

acetone 
r.t., 7 min 

0 
0 

86% 

acetone 
reflux 3 h 

Scheme 15 

Solutions of chromium bis(ethy1enediamine)diacetate complex in methanol are capable of reducing 
simple a,&unsaturated ketones to the corresponding saturated ketones. Useful yields are obtained pro- 
vided a proton donor (AcOH) and a good hydrogen donor (BuSH) are present in the reaction mixture 
(Scheme 16).123 
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Reductive dimerization of a$-unsaturated ketones is effected by either Cr" or VI1 chloride to give 1,6- 
diketones, but aliphatic a,P-unsaturated aldehydes are dimerized to the allylic g l ~ c a 1 s . l ~ ~  Interestingly, 
nonconjugated aldehydes are stable towards these reagents. Similar pinacolic couplings of aldehydes and 
ketones with Ti" reagents were developed by  core^.^^^ 

Highly reactive metallic titanium, prepared from Tic13 and potassium, reduces enol phosphates to 
alkenes, permitting regioselective synthesis of dienes from +unsaturated ketones.i26 
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3.5.2.3 Electrochemical Reduction 

The electrochemical reduction of a$-unsaturated ketones and related compounds5 in aprotic media in 
the absence of metal cations can, in some cases, lead to relatively stable anion  radical^.^^^,'^^ However, 
in the presence of proton donors the latter are protonated to form hydroxyallyl radicals, which tend to 
dimerize more rapidly than they diffuse back to the electrode to undergo further reduction (Scheme 
17).lZc Although these allyl radicals prefer to dimerize by coupling at the P-position, if this position is 
sterically hindered, as in the case of cholest-4-en-3-one, coupling at the carbonyl carbon may be ob- 
served, yielding pinacols.Iz8 
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Reductive dimerizations have been recorded when unsaturated carbonyl compounds are reacted with 
various metals, such as lithium, sodium, sodium amalgam, potassium, aluminum amalgam, zinc or mag- 
nesium.129v130 Formation of monomeric reduction products is impeded in these reactions because the in- 
termediate allylic radical must diffuse back to the electrode surface or metal particle for further 
reduction. A possible solution to this problem might be concurrent electrochemical generation of a so- 
luble reducing agent that can intercept radical intermediates before their dimerization. For example, solu- 
tions of magnesium in liquid ammonia can be generated electrochemically.131c Similarly, tertiary amine 
salts, such as yohimbine hydrochloride, can participate in the electrochemical reduction of enones 
(Scheme 18),131aqb via concurrent reduction of the amine to a radical which transfers a hydrogen atom to 
the intermediate allyl radical. 
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Reductive dimerization of enones to form a new carbon-carbon bond at the P-position, known as hy- 
drodimerization or electrohydrodimerization, has considerable synthetic ~ t i1 i ty . l~~  For example, high 
yields of cyclic products are achieved when cyclization is kinetically favorable, leading to three- to six- 
membered rings from the corresponding unsaturated diesters (Scheme 19).132d 

The product ratio in electrochemical reduction of benzalacetone is significantly altered by surfactants 
and various cations, which cause micellar and/or ion-pairing effects. Using these additives, it is possible 
to control the partitioning of the initially formed radical anion between the two main reaction pathways: 
either dimerization or further reduction to the saturated ketone.'33 Additionally, micellar surfactants 
allow the use of aqueous media without cosolvents. 
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3.5.3 CATALYTIC HYDROGENATION 

Addition of molecular hydrogen to conjugated systems has been extensively r e v i e ~ e d . ~ ~ ' ~ " ~ ~ ~  Enones 
can be converted to saturated ketones or to unsaturated or saturated alcohols. Usually, double bonds con- 
jugated to the carbonyl moiety are reduced prior to nonconjugated ones. 1,2-Reduction to allylic alcohols 
via catalytic hydrogenation is quite rare, and this transformation is more conveniently performed with 
hydridic reducing agents, such as boron and aluminum hydrides (vide infra). Nevertheless, there are a 
number of reported cases where 1 ,Zreduction is preferred over 1,4-selectivity. Citronellal, for example, 
is reduced preferentially at the carbonyl function using nickel on silica gel as a catalyst, while hydroge- 
nation catalyzed by Pd/BaS04 yields the corresponding saturated a1deh~de . I~~ Reduction to the saturated 
alcohol is achieved by catalytic hydrogenation over copper chromite,'39 or nickel-aluminum 
alloy in NaOH.140 

Enones are reduced to saturated ketones by catalytic hydrogenation provided the reaction is stopped 
following the absorption of 1 mol of h~dr0gen.I~'  A number of catalysts were found useful for this, in- 
cluding platinum,142 platinum ~ x i d e , ' ~ ~ , ' ~  Pt/C,I4' Pd/C,'41,145 Rh/C,I4' tris(tripheny1phosphine)rhodium 
~ h l o r i d e , ' ~ ~ , ' ~ ~  nickel-aluminum alloy in 10% aqueous NaOH,I4* and zinc-reduced nickel in an aqueous 
medium.149 Mesityl oxide is formed from acetone and reduced in a single pot to methyl isobutyl ketone 
using a bifunctional catalyst which comprised palladium and zirconium phosphate (Scheme 20). I5O 

110 "C 

Scheme 20 

The ease and the stereochemical course of hydrogenation of a,P-unsaturated ketones are particularly 
influenced by the nature of the solvent and the acidity or basicity of the reaction mixture. Some efforts 
have been made to rationalize the effect of the various parameters on the relative proportions of 1.2- to 
1,4-addition, as well as on the stereochemistry of reduction.'51 For example, the product distribution in 
p-octalone hydrogenation in neutral media is related to the polarity of the solvent if the solvents are 
divided into aprotic and protic groups. The relative amount of cis-p-decalone decreases steadily with de- 
creasing dielectric constant in aprotic solvents, and increases with dielectric constant in protic solvents, 
as exemplified in Scheme 21 (dielectric constants of the solvents are indicated in par en these^).'^^ Similar 
results were observed in the hydrogenation of cholestenone and of testosterone. In polar aprotic sol- 
vents 1 ,Caddition predominates, whereas in a nonpolar aprotic solvent hydrogenation occurs mainly in 
the 1,2-addition mode. 

Acids and bases have a crucial effect on product stereochemistry in hydrogenation of ring-fused enone 
systems, as illustrated in Scheme 22.154 

The increased amounts of trans-fused product obtained in basic solutions was suggested to arise from 
hydrogenation of the relatively flat enolate ion which adsorbs irreversibly onto the catalyst surface. Hy- 
drogenation proceeds by hydride ion transfer from the metal catalyst, followed by protonation. Converse- 
ly, in an acidic medium protonation occurs initially, followed by irreversible adsorption on the catalyst, 
and then transfer of a hydride ion.Is1 The stereochemistry of reduction is also related to catalyst activity, 
catalyst concentration, pressure and stirring rate, as they all affect hydrogen availability at the catalyst 
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surface. Under conditions of low hydrogen availability a reversible adsorption is favorable and therefore 
the product stereochemistry is determined by the relative stability of the cis and trans adsorbed species. 
However under conditions of high hydrogen availability, product stereochemistry is determined mainly 
by the nature of the initial a d s o r p t i ~ n . l ~ ' + ~ ~ ~  Platinum catalysts, more than palladium varieties, give pro- 
ducts determined by the initial adsorption. 

Substrate structure has an important influence on the stereoselectivity of hydrogenation. For example, 
hydrogenation of hydrindenone having a trisubstituted double bond gives mainly the cis product 
(Scheme 23),i55 whereas similar compounds with a tetrasubstituted double bond tend to give the trans 
isomer. This phenomenon has been rationalized in terms of the preferred conformation of the adsorbed 
enone, which minimizes steric  interaction^.^^^,^^^ A high degree of stereocontrol can be achieved in hy- 
drogenation of substrates containing allylic or homoallylic alcohols. Results are rationalized by the coor- 
dination of the homogeneous catalyt Ir(COD)Py(PCys)PF6 with the hydroxy groups. 15' 

- d  
- @  

0 @ R R 

Pd/C/H, 

EtOH, HClO, 0 
H 

0 

Pd/C/H, 

0 EtOH, HC104 

Scheme 23 

The key step in the synthesis of 2-deoxycrustecdysone from the corresponding 20-oxo steroid is the 
stereoselective catalytic hydrogenation of the a$-unsaturated lactone to afford a 2:3 mixture of 6-  and 
y-lactones, re~pective1y.l~~ This crude product was converted into the thermodynamically more stable y- 
lactone by treatment with aqueous NaOH. a$-Unsaturated aldehydes and ketones are hydrogenated to 
produce allylic alcohols in high regioselectivity using hydridoiridium phosphine complexes, such as 
[Ir(PEtzPh)o]o. 159 
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In the case of multiply unsaturated carbonyl compounds, regioselectivity is also sensitive to the nature 
of the catalyst, to reaction conditions, and to the structure and degree of substitution of the hydrogenated 
double bonds. For example, hydrogenation of 3S-heptadien-2-one over nickel on alumina or nickel on 
zinc oxide occurs mainly at the y,&double bond. But if the catalyst is modified by the addition of lead or 
cadmium, reduction occurs mainly at the a$-double bond (Scheme 24).160 
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Selective reduction of the y,b-double bond of the dienal shown in Scheme 25 was achieved by hy- 
drogenation over palladium on carbon inhibited by quinoline and sulfur. Without inhibition, hydrogena- 
tion to the saturated aldehyde was observed.l6] 
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Scheme 25 

Homogeneous catalysts, such as RhCl(PPh3)3147 and R~C12(PPh3)3’~~ have proved efficient in the se- 
lective hydrogenation of enones and dienones. For example, the hydrogenation selectivity of 1,4-andros- 
tadiene-3,17-dione to 4-androstene-3,l’I-dione is increased by elevated pressures, low temperatures and 
the presence of optimal amount of amines (Scheme 26).*62 

Scheme 26 89% 

The solvated ion pair [(CsH17)3NMe]+[RhC14]-, formed from aqueous rhodium trichloride and Aliquat- 
336 in a two-phase liquid system, hydrogenates a$-unsaturated ketones and esters selectively at the 
C 4  double bond.163 The reduction of benzylideneacetone follows first-order kinetics in substrate 
below 0.2 M, and approaches second-order in hydrogen at partial pressures below 0.12 atm ( 1  atm = 
101.3 kPa). The catalysis also depends on the nature of the solvent, the phase transfer catalyst and stir- 
ring rates. 

The homogeneous water soluble hydrogenation catalyst K3(Co(CN)sH) is very active for hydrogenat- 
ing conjugated dienes and a$-unsaturated ketones under phase transfer reaction conditions.Iw Thus, 
conjugated dienes are converted into monoenes, generally with overall 1,4-addition to yield @)-alkenes, 
and a$-unsaturated ketones are reduced to saturated ketones in high yields. These conditions are not 
useful with a$-unsaturated aldehydes, as they lead to polymerization of the starting material. 

Of special interest is the formation of new asymmetric centers by homogeneous catalytic hydrogena- 
tion using chiral ligands. This approach is particularly appealing for the synthesis of optically active 
amino acids via hydrogenation of the corresponding a$-unsaturated N-acetylaminocarboxylic acid deri- 
vatives. This rather successful methodology has been extensively reviewed; 165 although most of the cata- 
lysts employed in these asymmetric hydrogenation reactions are various chiral complexes of rhodium, 
other metals were also examined, usually affording lower optical yields.166 
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3.5.4 REDUCTION WITH MAIN GROUP METAL HYDRIDES 

3.5.4.1 Boron Hydrides 

Although NaBH4 does not attack isolated alkenes, C X  double bonds conjugated to strong anion-stabi- 
lizing groups may be reduced by this r e a g e r ~ t . ' ~ ~ - I ~ ~  Rationalization of the regioselectivity of borohy- 
dride reduction of a$-unsaturated aldehydes and ketones has been attempted using the 'hard' and 'soft' 
acid and base concept'70 (vide infra, discussion of aluminum hydrides). It is assumed that the relatively 
soft hydrides add preferentially to the enone system via a 1,4-mode while hard reagents attack the carbo- 
nyl carbon. Borohydrides are considered softer than the corresponding aluminum hydrides. Replacement 
of a hydride group on boron by alkoxide makes it a harder reagent. Lithium salts are harder than sodium 
species. Thus, LiAIH4 gives more 1,2-attack than L i B a ,  which, in turn, gives more than NaBH4. 
NaBH(OMe)3 yields more 1,2-reduction product than NaBH4, and when production of alkoxyborates is 
prevented, 1 ,I-reduction predominates. This implies that slow addition of borohydride to a substrate sol- 
ution should help to build up alkoxyborate species and increase the relative amount of 1,2-reduction. 
Generally, aldehydes undergo more 1,2-reduction than the corresponding ketones. 

The reduction of a$-unsaturated aldehydes and ketones by NaBH4 leads, in general, to substantial 
amounts of fully saturated alcohols. In alcoholic solvents, saturated P-alkoxy alcohols can be formed via 
conjugate addition of the s01vent.l~' This latter process becomes the main reaction path when reduction 
is performed in 2-propanol in the presence of sodium isopropoxide. In base, a homoallylic alcohol can 
become the major product of borohydride reduction of an en011e.l~~ Analysis of the influence of substrate 
structure on NaBH4 reduction has shown that increasing steric hindrance on the enone increases 1,2-at- 
tack.I7' 

NaBH4 reduction of 3-substituted 5,5-dimethylcyclohex-2-enones in alkaline solution of water dioxane 
occurs exclusively at the 1,2-positions. The rate of reduction is strongly dependent on the 3-substituent. 
A Hammett-type correlation revealed similar reaction characteristics to those of borohydride reduction of 
substituted acetophenones. 17* 

In order to study the factors determining the regioselectivity of sodium borohydride reduction of a$- 
unsaturated ketones, reactions with 3-methylcyclohexenone, carvone and cholestenone were carried out 
in 2-propanol, diglyme, triglyme or pyridine.'73 Mixtures of 1,2- and 1,4-reduction products were ob- 
tained in the alcoholic and ether solvents, whereas pure 1,4-reduction was observed in pyridine. Addition 
of triethylamine to NaBH4 in diglyme led to formation of triethylamine borine, Et3NeBH3. Similarly, 
with pyridine, pyridinehrine could be isolated, leading to exclusive 1,4-reductions. 

The results were interpreted in terms of steric requirements of the actual reducing species. It was sug- 
gested that attack of BH4- proceeds exclusively along the 1,4-reduction mode, whereas alkoxyborohy- 
drides (formed as reaction products) prefer the 1,2-reduction mode. The pyridine.borine itself does not 
reduce enones under the reaction conditions, but it inhibits formation of alkoxyb~rohydrides.~~~ The 
same trend was observed with aluminum hydride reductions. When LiAlH4 was first reacted with py- 
ridine to form lithium tetrakis(dihydr0-N-pyridyl)aluminate, 1,4-reduction predominated.173 

Low regioselectivity is observed in reduction of enones with a 2:l mixture of sodium cyanoborohy- 
dride and zinc chloride in ether at room temperature.174 A mixture containing 1,2- and 1,4-reduction pro- 
ducts is obtained in a ratio that is greatly dependent upon substrate. 

From the reduction in methanol of a series of substituted 2-aryl-(Z)- and 2-aryl-(E)-cinnamates by 
NaBH4 at room temperature, it was concluded that the facile reduction to give dihydrocinnamates pro- 
ceeds through an early transition state of considerable p01arity.l~~"'~ 

Several organoborohydrides were found to effect the selective 1,4-reduction of enones. For example, 
lithium and potassium tri-s-butylborohydrides (L- and K-selectride) and lithium triethylborohydride were 
found useful for conjugate reduction of a,@-unsaturated ketones and esters. In general, P-unsubstituted 
cyclohexenones undergo exclusive 1,4-reduction to the corresponding ketone enolates, which can be 
protonated or alkylated in high yields. Ketones such as 5-t-butylcyclohex-2-en- 1 -one are cleanly reduced 
to the saturated ketone using K-selectride at -78 "C in THF (Scheme 27).'76 This regioselectivity, how- 
ever, is not general, but is a result of steric hindrance of the alkene, as well as the size of the ring. Thus 
alkyl substitution at the P-position completely suppresses the 1,4-reduction mode. While enones in five- 
and seven-membered rings are reduced preferentially in a 1,2-manner, six-membered ring enones are re- 
duced in a 1,4-mode. Trapping the intermediate enolate by an alkylating agent (e.,?. Mel, allyl bromide) 
results in an efficient reductive alkylation. Accordingly when the reduction of a$-unsaturated esters is 
performed in dry ether solvents, the major reaction product arises from carbonyl condensation. However 
addition of a proton source such as t-butyl alcohol results in 1,4-reduction. 



Partial Reduction of Enones, Styrenes and Related Systems 537 

1 equiv. K-selectride 

THF, -78 to 0 "C 

A A 
98% 

1 equiv. K-selectride - 
THF, -78 to 0 "C 

90% 
Scheme 27 

Reduction of a,@-unsaturated aldehydes and ketones with 9-borabicyclo[3.3. llnonane (9-BBN-H) pro- 
ceeds selectively and cleanly to form the corresponding allylic alcoh01s.l~~ The reaction tolerates a large 
variety of functionalities, such as nitro, carboxylic acid, amide, nitrile, sulfide, disulfide, epoxide, etc. 
Hydroboration of the double bond is a much slower reaction, which does not interfere with carbonyl re- 
duction. For example, 1,2-reduction of cyclohexenone at room temperature with excess of 9-BBN-H in 
THF is completed within 10 min, while hydroboration of the double bond requires three days. Aminebo- 
rane complexes have been used for selective 1,2-reduction of a$-unsaturated ketones and aldehydes. 
Thus, cyclohexen-2-one was reduced to hexenol with t-butylamine.borane.178 Borohydride exchange 
resin, which is obtained from NaBH4 and the quaternary ammonium resin Amberlite 400 IRA, reduces 
cinnamaldehyde and benzalacetone to the corresponding allylic alcohols.179 1 -Pyrrolylborane.THF com- 
plex reduces a$-unsaturated ketones and aldehydes to the corresponding allylic alcohols in high 
yields.lgO Borohydride reduction of a$-unsaturated carbonyl compounds has been widely applied in 
natural product chemistry. A number of a,@-unsaturated ketone derivatives of gibberellins are reduced to 
the corresponding saturated alcohols by NaBH4.'81-184 Sodium borodeuteride reduction of gibberellin A3 
3-ketone affords gibberellin AI and its 3-epimer.181.182 Attack of hydride proceeds stereospecifically 
from the p-face at C-1. Protonation at C-2 proceeds with limited selectivity. Thus, reduction of the 
above-mentioned gibberellin with either NaB&-CuCl in deuterated methanol or NaBH4-LiBr followed 
by treatment with D20 gave 2-deuteriogibberellin AI methyl ester together with some 3-epi-GA4 with 
approximately 2: 1 ratio of the 2@:2a deuterides. Using L-selectride for the reduction of a similar gibbe- 
rellin enone derivative resulted mainly in the 1,2-reduction product, affording the 3a-allylic and satu- 
rated alcohols in 47% and 30% yields, re~pective1y.l~~ 

Substituted gibberellins, such as la- and I@-hydroxy GA5 and GA20 were prepared from a single 
enone precursor by 1,2-reduction with NaBH4 (Scheme 28). Conversely, catalytic hydrogenation of the 
same enone with 10% Pd/CaC03 in pyridine afforded the 1,4-reduction product, 1 -0xo-GA~o .~~~  

The stereoselective 12-reduction of the a,@-unsaturated ketone group was one of the key steps in 
Corey 's prostaglandin synthesis (Scheme 29).Ig5 Various boron and aluminum hydride reagents gave 
mixtures of the corresponding (15s)- and (15R)-allylic alcohols in various ratios.lg6 Best selectivity was 
obtained with highly hindered lithium trialkylborohydrides, and even better with R = p-PhC6H4NHCO 
This derivative was reduced with thexyl-di-s-butylborohydride and tri-s-butylborohydride with 
(15S):( 15R) ratios of 88: 12 and 89: 1 1, respe~tively. '~~ 1,2-Reduction of an a,@-unsaturated aldehyde 
with NaBH4 represents one of the steps in the total synthesis of 6,15-hydro~yperezone.~~' 

Stereoselective reduction of an enone lactone was a key step in the construction of the 20-hydroxyec- 
dysone side chain. Totally different mixtures of products were obtained when the reduction was carried 
out with sodium borohydride or by catalytic hydrogenation (Scheme 30).Is8 In all cases, the 1.4-reduc- 
tion mode is preferred. With borohydride, however, this process is followed by a subsequent reduction of 
the saturated ketone and base-catalyzed rearrangement of the 8-lactone into a y-lactone. 

Stereoselective conjugate reduction of a,@-unsaturated amides with L-selectride was achieved by 
using a chiral sultam, temporarily attached to the molecule.188 Alkynic ketones are enantioselectively re- 
duced to the corresponding propargylic alcohols in up to 92% ee using B-(3-pinanyl)-9-borabicy- 
cl0[3.3.1]nonane.~~~ The conjugate reduction of acyclic a,@-unsaturated ketones can provide selectively 
regio- and stereo-chemically defined enolates that are unattainable by other methods. A knowledge of 
enone ground-state conformational preferences allows one to predict which enolate geometrical isomer 
will predominate in these reactions (Scheme 3 1).I9O 
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Thus, enones that exist preferentially as s-trans conformers will give rise to (E)-enolates, whereas con- 
jugate addition of hydride to s-cis enones will lead to (a-enolates. These can be trapped by trimethylsilyl 
chloride (TMS-CI) to give the corresponding silyl enol ethers (Scheme 32).190 

Sodium cyanoborohydride (NaBH3CN) or tetrabutylammonium cyanoborohydride in acidic methanol 
or acidic HMPA reduces a,&unsaturated aldehydes and ketones to the corresponding allylic alcohols. 191  

This system is limited to enones in which the double bond is not further conjugated, in which case the 
allylic hydrocarbon is formed in substantial amounts. Thus, reduction of chalcone gives mainly 1,3-di- 
phenylpropene (48%) as well as 26% of the allylic ether. Cyclic enones are also not good substrates, as 
competing 1,4-addition gives large fractions of saturated alcohols.191 

Lithium n-butylborohydride is prepared by reacting equimolar amounts of n-butyl lithium and bo- 
rane.dimethyl sulfide complex. 192 This reagent effectively reduces enones in toluene-hexane mixtures at 
-78 "C to give, in most cases, high yields of the corresponding allylic alcohols.192 Conjugated cyclopen- 
tenones, however, give mixtures of 1,2- and 1,4-reduction products. Under identical reaction conditions, 
saturated ketones are reduced to alcohols. The latter process can take place in the presence of simple 
esters. 

Regioselective 1,2-reduction of enones to the corresponding allylic alcohols is achieved with NaBH4 
in the presence of lanthanoid ions, such as La3+, Ce3+, Sm3+, Ed+, Yb3+ and Y3+.193 This procedure is 
complementary to those giving predominantly 1,4-seIectivity, such as NaBH4 in pyridine.173 The general 
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utility of NaBH4-CeClo selective reduction is illustrated by the conversion of cyclopentenone to cy- 
clopentenol in 97% yield and only 3% of cyclopentanol, although conjugate reduction of cyclopentenone 
systems by most hydride reagents is usually highly favored (Scheme 33). 
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Thus, reaction of equimolar amounts of a$-unsaturated ketones and either samarium or cerium 
chloride hexahydrate in methanol with sodium borohydride produced high yields of the corresponding 
allylic alcoh01s.l~~ This method has gained considerable success and has often been used in regio- and 
stereo-selective syntheses of natural  product^.'^^.^^^ Trivalent lanthanoid ions were shown to promote se- 
lective 1,2-reduction of conjugated aldehydes in the presence of saturated aldehydes. For example, citral 
is quantitatively reduced to geraniol with NaBHdErC13, while citronellal is sluggishly reduced ( 13%) 
under the same  condition^.'^^^^^^ Conversely, 1,4-reduction of y-pyrones occurs with tritiated 
NaBH4/Ce(N03)3.198 

A mechanistic study of the role of the lanthanide cations suggests that they catalyze decomposition of 
borohydride by the hydroxylic solvent to afford alkoxyborohydrides, which may be responsible for the 
observed regioselectivity. The stereoselectivity of the process is also modified by the presence of Ln3+ 
ions, in that axial attack of cyclohexenone systems is enhanced.'93 a,@-Unsaturated aldehydes are regio- 
selectively reduced to allylic alcohols by bis(triphenylphosphine)copper(I) tetrahydroborate in the 
presence of Lewis acid ~a ta1ys t . I~~ 

@-Dialkylamino conjugated enones are reduced to the corresponding y-amino alcohols with NaBH4 in 
the presence of FeC13. These amino alcohols could be converted into conjugated enones by chromic acid 
oxidation and deamination (Scheme 34).200 On the other hand, @-acylamino conjugated enones are re- 
duced by NaBH4 to afford @,?-unsaturated y-acylamino alcohols, which are regioselectively hydrolyzed 
to conjugated enones. 
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@,@-Bis(alky1thio)-a,@-unsaturated ketones are selectively reduced in a 1,2-manner to the correspond- 
ing allylic alcohols by tritiated NaBH4 in ethanol.201 Enaminones are similarly reduced by tritiated 
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NaBH4 to the corresponding p-amino carbonyl compounds, while reduction with LiAlH4 resulted in 
deaminated products. This is explained on the basis of the HSAB principle, with NaBH4 being con- 
sidered a soft base and the vinylic P-carbon being a soft acid.202 Reduction of P-sulfenylated a$-unsatu- 
rated ketones with NaBH4 in the presence of catalytic amounts of CoC12 or NiC12 in methanol produces 
the corresponding desulfenylated, saturated ketones (Scheme 35).203 These substrates, however, were not 
affected by combinations of NaBH4 and other metal salts, including FeC12, FeC13, CUI and CuCI2. 
Conjugate reduction of substituted cinnamic acids was achieved with tritiated NaB [3H]4-NiC12 in 
methanol.204 

NaBH, 
* 

R3S R1 MeOH, CoCI, (0.1 %) R2 
r.t., 3 h 

Scheme 35 

3.5.4.2 Aluminum Hydrides 

The properties of complex metal hydrides, particularly those of aluminum, and their use in organic 
synthesis have been compared in a number of papers, review articles and  monograph^.^^^-^^^ Useful ta- 
bles, listing the most appropriate hydride reagents for selective reduction of various polyfunctional com- 
pounds, have been published.',208-211 Use of chiral metal alkoxyaluminum hydride complexes in 
asymmetric synthesis has also been 

The two modes of reduction of a$-unsaturated aldehydes and ketones, 1,2- and 1,4-addition of metal 
hydride to the enone system, lead respectively to either an allylic alcohol or a saturated ketone. It  has 
been suggested that the relative importance of these paths depends upon substrate hardness or softness, 
as defined in terms of the coefficients of the lowest unoccupied molecular orbital (LUMO) (vide supra, 
the discussion of borohydrides). While 1 ,Zaddition is considered to be a mainly charge-controlled pro- 
cess, 1,4-addition is a frontier orbital controlled process.213 These considerations predict, for example, 
that the 1,4-addition of a given metal hydride to cyclopentenone should always be faster than a similar 
addition to cycl~hexenone.~ '~ Moreover, in cases where the enone system is further conjugated to a phe- 
nyl ring, as in cinnamaldehyde, increased frontier orbital control should render the enone more prone to 
1,4-additi0n.~'~ Obviously, the course of reduction of conjugated carbonyl compounds is also highly in- 
fluenced by the nature of the metal hydride. According to Pearson's concept of soft and hard acids and 

hard metal hydrides add preferentially to the 2-position and soft metal hydrides to the 4-posi- 
tion of the conjugated enone ~ y s t e m . ~ ' ~ - ~ ' ~  As shown in Table 1, these predictions agree well with repre- 
sentative experimental res~l ts .21~,~~8 

Table 1 Ratio of 1,4- to 1,2-Reduction Products 

LiAIH(OMe)? 
L i A I b  
Li AIHGMeh 

5:95 
22:78 
56:44 

LiAIHiOBuLj3 78:22 
LiAIH(SBu')s 95:5 

10:90 
86:14 
95:5 

IO0:O 
1oo:o 

24:76 
1oo:o 
1oo:o 

Because of their electrophilic nature, Li+ cations accelerate the reduction of carbonyl compounds by 
LiAlH4 or NaBH4. Li+-complexing agents, such as cryptands, crown ethers or polyamines decrease the 
rate of reduction.219 In the case of a$-unsaturated ketones, this slow down is associated with altered 
regioselectivity. For example, LiAIH4 reduction of cyclohexenones in the absence of the cryptand pro- 
ceeds predominantly with 1,2-reduction. In the presence of the cryptand, 1,4-attack is favored. This se- 
lectivity is more pronounced with LiAlH4 than with NaBH4 (Scheme 36)2'9 and is also dependent on 
solvent. For example, with diethyl ether the 1,2-attack prevails, whereas when the cation is complexed, 
1,4-addition predominates. 
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c 

LiAIH4 

THF 86: 14 98 % 
ether 98:2 98% 
THF, 1.2 equiv. cryptand 1436 85% 
ether, 1.2 equiv. cryptand 23:77 80% 

b 

Scheme 36 

This effect is explained in terms of frontier molecular orbitals treatment.219 The regioselectivity of re- 
duction depends upon the relative values of the C-1 and C-3 atomic coefficients in the LUMO. The atom 
with the larger coefficient corresponds to the predominant site of attack. When Li+ is complexed by the 
a-enone, the C-1 coefficient is larger than that of C-3, and C-1 attack is favored. In the absence of such 
complexation, the C-3 coefficient is larger, leading to 1,4-attack. The strength of carbonyl-Li+ interac- 
tion is strongly dependent upon the solvent, the nature of the complexing agent, and the interaction be- 
tween the Li+ ion and the reducing agent. Thus, in strongly coordinating solvents, such as ~yr id ine ,”~  
1,4-reduction predominates. 

Steric and electronic factors in the enone substrate may also alter selectivity. For example, the high 
tendency of LiAlH(OBut)3 to undergo lP-addition with simple enones is modified in the example given 
in Scheme 37.220 

R = H, m-F, p-Me, p-Me0 

Scheme 37 

P,P-Bis(alky1thio)-a$-unsaturated ketones undergo two-step reduction with LiAlH4. The first step is a 
1,2-addition to the carbonyl, leading to allylic alcohols, which may undergo further reduction of the al- 
kenic bond.22’ The ratio of 1,2- to 1,4-addition of aluminum hydride to an a$-unsaturated ketone is 
highly dependent on the enone structure, solvent, relative initial concentrations of reactants, temperature, 
and softness or hardness of the hydride reagent. These reductions can be controlled to proceed with 
either 1,2- or 1,4-addition, with high selectivity.205 Scheme 38222-225 illustrates the prominent tendency 
of LiAlH4 and LiAIH(OMe)3 to yield 1,2- rather than 1,4-adducts, as compared to LiAIH(OBu‘)3. 

The reagent NaAlH2(0CH2CH20Me)z favors 1,2-addition to cyclic enones223~226230 with greater se- 
lectivity than with either LiAIH(OMe)3*14 or AIH3.2’s In the reduction of 9-oxoisolongifolene to the 
allylic 9a- or 9P-alcohols, reversal of stereochemistry occurs when NaAlH2(0CHzCHzOMe)z is used in- 
stead of LiAlH4 or NaBH4.231 While the latter two reagents lead to formation of the thermodynamically 
more stable a-alcohol as the major product, increased steric bulk of the former seems to favor the less 
stable p-isomer. Chiral compounds containing enones are often reduced to the corresponding allylic al- 
cohols with high s tereoselect i~i ty .~~~ For example (-)-cis-carveol is obtained by LiAIH4 reduction of car- 
vone at low temperatures.*-13 

Sterically unhindered enones, such as cyclohexenone, are reduced by LiAlH(OBut)3 to give predomi- 
nantly the corresponding saturated ketone,214 but more sterically congested systems are cleanly reduced 
viu the 1,2-mode to give the allylic alcohol, usually with high stereoselectivity.23”238 
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LiAlH, 

99.6% 

LiAlH(OMe), 94% 
LiAlH(OBu'), 38% 

6% 
62% 

Scheme 38 

1.2-Reduction has been reported for other hydride reagents, such as diisobutylaluminum hydride 
(DIBAL-H)?13-230*239~240 aluminum hydride218 and 9-BBN-H.24' a$-Unsaturated lactones are also re- 
duced by DIBAL-H to the corresponding lactols in high yields.z42 

1,4-Reduction of enones can be effected with high selectivity with AlH(OBut)2, A1H(OPri)2, 
AIH(NPr'2)z forming saturated ketones in 90-100% yield. AlH(NPr'2)z exhibited the lowest selectivity, 
as no 1,4-reduction of mesityl oxide or isophorone is observed with this reagent. Reacting AlH(NPr'2)z 
with methyl vinyl ketone or cyclohexanone led to a mixture of products. trans-Chalcone also undergoes 
quantitative 1,4-reduction with the above-mentioned hydrides.240 Similarly, reduction of 9-anthryl styryl 
ketone or anthracene-9,10-diyl-bis(styryl ketone) with LiAlH(OBut)3 affords the saturated ketone as the 
sole Hydrides such as LiA1H(OBut)3 and LiAlH(SBut)3 favor 1,4-reduction in cyclopent- 
enones?14~215~218~z~z47 as in the example in Scheme 39.248*249 

Scheme 39 

Scheme 40 illustrates an interesting two-step selective reduction of an enone system, first with sodium 
hydride and NaAlHz(OCH2CHzOMe)2 and then with the same reagent in the presence of 1 ,4-diazabicy- 
clo[2.2.2]octane. Specific reduction, however is not achieved with NaBH4, LiBH4, LiBHBu9 or 
9-BBN-H.250 

OEt 
/ 

OEt 
/ 

NaH 

NaAIH2( OCH2CH20Me), 

OEt MEM = methoxymethyl 
/ 

c 
DABCO 

HO 

0 
""OMEM 

0 
""OMEM 

NaAIH2(OCH2CH20Me), ""'OMEM 

HO' 

Scheme 40 
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Both LiAlH(OMe)3 and NaAlHz(0CHzCHzOMe)z are convenient reducing agents for low tempera- 
ture, copper-mediated 1,4-reduction, as shown for the latter by Scheme 41.223-251 Partial reduction of cy- 
clopentenedione has been achieved with several of these  reagent^.^^^-^^^ 

NaAIH2(0CH2CH20Me)2. Cu2Br2 
* 

But THF, 2-butanol, -78 to -20 'C ,  98% But But 

Scheme 41 

There are a number of cases where a less reactive enone group remains intact while a more reactive 
saturated ketone present in the same substrate is selectively but there are a number of 
examples of polyfunctional natural products where simultaneous reduction of both saturated and unsatu- 
rated ketones or of preferential reduction of the unsaturated one is achieved with L ~ A I H ( O B U ' ) ~ . ~ ~ ~ - ~ ~ ~  

1,2-Reduction of enol ethers or enol esters of 1,3-diketones, followed by acid-catalyzed allylic rear- 
rangement of the reduction product (see p. 85 in ref. 5) is a useful route to a$-unsaturated ketones. Ali- 
p h a t i ~ ~ ~ ~ . ~ ~ ~  and alicyclic2@ enones have thus been prepared in good yields at low temperatures with 
N~AIHz(OCH~CHZOM~)Z.~~~~~~~ 

Reduction of ol,P-unsaturated aldehydes can afford either an unsaturated or saturated primary alcohol, 
or a mixture of both, depending on reaction conditions. For example, while addition of cinnamaldehyde 
to NaAlH2(0CHzCH20Me)z in benzene gives 97% 3-phenylpropanol, inverse addition (of the reducing 
agent to solution of the substrate) yields 94% cinnamyl a l ~ o h o l . ~ ~ ~ ~ ~ ~ ~  Reduction with LiAlH4 is similarly 
dependent on the addition sequence. The more sterically hindered hydride LiAlH(OBu')3 is highly selec- 
tive for 1,2-reduction of aldehydes, even under conditions of normal addition. For example, it reduces 
cinnamaldehyde cleanly to cinnamyl alcohol, without affecting the alkenic bond.269-271 Similar behavior 
is exhibited by NaAlHz(OCH2CHzOMe)z, which reduces 2-butenal to 2-butenol in 97% yield.268 On the 
other hand, hydrides, such as LiA1H(OMe)3206~269~270 and N~A~ZH~(OCHZCHZNM~Z)~?~~ usually yield 
the saturated primary a l ~ o h o 1 . ~ ~ ~ - ~ ~ ~  

Regioselectivity of enone reduction with DIBAL-H is very susceptible to minor structural changes in 
the substrate. While five-membered exocyclic enones provide the allylic alcohols, which are the normal 
products for this reagent, reduction of chromones possessing exocyclic six-membered enones yield satu- 
rated ketones (Scheme 42).276 This was explained by the strict coplanarity of the enone function in the 
five-membered structure, whereas the enones giving rise to saturated ketones are slightly twisted. Reduc- 
tion of isoflavones with DIBAL-H under these conditions provides the corresponding isoflavan-4-ones in 
very high selectivity.276 Reduction of a substituted dihydropyranone with DIBAL-H in benzene affords 
the corresponding g l y ~ a 1 . ~ ~ ~  

DIBAL-H 
c 

tolueneRHF, -65 OC 

0 
/ I  

DIBAL-H /Y+Y-f- ' I '  

OMe 
/ 

65 % 

0 

Scheme 42 

The 'ate' complex LiAIHBu"Buiz is prepared from DIBAL-H and n-butyllithium in either THF or tol- 
uene-hexane. This reagent is more effective for selective l ,2-reduction of enones to the corresponding 
allylic alcohol than is DIBAL-H alone.278 The reagent also reduces esters, lactones and acid chlorides to 
the corresponding alcohols, and epoxides to the respective alcohols. a$-Unsaturated ketones derived 
from dehydration of aldol products from 1 -(arylthio)cyclopropanecarbaldehydes and ketones were selec- 
tively reduced by this 'ate' complex or by DIBAL-H itself, yielding the allylic alcohols with minor 
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Yields were typically higher with this reagent than with 

Enones may be deoxygenated with LiAl&/AlC13 to give the corresponding alkenic hydrocarbons. The 
reactive species seem to be AIHCh or AIH2C1, which act as both Lewis acids and hydride donors. The 
reaction involves initial 1,2-reduction to form the allylic alcohol, followed by substitution of the allylic 
hydroxy group by hydride (mainly via an S N ~ ’  mechanism) to form the corresponding mixture of al- 
kenesZ8O This technique has been applied to the deoxygenation of natural products. By using mixtures of 
LiAlfi and AlCb, flavanone and chalcones were transformed into flavan and diarylpropenes, respective- 
ly.281 In a few cases, such as with 2-bromocyclopentenone or 2-hydroxycyclohexenone, only 1,2-reduc- 
tion with LiAlH4/AIC13 is observed.282 

Conjugate reduction is the major pathway of enone reduction with a mixture of LiAlH4 and excess CUI 
in THF.283 It has been shown that the active reducing agent in this mixture is an HzAII species and not 
the copper hydride. Enones that have an s-cis geometry are reduced much more slowly than similar 
ketones with an s-trans conformation, and no reduction was observed with cyclohexenone and 3,3,5-tri- 
methylcyclohexenone. These results suggest that the mechanism involves coordination of the metal to 
the carbonyl, forming a six-center transition state.283 

Enones with two alkyl groups at the @-position are reduced very sluggishly under these conditions. 
Other metal salts, such as Hglz, Tic13 and HgCl2, premixed with LiAlH4 in THF similarly give rise to 
1,4-reduction. Yields and selectivities were found to be much lower than with CUI. HzAII was found to 
react in the same manner as LiAlH4/CuI, and the series H2A11, HAII2, H2AIBr, HAlBr2, HzAlC1 and 
HAICIz was therefore prepared. Of these, the iodo compounds exhibited the highest reactivity. HAIIz re- 
duces enones at a slower rate than HzAlI. Diisobutylaluminum-2,6-di-t-butyl-4-methylphenoxide was 
found to be an efficient and stereoselective reducing agent for 12-reduction of the enone at position 15 
in prostaglandin synthesis?84 and was used successfully in the synthesis of the lichen macrolide (+)-as- 
p i ~ i l i n . ~ ~ ~  

Chiral lithium alkoxyaluminum hydride complexes can be used to obtain optically active allylic alco- 
h o l ~ . ~ ~ ” ~ ~ ~  These reagents are more selective than the polymer-supported L i A l b  and LiAlHemonosac- 
charide complexes.2w 

a$-Alkynic ketones are selectively reduced to the corresponding propargylic alcohols with 
LiAlH(OMe)3. Asymmetric 1 ,Zreduction of alkynic ketones is an effective method for preparing opti- 
cally active propargylic alcohols in high yield and high enantioselectivity. Common chiral reductants for 
this purpose include the Mosher-Yamaguchi reagent,291-293 the Vigneron-Jacquet complex,294296 and 
LiAlH4/2,2’-dihydroxy- 1,l’-binaphthyl/methanol (R and S) complexes,297 Landor’s chiral Li AlH4-mono- 
saccharide c o m p l e x e ~ , ~ ~ ~ - ~ ~  and the LiAlH4-N-methylephedrine-N-ethylaniline complex.288 

Asymmetric reduction of dl-geranial, dl-neral and related linear terpenic aldehydes can be achieved 
with LiAlH44ihydroxybinaphthyl complex with 72-91% ee (Scheme 43).30* 

amounts of the 1,4-reduction 
DIBAL-H. 

LiAlH, 

0 (S)-(-)-2,2’-dihydroxy- 1,l’-binaphthyl, OH 
(S)-(+) 91% (91% ee) ethanol, THF, -100 “C 

Scheme 43 

Asymmetric reduction of prochiral a$-unsaturated ketones with chiral hydride reagents derived from 
LiAlH4 and (S)-4-anilino- and (S)-4-(2,6-xylidino)-3-methylamino- 1 -butanol gives ( S ) -  and (R)-allylic 
alcohols, respectively, in high chemical and optical yields (Scheme 44).302 

0 
Y OH 

OH 

LiAlH, + H 

95% (100% S) 
I *l 

, H NHPh 
Ph Li’ 

Scheme 44 

A modified aluminum hydride prepared by treating LiAIH4 in THF with equimolar amounts of ethanol 
and optically pure S-(-)-2,Y-dihydroxy- 1 ,l’-binaphthyl, gives allylic alcohols of very high optical 
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purity, 1869303  especially attractive in prostaglandin synthesis.186 Considering both chemical and optical 
yields, these reductions compete with standard microbiological methods.304 Asymmetric reduction of 
a$-unsaturated ketones is also achieved with LiAlH4, partially decomposed by (-)-N-methylephedrine 
and ethylaniline.288 This reagent converts open chain enones into the corresponding optically active 
allylic alcohols in high chemical (92-100%) and optical yields (78-98% ee). 

3.5.4.3 Silicon Hydrides 

The hydrogen in the Si-H bond is slightly hydridic in nature, as would be expected from the relative 
electronegativities of silicon ( 1.7) and hydrogen (2.1). Therefore, silanes may function as hydride trans- 
fer agents toward highly electrophilic species such as carbonium ions. The hydridic nature of the Si-H 
bond may be significantly increased upon interaction with strong anionic ligands, such as fluoride and 
alkoxides (vide infra). In addition, the average bond energy of the Si-H and C-H bonds (70 and 99 
kcal mol-', respectively; 1 kcal = 4.18 kJ) suggests that Si-H bonds should be susceptible to hydrogen 
atom abstraction by carbon radicals. Thus, the dehalogenation of alkyl halides with hydridosilane under 
homolytic conditions is explained in terms of a radical chain mechanism.305 Alternatively, silanes readily 
transfer a hydride ligand to variety of transition metal complexes via oxidative addition, allowing for 
highly selective transition metal catalyzed reduction processes (vide infra, Section 3.5.6.2). 

A useful reduction method involving hydridosilane in strongly acidic media, 'ionic hydrogenation', is 
useful for reduction of a number of organic functional groups.3o6 The ionic hydrogenation reaction is 
based on the principle that the carbonium ion formed by protonation of the double bond reacts with an 
hydride donor to form the hydrogenated product. Reduction conditions generally involve reflux in 
strongly acidic media in the presence of the silane. Obviously, reduction is possible only when the sub- 
strate can produce carbonium ions under the given conditions. A hydrogenation pair most useful for 
many reduction processes is trifluoroacetic acid and a hydridosilane, which exhibits the following order 
of reactivity:306 EtsSiH > (n-octy1)sSiH > EtzSiH2 > PhaSiHz > PhsSiH > PhSiHs. 

These reducing systems tolerate carboxylic acid derivatives, nitriles, nitro groups, sulfonic esters, aro- 
matic rings and, occasionally, alkenes, alkyl halides, ethers and alcohols as well. Reduction may be che- 
moselective in compounds containing many functionalities, with the functional groups most easily 
capable of stabilizing a carbonium ion being reduced most readily. Thus, for example, aliphatic alkenes 
are reduced only when they are branched at the alkene carbon atom. With a,@-unsaturated ketones, the 
reduction can be directed almost exclusively to the C-C double bond. Thus, using only 1 equiv. of 
silane, enones are reduced to saturated ketones (Scheme 45).307 dR - 1 cell equiv. ,lOequiv. Et,SiH, CF,CO,H 55 "C, 8 h ~ dR \ 

\ 

0 0 
R = H, OMe, C1, Me, Et 52-78% 

Scheme 45 

With excess silane, further reduction of the saturated ketone to the corresponding saturated alcohol oc- 
curs in high yield. In the case of chalcones, excess silane may effect complete reduction and deoxygena- 
tion to yield the corresponding alkane.307~308 

The reaction of conjugated enones and dienones with trimethyl- and triethyl-silane in the presence of 
TiC14, followed by aqueous work-up produces the corresponding saturated ketones. This Lewis acid cata- 
lysis is particularly useful for conjugated reduction of sterically hindered systems (Scheme 46).3w a$- 
Unsaturated esters are not reduced under these conditions. 

Anionic activation of Si-H bonds3I0 by fluorides, such as KF or CsF, or by potassium phthalate, 
KHCO3, KSCN, etc., yields powerful hydridic reagents that reduce the carbonyl group of aldehydes, 
ketones and esters,311 and 1,2-reductions of a$-unsaturated aldehydes and ketones occur with high se- 
le~tivity.~" The analogous activation of hydridosilanes by fluoride ions is also achieved under acidic 
conditions with boron trifluoride etherate, in which the latter compound is consumed and fluorosilanes 
are formed.312 
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& TiC14, rs., 1 h EgSiH & 
AcO AcO 

76% 

Scheme 46 

Effective anionic activation of trichlorosilane can be carried out with either catechol or 2,2'-dihydr- 
oxybiphenyl in THF yielding bis(diolato)hydridosilicates.313 Such reagents exhibit reducing power that 
is reminiscent of the complex aluminum hydrides. Even tertiary amines are useful activators of trichloro- 
silane, enhancing its hydridic character.314 

3.5.4.4 Tin Hydrides 

The special characteristics of organotin hydrides as reducing agents are rationalized by the fact that the 
tin-hydrogen bond is both weaker and less polar than the B-H or AI-H These characteristics 
are manifested in reactions that proceed by either a free radical chain or polar mechanism, depending on 
the substrate, catalyst and reaction conditions. 

a,@-Unsaturated aldehydes and ketones are readily reduced by organotin hydrides under rather mild 
conditions, but the reaction is often obscured by subsequent transformations of the adducts.316 On heat- 
ing or under UV irradiation, the organotin monohydrides add mainly at the 1,4-positions of the enone 
system to form the enol ~ t a n n a n e . ~ ' ~ ~ ~ ~  The latter may be hydrolyzed (or cleaved by a second equivalent 
of tin hydride)316e resulting in overall reduction of the double bond (Scheme 47). The mechanistic 
pathway was demonstrated in reactions carried out with deuterated tin hydrides and/or in deuterated 
methanol.317 

J R3SnH -(R,Sn), 

-R3SnOR' 

Scheme 47 

Sterically unhindered enones may produce mixtures of products, including carbon stannylated species. 
For example, methyl vinyl ketone gives rise to significant quantities of the inverted 1 A-adduct, where tin 
binds at the 4-position, leading to a @-stannyl ketone. In the case of methyl propenyl ketone, addition oc- 
curs at positions 3 and 4, producing an a-stannyl ketone (Scheme 48).3'6J 

Ph3SnH 

55 "C. 4 h, 60% Ph3Sn 

I Ph,SnH 2: 1 

4 /& "",47%* LBU3 Bu$nH 

+ 
S n B q  

3: 1 
Scheme 48 
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In this class of reagents, diphenylstannane exhibited the highest regioselectivity, affording essentially 
pure lP-reduction. Other hydrides, such as BusSnH or Ph3SnH, give mixtures of 1,2- and 1P-reduction 
products and they usually require free radical 

In the case of a$-unsaturated esters and nitriles, hydrostannation may proceed via either a polar or 
radical mechanism. Compounds containing a terminal multiple bond form the a-stannyl derivative, ac- 
cording to a polar mechanism, while P-adducts are formed according to the radical pathway.319 Other 
conditions being equal, triarylstannanes are more active than trialkylstannanes in radical processes. In 
general, a,P-unsaturated nitriles undergo the polar addition more actively than do the corresponding es- 
ters. However, with acrylonitrile, the homolytic mechanism is significant as well.320 With trialkylstan- 
nanes under the action of azobis(isobutyronitri1e) or UV irradiation or with triphenylstannane on heating, 
@-adducts are formed exclusively. Mixtures of a- and P-adducts are produced on thermal addition of 
trialkylstannanes (Scheme 49).320 The a/@ ratio increases with solvent polarity. 

1.5 equiv. Et$nH 

AIBN, 75 "C, 1.5 h 

E t , S n A  
CN 

59% 

2 equiv. Bu3SnH SnBu3 
B u 3 S n A  

CN + A C N  
36% 150 "C, 5 h 

55% 

e C N  

2 equiv. Ph3SnH 

150 "C, 5 h 

P h 3 S n 6  
CN 

98% 

Scheme 49 

\ 
Hydrostannation of a-alkynic esters generally produces a mixture of products.315 

3.5.5 REDUCTIONS WITH STOICHIOMETRIC AMOUNTS OF TRANSITION METAL 
HYDRIDES 

3.5.5.1 Copper Hydrides 

The known preference of organocopper reagents to engage in 1,4-addition to a,@-unsaturated carbonyl 
compounds,321 prompted an extensive search for analogous hydridocopper reagents that would undergo 
conjugate addition to enones. Indeed, reaction of copper(1) bromide with either 2 equiv. of lithium tri- 
methoxyaluminum hydride or 1 equiv. of sodium bis(2-methoxyethoxy)aluminum dihydride ('Vitride' 
by Eastman or 'Red-Al' by Aldrich) in THF produces a heterogeneous mixture capable of 1,4-reduction 
of a$-unsaturated ketones, esters322 and nitriles.323 The exact composition of these reagents is not yet 
known. Reductions usually take place between -20 and -78 'C to give moderate yields of the saturated 
carbonyl compound, along with varying amounts of the 1,2-reduction product (Scheme 50). The use of 
lithium trimethoxyaluminum deuteride with CuBr produces the saturated ketone deuterated at the p-posi- 
tion. Addition of D20 before the aqueous work-up leads to deuterium incorporation at the a-position. 
Because these reagents react with other functional groups (saturated ketones and aldehydes and alkyl 
bromides being reduced almost as rapidly as enones), their chemoselectivity is limited. 

- b + &  4 equiv. LiAI(OMe),H 
2 equiv. CuBr 

THF, -20 "C, I h 

84% 3% 

Scheme 50 

Combination of LiAIH4 and catalytic amounts of Cui in HMPA/THF (1 :4) is useful for 1,4-reduction 
Reactions carried out at -78 "C for 1 h resulted pre- of a$-unsaturated ketones, aldehydes and 
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dominantly in the lP-reduction product, but traces of the saturated and allylic alcohols were also 
formed.324 It was claimed that the ratio between LiAlH4 and CUI (10: 1) as well as the presence of HMPA 
generates a hydridocuprate species which acts as the actual reducing agent. In contrast, in previously re- 
ported work using either LiAlH4 or AlH3 and CUI (in a 4: 1 ratio) in THF, it was suggested that the active 
reductant is H2Al1283 (vide supra). An improved system based on diisobutylaluminum hydride (DIBAL- 
H) as the hydride donor and MeCu as the catalyst effects clean conjugate reduction of a variety of a,@- 
unsaturated carbonyl compounds without 1,2-reduction products. The presence of HMPA, probably 
acting as a ligand, was found to be of crucial importance for this reducing system, as shown in Scheme 
5 1 .325 Other coordinating solvents including pyridine, DMF and DMSO, did not lead to comparable 
regioselectivity. Chemoselectivity is demonstrated by the selective 1,6-reduction of methyl sorbate in the 
presence of a saturated ketone, and the conjugate reduction of the enone of progesterone with only minor 
reduction of the saturated ketone in this molecule. 

0.1 equiv. MeCu, I equiv. DIBAL-H 8- THF, -50 'C 

with HMPA 73% 
without HMPA 11% 

- 
56% 

i, MeCu, HMPA, DIBAL-H 

THF. -50 "C, 2 h 

w C 0 2 M e  + A c 

- C 0 2 M e  + A 
97% 100% 

Scheme 51 

ii, H ~ O +  

A series of heterocuprate complexes Li+HRCu-, with R representing a nontransferable ligand such as 
1-pentynyl, Bu'O- or PhS-, was generated in toluene from DIBAL-H and CUI by addition of RLi. These 
reagents were used for clean 1,4-reduction of a,@-unsaturated ketones, and nitriles. Yields, 
however, were quite low in several cases due to the strong basicity of these reagents. Although HMPA 
was found to facilitate 1,4-reduction in substrates where the @-carbon is highly substituted, enone reduc- 
tion in multifunctional compounds resulted in low yields (Scheme 52). In a related, independent study, 
the hydridocuprate complex was prepared by addition of RLi (R = alkyl or alkynyl) to a suspension of 
CuH in ether or in THF. These reagents were used for clean conjugate reduction of a,@-unsaturated car- 
bonyl~?~'  but with poor chemoselectivity, as saturated aldehydes and ketones were reduced under these 
conditions to the corresponding alcohols, and various tosylates and bromides were reductively cleaved. 

'%, 

90:lO (90%) 

Pr - CUH- Li+ 

HMPA (lO%)/tolueneRHF 
24 h, -20 OC 

PhSCuHli+/toluene/T"F 

ni 
HMPA (IO%), 24 h, -25 "C 

Scheme 52 

1oo:o (50%) 

Polyhydridocopper complexes, such as LiCuH2, Li2CuH3, Li3CuH4, Li4CuHs and LisCuH6 were pre- 
pared328 by LiAlH4 reduction of Li,,CuMe,+I Reduction of a,@-unsaturated carbonyl compounds with 
any of these hydrides in ether or in THF produced mixtures of 1,4- and 1,2-reduction products. These re- 
agents also reduce ketones, alkyl halides, alkyl tosylates and aryl halides. 
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The stable, well-characterized copper(1) hydride cluster [ ( P P ~ ~ ) C U H ] ~ ~ * ~  is a useful reagent for con- 
jugate reduction of a,@-unsaturated carbonyl compounds.330 This hydride donor is chemically com- 
patible with chlorotrimethylsilane, allowing formation of silyl enol ethers via a reductive silation process 
(Scheme 53). 

-d+ 0.32 equiv. [(PPh,)CuH], 

benzene, r.t., 28 h 0 
16:l 

85% H 
0 

0 

0 LYI H 

0 
I1 

OSiMe3 
I 

- 0  0.32 equiv. [(PPh,)CuH], 

Me3SiCI, 15 min 

Scheme 53 
95% 

3.5.5.2 Iron Hydrides 

Iron hydrides were also used for selective 1 ,Creduction of e n o n e ~ . ~ ' ~ ~  For example, tetracarbonylhy- 
dridoferrate, NaHFe(C0)4, prepared in methanol, reduces benzalacetone to benzylacetone. Addition of 
this reagent to an ethanolic solution containing both an aldehyde and a ketone results in reductive alkyl- 
ation of the ketone. The reaction probably involves base-catalyzed aldol condensation of the aldehyde 
and the ketone, followed by elimination of water to give the corresponding a$-unsaturated ketone. The 
latter is then reduced by the tetracarbonylhydridoferrate, to afford the saturated ketone.331 Interestingly, 
NaHFe(C0)d in THF reduces a,@-unsaturated carbonyl compounds to the corresponding saturated 
alcohols with high stereospecificity. For example, (+)- and (-)-camones are reduced to (-)- and (+)- 
neodihydrocarveol, respectively.332 

The binuclear hydride N ~ H F ~ ~ ( C O ) S , ~ ~ ~ , ~ ~  is also useful for clean conjugate reductions. This reagent 
is capable of selective 1 ,Creduction of a$-unsaturated ketones, aldehydes, esters, nitriles, amides and 
lactones in good yields (Scheme 54). Reductions are generally performed at -50 "C in a THF solution of 
NaHFe2(CO)s and HOAc. Usually, 2 or more equiv. of the reagent are required for the reduction of 1 
equiv. of substrate. 

* CHO 
2 equiv. NaHFe2(CO),/THF 
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Ph- &CHO Ph 

90% 

2 equiv. NaHFe2(CO),mF 
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96% 

p h A C N  - PhwcN 

- cf3 +,& 

2 equiv. NaHFe2(CO)$THF 

2 equiv. AcOH, 2 h 0 
45% H H 

80:20 

0 

Scheme 54 

According to a detailed mechanistic the reaction involves reversible, regiospecific addition of 
NaHFez(C0)s to the C - C  double bond of the enone, affording the corresponding binuclear iron enolate. 
Cleavage of the latter to the mononuclear iron enolate represents the rate-determining step, protonolysis 
of which provides the saturated ketone. 
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3.5.5.3 Other Transition Metal Hydrides 

The intermetallic hydride LaNisH6 is an effective reagent for conjugate reduction of enones. Reduction 
of the resulting saturated carbonyl occurs very slowly with this reagent, giving high yields of the 1,4-re- 
duction 

a,@-Unsaturated carbonyl compounds are reduced selectively and in good yields (55430%) to the 
corresponding saturated derivatives by the hydridochromium complex NaHCra(C0)io in THF at 66 'C. 
This latter complex is prepared by stirring chromiumhexacarbonyl with potassium graphite (CgK) in dry 
THF with subsequent addition of water.336 

Excess hydridocobaltcarbonyl reduces a$-unsaturated ketones and aldehydes in moderate yield and 
good regioselectivity. The reaction involves complexation of the double bond to cobalt, followed by mi- 
gratory insertion of hydride into the enone, forming an oxaallyl cobalt complex.337 Poor chemoselectivity 
is one of the major drawbacks of this reaction, as simple alkenes are rapidly hydroformylated to the 
corresponding aldehyde under the reaction conditions (25 'C, 1 atm of CO). 

a$-Unsaturated ketones and esters are selectively 1,4-reduced by EbN[ p-HMoz(CO)~ol and HOAc in 
refluxing THF.338 Benzalacetone is quantitatively reduced to benzylacetone under these conditions. 
However, reduction of cinnamaldehyde gives a mixture of dihydrocinnamaldehyde (3%). cinnamyl alco- 
hol (85%), and phenylpropane (12%). 

3.5.6 COMPOSITE REDUCING SYSTEMS 

Composite reducing systems comprise at least two components, namely a relatively inactive source of 
hydride ions and a transfer agent to deliver the hydride selectively from that donor to a target function- 
ality. This family of reducing systems will, therefore, selectively transfer a hydride ion to various electro- 
philic functional groups, including a,@-unsaturated carbonyl compounds. The acceptor properties of the 
latter make them excellent ligands for low-valent, electron-rich transition metals and, obviously, good 
substrates for selective reduction with nonreactive hydride donors. 

Such multiple-component reducing systems offer high flexibility because they involve a large number 
of independent variables that can be tailored to various synthetic tasks, especially in comparison to metal 
hydride reduction which utilizes a single reagent. Thus, appropriate modification of the hydride donor, 
judicious selection of a transition metal transfer agent, and in some cases, use of a cocatalyst, provide an 
opportunity for creating a wide variety of reducing systems that exhibit improved chemoselectivity, as 
well as regio- and stereo-control. 

35.6.1 Transfer Hydrogenation using Alcohols as Hydrogen Donors 

Catalytic transfer of hydrogen from an organic donor to a variety of unsaturated organic acceptors is 
widely documented.339 This approach has also been applied to the reduction of a,@-unsaturated carbonyl 
compounds, utilizing a catalyst and an organic compound with a low enough oxidation potential to be 
oxidized under the reaction conditions by the unsaturated carbonyl substrate.339 With respect to enone re- 
duction, the most commonly used hydrogen donors are primary or secondary alcohols. Temperatures for 
catalytic transfer hydrogenation are usually in the range 10&200 "C, depending upon the hydride source. 

When a,@unsaturated ketones are heated with a primary or secondary alcohol in the presence of 
RuClz(PPh3)3 or RuHCl(PPh3)3 at 200 'C, hydrogen is transferred selectively to the alkenic double 

The competing equilibrium that reduces the saturated ketone back to the alcohol may be sup- 
pressed by use of a primary alcohol such as benzyl alcohol or, more conveniently, by the use of boiling 
ethylene glycol, since saturated ketones are readily separated from insoluble glyoxal polymers.343 Poly- 
vinyl alcohol can also be used as a convenient hydrogen donor.)& a,@-unsaturated ketones give higher 
yields than the corresponding aldehydes, which undergo self-condensation. a$-Unsaturated esters 
undergo transesterification side reactions with the donor alcohol. 

Studies on the role of a Ru" catalyst as well as the mechanism of hydrogen transfer in enone reduction 
with benzyl alcohol at 170-190 'C revealed that RuClz(PPh3)3 is converted by the primary alcohol into 
RuHz(CO)(PPh3)3, which then hydrogenates ben~ylideneacetone.~~~ 

Transfer hydrogenation catalyzed by RuClz(PPh3)3 has been applied to the synthesis of cyclodode- 
cane- 1.2-dione in 53% yield from the corresponding 1,2-diol using benzylideneacetone as the hydrogen 
acceptor.346 5,5-Dimethylcyclohexane- 1,3-dione reacts via its enol tautomer on heating with ethylene 
glycol in the presence of RuClz(PPh3)3 to give 3,3-dimethylcyciohexanol, 3,3-dimethylcyclohexanone 
and its corresponding 
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Vinyl ketones, such as methyl vinyl ketone, are not reduced in the presence of RuClz(PPh3)3 on heat- 
ing with common primary or secondary alcohols, but they are reduced on heating with allylic alcohols, 
such as hex- 1 -en-3-01, using hydrated RuC13, RuCIz(PPh3)3, RuHCI(PPh3)3, RuH(OAc)(PPhs)s or, most 
efficiently, RusO(OAc)7 (Scheme 55).348 Surprisingly, other ketones, including acetophenone or benz- 
ylideneacetone, are not reduced under these conditions. 

Ru complex 

1 o o o c  

Scheme 55 

As in hydrogen transfer between alcohols and saturated ketones, the rate-determining step in the re- 
action with a,@-unsaturated ketones is hydrogen abstraction from the a-carbon atom. It has been sug- 
gested that the hydrogen atom is transferred directly to the @-carbon of the enone, yielding an -q3-oxaallyl 
complex which following protonation yields the saturated ketone.340 

Unsaturated esters also undergo transfer hydrogenation under RuClz(PPh3)3 catalysis to the saturated 
esters, but significant transesterification reaction with the reacting alcohol also occurs.341 Simple alkenes 
are reduced, in general, very slowly under the reaction conditions, although RuClz(PPh3)3 is reported to 
catalyze hydrogen transfer from indoline to cycloheptene in refluxing toluene, to give cycloheptane and 
indole,349 and other Ru" complexes catalyze hydrogen transfer from alcohols to diphenylacetylene to 
yield ~ i s - s t i l b e n e . ~ ~ ~  a,@-Unsaturated aldehydes are selectively reduced in THF with formic acid and 
trialkylamine and catalytic amounts of RuCIz(PPh3)3 to produce allylic alcohols.351 

Transfer hydrogenation of a prochiral alkene in the presence of a chiral catalyst may lead to a chiral 
saturated product. For example, tiglic acid (MeCH=C(Me)C02H) is hydrogenated at 120 "C by either 2- 
propanol in the presence of R~uH4(CO)s(-)-diop)z~~~ (diop = 2,3-O-isopropylidene-2,3-dihydroxy- 1,4- 
bis(dipheny1phosphino)butane) or by benzyl alcohol in the presence of RuzCL(diop)3 at 190 0C.353 The 
optical purities reported for the resulting saturated acids, however, do not exceed 1&15%, a lower figure 
than that obtained by catalytic hydrogenation with hydrogen gas. 

Prochiral a,@-unsaturated esters can also be asymmetrically hydrogenated by benzyl alcohol or 1 -phe- 
nylethanol and catalytic R~zC14(diop)3,~~~ but the optical purities of the resulting esters are even lower 
than those obtained from hydrogenating the corresponding acids. Enantioselectivity is also observed in 
transfer hydrogenation of a,@-unsaturated ketones, such as PhCHdHCOMe,  by racemic 1 -phenyletha- 
no1 in the presence of Ru" chloro complexes containing optically active tertiary phosphines, including 
diop and neomenthyldiphenylphosphine. Thus the optical purity of 1 -phenylpropan-1-01 enriched in the 
(S)-(-)-isomer is 1 1 % when reacted under these conditions with ben~ylideneacetone.~~~ 

Asymmetric hydrogen transfer from optically active monosaccharides, such as 1,2-a-~-glucofuranose, 
to prochiral enones is catalyzed by RuC12(PPh3)3 in diphenyl ether at 180 'C or by RuH2(PPh3)4 in tol- 
uene at 100 "C (Scheme 56).355 Catalytic hydrogen transfer from sugars with free anomeric hydroxy 
groups was studied with 2,3;5,6-di-O-isopropylidene-~-mannofuranose and RuH2(PPh3)4. In an excess of 
enone acceptor, these sugars were converted in high yields into the corresponding lactones (Scheme 
56).356 

The 1P-reduction of styryl ketones by 1-phenylethanol using RuH(PPh3)4 catalyst can be carried out at 
50 "C, a relatively low temperature for transfer hydrogenation. An electron-withdrawing group present in 
the enone system increases the initial rate of reduction, suggesting a transfer of hydrogen to the enone by 
an intermediate with hydride ion character.357 Isotope labeling of the alcohol donors shows that hydrogen 
is regioselectively transferred from the carbinol carbon to the @-carbon of the enone, with the hydroxylic 
proton being transferred to the a-position. Cleavage of an 0-H bond is the rate-determining step in this 
reaction.358 

High catalytic activities, with turnovers of up to 900 cycles m i d ,  is displayed in the transfer hydroge- 
nation of a,@-unsaturated ketones, such as benzylideneacetone and chalcone, using 2-propanol and cata- 
lytic amounts of [Ir(3,4,7,8-Me4-phen)COD]CI (phen = 1,lO-phenanthroline; COD = 1 ,S-cyclo- 
octadiene) in a weakly alkaline medium.3J9 Other Ir-chelated complexes are also active catalysts in this 
reaction, with over 95% selectivity for the 1,4-reduction mode. Divalent lanthanide derivatives, such as 
SmI2 or YbI2 in stoichiometric quantities, in THF and r-butyl alcohol or methanol reduce ethyl cinnamate 
and cinnamic acid to give the saturated derivatives.360 Similarly, 3-methylcyclohexenone is reduced to 3- 
methylcyclohexen- 1-01 in 67% yield, but a,@-unsaturated aldehydes are nonselectively reduced with 
these systems. 
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o +  Ph A Ph 

Scheme 56 

3.5.6.2 Transition Metal Catalyzed Reductions with Group 14 Metal Hydrides 

Group 14 metal hydrides, especially those of silicon and tin, are satisfactory nonreactive hydride do- 
nors, as in the absence of a catalyst they are, generally, poor reducing agents. Transition metal complexes 
are attractive transfer agents because they insert readily into Si-H or Sn-H bonds and they also bind 
specifically to various functional groups. 

Indeed, a combination of tributyltin hydride, Pdo catalyst and a weak acid, such as ammonium 
chloride, forms an effective, yet mild tool for conjugate reduction of a$-unsaturated aldehydes and 
ketones.361 Similar results are obtained with other acidic cocatalysts, such as zinc chloride, acetic acid 
and tributyltin triflate.362 With this system, reductions occur with high regioselectivity, providing a use- 
ful approach for deuterium incorporation into either the P- or a-position by using either tributyltin deu- 
teride or bo, respectively (Scheme 57).361 

Bu3SnD, P d 4  f t C H 0  
/ 

* Ph 
H2O 

Bu3SnH, PdL, 
p h b C H 0  

L P h T c H o  

D D2O 

Scheme 57 

Silicon hydrides offer even greater selectivity in these reductions.363 Their superiority over tin hy- 
drides is manifested by the greater stability of the palladium catalyst in the reaction solution, and the ab- 
sence of diene side products, frequently formed via the competing Pd-catalyzed elimination processes. 

The combination of silicon hydrides and a Pdo catalyst is essentially useless for reduction of electron- 
deficient alkenes. However, addition of catalytic amounts of zinc chloride creates a new three-compo- 
nent mixture that enables rapid conjugate reduction of a$-unsaturated ketones and aldehydes.3u In fact, 
soluble palladium complexes of various oxidation states were equally efficient catalysts, an obvious 
practical advantage of this approach. The generality of the method with respect to the substrate, its ex- 
perimental simplicity, and its easy applicability to large-scale work make it a method of choice for con- 
jugate reduction of unsaturated ketones and aldehydes. 

The reaction was found to be both regio- and stereo-selective. In all cases where diphenyldideuteriosi- 
lane was used to reduce unsaturated ketones, deuterium was stereoselectively introduced at the less-hin- 
dered face of the substrate and regioselectively at the P-position (Scheme 58). Conversely, when 
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reductions were carried out in the presence of traces of D20, deuterium incorporation occurred at the a- 
position just as with the tin hydride reductions of Scheme 57.364 

Ph2SiD2/Pdo * rJ--$H 
0 0 74 0 ZnCI, 0 

Scheme 58 

This method is highly selective for unsaturated ketones and aldehydes, whereas reduction of a,@-un- 
saturated carboxylic acid derivatives, such as esters, amides and nitriles, is very sluggish. Thus, benz- 
ylideneacetone was selectively and cleanly reduced in the presence of methyl cinnamate, cinnamonitrile 
or ~ i n n a m a r n i d e . ~ ~  

Combination of silicon hydrides with catalytic amounts of a ruthenium(I1) complex in tetrahydrofuran, 
chloroform or benzene has afforded a new reducing system capable of efficient reduction of a,@-unsatu- 
rated carboxylic acids, esters, amides,  et^.^^^ Addition of a weak proton source, such as a sterically hin- 
dered phenol significantly increases reaction rates. The ruthenium mixture was found to exhibit the same 
regioselectivity observed with the above-described palladium systems. 

The order of reactivity of this Ru/silane combination to various functional groups differs greatly from 
that of its Pd/silane/ZnCl:! analog. While the latter is very useful for allylic reductions and essentially 
useless for unsaturated esters, the Ru-based system exhibits opposite reactivity. This complementary che- 
moselectivity is illustrated by the reduction of cinnamyl cinnamate (Scheme 59), a substrate containing 
both an allylic carboxylate and an a,@-unsaturated Each of these can be reduced separately by 
silicon hydride and the appropriate transition metal catalyst. 

Ph Ph , RuCl~(PPh3)j 0 

&O-Ph (EtO),MeSiH Ph 
u 

Scheme 59 

Early transition metal complexes, including those of Group 6, have rarely been used to catalyze trans- 
fer hydrogenation366 and hydrogenation with hydrogen gas,367 and similarly little is known about hydro- 
silation with these catalysts. Under mild thermal conditions, catalytic amounts of Mo(CO)6 and 
phenylsilane engender a powerful reducing system, suitable for conjugate reduction of a,@-unsaturated 
ketones, carboxylic acids, esters, amides, ere. The mixture is especially useful for conjugate reduction of 
unsaturated nitriles, usually difficult to reduce with other media (Scheme 60).368 Although the reaction 
also works with mono- and di-hydridosilanes, the general order of silane reactivity is PhSiHs > PhzSiHz 
> Me(Et0)zSiH > PMHS, PhMezSiH, EtsSiH. 

Pulegone 
3 h, 100% 

0 

Acety lcyclohexene 
4.5 h, 100% 

Scheme 60 

Carvone 
24 h, no reaction 

Of special interest are the relative rates of reduction of various cyclic enones, such as carvone, acet- 
ylcyclohexene and pulegone (Scheme 60). While the enone system in carvone is frozen in its transoid 
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form, in acetylcyclohexene it is flexible and may adopt either transoid or cisoid conformation. Acetylcy- 
clohexene is completely reduced, while essentially no reaction is observed with carvone, demonstrating 
the clear preference of the cisoid form and indicating that the molybdenum atom interacts simultaneously 
with both the alkenic bond and the carbonyl of the enone system. Accordingly, pulegone, which is frozen 
in the cisoid form, is reduced much faster than the other two compounds. A similar phenomenon was ob- 
served in enone hydrogenation catalyzed by arene-chromium tricarbonyl complex, where the cisoid con- 
formation is also markedly preferred.367c With Pdo catalyst, however, enones behave as monodentate 
ligands and reductions of the above-mentioned substrates proceed at comparable These re- 
activity characteristics may be utilized for chemoselective differentiation between similar enones. For 
example, benzalacetone is quantitatively reduced to benzylacetone in the presence of ~ a r v o n e . ~ ~ ~  Allylic 
heterosubstituents and a-halo carbonyl compounds are also reduced very efficiently under these condi- 
tions.369 

Highly regioselective reduction of a#-unsaturated ketones and aldehydes to give either the corre- 
sponding saturated carbonyls or allylic alcohols as the predominant product is effected by hydrosilation 
catalyzed by tris(tripheny1phosphine)chlororhodium (Wilkinson catalyst), followed by methanolysis of 
the resulting adducts.370 Regiospecific deuteration is also achieved by using deuteriosilanes. Product dis- 
tribution is mainly dependent upon the structure of the hydrosilane employed. In general, monohydrido- 
silanes afford the 1,4-adduct (silyl enol ether), which may be hydrolyzed to the corresponding saturated 
carbonyl compound. Diaryl- or dialkyl-dihydridosilanes produce mainly silyl ethers ( 1 ,Zadduct), which 
may be hydrolyzed to the corresponding allylic alcohol. Other factors controlling the regioselectivity of 
this method include the enone structure, the hydridosilane/substrate ratio, the solvent and temperature. 
Although regioselectivity here is generally satisfactory (Scheme 6 1),370 in some cases mixtures of 1,2- 
and 1 ,Creduction products are obtained, even under maximally optimized conditions. The reaction is 
usually completed within 30-120 min at 0-80 "C in benzene, or in the absence of solvent, using 1.1 
equiv. of the hydridosilane and 0.1 mol % of the Rh' catalyst. 
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PhzSiH2 

2 
100 

98 
0 

i, R3SiH, Rh' 
ii, K2CO3, MeOH uoH + U C H O  
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Scheme 61 

Treatment of a$-unsaturated esters with triethylsilane in benzene in the presence of catalytic amounts 
of RhCl(PPh3)3 at room temperature yields the corresponding saturated esters. Conjugated diene esters 
are reduced to the P , y  or +,&unsaturated esters, depending upon their substitution pattern (Scheme 
62).371 
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Scheme 62 

Other Rh catalysts were also employed for hydrosilation of a$-unsaturated carbonyl compounds and 
unsaturated nitriles. Thus, Rh(acac)s and a tetrakis(p-acetat0)dirhodium cluster were used as catalysts in 
the hydr~s i l a t ion~~~  of a,&unsaturated aldehydes. These reactions, however, are not chemoselective, as 
alkynes, conjugated dienes and alkenes are also hydrosilylated, and allylic heterosubstituents are reduc- 
tively cleaved. 

Optically active, saturated carbonyl compounds and allylic alcohols were prepared via 1.4- and 1,2- 
asymmetric hydrosilation of enones using Rh' catalysts bearing chiral ligands. For example, 1,4-hydro- 
silation of a$-unsaturated ketones afforded the corresponding optically active ketones in 1.4-15.696 ee 
(Scheme 63).373 

PhMezSiH 
KOH, MeOH 

Ph [ Rh'LzH,S,]+CIO,- -r Ph Ph 
S = solvent 
L = (R)-(PhCHz)MePhP Scheme 63 

(R) 15.6% ee 

Asymmetric 1 ,Zhydrosilation in benzene of a$-unsaturated ketones with dihydridosilanes and a 
chiral Rh' catalyst produced allylic alcohols with up to 69% ee.374 Highly stereoselective hydrosilation of 
an a,a-unsaturated aldehyde was achieved with triethylsilane and nonchiral Wilkinson catalyst.375 Dehy- 
drofaranal was thus stereoselectively reduced to the insect pheromone (3S,4R)-faranal with 85% de 
(Scheme 64). -a i, Et3SiH, Rh(PPh3)3CI 

ii, H ~ O +  CHO 

(3S,4R)-Faranal 
85% de 

Scheme 64 

The main product in hydrosilation of a$-unsaturated ketones and aldehydes catalyzed by chloro- 
platinic acid, platinum on alumina, or metallic nickel is the corresponding silyl enol ether.376 With nickel 
catalyst, product distribution is highly dependent on the enone structure.377 Hydridosilanes add to a$- 
unsaturated esters, producing the corresponding silyl enolate as well as carbon silylated products. The 
course of addition depends on substrate structure and the hydridosilane utilized. Thus, triethylsilane 
undergoes 1,4-addition to methyl acrylate in the presence of chloroplatinic acid, while trichlorosilane 
with either chloroplatinic acid or Pt/C gives the p-silyl ester (Scheme 65).378 
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This approach was successfully applied to the total synthesis of (+ ) -mu~cone .~~~  Treatment of the a#- 
and P,y-enone mixture (Scheme 66) with tnethylsilane in refluxing glyme containing catalytic amounts 
of chloroplatinic acid afforded I-triethylsilyloxycyclotetradecene. The two isomeric enones rapidly 
equilibrate under these conditions. 

0 0 

Scheme 66 

Selective reduction of pregna- 14,16-dien-20-ones to pregn- 14-en-20-ones is achieved via hydrosilation 
with tetramethyldisiloxane and catalytic amounts of chloroplatinic acid (Scheme 67).380 a$-Unsaturated 
esters are also reduced to the corresponding saturated esters under these  condition^.^^' 

Scheme 67 
75-80% 

The platinum dimer (Pt(p.-H)(SiR3)(PR’3))2 also catalyzes the hydrosilation of a$-unsaturated alde- 
hydes and ketones. Several aldehydes and ketones were hydrosilated in high yield in the presence of this 
dimer382 at 60-100 ‘C and trialkylsilanes, including MePh2SiH, EtMe2SiH and Et3SiH. Triethoxysilane 
was inert under these reaction conditions. Excellent regioselectivity was generally observed except in 
cases of highly sterically hindered enones such as tetraphenylcyclopentadienone, where the 1,2-reduction 
mode was observed. Saturated aldehydes and ketones were not reduced under these reaction conditions, 
and unsaturated carboxylic acids and esters were only sluggishly reduced. Unfortunately, terminal al- 
kenes and alkynes were efficiently hydrosilated. A suggested mechanism involves cleavage of the plati- 
num dimer to a platinum hydride species, its coordination to the alkene, and subsequent transfer of the 
R3Si group to the carbonyl oxygen, affording a r-allyl platinum complex. Hydride migration from Pt to 
the allylic ligand produces the corresponding silyl enol ether. 

35.6.3 Transition Metal Catalyzed Reductions with other Hydrogen Donors 

Aromatic aldehydes and DMF can serve as hydrogen donors and transfer their formyl hydrogen to 
a$-unsaturated ketones in the presence of RuC12(PPh3)3. However, in some cases, decarbonylation of 
the aldehyde is so severe that no transfer hydrogenation is observed.383 

A particularly convenient hydrogen donor is formic acid, which not only hydrogenates a,p-unsatu- 
rated but also terminal alkenes in the presence of a variety of ruthenium complexes under 
mild conditions.385 Trialkylammonium formate and catalytic amounts of palladium on carbon form a 
convenient reducing system for reduction of a number of organic functional groups, including a,p-un- 
saturated aldehydes, ketones and Conjugated dienes reduce to monoenes with 1 equiv. of re- 
agent fairly selectively. Typical reductions are carried out at 100 ‘C with 10% excess formic acid, 30% 
excess triethyl- or tributyl-amine, and 1 mol % of palladium in the form of 10% Pd/C. Progress of the re- 
duction is conveniently monitored by measuring the amount of C02 evolved. Two examples are given in 
Scheme 68?86 The chemoselectivity of this system is somewhat limited, as it affects many other func- 
tionalities, such as halo- and nitro-aromatic compounds,387 allylic heterosub~tituents,~~~ and terminal 
alkynes and alkenes.386 



558 Reduction of C=C and C d  Bonds 

4 4 h  91% 

+ 
t 

C02Me PdIC, 100 "C MeO2c+ C02Me 
HCO2- " E t ,  

2 h  96% 

Scheme 68 

Triisobutylaluminum reduces a,@-unsaturated ketones to allylic alcohols in pentane at room tempera- 
ture. These products however are accompanied by substantial amounts of tertiary alcohols arising from 
1,2-addition of the isobutyl group. The extent of these reactions depends both on the structure of the 
enone and on the ratio between reagent and substrate. Under similar experimental conditions, bis(N- 
methylsa1icylaldimine)nickel catalyzes conjugate reduction of a$-unsaturated ketones by triisobutylalu- 
m i n ~ m . ~ ~ ~  In all cases, 12-reduction products were also obtained (probably via noncatalyzed reduction) 
and in some cases, side products containing isobutyl group were also formed. The reaction is interpreted 
in terms of a catalytic cycle involving a hydridonickel intermediate formed by reaction of Bui3Al with 
the nickel complex. Addition of the hydridonickel to the alkene affords a nickel enolate that undergoes 
transmetallation to give an aluminum enolate. The latter is finally hydrolyzed to the saturated ketone. 

A number of composite reducing systems consisting of heterogeneous mixtures of transition metal 
salts, sodium alkoxides and sodium hydride were developed, which are useful for reduction of various 
organic functional groups.39o In organic chemistry, sodium hydride is generally used as a base for proton 
abstraction. Although some substrates can be reduced by NaH, it is by itself a poor reducing agent. Typi- 
cal reducing systems (known as complex reducing agents, CRA)390 are prepared from a transition metal 
chloride or acetate, sodium t-pentoxide and sodium hydride (in 1:1:4 ratio) in either THF or DME. Ob- 
viously, neither the exact structure of the actual reducing entity nor their reduction mechanism is fully 
understood. 

The CRA reagents involving nickel salts exhibit reducing properties that are significantly different 
from those of the corresponding CRA prepared from zinc or magnesium salts. It was demonstrated that 
the three-component mixture, NaH/RONa/Ni(OAc)2 (NiCRA) reduces carbon+arbon double bonds.391 
Conversely, the mixture NaH/RONa/ZnCh (ZnCRA) reduces alkenes poorly but effectively reduces 
saturated carbonyl functionalities, particularly when mixed with alkaline or alkaline earth metal salts.392 
These observations led to the expected complementary regioselectivity when reducing a$-unsaturated 
carbonyl compounds with these reagents. Indeed NiCRA exhibits very high regioselectivity for 1,4-re- 
duction of a number of a$-unsaturated ketones, while under the same conditions ZnCRA exhibits high 
regioselectivity for 1 ,2 - r ed~c t ion .~~~  Addition of magnesium bromide enhances the activity of both re- 
agent mixtures. The general applicability of CRA reagents is somewhat limited due to their high basicity 
as well as to their tendency to undergo side reactions via one-electron transfer processes. 

3.5.7 BIOCHEMICAL REDUCTIONS 

3.5.7.1 Enzymatic Reductions 

Much work has been published on the microbiological reduction of a,P-unsaturated ketones. Under 
anaerobic conditions the reduction of A4-3-keto steroids by Clostridium paraputrificum led to the 3-keto 
5P-derivatives (Scheme 69).394 Similar transformations were observed previously with Bacillus putrifi- 

Penicillium d e c u r n b e n ~ , ~ ~ ~  Rhizopus n igr i~ans~~'  or Aspergillus niger.39a In most cases further re- 
duction led to the corresponding 3a-hydroxy 5P-derivatives. 

Highly enantioselective conjugate reductions of substituted cyclopentenones and cyclohexenones were 
reported by Kergomard using Beauveria sulfurescens (ATCC 7 159) under anaerobic conditions.399 The 
reaction takes place only with substrates containing a small substituent in the a-position and hydrogen in 
the P-position. The saturated ketones obtained were, in some cases, accompanied by saturated alcohols. 
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A number of useful transformations, including enantioselective reductions of acyclic substrates, are illus- 
trated in Scheme 70. 4 0 + *  OH 
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Both naturally occumng enantiomers of carvone were selectively reduced by B. sulfurescens (Scheme 
7 1). (-)-Camone was reduced to (+)-dihydrocarvone (trans) and further to (+)-neodihydrocarveol, 
whereas (+)-carvone was reduced to (-)-isodihydrocarvone (cis), which was then converted to (-)-neo- 
isodihydrocarveol."m Similar reductions with identical stereoselectivities were observed earlier with 
Pseudomonas ovalis (strain 6-1) and with a strain of Aspergillus niger."@' 

(-) -Ca rvone 
15% 85% 

(+)-Dihydrocarvone (+)-Neodihydrocarveol 

Scheme 71 

The reduction of a,&unsaturated aldehydes by Beauveria sulfurexens proceeds along two mechanis- 
tic pathways; ( i )  reversible formation of the corresponding allylic alcohols, and (ii) irreversible formation 
of the saturated alcohol (Scheme 72).40' The latter involves initial, slow l,rl-reduction, followed by fast 
reduction of the resultant saturated aldehyde. A similar sequence was proposed for the reduction of gera- 
nial and geraniol to (R)-citronellol with Saccharomyces cerevisiae. 

Scheme 72 
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The abovedescribed reducing characteristics of B. suffurescens were found to be a general phenome- 
non exhibited by many types of eukaryotic organisms (six fungi) and prokaryotes (more than 20 Actino- 
mycetes and Clostridium species)!02 For example, in conjugate reduction of cyclohexenone derivatives 
the addition of two hydrogen atoms across the alkene occurs with trans stereochemistry, as shown in 
Scheme 73 where X represents a small alkyl group and Y, a hydrogen atom. In all cases, the 1.4-reduc- 
tion mode was completed within 48 h. As these characteristics are shared by many organisms, it was sug- 
gested that they all contain very similar reducing enzymes!02 

Scheme 73 

a$-Unsaturated ketones bearing perfluoroalkyl groups are reduced by baker’s yeast (Scheme 74).403 
Perfluoroalkyl alkenyl ketones give mainly the saturated ketone, along with a small amount of optically 
active saturated alcohol. Substrates having perfluoroalkyl groups attached to the alkene moiety give mix- 
tures of optically active allylic as well as saturated alcohols, whose relative concentration is time-de- 
pendent. 
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Unsaturated aldehydes derived from citronellol and geraniol are also reduced by baker’s yeast to the 
corresponding saturated primary alcohols with very high enantioselectivity (Scheme 75)!04 
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Scheme 75 

Two key chiral building blocks used in the total synthesis of a-tocopherol were prepared via microbial 
reduction of unsaturated carbonyl compounds with baker’s yeast and with Geotrichum c ~ n d i d u m ? ~ ~  

Similarly, a key intermediate in the total synthesis of optically active natural carotenoids was prepared 
by microbial reduction of oxoisophorone with baker’s yeast.406 An alternative approach to the synthesis 
of a-tocopherol employs a chiral building block that was obtained by baker’s yeast reduction of 2- 
methyl-5-phenylpentadienal.a7 

Microbial reduction of enones has been applied to prostaglandin synthesis. For example, enantioselec- 
tive reduction of the enone system in A*(12)- 15-dehydro-PGEl with Ffavobacterium sp.  (NRRL B-3874) 
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provided optically pure (-)- 1 5-epi-A8(12)-PGE~.408 NADH-dependent enoate reductase isolated from 
clostridia is a catalyst for conjugate reduction of a,@-unsaturated carboxylic acids and aldehydes."w 
Enoyl CoA hydratase in DzO converts crotonyl CoA to (2R,3S)-2-deuterio-3-hydroxybutyrylCoA.410 
Substituted chalcones are selectively reduced in a 1,4-manner by incubation with Corynebaresium equi 
IF0 3730 to give saturated 

As a general rule in enzymatic reductions, the 1,4-reduction of enones is preferred over the 1.2-reduc- 
tion mode. However, when an electronegative substituent, such as halogen, is introduced that stabilizes 
the double bond, enzymatic reduction to allylic alcohols may be a c h i e ~ e d . ~ ~  

3.5.7.2 Biomimetic Reductions with NAD(P)H Models 

A number of pyridine nucleotide linked dehydrogenases catalyze the reversible hydrogenation-dehy- 
drogenation of the double bond in a,@-unsaturated ketones.412 Similar biomimetic conjugate reductions 
of a$-unsaturated aldehydes and ketones occur with NAD(P)H models, such as 3,5-diethoxycarbonyl- 
2,6-dimethyl- 1,4-dihydropyridine (Hantzsch ester). With highly electron-deficient alkenes, such as ma- 
leic acid, maleic anhydride, diethyl maleate, diethyl fumarate, etc., reductions proceed well."13 Similarly, 
the alkenic bond of 1 -pheny1-4,4,4-trifluorobut-2-en- 1 -one is reduced by dihydropyridines under mild 
conditions (Scheme 76).414 Tracer experiments showed that hydrogen is transferred directly from the 
4-position of the pyridine ring to the P-position of the enone system. The reaction thus parallels the 
enzymatic reduction of androstenedi~ne.~~~ 
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However, these reaction conditions (refluxing methanol or photoactivation at room temperature) are 
useful only for the reduction of highly activated double bonds.416 Nevertheless, it was found that the re- 
action is promoted by silica gel!" broadening the scope of reducible enone substrates. The method is 
highly chemoselective as no alcoholic products are observed, and saturated carbonyls, nitro, cyano, sulf- 
inyl and sulfonyl groups remain intact under the reaction conditions (Scheme 77). 
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Scheme 77 

Pandit has provided evidence for the Lewis acid catalysis postulated to operate in these reduction re- 
a c t i o n ~ . ~ ~ ~  The reduction of various cinnamoylpyridines by 1,4-dihydropyridine derivatives to the corre- 
sponding saturated ketones is catalyzed by zinc or magnesium cations. The reduction rate was fastest in 
the case of 2-cinnamoylpyridine, in which the metal ion can complex simultaneously to both the nitrogen 
and oxygen sites (Scheme 78). This example is regarded as a model of Lewis acid catalysis of the 
NADH-dependent enzymatic reduction of A4-3-keto steroids. 

In a similar manner, iminium salts derived from a$-unsaturated aldehydes and ketones are Educed by 
Hantzsch ester (Scheme 79).419 The ratio between the 1,4- and 1.2-reduction products depends upon the 
pKa of the amine component. a-Keto-P,y-unsaturated esters are reduced by NAD(P)H models in the 
presence of Mg(Cl04)z. At room temperature 1 equiv. of the reducing agent effects 1,4-reduction of the 
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substrate. At a higher temperature, excess reagent reduces the product to the corresponding a-hydroxy 
esters?20 Several a$-unsaturated esters, ketones and nitriles can be reduced by 1 -benzyl- 1,4-dihydro- 
nicotinamide upon selective photoexcitation in the presence of R~(2,2'-bipyridine)3.''~' 
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0 
H 
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Scheme 79 

An autorecycling system for the specific 1 ,Creduction of a$-unsaturated ketones and aldehydes was 
based on 1,5-dihydr0-5-deazaflavin, which can be regarded as an NADH The reaction occurs 
on heating the substrate with catalytic amounts of 5-deazaflavin in 98% formic acid, typically at 120 "C 
for 24 h (Scheme 80). 

0 

Scheme 80 

The iminium salts of 3,3,5-trimethylcyclohex-2-en-l-one were reduced with 1,4-dihydronicotinarnide 
sugar pyranosides to give the corresponding optically active saturated ketone in enantiomeric excess 
ranging over 3-3 1 %. The product stereochemistry changed sensitively with structural variations in the 
sugar residues.423 

The cobalt(1) cobalamin catalyzed reduction of a-methyl-a$-unsaturated carbonyl compounds pro- 
duces the corresponding saturated derivatives having an (S)-configuration at the a-carbon (Scheme 
8 l).424 The highest enantiomeric excess (33%) is exhibited by the (2)-configurated methyl ketone. The 
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@)-configurated enone is reduced by this system to the corresponding (R)-product with poor enanti- 
omeric excess. 
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Scheme 81 

3.5.8 M SCELLANEO JS REDUCING AGENTS 

Several techniques utilizing miscellaneous reagents, that were not mentioned in the preceding sections, 
have been reported to effect the 1,4-reduction of a,@-unsaturated aldehydes and ketones. 

Sodium dithionite under nitrogen at 80 'C in a waterbenzene mixture and in the presence of a phase 
transfer catalyst reduces dienoic carboxylic acids and esters in a 1 ,6-m0de .~~~ Enones such as isopho- 
rone, pulegone and carvone are similarly reduced to the saturated ketones. Citral and dimethyl maleate 
are also reduced in a 1 ,4-manner in moderate yield."26 

2-Phenylbenzothiazoline reduced a,@-unsaturated carbonyl compounds in a 1,4-fashion in the 
presence of stoichiometric amounts of aluminum ~hlor ide .4~~ No 1,2-reduction products or saturated al- 
cohols were detected. The reagent reduces unsaturated esters and aldehydes much less effectively. 

Condensation of an a#-unsaturated ketone with benzylamine gives the corresponding Schiff base. 
Treatment with a base such as potassium t-butoxide affects rearrangement to a benzaldehyde derivative, 
as shown in Scheme 82.428 Hydrolysis of the latter with dilute acetic acid furnishes the corresponding 
saturated ketone with concomitant formation of benzaldehyde. 

Scheme 82 

A reagent prepared from tellurium powder and sodium borohydride in ethanol engenders 1,4-reduction 
of a$-unsaturated aldehydes, ketones and esters in high yield and with good regio- and chemo-selectiv- 
ity (no 1,2-reduction and no reduction of isolated double Enedicarbonyl compounds are re- 
duced to their saturated analogs by treatment with NaI and HCl in acetone.430 Activated alkenes of the 
type Ph2C=CXY where X and Y are C02Et, COPh, C0zEt and CN react in THF at low temperature 
with lithium amides having hydrogen at the a-position to give the corresponding saturated  derivative^.^^' 
Carvone is reduced in a 1,4-manner by stereospecific addition of thiophenol to the conjugated double 
bond followed by desulf~rization?~~ Pyridazin-3-0nes~~~ and allene- 1,3-dicarboxylic acids434 are re- 
duced at the C - C  double bond with Zn dust in acetic acid. a$-Unsaturated esters and amides are re- 
duced to the corresponding saturated compounds with magnesium in methanol.435 

Anthracene hydride (the anion derived from 9,lO-dihydroanthracene) reacts rapidly with chalcone to 
form an anionic Michael adduct along with a chalcone dimerization product (Scheme 83).436 Prolonged 
reaction in the presence of anthracene hydride cleaves the Michael adduct into anthracene and the enol- 
ate of the saturated ketone. The partial structure RCCCO is essential for this fragmentation, as mesityl 
oxide, for example, gave only the Michael adduct. 

Photolysis of 4a-methyl-4,4a,9,10-tetrahydro-2-(3H)-phenanthrone in 2-propanol gave rearranged and 
1,4-reduction products, along with traces of 1.2-reduction and small amounts of coupling pr0ducts.4~~ 
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2-Propanol doped on dehydrated alumina reduces various aldehydes and ketones at room temperature 
to the corresponding alcohols.438 a$-Unsaturated aldehydes are selectively reduced under these condi- 
tions to the corresponding allylic alcohols. For example, citral is converted to geraniol in 88% yield. 

a,P-Unsaturated nitriles are reduced to saturated nitriles with triethylamine-formic acid azeotrope in 
DMF!39 

a$-Unsaturated ketones are reduced to allylic alcohols with P-branched trialkylaluminum com- 
pounds, such as Bu'3Al and tris-[(S)-2-methylbutyl]aluminum. The latter reagent reduces prochiral 
enones to optically active allylic alcohols with 7%-15% enantiomeric excess.440,441 

3.5.9 PARTIAL REDUCTION OF CONJUGATED DIENES AND STYRENES 

35.9.1 Dissolving Metal Reduction 

Alkenes conjugated to aromatic rings can be selectively reduced to the corresponding alkylarenes 
using dissolving metal techniques.442 These reductions are generally stereoselective, with rrans addition 
of a hydrogen molecule across the double bond.443 As is usually observed in dissolving metal reduction 
of enones, here also, in the absence of a proton donor, dimerization of the initially formed anion radical 
is the major reaction product (Scheme 84).444 
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Carbon-carbon double bonds conjugated to multiple bonds other than aromatic systems may also be 
reduced with metals. Again the nature of the reduction product is dependent on the availability of a 
proton donor in the reaction medium. In the absence of an excess of proton donors, dimerization of the 
initially formed anion radical is observed.445 Both the reduction of 1 ,3-dienesU6 and trapping experi- 
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ments with trimethylsilyl ~hloride""~ (Scheme 85) have suggested that the initial anion radical formed 
from these acyclic dienes possesses cis configuration, when formed at low temperatures and/or in nonpo- 
lar media. This configuration of the tight ion pair intermediate is presumably favored for electrostatic 
reasons. 
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Scheme 85 

Selective reduction of ergosterol and its derivatives has been carried out using electron transfer reduc- 
tion. Product distribution depends on the hydroxy substituent as well as on the solvent and the metal used 
(Scheme 86).448 
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Various diphenylethylenes are reduced in high yield by magnesium in methan01.""~ Expectedly , reduc- 
tions of conjugated double bonds via one-electron transfer processes can also be camed out electro- 
chemically. Scheme 87 illustrates both the reduction of a conjugated alkene and partial trapping of the 
intermediate anion radical to yield a mixed hydrodimerization product. 

3.5.9.2 Catalytic Hydrogenation 

Partial hydrogenation of conjugated dienes or polyenes is a nontrivial synthetic transformation. This 
reaction commonly yields a mixture of products arising from 1,2- and 1,Caddition of hydrogen to the bu- 
tadiene moiety, as well as complete hydrogenation of both double bonds. Unless there is a substantial 
difference between the two double bonds in terms of substitution pattern and electronic density, selectiv- 
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ity of these reactions is rather poor. Chemists often meet this challenge by a trial and error approach, 
using heterogeneous hydrogenation catalysts. 

Alkene hydrogenation rates usually decrease with increasing degree of substitution on the double 
bond. This general tendency may also be influenced by the steric bulk and position of the substituents. 
For instance, in ring systems, exocyclic double bonds are reduced much faster than endocyclic ones. 

A number of steroidal dienes have been selectively hydrogenated at the sterically less-hindered posi- 
tion using various catalysts. Raney nickel and PtO2 are the most commonly used heterogeneous catalysts 
for this purpose.450 Several examples of selectivity in heterogeneous catalytic hydrogenation of dienes 
are illustrated in Scheme 88.451457 

AcO AcO- H &  

___) P d C  m b M e  

/ PhH, H2 

0 
M e 0  

PtO,, hexane, AcOEt 

M e 0  Me0 

Ni(R), EtOH, H, ’ Scheme88 



Partial Reduction of Enones, Styrenes and Related Systems 567 

Utilization of homogeneous catalysts for selective hydrogenation of steroidal dienes proved to be 
beneficial, although the reason for selectivity in these reactions has not been extensively explored. Partial 
reduction of conjugated dienes may be carried out with soluble chromium complexes. For example, 1,4- 
hydrogenation of conjugated dienes is selectively achieved with (methylben~oate)Cr(C0)3~~~~ to afford 
the cis-monoalkene. The reaction is highly stereospecific for cis-dienes or for cyclic 1,3-dienes held in 
the required cisoid configuration, and affords a product with a cis double bond. This catalyst has been 
successfully employed in partial hydrogenation of several diene intermediates in prostaglandin synthesis. 
In all cases, the less-substituted double bond was selectively hydrogenated (Scheme 89)458 

However, the reaction conditions required for catalytic hydrogenation with Cr(arene)(CO)s are rela- 
tively forcing (160 "C/30 atm). A closely related complex Cr(C0)3(MeCN)3, with relatively labile ace- 
tonitrile ligands, operates under far milder conditions (40 W1.5 Similarly, the photoactivated 
complex Cr(C0)6, catalyzes 1,4-hydrogen addition to dienes under 1 atm of hydrogen at room tempera- 
ture."60 Wonconjugated 1,4-dienes are also hydrogenated with (arene)Cr(CO)3 at high temperatures, 
probably via isomerization to the conjugated system prior to reduction. No reaction occurs with either 
1,5- or 1,6-dienes, owing to the inability of the chromium complex to affect conjugation of the double 
bonds. 

The pentacyano cobalt anion Co(CN)s3- has found synthetic application in the reduction of conjugated 
dienes to monoenes?61 This catalyst is prepared by reaction of cobalt(I1) chloride with potassium 
cyanide under a nitrogen atmosphere in either aqueous (more common) or nonaqueous (e.g. methanol) 
solvents. The preference for aqueous solutions has limited the applications of this reaction due to poor 
water solubility of most organic substrates. This solution requires preactivation by addition of hydrogen 
( I  atm) for 1-2 h at 20 'C to generate the active species (CO(CN)~H)~-. This solution is then used imme- 
diately, as the actual catalyst tends to loose activity upon standing. A number of simple dienes, including 
butadiene, isoprene, 1-phenylbutadiene, cyclohexa-1,3-diene, and cyclopentadiene, were successfully 
hydrogenated under these mild conditions. However, the catalyst is rather sensitive to steric hindrance, 
which inhibits hydrogenation. For example, 2,5-dimethylhexa-2,4-diene is not reduced by this system. 
Generally, monoenes are not reduced by [CO(CN)~]~-, but activated monoalkenes, such as styrenes and 
a$-unsaturated carbonyl compounds, can be hydrogenated (Scheme 90). Acrylic acid and acrolein do 
not react under these conditions. 
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With terminal 1,3-dienes and either RhH(PPh3)4 or (Rh(C0)2(PPh3))2 in the presence of excess phos- 
phine at 50-100 'C and 15 atm, selective hydrogenation of the terminal double bond is achieved 
(Scheme 91). Hydrogen uptake must be monitored in these reactions in order to prevent further hydroge- 
nation of the partially reduced product. As is the case for the cobalt cyanide system, here also, substitu- 
tion at the double bond inhibits the rate of hydrogenation and limits its general applicability. 

While most catalysts reduce the least-substituted double bond preferentially, the novel catalyst system 
CoBr(PPh3)3.BF3OEtz can selectively hydrogenate conjugated dienes to monoenes via 1,2-hydrogen ad- 
dition to the more substituted double bond (Scheme 92). Unfortunately, hydrogenation of functionalized 
alkenes, such as methyl vinyl ketone, methyl acrylate and n-butyl vinyl ether, does not occur even under 
forcing conditions. 
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Hydrogenation of penta- 1,3-dienes to pent-2-ene is selectively achieved with R u H ( P P ~ ~ ) ~ C ~ . ~ ~ ~  Buta- 
diene and isoprene are hydrogenated in 62% yield using CpzVCh.BuLi, affording trans-but-2-ene 
(84%), cis-but-2-ene (14%) and but-1-ene (2%).463 Homogeneous hydrogenation of penta- 1,3-diene 
using LiAIH4 as a catalyst affords trans-pent-2-ene (57%), cis-pent-2-ene (10%) and pent-1-ene (8%).464 
Tricarbonylcyclopentadienylhydrido-molybdenum and -tungsten were used for hydrogenation of hexa- 
2,4-diene, 4-methylpentadiene, and octa-2,4,6-triene, producing in all cases a mixture of monoalkene 
products ."65 

The hydrogenation of alkenes conjugated to aromatic systems is usually much less difficult than partial 
reduction of polyenes, as the aromatic ring is less susceptible to reduction. Many catalysts of Group 10 
metals have been used for this transformation, including Raney nickel?66 Pd adsorbed on carbon?67 Pd 
adsorbed on calcium carbonate,&* Pd on barium metallic Pt02,471 chloroplatinic 

Normally, the stereochemistry of the reduced product arises from syn addi- 
tion of a hydrogen molecule to the less-hindered face of the double bond, as exemplified in the catalytic 
hydrogenation of a steroidal styrene over metallic palladium (Scheme 93).474 
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A number of other soluble transition metal complexes may catalyze hydrogenation of styrene. These 
include H C O ( C O ) ~ , ~ ~ ~  SnC1/H2PtC12,"76 K N ~ * ( C N ) Z , ~ ~ ~  RhCl(PPh3)3,"78 RhH(CO)(PPh3)3,479 
K3Co(CN)5PE0 Cr(acac)3, Co(acac)s, Fe(acac)s, Ti(OPri)4, VO(OEt)3, which in the presence of trialkyl- 
aluminum catalyze hydrogenation of trans-stilbene."81 

3.5.9.3 Miscellaneous Reducing Agents 

Reactive styrenes, such as acena~h thy lene~~~  and compounds in which the double bond is part of an 
allylic alcohol are reduced with LiA1H4.483 The double bond of benzalquinaldine is reduced by heating 
with thiocresol in HCI, affording the corresponding hydrogenated product, as well as the disulfide as a 
by-prod~ct .4~~ Benzyl alcohol in KOH may act as a reducing agent for several fluorenyl styrenes.485 
Hydrazine can reduce the double bond of various stilbenes.486 
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3.6.1 INTRODUCTION 

This review deals with the formation of reduced pyridines and their benzo analogs from the parent 
heteroaromatic bases. Included are acridines, isoquinolines, pyridines and quinolines and their quater- 
nary ammonium salts and N-oxides. The formation of the reduced species by other methods, e.g. 
Hantzsch dihydropyridine synthesis, is not addressed. 

3.6.2 CHEMICAL REDUCTION 

This encompasses all reduction methods other than hydrogenation and includes hydride equivalents 
and one-electron reductions. Catalytic hydrogen transfer is included under hydrogenation (see Section 
3.6.3). 

3.6.2.1 Metal Hydride Reductions 

Hydride reagents formally add hydrogen to polarized carbon-heteroatom double bonds, the most 
widely used being based on aluminum (e.g. lithium aluminum hydride, LAH) and boron (e .g .  sodium bo- 

579 
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rohydride, NBH). Complex metal hydrides are generally sufficiently nucleophilic to react with welec- 
tron-deficient heteroaromatics such as pyridines. The modification of these reagents with, for example, 
alcohols, alkyl groups, amines and Lewis acids greatly affects both their reactivity and selectivity. Sol- 
vents have a profound effect on the activity of these reagents, particularly so in the case of borohydrides. 
LAH and its derivatives are generally used in ethers, whereas borohydride reductions are frequently car- 
ried out in alcohols. These reagents can also be used to generate other active species in situ (e.g. hydrides 
of Si, Sn and Cu). During the reaction each hydrogen is sequentially replaced by the reduced substrate 
(Scheme 1). The electronic and steric character of the reductant therefore changes as the reaction pro- 
ceeds, e.g. (1) + (2) + (3), and changes in regio- and enantio-selectivity may occur. The operation of 
both direct hydride transfer and single-electron transfer (SET) processes has been proposed as mechan- 
isms.' Stable radical intermediates have been detected in the reductions of 1 , 10-phenanthroline, 2,2-bipy- 
ridine and isoquinoline with lithium di- and tri-t-butoxyaluminum hydrides. The initial radical pair 
formed ( 4  Scheme 2) can undergo further reduction to (5) or to the dissociated free radical anion (6) 
prior to reaction. 

R R H 2 0  
LiAlH4 - LiAl(RH)H3 - LiAl(RH)2H2 -- LiAl(RH)4 - LiOH + A1(OH)3 + 4RH2 

(1) (2) (3) 
Scheme 1 

+ -  
LiAlH2(0But); (A;) 

+ / \ -  + 
Ar' + Li + H' + AIH(OBut)2 ArH- + Li + AIH(OBd)2 

(5 )  (6) I I 

ArH2 + LiOH + Al(OH)3 + Bu'OH + H2 

Scheme 2 

Alanes and boranes are initially electrophilic rather than nucleophilic, and coordinate onto free elec- 
tron pairs in the molecule prior to hydride delivery. The chemistry of metal hydrides has been extensive- 
ly reviewed,* as has the reduction of nitrogen heterocycles with complex metal hydrides? Generally, 
NBH reductions, carried out in alcohols, produce tetrahydropyridines, whilst LAH generates mainly di- 
hydropyridines. 

3.6.2.1.2 Pyridines with borohydrides 

Pyridine itself is not reduced by NBH under normal conditions and ring reduction occurs only if elec- 
tron-withdrawing groups are attached. 3-Cyanopyridine (7) when reduced with NBH in ethanol gives 3- 
cyano- 1,4,5,6-tetrahydropyridine (8; Scheme 3) as the major product. In aprotic solvents such as pyridine 
or diglyme, the 1,4-dihydropyridine (9) is produced? Reactions of pyridines substituted with electron- 
withdrawing groups at the 2- and 4-position generally occur at the s~bsti tuent.~ Although generally not 
reactive towards NBH, carboxylic acid esters at the 2- and 6-position of the pyridine ring are reduced to 
the alcohol. 

Sodium cyanoborohydride (10) produces mainly 1,4-dihydropyridines (11) in the reduction of 3,5-di- 
cyano- and 3,5-diethoxycarbonyl-pyridines, diborane produces more of the 1,2-is0mer.~ With NBH, mix- 
tures of 1,2- and 1,4-dihydro adducts are produced, the latter predominating when carried out in pyridine 
solution.6 Nicotinamide (13) in ethanol can be reduced to (8) in moderate yield; at 140 "C in diglyme the 
tetrahydropyridine (8) was isolated in admixture with the piperidine (14), presumably via dehydration of 
the amide.' 3-Nitropyridine affords 3-nitropiperidine in moderate yield when reduced in ethan01.~ The 
carboxylic acid and halo derivatives of pyridine are generally not reactive toward NBH. 

Quinolines, like pyridines, are susceptible to attack at both the 2- and 4-position; however, they are 
more reactive, quinoline (15; R = H) forming a mixture of 1,2-dihydroquinoline (16; R = H) and 1,2,3,4- 
tetrahydroquinoline (17; R = H) when reacted in hot ethanol or diglymee5 Electron-withdrawing groups 
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cyN 
(7) 

+ NaBH, nCN N 

I 

- RnR + RnR N RoR Nd3H4 
I 

N 
NaBH,CN I 

Or 

(10) H H 
(11) (12) 

CONHZ 

+ NaBH, 

(8) 17% + (13) digiyme 

N 
H 

(14) 14% 
Scheme 3 

in the 3-position (15; R = CN, CONH2, C02Et) gave high yields of 1,4-dihydroquinolines (18), whereas 
halogentated quinolines (15; R = Br, F) produced 1,2-dihydroquinolines (16) in only moderate yield? 3- 
Dimethylaminoquinoline (15; R = NMe2) was unreactive under the conditions employed. 2- and 4- 
cyanoquinolines undergo reduction to give substituent- and/or ring-reduced products, depending upon 
the solvent empl~yed .~  Reduction in the presence of carboxylic acids has been used to facilitate reduc- 
tion with and without alkylation. Quinoline and NBH in carboxylic acids produce N-alkyl- 1,2,3,4-tetra- 
hydroquinolines (19; Scheme 4), whereas sodium cyanoborohydride produces 1,2,3,4-tetra- 
hydroquinolines (20).8 The reduction of quinolines substituted in the benzene ring with nitro groups pro- 
duces the 1,2-dihydroquinolines (21) in high yield when reduced with NBH in acetic acid at low tem- 
perature? At higher temperatures the 1.2-dihydroquinoline (22) was produced in moderate yield.8 

solvent +WR+ \ QJJR+ \ mR \ N  wR NaBH4 
(EtOH, diglyme, Py) I I I 

H H H 
(15) (16) (17) (18) 

Isoquinoline (23; R = H; Scheme 5 )  undergoes reduction to 1,2,3,4-tetrahydroisoquinoline (24; R = H) 
when treated with NBH in aqueous  solvent^.^ Isoquinolines bearing an electron-withdrawing group in 
the 4-position undergo reduction with NBH to give 1,2-dihydroisoquinolines (25) or 1,2,3,4-tetrahydro- 
isoquinolines (24), depending upon the solvent? Substituent reduction may also occur. 1,2-Dihydroiso- 
quinolines (25) are the expected products in aprotic solvents. With 1- and 3-cyanoisoquinolines both ring 
and substituent reduction are known to occur. Ring reduction is favored with the former and substituent 
reduction predominates with the latter producing both amides and amidine~.~  Like quinoline, isoqui- 
noline undergoes reductive alkylation to N-alkyl- 1,2,3,4-tetrahydroisoquinolines (26; Scheme 5 )  with 
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L 
\ X = H  

(19) 
H 

(20) 
X = H /  

NBH, in the presence of carboxylic acids. Reduction with sodium cyanoborohydride gives reduction but 
no alkylation under similar conditiom8 The reduction of 5-nitroisoquinoline produced dihydroiso- 
quinoline (27) or tetrahydroisoquinoline (28) with NBH in acetic acid, depending on the solvent and 
temperatures employed. 

& (23) ' ", solvent & (24) N , H  + bN, \ (25) H 

bN. H 

Scheme 5 
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Sodium triethylborohydride (29) reacts with isoquinoline to yield the boron-activated enamine (30) 
which undergoes attack by electrophiles to produce 4-substitued isoquinolines (31; Scheme 6) in a con- 
venient ‘one-pot’ synthesis.1° 

N*HE‘3_ WN.?+ RCHO, WN.- i’-H20_ @ 
BEt, BEti ii, H202 \ / *  \ / (29) \ 

(30) (31) 

R = H, alkyl, aryl; 2 5 4 5 %  
Scheme 6 

3.6.2.2.2 Pyridines with aluminum hydrides 

Lithium aluminum hydride (LAH) reacts with pyridines and their analogs in aprotic solvents to give 
dihydro- and tetrahydro-pyridines. In the absence of proton sources dihydropyridines normally predomi- 
nate, solutions of pyridine and LAH form lithium complexes (32; Scheme 7), which likely consist of 
both 1.2- and l,4-dihydropyridines.l1 This intermediate has been used as a reducing agent for ketones, 
and reaction with alkyl halides generates 3-substituted pyridines (33) in good yield.’* 

LiAIH, 
Li+ 

RX - 

Scheme 7 

33-Dicyanopyridine produces mixtures of 1,2-dihydropyridines (35) and 1 ,4-dihydropyridines (36; 
Scheme 8)) with LAH. The more hindered alkoxyaluminates favor 1,4-dihydropyridine formation.I3 1 - 
Alkyl-2-pyridones (37) are reduced when aluminum chloride is used in conjunction with LAH. Tetra- 
hydropyridines (38) are the major products produced, minor amounts of the piperidines (39) are also 
formed.14 

(34) X = H, OR 
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Pentachloropyridines (40) and 4-substituted tetrachloropyridines (41) undergo dehalogenation on treat- 
ment with LAH. Minor amounts of ring-reduced products are o b s e ~ e d . ' ~  

Quinolines generally produce 1,2-dihydroquinolines with aluminum hydrides. Diisobutylaluminum 
hydride and Red-A1 have been used to reduce quinolines and quinoline-N-boranes (42; Scheme 9). The 
reactions are believed to proceed via aminoalanes or boranes and the dihydroquinolines produced are 
quenched and trapped as the carbamates by the addition of chloroformate esters.I6 Minor amounts of 1,4- 
dihydro- and 1,2,3,4-tetrahydro-quinolines are also formed. The possession of a 2-substituent hinders re- 
action. At low temperatures the kinetic product, i.e. (43), is favored, but at higher temperatures reduction 
at the 4-position predominates which subsequently produces the tetrahydro derivative (44). A similar ap- 
proach has been employed with isoquinoline, generating 1 ,Zdisubstituted tetrahydroisoquinolines (45; 
Scheme 9).17 

QQ -a +a 
I I I 

C02Me C02Me 

Temperature ("C) Time (h)  Yield (%) (43) (%) 
-78 0.33 90 100 

25 18 85 44 

iv-viii 03 64%- qN,co2Me 
(45) 

i, 2 equiv. NaAl(OR)2H2; ii, C1C02Me; iii, H30+; iv, BH3*THF, -78 "C; v, MeLi, -78 "C; vi, DIBAL-H, 

-78 to 25 OC; vii, C1C02Me, -25 to 0 "C; viii, HCI 
Scheme 9 

3.6.2.1.3 Pyridinium salts with borohydrides 

Coenzyme NAD(P)+ involves a nicotinamide derivative and the transfer of a hydrogen species in a 
stereoselective manner via a 1Q-dihydropyridine (47; Scheme 10) and has led to much work on the re- 
duction of NAD and its simpler derivatives (46; R = PhCH2, CnH25). Most work has been done on the 
stereoselective reduction of ketones,'* but heteroaromatic cations have also been reduced (see Section 
3.6.2.3).19 Both single-electron transfer (SET) and direct hydride transfer mechanisms have been pro- 
posed.20 

R R 
(46) M = Mg, Zn (47) 

Scheme 10 

Pyridinium salts (48; Scheme 11) with borohydride can give three different products, 1,2-, 1,4- and 
1,6-dihydropyridines. 1.4-Dihydropyridines (49) are thermodynamically favored, being ca. 2 kcal mol-' 
(1 cal = 4.18 J) more stable than the 1,2(6)-dihydropyridines (50). The chemistry of dihydropyridines has 
been extensively r e v i e ~ e d . ~ ~ * ~ - ~ ~  The dihydropyridine systems produced, being enamines, normally 
undergo protonation in protic solvents to give the iminium salts and hence further reduction. Mixtures of 
piperidines (51) and tetrahydropyridines (52) often result, with the former produced by initial hydride at- 
tack at the 4-po~ition.~ Bulky N-substituents are known to favor 4 - a t t a ~ k . ~ ~  Electron donors in the 
3-position direct hydride attack predominantly to the 2-position when reduced as the N-alkoxycarbonyl- 
pyridinium salts (53; Scheme 12) with a variety of boron- and aluminum-based reducing agents.25 
3-Methoxy and 3-methylthio derivatives gave exclusively 1,2-dihydropyridines (54) with NBH, 
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K(W0)3BH and Li(Bu10)3A1H. 3-Trimethylsilyl and 3-trialkylstannyl groups gave very high regiospeci- 
ficity (80-100%) to the 1 ,Bdihydropyridines (55). 3-Alkylpyridines produced predominantly the 1,2-ad- 
ducts (54) and electron-withdrawing groups in the 3-position produced mixtures of all three isomers. 
Dihydropyridines containing electron-withdrawing groups at the 3-position are often resistant to further 
reduction, particularly in the case of the 1,6- and 1 ,Cdihydro (56) derivatives. 1,2-Dihydropyridines are 
converted to the tetrahydropyridines?*26 
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Dihydropyridines may be prevented from undergoing further reduction by carrying out reductions in 
aprotic solvents or in protic systems at high pH. Phase transfer methods have also been used to remove 
the dihydro adducts from the reactive medium prior to further reduction. An elegant solution to the prob- 
lem of overreduction was developed by Fry; reduction is carried out in the presence of cyanide ion, 
which traps the dihydropyridine system as 2-cyano-1,2,3,6-tetrahydropyridine (57; Scheme 13).27 The 
addition of alkoxide re-forms the dihydropyridine (58). Separation of 1 ,Cdihydropyridines from mix- 

N 

I 
R 

Scheme 13 
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tures with the 1,2-dihydropyridines can be achieved because 1,2-dihydropyridines undergo Diels-Alder 
reactions with maleic anhydride to produce isoquinuclidines (Scheme 13).28 The regiospecific delivery 
of hydride to the 4-position has been achieved in high selectivity (59) + (60) (>90%) by the in situ 
generation of a ‘copper hydride’ reagent from lithium tri-t-butoxyaluminum hydride and copper(1) bro- 
~ n i d e . ~ ~  

I I 
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Scheme 13 (continued) 
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When reduced in aqueous methanol, 1-methyl-4-cyanopyridinium iodide gave the tetrahydropyridine 
derivative (62; Scheme 14). In the presence of sodium hydroxide two different products could be isolated 
at different temperatures, resulting from [2 + 21 (63) and [4 + 21 (64) cycloadditions, with the latter 
formed at higher temperatures or by thermal rearrangements of (63).30 Similar behavior has been ob- 
served with other pyridinium salts.31 Other dimerization processes involving dihydropyridines also 
occur, as with the C(2)-C(3) dimer (66) formed via enamine-iminium reactivity during the reduction of 
1,3-dimethylpyridinium salts (65),32 Conducting reductions in the presence of external electrophiles en- 
ables substituted pyridines, e.g. (67). to be prepared by reaction of the enamine system produced.33 Ben- 
zomorphans and indole alkaloids can be conveniently prepared from reduced  pyridine^.^^"^ Pyridine 
N-oxides tend to undergo deoxygenation on reduction. N-Aminopyridinium salts undergo ring reduction 
to di- and tetra-hydropyridines, similar to their carbon analogs.36 

Quinolinium salts (68; Scheme 15) can undergo attack at either the 2- or 4-position. The former nor- 
mally predominates and the latter leads to 1,2,3,44etrahydroquinolines (69). 3-Substituents generally 
produce mixtures of the 1,2- and 1,4-dihydro  adduct^.^ Isoquinolinium salts (70 Scheme 15) produce 
both 1,2-dihydroisoquinolines (71) and 1,2,3,4-tetrahydroisoquinolines (72). Reduction in protic solvents 
normally produces the tetrahydro adducts, in anhydrous pyridine or dimethylformamide the reduction 
generally stops at the 1,2-dihydroisoquinoline. Reaction of the enamine system of 1,2-dihydroisoqui- 
nolines with electrophiles has been used as a method for generation of 4-substituted i s o q u i n ~ l i n e s . ~ ~ ~ ~ ~ ~ ~ ~  
With some 4-substituents reduction with borohydride does not proceed past the dihydro adduct even in 
protic solvents.39 Certain 1 -(2-nitrophenylmethyl)isoquinolinium salts, e.g. (73), have been found to 
undergo substituent cleavage on reduction with borohydride."0 

3.6.2.1.4 Pyridinium salts with aluminum hydrides 

Aluminum hydrides react readily with pyridinium species producing both di- and tetra-hydropyridines. 
Prolonged heating with an excess of the hydride reagent produces 1,3-pentadiene derivatives (74 
Scheme 16) from C-N bond cleavage as the major product. The preference is for initial 1,2-dihydropy- 
ridine formation, as illustrated by the only minor amounts of piperidines (75) produced:' N-Oxides and 
alkoxypyridinium salts (76; Scheme 16) undergo deoxygenation prior to ring reduction, giving tetrahy- 
dropyridine (77) and piperidine (78) along with the parent pyridine. Ring-oxygenated analogs also 
undergo reduction, the 3-hydroxy- 1 -phenylpyridinium salt (79) produced the tetrahydropyridine (80) 
when treated with LAH in refluxing THF. The 3,2-dimer (81) was isolated when the 1-methyl analog 
was employed."2 

Q~inol in ium~~ and isoquinolinium salts form predominantly 1,2-dihydro products with LAH reduc- 
tions in aprotic solvents. With the latter the enamine system revealed is amenable to functionalization 
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with electrophiles and offers synthetic routes to alkaloids.38 A variety of useful synthetic transformations 
have been performed on 1,2-dihydroisoquinoline~.~ 

3.6.2.1.5 Other hydrides 

Sodium hydride reduction of quinoline in HMPA leads to a 2:3 mixture of 1,2-dihydroquinoline (82) 
and 1,4-dihydroquinoline (83) isolated as the N-methoxycarbonyl  derivative^.^^ In situ produced copper 
hydride reagents react with pyridinium species with high regioselectivity generating 1 ,Cdihydropyridine 
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(see 59 + 60 Scheme 13; Section 3.6.2.1.3).29 Magnesium and zinc hydrides produce dihydropyridinyl 
species, which subsequently reduce ketones, nitriles and  heterocycle^.^^ Triethylsilane in trifluoroacetic 
acid conveniently reduces Hantzsch type 1 ,4-dihydropyridines (84; Scheme 17) to all-trans isomers of 
1,2,3,4-tetrahydropyriidines (85) and piperidines (86). Reduction is controlled by temperature and the 
number of equivalents of silane employed. Good to moderate yields of products are 0btained.4~ 

3.6.2.2 Reduction of Pyridinium Salts with Dihydropyridines 

Heteroaromatic cations undergo reduction when treated with 1,4-dihydroni~otinamide>~ An early 
study showed that the 10-methylacridinium ion (87) was rapidly reduced in a redox reaction to the 9.10- 
dihydro adduct by 1,4-dihydronicotinamides (88; Scheme 18).49 A variety of systems including py- 
ridines, isoquinolines, quinolines and phenanthridines have been studied using this and related 
procedures!* The selective reduction of pyridinium and quinolinium salts with 1 -benzyl- 1 ,Zdihydro- 
isonicotinamide (89) has been achieved.50 The selective conversion to the thermodynamically more 
stable lP-dihydro species (90; Scheme 18) is rationalized by the reversibility in the formation of the 
kinetic products (i.e. the 1,Zadducts) in the presence of pyridinium ions. In the pyridinium case 1,6-di- 
hydro adducts were also observed in some cases. Reactivity in such systems is sometimes hindered due 
to hydration of the dihydropyridine system. This is particularly so in aqueous systems designed to repli- 
cate biological activity. Dihydroazines derived from isoquinolines and 3,5-disubstituted pyridines have 
been reported to overcome some of these difficulties?' 
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3.6.23 Reduction with Sodium Dithionite 

Pyridinium salts can be reduced with the mildly nucleophilic dithionite ion to produce mixtures of di- 
hydropyridines. Much work has been carried out since the early observation that NADPH could be ob- 
tained from NADP with this reagent?2 Reduction produces mainly the 1,4-dihydro isomer with minor 
amounts of the 1,2- or 1,6-dihydro  adduct^.'^ The reduction is believed to proceed via a stable and some- 
times isolable sulfinate intermediate (91). In acid solution this decomposes with loss of sulfur dioxide to 
form the dihydropyridine (92; Scheme 19). Various substituted pyridinium species undergo this reaction 
and the isomer ratio obtained is dependent upon the nature of the solvent, temperature and ~ H . 2 ~ 9 ~ ~  With 
1 -methyl-4-carbamoylpyridinium bromide (93) and dithionite in aqueous sodium carbonate at 0-5 'C for 
10 min the only isolated product was the 1,2,5,6-tetrahydropyridine (94) obtained in 16% yield, but the 
3-carbamoyl salt gave the 1,4-dihydronicotinamide (95) in 90% yield, free of the 1 ,6- i~omer .~~ The 3- 
chloropyridinium ion (96) gave a moderate yield of the 1 ,Cdihydropyridine (97). 
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3.6.2.4 Reduction with Formic Acid 

The reduction of pyridinium species with formic acid in the presence of its salts at elevated tempera- 
tures is often referred to as Lukes reduction and has been reviewed.54 Mixtures of tetrahydropyridines 
(98) and piperidines (99 Scheme 20) commonly result. The isolated double bond is resistant to further 
reduction under these conditions. Reductive cleavage and subsequent cyclization have also been ob- 
served, producing ketones as  by-product^.^^ 020 
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On reduction with triethylammonium formate, quinolines (100) and their 1 -methylquinolinium salts 
(101) possessing an electron-donating group in the 3-position gave the N-formyl- and the N-methyl- 
1,2,3,4-tetrahydroquinolines (102) as the major products. With electron-withdrawing groups present the 
quinolines produced mixtures of (102; R1 = CHO) and the 1,4-dihydroquinolines (103), (101) gave only 
(104) under the same  condition^.^^ The 2-, 3- and 4-methylquinolines, hydroxymethylquinolines, carbal- 
dehyde- and cyano-quinolines and their quaternary salts produce a variety of ring-reduced and substi- 
tuent-modified products on reaction with triethylarnmonium f~rmate.~'  Formates have also been used to 
reduce NADP mimics to 1,4-dihydropyridine~.~~ Catalytic hydrogen transfer has also been achieved with 
ruthenium complexes in the presence of formic acid. 2-Methyltetrahydroquinoline is produced on heat- 
ing 2-methylquinoline and the ruthenium-phosphine complex RuC12(PPh3)2 in the presence of formic 
acid.59 

3.6.2.5 One-electron Reduction 

Dissolving metal and electrochemical reduction are some of the oldest reactions known. Both occur 
with initial electron transfer to give, in the case of pyridines (105), the radical anion (106; Scheme 2 11, 
which can then react with a proton or with another radical leading to dimerization (107). Dimerization is 
therefore expected to be the major product in aprotic solvents. Reductions are more successful when 
labile hydrogens are available, generating dihydropyridines (108) and (109), tetrahydropyridine (110) 
and piperidine (111). Dissolving metal reductions have to a large extent been superseded by metal hy- 
dride reductions or catalytic hydrogenation. However, in certain applications, i.e. Birch reductions, they 
are still widely used. Electrochemical reductions proceed by similar mechanisms and are prone to the 
same dimer formation reactions mentioned above. 

I I 
H H 

(110) (111) 

Scheme 21 

3.6.2.5.1 Electrochemical reduction of pyridines 

As usual, electron-withdrawing 
groups facilitate reduction, which occurs at the cathode and is most often carried out in aqueous sulfuric 
acid. However, polar aprotic solvents ( e .g .  MeCN, DMF) and liquid ammonia have been used for the po- 
larographic reduction of pyridine."O Pyridine, itself, was first reduced to piperidine (111) at a lead ca- 
thode in 10% sulfuric acid nearly 100 years with dimeric piperidines also formed. Among partially 
reduced pyridines only 1,2,5,6-tetrahydropyridine (110) has been reported, the unpolarizable double 
bond being incapable of further reduction. Alkylpyridines similarly generate mixtures of alkylpiperidines 
and alkyl- 1,2,5,6-tetrahydropyridine~.~' In some cases the tetrahydropyridine predominates, as do the all- 
cis products. In the presence of aldehydes and ketones the reductive alkylation of both pyridine and al- 

The electrochemical behavior of pyridines has been 
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kylpyridines to alkylpiperidines and tetrahydropyridines is achieved. Both carbon and nitrogen alkylation 
have been reported but 2-piperidinecarbinols (1 12; Scheme 22) and 4-piperidinecarbinols (1 13) predomi- 
nate, along with minor amounts of the di- and tri-alkylated products. This reaction is related to the Em- 
mert reaction. Dihydropyridines also undergo electroreduction, the 1 ,Cdihydropyridine (115) was further 
reduced to the tetrahydropyridine (116) in moderate yield at a mercury cathode in tetraethylammonium 
tetrafluoroborate solution.64 
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Electroreduction of pyridine derivatives bearing carboxylic acid derivatives (117; Scheme 23) leads to 
a variety of products from substituent transformation through ring reduction to ring cleavage.6’ 
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Nicotinamide (118) forms the 1,6-dihydropyridine (119) and the 6,6’-dimer (120) upon polarography 
in aqueous solution.65 The 4-isomer (121; Scheme 24) generates the aldehyde (122) when reduced in 0.8 
M hydrochloric acid and the alcohol (123) in an alcoholic citric acid buffer solution. The thioamides pro- 
duce the 4-aminomethyl- or 4-cyano-pyridines under related conditions.66 The isomeric cyanopyridines 
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(124) can undergo a variety of reactions including pyridine formation, dimerization with and without ni- 
trile cleavage as well as reduction of the cyano group to the aminomethylpyridines (125):' 
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Nitropyridines exhibit substituent reductions including through-nitrogen (azo/azoxy) coupling. Amino- 
pyridines have been found to be unreducible when using voltarnmetry.68 Hydroxypyridines and pyri- 
dones generally yield mixtures of piperidines and 1,2,5,6-tetrahydropyridines. Halogenated derivatives 
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tend to undergo dehalogenation on electrored~ction.~~ N-Oxides undergo preferential deoxygenation i 
most cases, some overreduction or substituent reaction may occur.7o 

Quinoline and isoquinoline undergo reduction more readily than does pyridine. In aqueous sulfuri 
acid quinoline forms both dihydroquinolines (126 and 127) and tetrahydroquinolines (128). In non 
aqueous media (DMF, liquid ammonia) the anion radical may be quenched by alkyl halides to generat 
both 1,2-dialkyldihydroquinolines (129) and 1,4-dialkyldihydroquinolines (130).” The product distribu 
tion is dependent on the nature of the alkylating agent. With isoquinoline preferential alkylation in th 
benzene ring has been found to occur in some cases.’* Acridine (131a) is reduced to 9,lO-dihydro deriva 
tive (131b) both in acidic and alkaline aqueous solution; 9,9’-dimerization also occurs. 

3.6.2.5.2 Electrochemical reduction of pyridinium salts 

In deference to their biological significance much work has been done UII this class of compound a 
model studies to analyze or mimic the behavior of pyridine nucleotides and bipyridinium herbicides, py 
ridinium ions (132; Scheme 26) being more susceptible to reduction. Dimerization is a common fate a 
the neutral radical formed. The most thermodynamically stable product, the 4,4’-bipyridyl species pre 
dominate, and other dimers can sometimes rearrange to the 4,4’-bipyridyl isomer.73 Radicals with mera 
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stabilization by an a- or &substituent are surprisingly stable, the radical (137) even surviving distillation, 
Methyl N-methyl-2-pyridiniumcarboxylate, methyl N-methyl-3-pyridiniumcarboxylate, and methyl N-  
methyl-4-pyridiniumcarboxylate radicals are stabilized in the order 4 > 2 > 3. The 4-ester forms a stable 
radical, the 3-isomer dimerizes irreversibly, and the 2-isomer dimerizes reversibly to the bipyridine 
(138). Dimerization can occur with both ionic or radical species. Polarographic reduction of 4-cyano- 1 - 
methylpyridinium salts (139; Scheme 26) suggested that reversible radical formation was followed by ir- 
reversible anion generation and dimeri~at ion.~~ Loss of cyanide generates the potent herbicidal 
bipyridinium species (140).75 The ion radical, e.g. (141), has been proposed as one of the reactive inter- 
mediates responsible for the biological effects exhibited by these molecules. The intermediacy of pyrid- 
inyl radicals has also been proposed in NADP/NADH(H) interconversion. Pyridinium species have been 
used as coatings or additives in attempts at the surface modification of electrodes and subsequently to in- 
crease selectivity on reduction.76 

When the pyridinium ring bears reducible substituents reduction in acidic media favors substituent re- 
ductions. At high pH, dimers and dihydropyridine are the primary products. Thus, methyl N-methyl-2- 
pyridinecarboxylate (143) generates either the alcohol (144) or the dimer (145), depending on the pH of 
the e l e ~ t r o l y t e . ~ ~ . ~ ~  In the case of 4-nitroarylpyridinium salts (146; Scheme 27) preferential ring rather 
than substituent reduction occurred. Under the conditions employed (graphite or platinum electrodes in 
MeCN) no ring reduction was observed in the absence of the nitro group. The specific orientation of the 
nitro group was also found to be important, the wave potential being 50-160 mV more negative when 
meta than for the ortho and para isomers.77 Cathodic reduction of N-amino- and N-acylamino-pyridi- 
nium ions (147) cleaves the N-N bond, forming the pyridine and the amine or amide species, respec- 
tively.78 
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3.6.2.5.3 Dissolving metal reductions 

The reduction of organic compounds with metals has been known for a long time. The relative reduc- 
ing powers of the metals are in accordance with their electrode potentials and the alkali and some al- 
kaline earth metals are capable of reducing a large number of functionalities, including the pyridine 
ring.79 When carried out in the presence of a proton source dimerization of the initial radical ions formed 
is supressed. Thus, sodium in alcohols (Ladenburg reduction)*O will reduce pyridines to mixtures of te- 
trahydropyridines (110) and piperidines (111) as with electroreduction (Section 3.6.2.5.1) and reaction 
with metal hydrides (Section 3.6.2.1.5). The position of initial attack will dictate which product is finally 
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Scheme 28 

formed. In aprotic solvents sodium produces tetrahydrobipyridyls (149) via dimerization of the radical 
ion formed. Alkylpyridines behave similarly. Ferles has studied reductions of this type with a variety of 
carbonyl and carboxylic acid  derivative^.^^.^' Bipyridines are found as by-products in the Chichibabin re- 
action.82 

Sodium in liquid ammonia and ethanol reduces quinoline to 1,2-dihydroquinoline (150; Scheme 29IE3 
and isoquinoline to tetrahydroisoquinoline ( 151).84 Zinc and formic acid can also be used. Using higher 
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boiling alcohols (n-butyl or t-butyl alcohols; Birch reduction) can lead to further reduction. Sodium 
amalgam reductions generally proceed only on pyridinium ions. However, a variant of the Hofmann de- 
gradation, the Emde degradation, will cause reductive cleavage of quaternary nitrogen species (e.g. 
152).85 

4-Pyridone (153) is converted to 4-hydroxypiperidine (154; Scheme 30) by sodium in ethanol. How- 
ever, with sodium or lithium in liquid ammonia N-methyl-4-pyridone (153; R = Me) produced the dihy- 
dropyridone (155) in moderate yield.86 Higher conversions were achieved with sodium 
tetraalkoxyaluminates. Pyridines are generally not reducible by zinc and carboxylic or hydrochloric 
acids. However, zinc and acetic anhydride converts 4-substituted pyridines to their 1,4-diacyldihydropy- 
ridine derivatives (156).87 Tetrahydrobipyridyls have also been found in this reaction.88 Pyridinium ions 
are reduced more easily and give mixtures of tetrahydropyridines and piperidine. Substitutents may also 
be reduced. Zinc and hydrochloric acid along with tin and hydrochloric acid effect complete reduction of 
the pyridinium ring. 

3.6.3 HYDROGENATION 
Catalytic hydrogenation is the most frequently employed method of saturating the pyridine ring. Com- 

plete reduction to the piperidine normally occurs, the intermediates formed being reactive under the con- 
ditions employed. Heterogeneous catalysts continue to be the most popular method for a variety of uses 
ranging from the synthesis of intermediates to the denitrogenation of fossil fuels. Extensive reviews on 
the reduction of pyridines have been p ~ b l i s h e d . ~ ~ . ~ ~ ~ ~  

For low pressure hydrogenation both supported and unsupported platinium (as its oxide) are effective, 
however, rhodium is the more effective under mild conditions. Nickel is used at higher pressures and 
temperatures and N-alkylation may occur when alcohols are present. Palladium and ruthenium have like- 
wise been used for a variety of pyridine derivatives. Reductions of pyridine compounds are often carried 
out in acidic media, as the strongly coordinating amines formed on hydrogenation frequently cause cata- 
lyst inhibition. At elevated temperatures hydrogenolysis of the carbon-nitrogen bond can also occur. 
Generally, the rate of this cleavage is only significant above 120 ‘C but will obviously depend on the na- 
ture of the substituents. Alkylamines, ammonia and alkanes are generally produced. Pyridine and its deri- 
vatives may also be reduced by Raney nickel with 2-propanol as the hydrogen source via its 
dehydrogenation to acetone and catalytic hydrogen transfer.94 Similarly, nickel-aluminium alloy in po- 
tassium hydroxide reduces pyridines (e.g. 157; Scheme 3 l), quinolines and isoquinolines in moderate to 
high yields?5 but much higher metal/substrate ratios are required. The accelerating effects of 2-substi- 
tuents has been observed both in traditional high pressure hydrogenation with nickel or ruthenium and in 
catalytic transfer hydr~genation.~~ 2-Methylpyridine (157) is hydrogenated at a faster rate than pyridine 
itself. Indeed, 2-methylpyridine can be hydrogenated in the presence of 3- and 4-methylpyridine, this is 
most likely due to a reduced propensity toward catalyst poisoning due to steric effects, and with 2,6-di- 
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methylpyridine an additional rate enhancement is observed. However, nonplanar 2-phenylpyridine is hy- 
drogenated more slowly due to the impedance of nickel adsorption to the catalyst surface. In the case of 
quinoline, hydrogenation with nickel occurs rapidly and preferentially in the pyridine ring, generating 
1,2,3,4-Tetrahydroquinoline (128). Extended hydrogenation times or more forcing conditions generate 
cis-decahydroquinolines (158) and trans-decahydroquinolines (159). 1,2,3,4-Tetrahydroquinolines can 
be generated exclusively on hydrogenation with a variety of catalysts.% Selective reduction of the ben- 
zene ring, however, is more difficult, generating mixtures of tetrahydroquinolines. Some selectivity can 
be achieved by reduction of quinolines in strong acid over platin~m.~' The major product is the 5,6,7,8- 
tetrahydroquinoline derivative (160; Scheme 3 1). This effect is more pronounced in the isoquinoline 
series. 

Isoquinoline itself hydrogenates less readily than does quinoline. Studies of the catalytic hydrogena- 
tion of isoquinoline over Raney nickel have shown that the reaction proceeds consecutively via 1,2,3,4- 
tetrahydroisoquinoline (161), 5,6,7,8-tetrahydroisoquinoline (162) and cis-decahydroisoquinoline (163) 
to trans-decahydroisoquinoline (164).98 Acridine undergoes similar hydrogenative isomerizations with 
supported Pd.w Both cis- and trans- 1,2,3,4,4a,9,9a, IO-octahydroacridines were formed at 150 "C and 
only three (165, 166 and 167) of the six possible stereoisomers of perhydroacridine were found, with 
(165) and (166) predominant. Alumina was preferred to carbon as a support.''" 

Raney Ni 

19O-2M) "C * mN.H - OQ 
15-1500 psi H, (161) (162) 

I 

H 
(164) 

Pd/A1203 100-250 "c 
300-1050 psi H2 i 

rrans,anti,cis 
(165) 

trans,syn,cis 
(166) 

Scheme 32 

trans,syn ,trans 
(167) 

The hydrogenation of amino- and hydroxy-pyridines is controlled to a large extent by the tautomeric 
forms in which they prefentially exist. 2-Aminopyridines (Scheme 33) are reduced to the amidine (168) 
by Pt, Rh or Ru, which is resistant to further hydrogenation but will undergo hydrogenolysis to pipe- 
ridine (169) and the amine (170). 3-Aminopiperidine (171) forms readily when the parent heterocycle is 
hydrogenated over PtO2 in hydrochloric acid. However, 4-aminopyridine requires much higher pressures 
for reduction to 4-aminopiperidine (172). 2- and 4-pyridones (Scheme 33) generate 2-piperidone (173) 
and 4-hydroxypiperidine (174), respectively, when hydrogenated in acetic acid. 2-Pyridone is hydroge- 
nated more readily using Pt.90 Equal rates of hydrogen uptake were observed, however, when Pd on 
carbon was used. Varying degrees of hydrogenolysis are observed on reduction of 3-hydroxypyridine to 
3-hydroxy piperidine. 

Pyridines containing electron-withdrawing groups may undergo only partial ring reduction. Functional 
groups which readily undergo hydrogenation, e.g.  nitro and cyano, will be reduced prior to the heteroaro- 
matic ring, whereas those groups strongly resistant to reduction, e.g. carboxylic acids and esters, will sur- 
vive ring reduction unchanged. In addition, when a product can be a vinylogous amide ( e g .  175; Scheme 
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RHN 0 , - R H N - 3  N - 5 N 

i A L A  N 

I 
H 

(172) 1 H 
(168) 

nNHR I 
+ RNH, 

N 
H 

( 170) I 
N 
H 
I 

0 
(169) (171) 

I 
N 

I I I 
H H H H 
oo - 0 0  

(173) (174) 

i, PtO,, 20 "C, 15 psi H, 
Scheme 33 

dNd 

H 4 C - 3  N * 
25-95 'C 

50-150 psi H2 
I 

H 
(177) 

f l C 0 2 " +  0 + CO, 
N N 

H H 
I I 

COzH 

H 0 , C - D  -- i, ii  

CO2H 
I 

i, HCI; ii, Pt, 20 "C, 15 psi H2 

Scheme 34 

34), it generally resists further hydrogenation. The pyridine monocarboxylic acids (176) are reduced 
readily to their piperidine derivatives (177) over Rh, Pd or Ru under increasingly forcing conditions. 
Platinum may also be used for this conversion. In the case of nicotinic acid (178), piperidine, the product 
of decarboxylation, is also formed. This can be prevented by the addition of an equivalent of inorganic 
base when using Pt or Rh. Hydrogenation of pyridinedicarboxylic acids (179) over platinum in hydro- 
chloric acid gives the cis-piperidinedicarboxylic acids (180).'01 Pyridinium salts are reduced more read- 
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ily than pyridines, the tertiary amines formed do not inhibit catalyst activity. Partial hydrogenation as in 
the free pyridines may also occur. In the case of pyridine N-oxides deoxygenation generally occurs first. 

Hydrogenation with homogeneous catalysis has received increasing attention over the last few de- 
c a d e ~ . ~ ~  Hexarhodium hexadecacarbonyl (181; Scheme 35) under water gas shift conditions forms 
1,2,3,4-tetrahydroquinoline (128) or N-formyl- 1,2,3,4-tetrahydroisoquinoline (182) with the parent hete- 
roaromatic.102 When hydrogen is substituted for carbon monoxide, 4-methylquinoline is reduced to 4- 
methyl-5,6,7,8-tetrahydroquinoline (183) exclusively.lo2 Isoquinoline behaves similarly generating 
N-formyl- 1,2,3,4-tetrahydroisoquinoline (184). Similar reductions under water gas shift or synthesis gas 
conditions using transition metal carbonyls derived from Mn, Co and Fe, have been Pro- 
motion by phase transfer agents is observed in some cases. 

Styrene-divinylbenzene copolymer supported chlorotris(tripheny1phosphine)rhodium was also found 
effective for the regioselective reduction of quinoline and acridines.Io5 The supported catalyst was more 
active than its homogeneous analog. Rhodium supported on soluble organic polymers as macroligands, 
showed sufficient activity so as to allow the hydrogenation of pyridine to piperidine under mild condi- 
tions.IM The partial reduction of N-alkyl-3-carbamoylpyridinium salts (185) proceeded selectively when 
bis(dimethylglyoximate)chloro(pyridine)cobalt (186; CoCl(DMG)2Py) was employed as catalyst. When 
sodium hydrogencarbonate was present no overreduction was observed. An increased preference for 1,4- 
dihydropyridines (187) over 1 ,Zdihydropyridines (188) and 1 ,6-dihydropyridines (189) was observed. I”’ 

R 
(185) R = Pr”, Ph, PhCH2 
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3.7.1 INTRODUCTION 

Reduction of C-C and C d  Bonds 

A fundamental chemical tactic in the synthetic manipulation of heterocycles by organic chemists is the 
reduction of the heterocyclic ring. This chapter will review advances in the partial and complete reduc- 
tion of pyrroles, furans, thiophenes and their benzo analogs, indoles, benzo[b]furans and benzo[b]thio- 
phenes. As appropriate, coverage will include the reduction of those benzo analogs of lesser interest: 
isoindole, carbazole, benzo[c]furan (isobenzofuran), dibenzofuran and dibenzothiophene. 

Unlike alkenes and 7r-deficient heterocycles, such as pyridine, quinoline and isquinoline, the n-ex- 
cessive heterocycles that are the subject of the present chapter are inherently more difficult to reduce. 
Nonetheless, many new and extremely useful reduction technologies for these classes of heterocycles 
have been developed over the past decade. It is these advances that will be the main focus of this chapter. 

3.7.2 REDUCTION OF PYRROLES 

3.7.2.1 Catalytic Hydrogenation 

The catalytic hydrogenation of pyrroles to pyrrolidines (2,3,4,5-tetrahydropyrroles), although an old 
transformation (equation l),’v2 has not been heavily exploited as a preparative route to pyrrolidines. 
Nevertheless, sufficient examples exist so as to illustrate the importance of this method. As would be ex- 
pected, the hydrogenation of 2,5-disubstituted pyrroles proceeds with cis stereoselectivity (equation 2).3*4 

Hz, PtOz 

AcOH, 1 atm N 
H 
I 

N 
H 100 h, r.t. 

63% 

I 

I 
H 4 h, r.t. 

79% 
I 
H 

From the several examples that have been reported (equations 1 and 2, and vide infra), it seems evi- 
dent that rhodium is superior to platinum and palladium as the hydrogenation catalyst for the reduction 
of pyrroles. For example, the hydrogenation of fused pyrrole (1) affords pyrrolizidine (2) in excellent 
yield (equation 3),5 and, in a synthesis of anatoxin a ,  Bates and Rapoport found that pyrrole ester (3) 
gives (4) upon rhodium-catalyzed hydrogenation (equation 4): The latter transformation does not pro- 
ceed with a platinum catalyst. In a synthesis of 2-acetyl-l-pyrroline, an important aroma component of 
cooked rice, Buttery and coworkers hydrogenated 2-acetylpyrrole to 2-( 1 -hydroxyethyl)pyrrolidine using 
Rh/Alz03.’ Whereas Labouta et al. found that Rh/A1203 effects the hydrogenation of the pyrrole ring and 
the propenoic acid unsaturation in (5), leading to the y-aminobutanoic acid (GABA) analog (6; equation 

Paine and Dolphin were able to remove selectively the benzyl group in (7) using Pd/C without 

Hz, 5% Rh/C 

EtOH 
* (3) 

* (4) 
Hz. 5% Rh/AI,O, 

MeOH, H,SO, Me02C 
I 44 d, 50 psi 

78% Me 

MeO2C 

Me 
(3) (4) 
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hydrogenating the pyrrole ring (equation 6).9 The pyrrole ring in carbamate (8) can be cleanly hydroge- 
nated using rhodium as the catalyst (equation 7).8 

CO2H 

HZ, 5% RhIA1203 
c 

aa. HCI. 18 h . .  
300 kPa, r.t. 

45% 
I 

H 
(5) 

HZ, 10% Pd/C 
Bn02C c 

THF, Et3N 
H N C b ~ 0 2 ~ e  1.5 h, r.t., 1 atm 

96% 
(7) 

HO 

"ZMe H,, 5% Rh/AI,03 

c 

"' EtOH, 300 kPa, 
I 

C02Et 

(8) 

20 h, r.t. 
73% 

dC02* N (5 )  

H02C 

C02Me :p N I 

C02Et 

(7) 

The use of rhodium-amino acid complexes in catalytic hydrogenation has been reported by Rajca to 
be capable of reducing a wide variety of aromatic and heteroaromatic compounds under mild conditions 
(1  atm, 22 "C, DMF 1 atm = 101 kPa).lo Thus, the rhodium-anthranilic acid catalyzed hydrogenation of 
pyrrole under these mild conditions yields a 2:1 mixture of pyrrolidine and 2,5-dihydropyrrole (53% con- 
version after 8 h).Io Recently, Lunn found that the hydrogenation of pyrrole can be carried out with a 
nickel-aluminum alloy, as generated with aqueous KOH, to give pyrrolidine in 58% yield, albeit rela- 
tively slowly (4 d, r.t.).ll 

3.7.2.2 Dissolving Metals and Metals in Acid 

Although the Birch reduction (alkali metals in liquid "3) of the pyrrole ring is apparently unknownI2 
(cf. equation the partial reduction of pyrroles to 2,5-dihydropyrroles using Zn/HCI has been of con- 
siderable ~ t i l i t y . ~ * ' ~  For example, pyrrole gives 2,5-dihydropyrrole as the major product upon treatment 
with Zn dust/20% aq. HCI (equation 9),**15 and Lemal and McGregor observed that 2,5-dimethylpyrrole 
gives a mixture of trans- (78%) and cis-2,5-dimethyl-2,5-dihydropyrrole (22%) under similar conditions 
(47% yield).'4.16 In one of these studies, Hudson and Robertson demonstrated that 2,5-dihydropyrrole is 
not reduced to pyrrolidine under these reaction condition~.'~ Using these same conditions, Schumacher 
and Hall reported the reduction of 2-benzylpyrrole to the 2,5-dihydro derivative (67%) in a synthesis of 
the antibiotic anisomycin." 

A N Na, MeOH A N 

6 6 91% "3 - 

N 0-10 "C, 7 h N N (9) 

H 71% H H 
79% 21% 
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3.7.2.3 Miscellaneous Methods 

Apart from catalytic hydrogenation and dissolving metal methods, very few other techniques exist for 
the reduction of the pyrrole ring. However, one example is the improved use of hypophosphorus acid 
that has been described by Scott and coworkers in a reduction of pyrrole-2-carboxylic acid to the prolyl 
hydroxylase inhibitor (S)-3,4-dehydroproline (after resolution) (equation 10).l8 

Reduction of C-C and C d  Bonds 

i, HI, AcOH, H,PO, 

15 "C, 4 h 
+ (10) 0 CO2H 

I 
H 

I 
H 74% 

ii, resolution with (+)-tartaric acid 

3.7.3 REDUCTION OF FURANS 

3.7.3.1 Catalytic Hydrogenation 

The catalytic hydrogenation of furans to tetrahydrofurans, which is an important industrial process, has 
a long history and can be accomplished with a variety of  catalyst^.'^-^^ Nevertheless, new studies of 
these reductions continue to be r e p ~ r t e d . ' ~ . ~ ~  For example, as shown in Scheme 1, Karakhanov et al. 
have reported that polymer-containing catalysts are particularly efficient in the hydrogenation of furan25 
and le Noble and coworkers have discovered that the combination of isopropyl alcohol and Raney nickel 
provides for a convenient reduction of furan in a transfer hydrogenation process.26 The same Russian 
group has also reported the selective hydrogenation of alkenic double bonds in unsaturated furan ketones 
using a Raney Pd-A1 catalyst (Scheme 

H,, aq. EtOH 

,/ Rh styrene/maleic acid copolymer 
30 "C, 1 atm 

100% 

Raney Ni, W O H  

r.t., overnight 
85% 

H,, Raney Pd-AI, EtOH +Ph 
I atm, r.t. 

0 96% 0 

Scheme 1 

A study by Sods has demonstrated that the formation of 5-hydroxy-2-pentanone in the hydrogenation 
of 2-methylfuran in aqueous alkaline media does not involve 2-methyl-4,5-dihydrofuran as an intermedi- 
ate,28 as was earlier believed. Sods proposes that 2-methylfuran is hydrated on the catalyst surface (Pd/C) 
to give 2-hydroxy-Zmethyl-2,5-dihydrofuran, which is hydrogenated to afford eventually 5-hydroxy-2- 
pentanone (Scheme 2).28 

H,. PdlC 
* 

aq. NaOH, dioxane 
20 o c  

r 1 

p2°H/ - 

Scheme 2 
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Although normally very diff ic~l t?~ the reduction of furans to 4,5-dihydmfurans can be accomplished 
by trapping, and later regenerating, the dihydro product (equation 11) as the trifluoroacetate (9).29 

130-175 "C - 

3.7.3.2 Dissolving Metals 

Although furan itself is reduced by Li/MeNH2 only under forcing conditions to give a complex mix- 
the Birch reduction of furoic acids proceeds easily, is synthetically useful, and has been scru- 

tinized by several groups, as summarized in equations ( 12)-(14).31-33 The reduction of 5-alkyl-2-furoic 
acids is stereorandom, leading to equal amounts of cis- and trans-dihydro products (equation 13).3*,32 At- 
tempts thus far to effect an asymmetric Birch reduction of furoic acids by chiral protonation have been 
disappointing (equation 14).% 

3 equiv. Li/", 

MeOH 0 CO2H 90% 

(12) 

i, Li/",, MeOH 
R G c o Z H  I \  ii, HC1, MeOH R G C O z M e  +- R 4 " " ' C O 2 M e  (13) 

40-83% 50% 50% 

R = Me, Et, Pr'. pr", But, Bn 

C02Me 
/ 

COZH i, ii 85% 
/ 

c 

or 
iii-v 3% ee 

i, Na/"3, Pr'OH ii, CHzN2; iii, Na/"3, 1,2:5,6-di-O-isopropylidene-u-D-glucofuranose; 

iv, H+; V, C H ~ N ~  

Kinoshita and coworkers have found that, in contrast to the result obtained using Pr'OH (equation 14), 
in the presence of nucleophilic alcohols (MeOH, EtOH) the Birch reduction of 3-furoic acid leads to the 
corresponding acetal (equation 15).33 

C02Me 

c (15) 
i, Na/",, EtOH 

ii, CHzNz 
92% 

The reduction of 5-phenyl-2-furoic acid takes a completely different course, reflecting the benzylic na- 
ture of the intermediate dihydrofuran ring (equation 16).32 

i ,  Na/",, MeOH 
P h G C O z H  ii, HCI, MeOH - P h o C O 2 M e  + P h o C O i M e  (16) 

89% 11 %  45% 
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Birch and Slobbe have found that the intermediate anion from the reduction of 2-funic acid can be al- 
kylated in situ (equation 17).35 These dihydrofuroic acids can be oxidatively decarboxylated with LTA to 
afford the corresponding 2-alkylfuran~~~ in what clearly represents an attractive alternative to the stand- 
ard two-step metallation-alkylation of the furan ring. 

i, 2.5 equiv. Li/", 
(17) 

R = Me, Et, Pi, Bn, allyl; X = I, Br, C1, OMS 

3.73.3 Ionic Hydrogenation 

A very convenient and versatile new reduction method, which has been intensively studied for the re- 
duction of thiophenes (vide infra), makes use of the combination of a trialkylsilane and an acid, usually 
trifluoroacetic acid (TFA). This so-called 'ionic hydrogenation' provides a novel reduction of furans to 
tetrahydrofurans (Scheme 3).37 Although Bolestova et af. find that the conditions are critical in order to 
avoid polymerization, the yields of tetrahydrofurans can be quite good. The reduction is accelerated by 
the presence of boron trifluoride etherate but fails with carbonyl-substituted furans, such as methyl pyro- 
r n ~ c a t e . ~ ~  

t 

Et,SiH, "FA 

20 "C 

R = Me (72%) 
R = Bn (80%) 

Et,SiH, TFA 

0 20 "C, 2 h 
70-79% R 

R = Me, Ph 

a COR 

Scheme 3 

3.7.4 REDUCTION OF THIOPHENES 

Several excellent reviews of the early work on thiophene reduction are available.384 The present dis- 
cussion will not cover the important industrial topic of catalytic hydrodesulfurization of thiophenes in 
petroleum.4'43 

3.7.4.1 Catalytic Hydrogenation 

The catalytic hydrogenation of the thiophene ring is inherently difficult because of its high degree of 
aromaticity and the tendency of the sulfur atom to poison the catalyst. Nevertheless, a number of suc- 
cessful hydrogenation conditions have been developed. For example, Greenfield et af. have observed that 
thiophene and several 2-substituted derivatives can be hydrogenated to the tetrahydro derivatives (equa- 
tion 18) using synthesis gas and a cobalt catalyst under relatively harsh conditions.44 

C - L R  (18) 
Hz/CO. CO~(CO)~  

aR PhH,4h,180-19O0C * S 
3500-4000 psi 

6682% 

S 
R = H, Me, Et 

More recently, several milder reducing conditions have been described (equations 19-2 I). Note- 
worthy is the cis hydrogenation of thiophene (10) performed by Confalone and coworkers in a synthesis 
of the vitamin biotin (equation 20).46 
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6% 

H H  Hz, 10% Pd/C H H  
HOAc 

50 "C, 160 arm 
10h 
95% 

I 1 I I 

5 MeOzC e 

(10) 

3.7.4.2 Dissolving Metals 

Although the Birch reduction of thiophenes leads to ring cleavage (equation 22),12p49 the corresponding 
reaction of thiophene-2-carboxylic acids and 2-acylthiophenes takes a different course. For example, 
thiophene-2-carboxylic acid gives either the 2,5-dihydro derivative or the cleavage product as the major 
product, depending on the reaction conditions (equation 23),5°,51 although, in the former case, the re- 
action mixture is contaminated with the three oveneduction products (11)-(13).50 However, a modifica- 
tion in the procedure that employs the dry lithium carboxylate prevents overreduction?2 

c (22) 
i, 4 equiv. Na/NH3, EtOH 

ii, NHJI 
iii, PhCHzBr 

72% Ph-S 

- O C O 2 M e  (23) 
i, 3 equiv. LWH,  

n c o , ,  SH * MeOH Q C 0 . H  ii. NHaCI s 
5 equiv. Li/M13 

25 min 
92% 

. . .  
iii, MeOH, H2S04 

78% 

(11) 9.5% (12) 7 %  (13) 5% 

Nishino et al. found that 2-acylthiophenes are also reduced to the corresponding 2,5dihydro deriva- 
tives (equation 24)53 and the intermediate anions can be intercepted with alkylating agents (equation 
25).% The resulting compounds can be easily converted into the corresponding 1,3-dienyl ketones (equa- 
tion 25). Dmitrienko and coworkers have found that the Birch reduction of thiophene-3-carboxylic acid 
leads to the 2,3-dihydro de r iva t i~e .~~  

C (24) 

0 
*"" Lil"3 

Bu'OH 

88% 

But 

0 -78 "C, 10 min 
But *But 
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i, Na/NH3, EtOH MCPBA 

i i ,  NH,CI, R3X 
t R2 dR' CH2CI, - 

81-92% 

R2 *R' 

0 44-82% 

R' = Me, OH, PS 

6688% 
t 

R2QR3 R3 R2 = = Me, H, Me, Bun, Bun Bn, CH2CH=CH, (25) 

340 "C 

X = Br. I R' 
R2 

0 0  

3.7.4.3 Ionic Hydrogenation 

An extremely powerful and efficient new reduction of thiophenes to tetrahydrothiophenes involves 
ionic hydrogenation with a trialkylsilane and an acid. Typically, a mixture of triethylsilane and trifluo- 
roacetic acid is employed (equations 26 and 27).56 This reduction is reasonably general, although thio- 
phene itself is poorly reduced (equation 26) and 2,5-diphenylthiophene is inert to these conditions. Not 
surprisingly, 2-benzoylthiophene is converted to 2-benzyltetrahydrothiophene (75%).56 

0 + n  (26)  
Et3SiH, TFA 

S S S 80h,5O0Cc 

33% 67% 45 % 

* d R l  

Et,SiH, TFA 

R' 20-80h,5OoC 

R1  = Me, R2 = H (80%) 
R 1  = H, R2 = Me (60%) 

For this ionic hydrogenation of thiophenes, Kursanov and coworkers have proposed the pathway 
shown in Scheme 4, based on the labeling results obtained for the reduction of 2,5-dimeth~lthiophene.~~ 

A CF3C02H 
c 

S 

D 

Scheme 4 

Zav'yalov and Dorofeeva have utilized this reduction to synthesize the biotin analogs shown in 
Scheme 5.57 

This ionic hydrogenation can be improved by the addition of either boron trifluoride etherate58 or cer- 
tain salts and acids.59 Furthermore, a more powerful set of conditions involving Et3SiH and HCI-AlCl3 
has been used to reduce thiophenes that are recalcitrant under the usual Et3SiHD'FA conditions (equa- 
tions 28 and 29).60 In fact, the intermediate salt (14) can be isolated. 

In what might be viewed as a variation on the ionic hydrogenation theme, this same Russian group has 
found that the combination of zinc/aluminum halidelp-toluenesulfonic acid reduces 2-alkylthiophenes 
mainly to the tetrahydro derivatives (equation 30).61 The minor product, 2-alkyl-2,5-dihydrothiophene, is 



Partial and Complete Reduction of Pyrroles, Furans, Thiophenes and their Benzo Analogs 61 1 

R1 

Ph 0 Ph 

i, Et,SiH, TFA 

ii, O H  

Scheme 5 

Et$iH, 
HCl, AlCI, 

c 

CH2C1, 
66% 

R' 

R1 = H, R2 = Me (82%) 
R' = Me, R2 = H (72%) 

A L  Et3SiH 

HCI 
r.t., 15 h 
66% 

S 
ckfruns = 1 : 1 

cislfruns mixture 

not converted to the 2-alkyltetrahydrothiophene under the reaction conditions, suggesting that the reduc- 
tion proceeds via a 4,5-dihydrothiophene intermediate, as shown in Scheme 4. 

3-9% 

G R  + 

Zn, AlX, 

TsOH 
R = Me, Et, Pr 6 6 7 3 %  

(30) 

Perhaps surprisingly, Yamanochi and Yamane describe the reduction of 2-thiopheneacetonitrile with 
NaBHdMeS03H (DMSO, 70 'C, 2 h) to give 2-(2-thienyl)ethylamine (64% yield) in which the thio- 
phene ring is not reduced.62 

3.7.4.4 Electrochemical 

The electrochemical reduction of thiophene63 and 5-methyl-2-thiophenecarboxylic acidw has been re- 
ported but would appear not to be of preparative interest. Thus, thiophene affords a mixture of 2.5-dihy- 
drothiophene (56%) and tetrahydrothiophene (44%) in 55% yield upon electrolysis in aqueous DMF.63 

3.7.45 Miscellaneous Methods 
In a process that is related to the ionic hydrogenation method discussed above, Wristers has discovered 

that the unusual combination of Hz/isopentane/HF/TaF~ reduces thiophene to tetrahydrothiophene in 
80% yield.65 These conditions also reduce dibenzothiophene to hexahydrodibenzothiophene. It has also 
been reported that ZnRFA reduces thiophenes to 2,5-dihydrothiophenes (equations 3 1 and 32).66 How- 
ever, both acetic acid and HCl/benzene are ineffective with zinc in this regard.66 

c 

Zn, TFA, LiC104 

4 h reflux 
42% 

Zn, TFA, CH,C12 

r.t., 3 h 
76% 92% 8% 

(32) 
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3.7.5 REDUCTION OF INDOLES 

The reduction of indoles to indolines (2,3-dihydroindoles) has been intensively studied since the tum 
of the century and several reviews to the early literature are a ~ a i l a b l e . ~ ~ - ~ '  Nevertheless, over the past de- 
cade, a number of new and exciting methods for effecting this important reduction have been discovered. 

3.7.5.1 Catalytic Hydrogenation 

The catalytic hydrogenation of indoles has a long history and a number of catalysts have been investi- 
gated in this conte~t.~'-~I Although indoles are readily hydrogenated, it has not always been possible to 
control the site and degree of reduction. Moreover, rarely was it possible in these early works to establish 
a set of conditions that was generally applicable to a variety of different indoles. For example, although 
Noland and Hammer were able to hydrogenate indole to indoline in 92% yield with Raney nickel (EtOH, 
100 atm, 100 "C), the same conditions with 2-methylindole give mostly overreduction (equation 33).72 
Another example is seen in the recent work of Shaw and Stapp, who examined several catalysts in the 
hydrogenation of indoles.73 The highest conversions were observed with 5% platinum/alumina, but with 
erratic results (equation 34). The reduction of carbazole was also accomplished using this same catalyst 
and the products were 1,2,3,4-tetrahydrocarbazole (36%), cis- 1,2,3,4,4a,9a-hexahydrocarbazole (5%)  
and a mixture of dodecahydrocarbazoles (6%).73 

@J 1 1 1 1 1 1 1 1  + QJ-J- (33) 
H2, Raney Ni 

EtOH, 100atrn 
1 18 'C, 4 h 1 

H 72% H H  H 
53% 47% 

H2,5% PIJAI20, 

16" 

H 
227 "C, 1 1 h, 2200 psi 

H (equilibrium) 
R' = R2 = H (82%) 
R' = Me, R2 = H (65%) 
R1 = R2 = Me (28%) 

(34) 

Interestingly, platinudsilica gel effects the hydrogenolysis of the C-N bond (equation 35).74 

- (yE' + 0 + oEt + aEt (35) 

\ "2 "2 
\ \ \ 

94% 
H 49% 30% 15% 6% 

In accord with the propensity for indoles to protonate at the C-3 p~sition,'~*~~ Smith and Utley found 
that the catalytic hydrogenation of indoles in the presence of fluoboric acid proceeds smoothly to the in- 
doline stage (equation 36h7' It seems that these acidic conditions are strong enough to protonate the in- 
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dole ring, but do not facilitate the polymerization of indole, which is frequently encountered with mineral 
acid. These hydrogenation conditions have been used to prepare a series of psychotropic hexahydro-y- 
carbolines (15; equation 37)?8 

\ 
I 

(37) 

R 
R = H, Me, Et; R' = Me, Et (15) 

R 

Ames et al. have reported that indoles can be cleanly reduced to indolines under very mild conditions 
with palladium in the presence of acid (perchloric, acetic, sulfuric, phosphoric) (equation 38)y9 

-03 H,, 5% PdlC 

AcOH, HCIOl (or H3P04) 
1 atm, r.t. 

R = H (74%); R = Me (69%) 
H H 

(38) 

Raney nickel (RaNi) also accomplishes the hydrogenation of indoles to indolines (equations 39 and 
40)'O but the danger of overreduction can be a problem (equation 40). Under slightly different conditions 
(Hz, RaNi, MeOH/H2S04,3 h, 60 "C), the yield of indoline from indole is 95%.80 These latter conditions 
have been reported to reduce a variety of substituted indoles (i.e. 4-OH, 5-OMe, 5-C1, 5-But, 2-Ph, 2-Et- 
5-Pr) to the corresponding indolines.*O The use of RaNi is particularly valuable in the reduction of N-ace- 
tylindoles to N-acetylindolines (16; equation 4 Lunn's conditions (Ni/Al, aq. KOH) also serve to 
reduce indole to indoline in 73% yield." A ruthenium catalyst (RuC12(PPh3)3, Hz, 310 psi, 85 'C; 1 psi = 
6895 Pa) has been used to reduce indole to indoline but the yield was not reported, and this was the only 
example investigated.8' 

* (39) 
H,, Raney Ni 

EtOH 
1 atm, r.t. 

R = H (75%); R = OMe (76%) 

R 
H 

R 
H 

(40) 
H,, Raney Ni 

1 atm, r.t. 
EtOH 

84% Me Me Me 
73% 27% 

H,, Raney Ni 

EtOH 
\ I atm, r.t. \ 
Ac Ac 

(16) 
R' = R2 = H (99%); R' = H, RZ = Me (98%); R' = R2 = Me (97%) 
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An interesting variation on conventional catalytic hydrogenation is catalytic transfer hydrogenation, in 
which formic acid or formate serves as the hydrogen source. Thus, indoles are smoothly reduced (and 
formylated) to the corresponding N-formylindoles (equations 42 and 43).82 Since it is difficult to avoid 
formylation of the indoline, it is best to employ triethylammonium formate to maximize yields of the re- 
duction product (equation 43). a + (42) 

10% Pd/C, HCO2H 

H bHO 

0.5 h, 70°C 
68% H 

46% 54% 

10% PdlC, HCOzH 

Et3NHOzCH 
1.5 h, 110 ‘C 

H 83% 

(43) 

Watanabe and coworkers have reported that the ruthenium-catalyzed reduction of indoles using fonnic 
acid as the hydrogen source leads to indolines (equation 44).83 It seems likely that acid is required in 
these reductions (equation 42-44) in order to protonate the indole C-3 position, since, in at least one re- 
port using only ammonium formate and palladium, the indole ring is not reduced (equation 45).84 Admit- 
tedly, these conditions are much milder than those that use formic acid. 

* cjQR (44) 
HCOzH, R~Clz(PPh3)3 

180 OC, 6 h, PhH 

R = H (53%); R = Me (50%) H 

S l Q R  

H 

HCOzNH,, 10% Pd/C 

\ MeOH, r.t., 24 h 
\ 

H 20% 

Ncm 
H 

(45) 

3.7.5.2 Dissolving Metals and Metals in Acid 

In addition to the general reviews on indole reduction that were cited above, several reviews and key 
papers on the dissolving metal reduction of indoles should be consulted for reference to the early 

Whereas N-phenylindoles are reduced to the corresponding dihydroindoles with Na/”3 (equations 46 
and 47)87-89 and indole-2-carboxylic acid is reduced to the indoline with Li/”3/PhNH2 (equation 48),90 
indole itself is reduced to 4,7-dihydroindole (Li/”3, MeOH) in 5 1 % yield.91 These latter conditions 
also reduce carbazole to 1 ,4-dihydrocarbazole in 73% yield?l 

work. 12,8536 

i, N U ” , ,  THF. 10-15 min 

ii, NH,CI 
! \ 

Ph 88% Ph 

In some cases, very high chemoselectivity can be achieved depending on the reaction conditions. 
Thus, Remers and coworkers demonstrated that 5-methoxy-1 -methylindole can be reduced either in the 
pyrrole ring or in the benzene ring, depending upon the availability of a good proton source (MeOH) 
(equation 49).86 
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i, Na/“,, THF “ 1 ,  

”“ H * 
ii, NH4CI 

\ 83% 
Ph Ph 

* 
Li/”, 

Ph”,, THF 
\ 

H 91% H 

(47) 

Li/”, Li/”, 

MeOH 
70% I 60% I 

Me Me Me 

However, Sauer and coworkers have been able to reduce selectively the styrene double bond in 
ergoline derivative (17) without affecting the indole double bond (equation 50)?2 

Et2NOC ’ 

H 
I 

“l’’’R EtzNOC 
i, LiNH,, PhNH, 

- 
ii, Li/NH3, THF 

4 5  OC 
95% 

H 
I 

N ‘O,, H& 

\ 
H 

Independently, Youn and Pak, and Fagan et al. found that Mg/MeOH reduces indoles to indolines that 
have a carbonyl group at the 2-position (equation 51).93*94 This research supplements a reduction re- 
ported by Corey and coworkers that uses Sn/HCl (equation 52).95 However, ethyl indole-3-carboxylate is 
not reduced with Mg/MeOH.93 

Mg, 1.5-3 MeOH h - &COR2 

Rl 
90-98% 

COR2 

Rl 

R’ = H, Ac; RZ = OMe, NH2, ”Me; R3 = H. Me 

C02Et (52)  
i, Sn, HCI, EtOH, 36 h, r.t. 

ii, NH, 
63% 

H H 

Although the early attempts to reduce indole to indoline with metals (Sn and Zn) and mineral acid (e.g. 
hydrochloric acid) invariably led to polymerization, Dolby and Gribble found that 85% phosphoric acid 
is a suitable medium in combination with Zn for a successful indole to indoline reduction (69%).96 How- 
ever, the reactions of 2.3-dimethylindole and l ,2,3,4-tetrahydrocarbazole with Zn/H3PO4 give much 
lower yields of reduction product.96 
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A related procedure utilizes zinc dust amalgam and HCI. Thus, several indoles are reduced to indolines 
in excellent yield (equation 53).97*98 Somewhat similarly, the facile reduction of the indole double bond 
in pyridylindole (18) with zinc and acetic acid has been described (equation 54).99 In this example, pre- 
sumably, protonation of the pyridine nitrogen facilitates the reduction of the indole ring. Interestingly, 
Birch conditions (Na, EtOH, reflux) with (18) result in reduction of only the pyridine ring (93% 
yield).Im 

Zn(Hg), aq. HCI 

9G100 'C, 120 min 

Rl 

R' = R2 = R3 = H (97%) 
R *  = R3 = H, R2 = cyclohexyl(92%) 
R' = H, R2 = R3 = Me (90%) 
R1  = R3 = H, R2 = Ph (95%) 

- d R 2  

Rl 

R1 = R2 = Me, R3 = H (97%) 
R1  = R2 = H, R3 = Et (95%) 
R1 = Me, R2 = R3 = H (100%) 
R1 = R3 = H, R2 = Me (100%) 

Zn, AcOH 

62% \ 

H 

o3-3 8&9oOC, 1.5h - 
H 

(18) 

(53) 

(54) 

3.7.5.3 Boron Hydrides and Related Methods 

As will be seen in this section, mixed boron hydrides and complexes of boron probably represent the 
most general and efficient reagents for the reduction of the indole double bond. 

Although a few examples were known previously, Monti and Schmidt, in a careful study, found that 
diborane is able to reduce N-unsubstituted indoles to indolines (equation 55).Io1 N-Alkylindoles are not 
reduced under these conditions. 

i, BH3-THF 
ii, NaOMe, MeOH 

iii, HCI 

H H 

R1 = R2 = H (44%) 

R 1  = H, R2 = Me (66%) 

R1 = R2 = Me (93%) 
R' = Me, R2 = H (50%) R1, R2 = -(CH2)4- (98%) 

(55 )  

The mechanism proposed to account for this somewhat remarkable result is shown in Scheme 6, invol- 
ving as the key intermediate the indolylborane (19). Methoxide addition to (19) serves to activate the in- 
dole C-3 position towards protonation and the resulting indolenium ion (20) is reduced by a boron 
hydride species to give indoline. 

Although indoles are not normally reduced by either sodium borohydride or lithium aluminum hy- 
dride,68 Gribble and coworkers have found that NaBH4 in carboxylic acid media reduces indoles to N-al- 
kylindolines in excellent yield (equations 56 and 57). lo2 This unusual reaction involves C-3 protonation 
of the indole, borohydride reduction to give an intermediate indoline and subsequent N-alkylation under 
the reaction conditions to give the N-alkylindoline. The reduction of N-alkylindoles with NaBHflOAc 
gives the corresponding N-alkylindolines. Indeed, the combination of NaBHaC02H is an excellent one 
for amine alkylation.'02*103 

Although most common carboxylic acids can be used successfully in this context (equation 57),Io2 for- 
mic acid gives the indole dimer derived side product (21; equation 58)IO4 and trifluoroacetic acid gives 
the condensation product (22; equation 59),lo5 in addition to the expected products. The particular prob- 
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H 

NaBH4, AcOH 

r.t. to 50-60 "C 
\ \ 

H Et 

R' = R2 = H (86%) 
R' = Me, R2 = H (84%) 
R' = H, R2 = Me (45%) 

R1 = R2 = Me (60%) 
R', R2 = -(CH2)4- (77%) 

NaBH4, RCOZH 

LR H 49-86% 

R = H, Me, Et, pr' 

(57) 

lem encountered with formic acid in this indole reductive N-methylation sequence can be circumvented 
by using a combination of paraforrnaldehyde/NaBH3CN/HOA~.~~ 

NMe2 

48% \ + & \ (58)  

H Me Me 
33% (21) 67% 

\ 

CF3 F3C 
H 6 h  H 

58% F3C 
69% 9% (22) 22% 

In a companion study, Gribble and coworkers found that the combination NaBH3CN/HOAc is superla- 
tive for reducing indoles to indolines rapidly and under mild conditions (equation 60).102*107 With this re- 
agent combination, N-alkylation occurs only at higher temperatures.lo8 
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R3 

NaBH$N, AcOH - R4w R2 R47$+-R2 I 

15 61-97% "C, 2 h 

R' = H, Me, Et, PS, Bn, Ph; R2 = H, Me; R3 = H, Me; R2, R3 = -(CH2)4-; R4 = H, Br; R5 = H, Me 

R.5 R1 R5 R1 

Only those indoles that are sufficiently basic to be protonated by acetic acid are reduced under these 
conditions. Thus, 5-nitroindole and 2,3-diphenylindole are recovered unchanged,Io7 whereas 5,6-dimeth- 
oxyindole is cleanly reduced to 5,6-dimethoxyindoline in 86% yield with N ~ B H ~ C N / H O A C . * ~ . " ~  This 
differential reactivity has been exploited by Cava and Rawal in their synthesis of CC-1065 analogs in 
which only the more basic double bond in (23) is reduced (equation 61).111-113 Indeed, this same tactic 
has since been utilized by Boger,II4 M ~ o d y " ~ * " ~  and Sundberg,I17 and their coworkers, in their respec- 
tive synthetic efforts towards CC- 1065 and the related phosphodiesterase inhibitors PDE-I and PDE-11. 
Likewise, Joule and coworkers have utilized NaBH3CN/HOAc in a chemoselective reduction of the 
more basic indole double bond in benzodipyrrole (24; equation 62).'18 

N / \ N ,  NaBH,CN, r.t. AcOH 9 Eto2cw N / \ N ,  Bn (61) 

Bn 78% Eto2cw Bn - Bn 

NaBH,CN, AcOH 

10-15 OC 
>95% 

i c  H Ac H 

(24) 

Although the reduction of indoles that contain a basic nitrogen atom fails with NaBH4 (or . .JjH3CN) 
in acetic acid, this reaction is successful using the stronger trifluoroacetic acid, and many examples are 
known (equations 63-66).1023119-126 Not surprisingly, the bromine is removed in the reduction of 2-bro- 
moergolines (equation 65).123 The reduction of p- and y-carbolines invariably gives the cis product 
(equations 63 and 66),11991217124 the result of hydride transfer to the iminium ion from the least hindered 
face and leading to the more stable cis ring fusion. As would be expected, NaBHXN/TFA is also ca- 
pable of reducing these basic indoles to indolines (equations 67 and 68). 127-129 This combination has also 
been used to reduce methyl and ethyl N-alkylindole-2-carboxylates to the corresponding indolines in ex- 
cellent yield.94 

- (63) 
NaBH,, TFA 

0 OC 
90% I HH 

H H 
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H H 

H H 

Ph Ph 

N 
H 
I 

NaBH3CN 

TFA 
84% N 

H 
cixtrans = 4456 

NaBH3CN 

LY-" TFA 
81% 

(67) 

In some instances, it is essential to use NaBH3CNmA rather than NaBH4/TFA, in order to preclude 
W-trifluoroethylation, which can occur using the latter conditions (equations 69 and 70).105,121*129 

Me0 
KBH, - 
TFA MeowMe N H I 89% I H  

Whereas indoles that contain a basic nitrogen are smoothly reduced to the corresponding indolines 
with NaBH4FFA (vide supra), this reagent combination with simple indoles can lead to complications 
(Le. 22; equation 59). 

The utility of sodium borohydride (and related metal hydrides) in carboxylic acid media in the reduc- 
tion of indoles has been reviewed recently and several additional examples can be found cited in this re- 
view.Io3 There is increasing evidence to suggest that acyloxyborohydride species are the actual reducing 
agents that form under these conditions.130 

Sodium borohydride in concert with AICls-pyridine also reduces indoles to indolines (equation 7 l),I3l 
but this reagent combination is less effective than those reported above using carboxylic acids. 

Somewhat surprisingly, it has been reported that both tetra-n-butylammonium borohydride and zinc 
borohydride, in the absence of acid, are capable of reducing indoles to indolines (equations 72 and 
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u U CF3 
47% 13% 

NaBH,, AICI, 

pyridine 
0 OC to r.t., 7 h R' Rl 

R ' =  Me, R2 = R3 = H (56%) R' = R2 = R3 = H (76%) 
R' = R2 = H, R3 = Me (75%) 
R' = R3 = H, R2 = Me (80%) 

R ' = R 3 = H , R 2 = P h ( 1 5 % )  
R' = R2 = H, R3 = (CH2)2NHBz (56%) 

73),132,133 although only the latter method would appear to be comparable in terms of yield and versat- 
ility to those methods described above. The mechanisms of these reductions are unclear, but it may be 
that reduction is occumng during work-up, as has been found by Maryanoff and coworkers during their 
studies,129 and/or that diborane is involved. 

i, Bu",NBH,, CH2C12 
reflux 10 h 

ii, 10% HCI 
R' r.t., 30 min Rl 

R1 = R2 = R3 = H (48%) 
R1 = R3 = H, R2 = Me (66%) 
R1 = R2 = Me, R3 = H (44%) 

R1 = R2 = H, R3 = Me (6%) 
R' = H, R2, R3 = -(CH2)4- (57%) 

Zn(BH,h 

Et20, r.t., 2 d 

Rl Rl  

R' = R2 = R3 = H (92%) 
R1 = R3 = H, R2 = Me (94%) 
R1 = R2 = H, R3 = Me (38%) 

R' = H, R2 = R3 = Me (39%) 
R' = H. R2, R3 = -(CH2)4- (30%) 
R' = Me, R2 = R3 = H (0%) 

(73) 

Pioneered by Berger, Kikugawa and Maryanoff, and their coworkers, it has been found that borane and 
amine-boranes in conjunction with acid are capable of reducing indoles to indolines (equations 74- 
77).89*128-1299134-138 Depending on the exact system, these methods may or may not be more efficient than 
the use of the chemically related NaBH4(N&H3CN)/RC02H reagent combination. Okamoto and cowor- 
kers have employed 2-amino-4-methylpyridine-borane in HOAc to reduce indole to indoline in 86% 
yield.139 
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R2 

i, Me3N*BH3, dioxane & 
ii. HCl, A, 30 min 

* R' (74) 

I 

H 80% H 

R' = R2 = H (80%); R', R2 = -(CH2)4- (87%) (cis) 

PyBH3 

10% HC1-EtOH 
I 

R' 5-20 min, r.t. R f  

R' = R2 = R3 = H (82%) 
R' = R3= H, R2 = Me (98%) 

R' = R3 = H, R2 = Ph (56%) 

R' = R2 = H, R3 = Me (82%) 
R' = Me, R 2 =  R3 = H (54%) 

r r 
PymBH3, TFA 

H 

0 'C, 2 min 
85-96% 

H 
R = H, Ac, Bn, CHO, C02Bn 

(75) 

NHR 

(77) 
BH,*THF, TFA 

0 OC, 2 min 
86% u-" u-" 

Berger and coworkers have found that the reaction can be manipulated so as to give the trans-fused 
carboline product (equation 78).88 This stereoselective reduction was later extended to secondary amines 
in the y-carboline series by Elliott and G ~ z i k . ' ~ ~ J ~ '  

R 
i, BH3*THF 

Y H  
N I i i ,  H,O+ 

Ph R = Me (65-75%); R = H (>80%) Ph 

This stereoselective reduction is thought to involve the pathway shown in Scheme 7, wherein the key 
step is intramolecular hydride delivery from an amine-borane complex (25). This mechanism is sup- 
ported by the appropriate deuterium labeling experiments.88 

Zagorevskii et ai. have observed the same stereoselective trans reduction with several tetrahydro-y- 
carbolines by generating the diborane from NaBH4 in situ (equation 79).142 As expected, treatment of 
these carbolines with pyridine-borane and acid gives the cis-fused isomers (equation 80).'42 Bosch and 
coworkers have also utilized an in situ generation of diborane to effect the chemoselective reduction of 
the indole double bond during the synthesis of a new indolomorphan.143 

Chu and coworkers observed that the indole ester (26) can be reduced selectively using pyridine-bo- 
rane/HCl (equation 8 1),14 but Fritz and coworkers found that the same conditions reduce both the indole 
double bond and the carbonyl group in ketone (27; equation 82) but only the indole double bond in 
amide (28; equation 83).'45 
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BH,*THF 

N 

Ph 
I 

Reduction of C-C and C d  Bonds 

BH3 
N - M e  H30+ 

- 

- Q f J  - 
N 

I 
- Ph 

Ph - 

Scheme 7 

i, NaBH,, diglyme 

ii. HCI 
r 

R' = H, Ph; R2 = H, Me 
I 

R' 

wMe H I H  
wMe N 

I 
H 

C02Et 

N 

C02Et 

N 

i ,  HCI, EtOH 

ii, Py.BH3 

95% 

D 

0 OC, 20 min I 
H 

I 
H 
(26) 

Qp H 

i,  HCI, EtOH 

i i ,  Py*BH3 
D 

0 "C to r.t., 4 h 
48% 

NHAc Qo I 

i ,  HCI, EtOH 

i i ,  Py*BH3 
c 

0 OC to r.t., 4 h 
77% H 
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Interestingly, whereas NaBHsCN/HOAc fails to reduce the indole ring in the PDE thiophene analog 
(29). this double bond is reduced using borane-TFA (equation 84).146 These conditions are also reported 
by Cava and coworkers to reduce a furan analog of (29).I13 

BH,*THF, TFA * Eto2cv S / \ N ,  Bn (84) 
0 "C 
92% M e 0  OMe M e 0  OMe 

(29) 

The ionic hydrogenation of indoles to indolines using Et3SiHnFA has been described by Pames et 
al.14' and utilized by McKen~ie,'~' M a g n ~ s , ' ~ ~ J ~ ~  HlastaI5O and Ward,15' and their coworkers in several 
different situations (equations 85-89). For the most part, the chemoselectivity and stereoselectivity that 
are observed with this reagent combination parallel that which was observed with NaBH4FFA (vide 
supra). 

- Et,SiH, TFA 

60 "C, 50 h 
\ ! 

H H 

R' = Me, R2 = H (83%); R' = R2 = Me (80%) (cktruns = 4258) 

Ph 

N 

EgSiH, TFA 

80% 
c 

M e 0  Q \ / 

Ph 

I I 
H H 

- 
H 

Et,SiH, TFA 

0 to 20 "C, 1.5 h 
80% 

Ph02S' 

HO 

Ph02S' 

HO 

C02Et 
Et3SiH, TFA 

reflux 2 h 
67% (R = Et, X = H) 

X - a  I C02Et 

R R 
R = Me, Et, Pr, Bn, allyl; X = H, 5-F, 7-C1, 5,7-diCI2 

Et,SiH, TFA 

r.t., 16 h 
(89) 

H H 
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In summary, myriad boron hydride and silicon hydride reduction methods are available for the reduc- 
tion of indoles to indolines. It is interesting to compare the various methods for the stereoselective reduc- 
tion of 2,3-dimethylindole to cis- and truns-2,3-dimethylindoline (Table 1). While most methods show a 
preference for the more stable trans isomer, only with Zn(BH4)z is this preference pronounced. 

Table 1 Stereochemistry of the Reduction of 2,3-Dimethylindole 

Conditions Cis( %) Trans( %) Yield(%) Re5 

Zn(Bh)z, r.t. 
Zn(BH4)2,40 "C 
H2, pt/Alzos 
NaBHsCN, HOAc 

EtsSiH, "FA 
B2H6, NaOMe, HCI 
BHs-MesN, HCl 
Zn, TFA 
Zn, H3P04 
Zn, HCl 

BH3-TFA 

6 
18 
18 
25 
33 
42 
47 
57 
63 
65 
70 

94 
82 
82 
75 
67 
58 
53 
43 .- 

37 
35 
30 

39 
61 
28 
90 

72 

19 
- 
- 

133 
133 
73 

107 
129 
147 
101 
134 
147 
96 

147 

3.7.5.4 Miscellaneous Methods 

driodide (equation 90)'52 and electrolysis (equations 91-93). 153-155 
Two indole reduction methods that have not been studied in detail are the use of phosphonium hy- 

PH41 
(90) 

D l H 2  - HI D l H 2  
H H 

electrolysis 

MeCN, H2SO4 
I 26 OC. 20 min N 

c 

H 99% H 

electrolysis 

Bun4N+OH 

Me ~ ~ . T H F  Me 
86% 

Me 
14% 

* (93) 
electrolysis 

54% HZSO, 
9&95% 

H H 

The isomeric isoindoles are very susceptible to reduction. But because no new methods to accomplish 
this reduction have been reported in the years since an excellent review156 was published over 20 years 
ago, nothing further on this topic will be presented here. 

3.7.6 REDUCTION OF BENZO[b]FURANS 

Unlike the enamine double bond of indoles, the corresponding double bond of benzo[h]furans is less 
basic and, therefore, is much less susceptible to the protonation-reduction tactic exploited so success- 
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fully with indoles (vide supra). Nevertheless, several reduction methods are possible and reviews of early 
work are available.1s7*'58 

3.7.6.1 Catalytic Hydrogenation 

Studies of the hydrogenation of benzo[b]furans with several Pt, Pd and Rh catalysts (equations 94-97) 
revealed that Pd gives the highest yields of dihydrobenzo[b]furans (equations 94 and 96).159-163 A 
Pdhtyrene-maleic acid copolymer catalyst reduces benzofuran to dihydrobenzo[b]furan in quantitative 
yield.25 Platinum gives significant amounts of the cleavage product 2-ethylphenol and rhodium gives 
overreduction (equation 95).16' A nickel catalyst results in the deoxygenation of a benzylic acetate (equa- 
tion 97).'63 

c 
Hz, Pd 

50 "C, 3 h 

R = H (97%); R = Me (22%); R = Et (33%); R = Pr" (5%) 

H,, 5% Rh/C 

H 
a EtOH,25 "C- 

4.5 atm 
100% 87% 13% 

fJ$ "d;I%lz- 
50 min 

0 
OMe 82-89% OMe 

R=H,Me 

OAc 

Hz, Ni/Si02 @ EtOAc,3h * AcO 
117 "C. 5 MPa AcO 

(94) 

(95) 

(96) 

(97) 

OAc 88% OAc 

A careful study by Matsumoto and coworkers on the hydrogenation of the diterpene precursor (30) re- 
veals that the less active catalyst palladium gives a higher percentage of the (S)-isomer than does the 
more active catalyst platinum (equation 98).lw 

H,, 10% Pd/C 

I atm, r.t. 
EtOAc 
93% 

(S):(R) = 5 :  1 
(RO,/AcOH gives (S) : (R)  = 2: 1) 

Interestingly, Venugopalan and Balasubramanian found that only the pyran ring is hydrogenated in fu- 
ropyran (31) using Pd/C (equation 99). 165 Somewhat similarly, Horaguchi and coworkers noted that the 
furan double bond in 7-methoxycyclohepta[c~benzofuran (32) is unaffected during the hydrogenation of 
the cycloheptadiene portion of the molecule (equation 100).166 
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0 &o H,, acetone 10% Pd/C D oflo 
1 atrn, r.t. 

83% 
z - 

/ 

(31) 

(99) 

Rapoport and coworkers have used a hydrogenation-dehydrogenation protocol to introduce tritium 
into psoralen derivatives (equation 101).167 For the same class of compounds, Heindel and coworkers 
have discovered a very simple catalytic transfer hydrogenation of the furan double bond (equation 
1 02). 1 68.1 69 

i ,  T,, 10% Pd/C 

AcOH, 4 h, 1 atrn, r.t. 

Ph,O reflux, 28 h 
ii, 10% Pd/C 

12% 

0 

cyclohexene 10% Pd/C - 0 WRl(1O2) 

95% EtOH, reflux 
30 rnin 

0 

Rl = H, R2 = Me (64%) 
R1 = Me, R2 = H (70%) 

Although reduction of the isomeric benzo[c]furans (isobenzofurans) has been much less studied than 
the reduction of benzo[b]furans, some examples of their reduction are known.170 Thus, 1,3-diphenylben- 
zo[c]furan can be hydrogenated to afford the two products shown in equation ( 1O3).I7I 

EtOAc, H,, 5% 50 Pd/C psi mp; \ :  + *p; 1 

- (103) 

Ph Ph 20 O C ,  12 h 
I270 

*p; 

Ph 
46% 54% 

3.7.6.2 Dissolving Metals 

The dissolving metal reduction of benzo[b]furans and dibenzofurans is a classical technique and, de- 
pending on the conditions, can give rise to a variety of p r o d u ~ t s . ~ ~ ~ , ~ ~ ~  Several examples are summarized 
in equations ( 1W108).172-175 The cleavage of dibenzofurans to afford 2-hydroxybiphenyls (equation 
107) is a particularly valuable route to these compounds.174 The reduction of 3-carbomethoxybenzofu- 
rans with MgJMeOH (equation 108)175 is reminiscent of the indole reduction reported earlier (equation 
51). 
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(106) 

0 

i, 3 equiv. Li, dioxane, A, 3 h 
ii, HCI 

(107) 

Mg, MeOH 

r.t. 

R = Me (92%); R = C1(99%) 

In contrast to their observations noted earlier, Horaguchi and coworkers were able to reduce (32) using 
Na/EtOH (equation 

M e O a  reflux, Na’EtoH 40 min - M e O a  + MeO& (109) 

\ o  ‘ 0  88% \ o  
23% - 77% 

EtOH 

The Birch-type reduction of 1,3-diphenylbenzo[c]furan (33) has been studied in detail by Smith and 
McCall (equation 1 

ii, i, Na, MeOH THF - MP: \ + ep: \ :  (110) ep: Ph 80% 
Ph Ph 

(33) 90% 10% 

3.7.6.3 Boron Hydrides and Related Methods 

Although much less explored than the analogous reductions of indoles (vide supra), the reduction of 
benzofurans with mixed metal hydrides is showing promise as a useful and versatile methodology. 

Borisova et al. have found that benzofurans are reduced to dihydrobenzofurans using NaBH4 (or 
KBH4)nFA (equation 11 l).176 In the case of 2-ethyl-3-methylbenzofuran, the ratio of cis:trans products 
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is 40:60. In contrast to this result, Cava and coworkers did not observe reduction of the benzofuran 
double bond in (34) using BH3/TFA (equation 1 12).'13 

Eto2cw O / \ N ,  Bn 

- ( 1 1 1 )  

R' = Et, R2 = Me, R3 = H (63%) 

NaBH, (or KBH,) 

TFA 
r.t., 2 h 

R',  R2 = -(CH2)4-, R3 = H (67%) 
R', R2 = -(CH2)4-, R3 = OH (52%)  

BH,*THF, TFA Et02C - ( 1  12) 
CH2CI2.0 O C  O / \ N ,  

Bn 89% 

Karakhanov and coworkers successfully applied the ionic hydrogenation tactic, using Et3SiH/TFA, to 
the reduction of several benzofurans (equation 1 13).'77 In the case of 2,3-dimethylbenzofuran, the ratio 
of cis:trans products is 1991. It is interesting to note the deuterium-labeling results reported by these 
Russian scientists. Thus, whereas treatment of benzofuran (or 2-methylbenzofuran) with Et3SiDPFA 
gives rise to the 2-deuterio derivative, indicating the expected C-3 protonation, the same treatment of 3- 
methylbenzofuran gives rise to the 3-deuterio derivative, indicating C-2 protonation (Scheme 8). 

Et3SiH, TFA 

3 h, 70 O C  

R' = R2 = H (81%) 
R1= H, R2 = Me (96%) 
R! = Me, R '= H (96%) 

R' =Et, R2 = H (96%) 
R' = R2 =Me (94%) 

CF3C02H_ 

Scheme 8 

3.7.6.4 Miscellaneous Methods 

A photoreduction of 3-phenylbenzofurans has been reported by Parkanyi and coworkers (equation 
1 14)17* and benzo[b]furans can be electrochemically reduced (equation 1 1 5).154 Further electrolysis of 
2.3-dihydrobenzofuran gives 2,3,4,7-tetrahydrobenzofuran. Similarly, electrolysis of 5-methoxybenzo- 
furan gives 69% of the dihydro product. In the absence of water, only 2-ethylphenol is 0b~erved . I~~  
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Ph Ph 
hv 

30% 

0 "C, THF, 2% HzO 

90% 

92% 8% 

3.7.7 REDUCTION OF BENZO[b]THIOPHENES 

The early reductions of benzo[b]thiophenes, including hydrosulfurization reactions, have been re- 
viewed.42,43, 179-18 I 

3.7.7.1 Catalytic Hydrogenation 

The catalytic hydrogenation of benzo[b]thiophene to 2,3-dihydrobenzo[b]thiophene using both a PdS 
catalyst and a rhodium catalyst have been reported (equation 1 16).182-184 Fish and coworkers have also 
accomplished this reduction using a ruthenium catalyst.81 

H,, PdS/A1,03 

77% 

PhH, 85 "C 
3 10 psi 

3.7.7.2 Dissolving Metals 

The Birch reductions of benzothiophene and dibenzothiophene have been studied for a number of 
years.I2 The major pathway in the former reaction is cleavage to 2-ethylthiophenol, under several condi- 
tions with Na/"3,185 while the major mode of reaction for dibenzothiophene depends on the order of 
mixing, but is mainly ring cleavage.12 A recent report by Wood and coworkers describes the use of cal- 
cium in this regard (equations l 17 and l 18).lS6 In contrast to this ring cleavage, the conjugated benzo- 
thiophene (35) is cleanly reduced to the 2,3-dihydro derivative by the action of MglMeOH (equation 
1 19).175 

i ,  Ca, EDA, Bun", 

ii ,  NH4Cl 

c (117) 

92% 

(1 18) 
i, Ca, EDA, Me", 

ii, NH4CI 
83% 
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C02Me C02Me 

( 1  19) 
Mg, MeOH 

r.t. Bra (35) 91% 

3.7.7.3 ionic Hydrogenation 

The only reduction of benzothiophenes involving metal hydrides is ionic hydrogenation utilizing 
Et3SiHRFA (equation 120).56*187 The rate of reduction of benzothiophene itself is very sluggish and 
much slower than that of benzofuran (equation 113). 

Et,SiH, 50 "C TFA * d . 1  ( 120) 

20-125 h 
R' = Me, R2 = H (80%) 
R' = H, R2 = Me (90%) 
R' = R2 =H (55%) 

The deuterium-labeling studies parallel those which were observed with benzofurans (Scheme 8). 
Thus, 2-methylbenzothiophene is protonated at C-3 and 3-methylbenzothiophene is protonated at C-2 to 
give the products (36) and (37), respectively, after deuteride transfer to the respective intermediate car- 
bocations. '*' 

3.7.7.4 Electrochemical 

The electrolytic reduction of benzo[b]thiophene has been described by Pacut and Kariv-Miller (equa- 
tion 121).'** Because the two products can be easily separated, this electrochemical Birch reduction is a 
very good preparation of 2,3-dihydrobenzo[b]thiophene. 

(121) 
electrolysis 

Bu"4NBF4 
aq. THF, 0 O C  

87% 
86% 14% 
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3.8.1 INTRODUCTION 
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3.8.1 INTRODUCTION 

To cover the reductive behavior of all types of heterocycles bearing more than one heteroatom within 
the confines of one brief chapter is impossible, thus the content of this chapter has been edited to reflect 
those topics and systems in which there is most interest. Many polycyclic and less common heterocyclic 
molecules are not included. Similarly the weighting of the subject matter is not uniform, and greater em- 
phasis is placed on those areas where the reduction of heterocycles gives access to useful synthons or 
provides templates which exert stereochemical control in target-orientated syntheses. 

3.8.2 REDUCTION OF HETEROCYCLES CONTAINING TWO NITROGEN ATOMS 

3.8.2.1 Five-membered Ring Systems 

3.8.2.1 .I Pyrazoles, inabzoles, pyrazolines and pyrazolidines 

The pyrazole ring is resistant to most reducing agents and survives intact when other heterocycles are 
cleaved. An illustration is provided by the reaction of the pyrazoloimidazolidinone (1) with LAH. ' Here 
the imidazolidine unit is sensitized to nucleophilic attack by the presence of a lactam carbonyl group, and 
the product formed is the monocyclic pyrazole (2). The stability of pyrazoles to reduction has been ex- 
ploited in a synthesis of aldehydes from acyl halides. Thus N-acylpyrazoles (3) on reduction with LAH 
produce complexes of the type (4); these when hydrolyzed yield aldehydes and the parent pyrazoles (5).* 

Me 
I Ph 

Ph LiAIH4, THF 

X Y P :  " 89% 
Ph 

Unsaturated groups bonded to the carbon atoms of pyrazoles are also reduced, either by chemical re- 
agents such as sodium and ethan01,~ or through hydrogenation over nickel or palladium catalysts." Nitro- 
pyrazoles can be converted into the corresponding amino compounds by exposure to dissolving metals in 
aqueous acids, but pyrazoles (6) are not stable to catalytic hydrogenation in the presence of acids and py- 
razolines (7) are formed. Now the reaction can proceed further to yield pyrazolidines (81, and ultimately 
acyclic 1,3-diaminopropanes (9).5 Over-reduction is not a problem if neutral media are employed and the 
hydrogenation of 2-pyrazolidines (10) in organic solvents over palladium or Adams' catalyst only serves 
to reduce the azo group attached to C-5 giving the de-azo derivatives (11).6 LAH reduces both py- 
razolines and pyrazolinium salts (12) to pyrazolidines (13).' 
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Catalytic hydrogenation of pyrazolin-5-ones (14) under mild conditions affords the corresponding py- 
razolidinones (15), the lactam units of which may be reduced to give the pyrazolidines (16) by treatment 
with LAH.* N-Sulfonylpyrazolin-4-ones (17) can be reduced with L-selectride to afford pyrazolinols 
(18), without affecting the alkenic bond of the hetero~ycle.~ The N-N bond of pyrazolidines is cleaved 
by hydrogenation over Raney nickel as catalyst and, for example, hydrogenolysis of the 1,5-diazabicy- 
clooctane (19) yields the 1 ,5-diazaoctane (20).1° Similar reactions do not occur with N-acyl derivatives, 
although ring opening can now be achieved through the action of sodium in liquid ammonia. In this way 
the dicarbamate (21) is transformed into the 1,3-diaminocyclopentane (22).l I 

- R3ER2 R3 
LiAIH,, THF 

N 'H  
R '  

(14) (15) (16) 

nR2 I I 

R3ER2 H2,M - 
O N  atmospheric N " 

I 
R1 pressure R '  

L-selectride R2HkNR' 
I 

S02Ar 

(17) 

S 0 2 A r  

(18) 

The nucleus of indazole, like that of pyrazole, is stable to reduction, so that treatment of the amido 
derivative (23) with LAH leads only to the amine (24).12 Indazolium salts (25) are more reactive and 
undergo reduction with potassium borohydride to give indazolines (26).13 
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NHC02Et 
h 1 

Na, NH, 

81% Y 
NHC02Et 

LIAIH,, THF - dNMe2 Me 80% 

(23) 

Me 

(24) 

3.8.2.1.2 Imidazoles, benzimidazoles, irnkiazolines and imkiazolium sah 

The aromaticity of the imidazole nucleus ensures stability towards reduction, and when benzimidazole 
(27) is hydrogenated over Adams’ catalyst in acetic acid the carbocyclic ring is reduced first to give the 
tetrahydrobenzimidazole (28). However, if the solvent is changed to acetic anhydride, N-acylation pro- 
motes the reduction of the heterocycle and the 1,3-diacetylbenzimidazoline (29) is then formed (Scheme 
l).I4 Imidazole (30) under these conditions gives 1,3-diacetylimidazoline (31). Imidazolium salts (32) 
are easily reduced and treatment with excess sodium borohydride in 95% aqueous ethanol culminates in 
the formation of 1,2-diamines, (33) or (34). Either N-C bond may cleave, although if the substituent R’ 
is benzyl the major products are benzylamines (33; R’ = Bn).I5 

Ac 

- a”.> ON> N 

H,, PtO,, AcOH H2, PtO2, A c ~ O  

\ N  
H H 

* 

Ac 

Scheme 1 

2-Imidazolines (35) also undergo reductive decyclization to diamines (36) with metal hydrides, but 
here LAH is a superior reagent to sodium borohydride, and other hydrides such as sodium cyanoboro- 
hydride fail to react.16 In the case of benzimidazolium salts (37) LAH in diethyl ether or THF, or sodium 
borohydride in water, gives benzimidazolines (38). Ring scission does not occur.17 
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c N < 3  Ht ,R3 
NaBH,, EtOH, H 2 0  

c + R2 NH R2 
I I 

R' R' 

(33) (34) 

Imidazolidin-2-ones (39) are inert to reduction with sodium borohydride, but LAH converts them into 
the corresponding imidazolidines (40), the rate of the reaction being determined by the size of the N-sub- 
stituents.'* N-Substituted guanidines are similarly unaffected by treatment with sodium borohydride or 
lithium borohydride, but if an acetoxymethyl substituent is present, as in the derivative (41), selective 0- 
deacetylation occurs to give the corresponding alcohol (42). l9 The carbonyl groups of hydantoins (43) 
survive treatment with sodium amalgam, or Raney nickel in sodium hydroxide, although side chain 
double bonds are reduced giving dihydro derivatives (44).*O On the other hand, 2,4-dithiohydantoins (45) 
are desulfurized by exposure to Raney nickel in boiling ethanol, and yield the parent imidazoles (46).21 

R R 

c c3 LiAIH4, Et20 

N 
R 

I I 
G O  

R 

(39) (40) 

- Ho/tNXAC NaBH,, LiC1, diglyme Aco/t.,"' N I NAr N I NAr 
Ac 

(41) 

H,, Ni, NaOH - Ar 
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3.8.2.2 Six-membered Ring Systems 

3.8.2.2.1 Pyridazines, pyridazinium salts, dihydropyridazines, tetrahydropyridazines, cinnolines 
and phthalazines 

Pyridazine N-oxides (47) are partially deoxygenated by hydrogenation at atmospheric pressure over 
palladium on carbon affording a mixture of the corresponding mono-N-oxides (48) and (49).22 By con- 
trast, electrochemical methods cause ring opening, provided that the solvent contains acetic anhydride, 
and under these conditions pyridazine (50) itself is converted into 1 ,Cdiacetamidobutane (51).23 A simi- 
lar ring scission is achieved if NJV-diacylhexahydropyridazines are treated with sodium in liquid am- 
monia; thus the dicarbamate (52) affords the lyxose derivative (53).24 and treatment of the bicyclic amide 
(54) with sodium amalgam effects ring opening to give the pyrrolidinone (55).25 

0- 0- 

(47) (48) 55% (49) 42% 

r """ Hg cathode 

N NHAc 

Na, NH, 

-6' "' 87% 

- 
C02Et C02Et 

(52) (53) 
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Pyridazines (56) are reduced by treatment with a mixture of dimethyl sulfate (which forms the corre- 
sponding salts in situ) and sodium borohydride to yield 1,6-dihydropyridazines (57; R' = Me), together 
with minor amounts of 1,4,5,6-tetrahydropyridazines (58; R' = Me). Normally 1,6-dihydropyrazines are 
unstable and decompose in air, but N-acylated derivatives are more stable. Thus if methyl chlorofomate 
replaces dimethyl sulfate in the reaction mixture both 1P-dihydro- ( 5 9  R' = C02Me) and 1,6-dihydro- 
pyridazines (57; R1 = C02Me) can be isolated, the latter predominating if there is an electron-withdraw- 
ing group at C-6 in the starting material (Scheme 2).26 

R3 nR2 N' 

R3 QR2 + 

I 
R' / ( 5 7 ) R i = M e  

R3 QR2 + 

I 
R' 

(57) R' = C02Me 

i, Me2S04, NaBH,; ii, C1CO2Me, NaBH, 

Scheme 2 

R3 aR2 
I 

R' 

(58) R i  = Me 

R3 
I 

R i  

(59) R1 = C02Me 

LAH converts 1-alkylpyridazin-6-ones (60) into the corresponding 1,6-dihydropyridazines (57; R1 = 
Me, R3 = H), whereas excess reagent reduces 4,5-dihydropyridazin-6-ones (61) to a mixture of 1,4,5,6- 
tetrahydro- (62) and hexahydro-pyrazines (63).*' Cinnolines (64) and phthalazines (66) both undergo 
ring opening during cathodic reduction, giving diamines (65) and (67), respectively.28 aR2 LiAIH, - (57) R' = Me: R3 = H 

0 
I 
Me 

(60) 
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3.8.2.2.2 Pyrimidines and quinazolines 

Metal hydrides react with pyrimidines (68) to give 3,4-dihydropyrimidines (69),29 but electrochemical 
reduction of the analogs (70) gives radical anions (71) which may dimerize or, in the presence of a 
proton source, yield dihydro derivatives (72). The latter exist in equilibrium with acyclic tautomers 
(73),30 and at high potentials further reduction produces anions (74) and (75) which may then be proto- 
nated to give pyrroles (76).31 N-Benzyldihydropyrimidines (77; R = Bn) are reduced by sodium borohy- 
dride in ethanol to give hexahydro derivatives (78), but if the N-substituent is a phenyl group excess 
reagent leads to diamines (79; Scheme 3).32 Similar products form when dihydropyrimidinium salts (80) 
are treated with this reagent, although reduction with LAH yields amino imines (81). Cathodic reduction 
of quinazoline (82) in aqueous alkali gives first dihydro- (83) and then tetrahydro-quinazoline 

LiBH,, THF R2 

R3 R1 

2HX, 2e- 
c 

r R2 

L H 

R2 1 
R3 

(74) (75) 

HX 
___) 

I 
H 

(76) 

Pyrimidin-2( 1H)-ones (85; X = 0) and -thiones (85; X = S )  on reduction with sodium borohydride af- 
ford mixtures of 1H-3,4- (86) and lH-3,6-dihydropyrimidinones (87), the product ratios depending on 
the acidity of the medium, and some further reduction to the fully reduced pyrimidinones may also 
occur. Similar results are obtained with LAH as the reductant, although 1 -arylpyrimidine-2-thiones 
mainly form the corresponding 3,6-dihydropyridine-2-thiones (88), especially if a hydroxy or methoxy 
group occupies an ortho position in the aryl substituent. This suggests that the group may complex with 
the reagent and facilitate an intramolecular hydride transfer reactionsM L-Selectride reduces N-benzyl- 
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uracils (89) to dihydrouracils (91; R = H), and the intermediate anions (90) can be quenched by alkyl 
halides, rather than by water, to give 5-alkyl derivatives (91; R = 

LiAIH, 
__c 

R3 S 
I 

0 0 

$ N * Bn L-selectride, RY R$,.Bn 

x T ~ A ~  THF,-78"C - xTNAo 
I 

Bn 

(89) 

Bn 

(90) 

X = H, 5-F, 5-CrCSiMe3 or 6-C02Et 

I 
Bn 

(91) 

3.8.2.2.3 Pyrazines and quinoxalines 

Dissolving metals and amalgams all reduce pyrazines to hexahydropyrazines (piperazines). The same 
products are formed by the hydrogenation of pyrazines over Adams' catalyst at high pressure, and in the 
case of 2,5-dibenzylpyrazine (92) hydrogenation affords both the cis- and trans-piperazines (93) and (94) 
re~pectively.~~ For the tetracarbonyl derivative (95), reduction is easier and a tetrahydro compound (96) 
is formed by hydrogenation at atmospheric pressure. This product, however, undergoes spontaneous oxi- 
dation back to the dihydropyrazine (97), which is also produced by direct reduction of the parent py- 
razine with sodium d i th i~na te .~~  The stability of the 1,4-tetrapyrazine system is utilized in a synthesis of 
chiral alcohols (99) via the reduction of the corresponding bis-diamides (98) with lithium ttiethylborohy- 
dride.38 Benzopyrazine (quinoxaline) (100; R = H) on electrochemical reduction yields the 1 ,4-dihydro 
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derivative (101; R = H), but if an alkyl group is present at C-2 the 3,4-dihydro formulation (102) is 
~referred.3~ 
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68% ee R 2  N 

3.8.3 REDUCTION OF HETEROCYCLES CONTAINING ONE NITROGEN ATOM AND 
ONE OXYGEN ATOM 

3.8.3.1 Five-membered Ring Systems 

3.8.3.1 .I Isoxazoles, isoxazolium salts, isoxazolines and isoxazolidines 

(i) lsoxazoles 
As early as 1891 Claisen noted that isoxazoles, when treated with sodium and either pentyl alcohol or 

moist diethyl ether, undergo reductive ring opening to give 1.3-enamin0ketones.~~ These products may 
then be hydrolyzed to 1.3-dicarbonyl compounds. In more recent times the use of readily available isoxa- 
zoles as masked 1,3-dicarbonyl compounds has found wide application in synthesis, although dissolving 



Partial and Complete Reduction of Heterocycles Containing More Than One Heteroatom 645 

metal reductants are not now in favor.40 Instead hydrogenation over Raney nickel as catalyst is frequent- 
ly employed as, for example, in the synthesis of hentriacontane-14.16-dione (104), a component of natu- 
ral waxes, from the isoxazole (103).4l The reductive ring scission of the diisoxazole (105) occurs in a 
similar manner, but here hydrolysis of the bis-l,3-enaminoketone (106) in the presence of acids is as- 
sumed to afford a 'polyketide intermediate' (107) which undergoes spontaneous cyclodehydration to the 
acylrescorcinol (108),42 thereby mimicing the last stages of the biosynthesis of similar compounds 
through the 'acetate pathway'. 

R R 

H 
0' '0 

HzSO4, HzO 

(107) 

(104) 75% yield overall 

Hydrogenation of isoxazolylsulfonamides (109) over Raney nickel catalyst also gives enaminoketones, 
but these products undergo cyclodehydration without the need of acid treatment, affording 1,2,6-thiadia- 
zine-1,l-diones (110) in good yields.43 Stork et af. have developed this type of reaction into a general 
synthesis of pyridines (112). using 4-(oxoalkyl)isoxazoles (111) as starting materials. In this instance the 
hydrogenation step is achieved using palladium on carbon as catalyst and the cyclization step is pro- 
moted by the addition of triethylamine to the reaction mixture. Intermediate dihydropyridines are formed 
which are easily oxidized to the corresponding pyridines, often simply by exposure to air.* 

"SO2 Ar 
H,, Ni, MeOH 

I 
Ar Ar 

(109) (110) 

Other reagents recommended for the reduction of isoxazoles to 1,3-enaminoketones include samarium 
diiodide, molybdenum hexacarbonyl in aqueous acetonitrile, and diiron nonacarbonyl in ~ a t e r . 4 ~  Elec- 
trochemical methods have also been A particularly mild method involves reaction with the 
reduced form of the coenzyme lipoamide (LA2) complexed with iron(II)."' Birch reduction (sodium and 
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&N Et,N/EtOAc Hz/Pd'C ~ & [ol_ 

0 I 
H 

(111) n = 1 or 2 (112) n = 1 or 2 

liquid ammonia) of isoxazoles gives 1.3-aminoketones rather than 1,3-enaminoketones, and exposure of 
these compounds to acids tends to cause elimination of ammonia and the production of enones. Treat- 
ment of isoxazoles with metal hydride reductants gives variable results and the products formed seem to 
depend on the nature and substitution pattern of the groups attached to the heterocycle. Thus, unless an 
electron-withdrawing group is present at C-4 of the isoxazole ring, sodium borohydride or lithium diiso- 
butylaluminum hydride fail to react at the nucleus, although vulnerable substituents (such as carbonyl 
groups) are reduced in the expected manner, and 5-chloroisoxazoles may be partially dechlorinated if 
they are reacted with sodium borohydride in dimethylsulfoxide as solvent.48 When reduced with lithium 
aluminum hydride isoxazoles (1 13) afford aziridine alcohols (114), together with smaller amounts of azi- 
ridines (115) and 3-aminoalcohols (116).49 However, for 4-cyanoisoxazoles (117) the reduction takes a 
different course and acyclic intermediates are assumed to form, which on acidification recyclize to give 
5-aminoisoxazoles ( 118).50 

R R R I 

( i i )  Isoxazolium salts 
The reduction of isoxazolium salts with metal hydrides is also not entirely predictable, and here the 

progress of the reaction depends on (i) the reagent, (ii) the solvent, and (iii) the ring  substituent^.^^ 
Generally, isoxazolium salts (119) on reduction with sodium borohydride in aqueous acetonitrile give 4- 
isoxazolines (120), their borane complexes, 3-isoxazolines (121), isoxazolidines (122), and minor 
amounts of 3-hydroxypropylamines (123). In some cases, however, particularly if the substituent group 
at C-3 is aryl and the reaction is camed out in ethanol rather than acetonitrile, the major products are 

R3 R3 R2 

R4 B:, 0 - R  ", R4 % R l 1  0' + R:b.Rl + 

X 
(119) (120) (121) 
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isoxazolines. Best yields (ea. 60%) of isoxazolidines are obtained if LAH in tetrahydrofuran is used as 
the reductant. 

(i i i)  isoxazolines 
2-Isoxazolines, easily formed by the [3 + 21 cycloaddition of nitrile oxides and alkenes, are extremely 

versatile synthons for 1,3-aminoalcohols and 1,3-hydroxycarbonyl compounds, and through them to 
enones and 13-dienes. The conditions required to obtain this array of products have been known for 
many years, but their application to target-orientated syntheses is of much more recent origin.s2 

LAH is commonly used to cleave 2-isoxazolines to 1,3-aminoalcohols, often with a high degree of dia- 
stereoselectivity. In the case of 3,5-diphenyl-2-isoxazoline (124), for example, the two isomeric alcohols 
(125) and (126) are formed in the ratio 19:1.53 In other cases the nature, position and number of the sub- 
stituent groups on the ring influence the isomer  preference^.^^ Thus, although most groups at C-4 and C- 
5 are anti directing, a hydroxy group at C-4 induces syn addition of hydride ion. This stereoselectivity 
has found application in the syntheses of amino sugars, amino acids and amino polyols. An illustration is 
the reduction of the two acetals (127) and (129) which give products conforming to the xylo- (128) and 
arabino- (130) series, respectively. In each case the yield of the reduction is high and the dia- 
stereoselectivity exceeds 95%.55 

Ph 
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Ph \\.' dph LiAIH, n n 

(124) (125) 95% (126) 5% 

0 OH OBu' 
I I I  

Hoc JBut 
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(127) 
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(129) 

KO- 
OH NH2 

(128) 95% 

x 
OWBut OH NH2 

(130) 73% 

In this last case there are no problems with the choice of the reductant, but where the substrate bears 
groups themselves liable to reduction then catalytic hydrogenation can sometimes be used. This has been 
adopted by Kametani et ai. in the formation of the p-lactams (132), related to thienamycin, from isoxa- 
zoline-4-carboxylic esters (131; Scheme 4).56 DIBAL has also been employed as reductant, and this re- 
agent was selected by Bum et al. in their synthesis of the antibiotic vermiculine (134) from the 
2-methyl-2-isoxazoline (133; Scheme 5).57 

Hydrogenation of 2-isoxazolines over Raney nickel as catalyst and in the presence of acids often leads 
first to 1,3-hydroxyimines, and then, through hydrolysis, to 1,3-hydroxycarbonyl compounds. In some 
cases the stereochemical integrity of the starting material is maintained, but in others hydrolysis of the 
intermediate imines may cause scrambling of stereochemistry at the a-carbon atom. Rapid protonation of 
the imine function minimizes this possibility and the use of Lewis acids, such as boron trichloride or 
aluminum trichloride which release hydrochloric acid on contact with moist methanol, is frequently rec- 
ommended. Boric acid serves a similar purpose and is effective in, for example, the stereocontrolled re- 
ductive ring opening of the 2-isoxazoline (135) en route to crispatic acid (136; Scheme 6).58 
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Scheme 6 

(iv) Isoxazolidines 
1.3-Hydroxyamines are formed by the reductive ring opening of isoxazolidines. Thus treatment of the 

derivative (137) with sodium in liquid ammonia, followed by hydrolysis of the carbamate unit, affords 
N-benzyl-tho-&hydroxyornithine (138; R = Bn). A wide variety of reductants can be used to accom- 
plish this type of reaction, providing account is taken of the reactions of the substituent groups about the 
heterocycle. So, for example, if the same substrate (137) is hydrogenated over Pearlman's catalyst 
[(Pd(OH)dC] not only is the ring cleaved, but the 2-N-benzyl group is also removed to afford fhreo-p- 
hydroxyornithine (138; R = H) directly.59 Perhaps the mildest method for the formation of 1,3-hydroxy- 

HO2C w. Bn i ,  Na, NH3 - H02C P H R  OH 

ii, HCI, EtOH 
"2 B"02C* * H 
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amines involves the reaction of isoxazolidines with the reduced form of the lipoamide Apiron complex 
(previously described in Section 3.8.3.1. li). Hydrogenation of isoxazolin-5-ones over palladium on carb- 
on as catalyst gives the corresponding isoxazolidinones. Despite some confusion in the literature,6o in 
the case of benzylidene derivatives (139) it is possible to control the reduction so that only the exocyclic 
double bond is reduced, giving first benzylisoxazolinones (140), and then isoxazolidinones (141). When 
the benzylisoxazolinones (140) are treated with hydrogen chloride in acetic acid they undergo ring frag- 
mentation with loss of carbon dioxide, possibly as shown, to afford intermediate iminium salts. which on 
hydrolysis yield a,P-unsaturated ketones ( 142).60 

HCI R 0 HCI, AcOH 

( v )  Benzisoxazoles 
1,2-Benzisoxazoles (143) behave similarly to monocyc ic isoxazoles and are reductively cleaved to :- 

hydroxyarylalkylimines (144) by catalytic hydrogenation over palladium on barium sulfate, although if 
the catalyst is Raney nickel deamination occurs, and under severe conditions the aromatic ring may be 
reduced to yield the appropriate cyclohexanol (145). Deamination also results from the chemical reduc- 
tion of benzisoxazoles with hydrazine, but now the reaction terminates with the formation of phenols 
(146). Sodium and various alcohols normally convert benzisoxazoles into 2-hydroxyarylalkylamines 
(147; Scheme 7).61 2,1-Benzisoxazoles (148) are rather more stable and are normally prepared by the re- 
ductive cyclization of 2-nitroarylcarbonyl compounds. Hydrogenation at high pressure over Raney nickel 
catalyst will, however, cause degradation to toluidines (149).62 
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3.8.3.1.2 Oxazoles, benzoxazoles, oxazolium salts, oxazolines and oxazolinones 

Oxazoles (150) are reduced to oxazolines (151) by treatment with sodium and ethanol, and these pro- 
ducts may then undergo further reduction to oxazolidines (152) and eventually to amino alcohols (153). 
Reduction with LAH follows the same course,63 as does electrochemical reduction.@ In the same way 
2,2-bis(oxazoles) (154) when reacted with LAH afford diaminodiols (155).65 

H 
LiAIH, I 

R2 R' 

The heterocyclic ring of benzoxazoles (156) can be cleaved by exposure to diborane giving borazoles 
(157; possibly as shown in Scheme 8). Treatment of these products with hydrochloric acid leads to the 
formation of 2-aminophenols (158).66 Catalytic hydrogenation of the parent compound (156; R = H) over 
molybdenum sulfide has a similar end result although, since the conditions of the reaction are quite 
severe, phenol and 2-toluidine can form as  by-product^.^^ 

Scheme 8 

The oxazoliurn salt (160), formed from the oxazole (159) by reaction with methyl triflate in acetoni- 
trile, may be reductively ring opened by treatment with phenylsilane in the presence of cesium fluoride 
to give the azomethine ylide (161) (presumably this species is in tautomeric equilibrium with the corre- 
sponding oxazoline). The azomethine ylide can be trapped as an adduct with a suitable dipolarophile, 
such as dimethyl acetylenedicarboxylate (DMAD). In the case of this reagent the adduct (162) can be ox- 
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idized to the corresponding pyrrole (163) through reaction with 2,3-dichloro-5,6-dicyano- 1 ,Cbenzoqui- 
none (DDQ) (Scheme 9).68 

0 

Scheme 9 

2-Oxazolines are inert to reduction by LAH, but they are readily hydrolyzed to acids, C-2 providing 
the carbon atom of the carboxylic acid group. This is a valuable property since carbonyl groups in side 
chains are reduced normally. An example is shown in Scheme 10, where the 2-oxazolines (164) are used 
as starting materials for the synthesis of o-hydroxyalkanoic acids ( 165p9 

(164) 
Scheme 10 

Oxazolinones are not so stable and 2-oxazolin-5-ones (166), for example, react with sodium borohy- 
dride to yield 2-hydroxyamides (167),7O and their alkylidene derivatives (168) are converted into the 
corresponding alkyloxazolinones (169) by hydrogenation over palladium on carbon as catalyst. These 
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compounds may then be cleaved to a-amino acids (170) by treatment with hydriodic acid and phospho- 
rus. 3-Oxazolin-2-ones are reduced by LAH firstly to oxazolidin-2-ones7' and, if N-alkylated, then on to 
2-hydro~yalcohols?~ For example, if (S)-4-isopropyl-3-phenacyl- 1,3-0xazolidin-2-one (171) is reduced 
first with sodium borohydride in methanol, or with lithium butoxyaluminum hydride in THF, the alcohol 
(172) is formed as the major product (7143%). When this compound is isolated and reduced further 
with LAH ring scission occurs to produce the acyclic diol (173). Should the oxazolidinone (171) be re- 
duced directly with LAH there is again a preference for the production of the diol (173).73 

3.8.3.2 Six-membered Ring Systems 

3.8.3.2.1 Oxazines, benzoxazines and phenoxazines 

(i) 1,2-Oxazines 
Dissolving metal reduction of 2H-3,6-dihydrooxazines (174) effects ring opening and the formation of 

aminoenols (175),74 whereas hydrogenation of these heterocycles, or of the isomeric 4H-5,6-dihydrooxa- 
zines (177), over a variety of catalysts gives tetrahydrooxazines (176).75 The imine bond of 4H-5.6-dihy- 
drooxazines is also reduced by reaction with LAH, but here, as with hydrogenation under high pressure 
(1500 psi, over Pt or Pd; 1 psi = 6895 Pa),76 the process continues a further step to afford acyclic 4-ami- 
nobutanols (178 Scheme 1 l).77 Aluminum amalgam in aqueous THF, or hydrogenation over palladium 
in dry ethanol containing triethyl borate, may be also used to reduce dihydrooxazines to 1,4-amino alco- 
hols. However, in the case of the esters (179) the reaction mechanisms for the two types of reduction dif- 
fer. For the first the final products are pyrroles (180) and for the second both pyrroles and pyrrolidines 
(181) are produced (Scheme 12).78 

p N . R  - Hz'R P N .  R ( R = H )  

1 Zn, AcOH 

P N H R  OH 

(175) 

LiAIH, or 

P N H R  OH 

Scheme 11 

As indicated above, dihydrooxazines, and through them tetrahydrooxazines, can act as masked 4-ami- 
nobutanols and advantage is often made of the fact that dihydrooxazines are synthesized by the cycload- 
dition of nitroso compounds and 1,3-dienes. In this way the relative stereochemistry of the substituents at 
C-4 and C-6 in the heterocycle is set and this then determines the regioselectivity of addition reactions to 
the double bond. A good example is provided by the synthesis of the tetraacetylaminoallose (183; 
Scheme 13), which proceeds through a double hydrogenolysis of the N-carbamoyltetrahydrooxazine 
(182).79 

The comparative stability of the 1,2-oxazine ring towards various reductants is well illustrated by the 
construction of the neurotoxin gephyrotoxin (189), in the form of its racemate (Scheme 14).80 This syn- 
thesis begins with the intramolecular cycloaddition of the acylnitroso species (184), to give the adduct 
(185). This product may be reduced to the tetrahydrooxazine (Ma), without ring opening, by hydrogena- 
tion over 5% palladium on carbon as catalyst in methanol solution. After reaction with propylmagnesium 
bromide, the derived enamine (187) may be further reduced, again without ring opening, to the tetrahy- 
drooxazine (188) by treatment with sodium cyanoborohydride in methanol at pH 3.8-5.4. The exclusive 
formation of this product is possibly due to the fact that only in the least stable of the two possible chair 
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transition states for the reaction can the incoming reagent avoid severe steric interaction with the bulky 
butyl substituent of the substrate. Finally the tetrahydrooxazine (188) is cleaved by reduction with zinc 
and acetic acid and the product then undergoes spontaneous recyclization to (f)-gephyrotoxin. 

( i i )  I ,3-Oxazines 
Much interest lies in the use of dihydro-l,3-oxazines (190) as enolate equivalents, since, if an alkyl 

group is carried at C-2, these compounds may be deprotonated and the anions formed reacted with 
numerous types of electrophiles. Reduction of the imine bond of the products (191), is then conveniently 
effected by treatment with sodium borohydride. The tetrahydrooxazines (192) which are formed may 
then be ring opened by hydrolysis with aqueous acid (Scheme 15). This topic and its utility in synthesis 
has been well reviewed?l.82 

( i i i )  I ,4-Oxazines, I ,I-benzoxazines, phenoxazines and tetrahydro-I ,I-oxazines 
As with tetrahydro- 1,3-oxazines the tetrahydro-1 ,Coxazine ring system is stable to reduction by com- 

plex metal hydrides, and, for example, LAH can be used to reduce the lactam carbonyl function of mor- 
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pholinones (193) to give the corresponding morpholines (194).83 Likewise N-alkyldihydro- 1,4-benzox- 
azin-3-ones (195) react with this reagent to form benzomorpholines (196). The same products can be ob- 
tained by the reduction of 2H- 1,4-benzoxazines (197), and indeed a synthesis of benzomorpholines 
requires the hydrogenation of 2-nitrophenyloxymethyl ketones (198) over Raney nickel as catalyst 
(Scheme 16).84 Since the aromatic nuclei of benzoxazines and phenoxazines are inert to most reductants, 
substituent groups can be reduced in the expected manner. Similarly the restoration of aromaticity in the 
products ensures that the reduction of phenoxazin-3(3H)-ones (199) to 3-hydroxyphenoxazines (200) is 
easily achieved as, for example, by reaction with sodium dithionate in aqueous acetone.85 

Oxazinones (201) and (204), which are available in high states of optical purity, can be reacted with N- 
bromosuccinimide and then treated with metbl alkyls (RM) to form the corresponding 3-alkyl derivatives 
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(202) and (205). In the case of the former, cleavage to the zwitterionic L-amino acids (203) can be 
achieved in ca. 98% ee by hydrogenolysis in ethanol solution over palladium as catalyst; the chiral auxil- 
iary is lost in the form of bibenzyl. For the second class of compounds ring opening and deprotection to 
give D-amino acids (206) is best carried out through reduction with lithium and liquid ammonia in tetra- 
hydrofuran containing ethanol. The optical and product yields in this second procedure are also excellent 
and between them these two reaction sequences provide access to a wide range of natural and unnatural 
amino acids in a predictable manner.86 (Scheme 17). 
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3.8.4 REDUCTION OF HETEROCYCLES CONTAINING ONE NITROGEN ATOM AND 
ONE SULFUR OR SELENIUM ATOM 

3.8.4.1 Five-membered Ring Systems 

3.8.4.1.1 Zsothiazoles 

The ring system of isothiazoles (207) is stable to treatment with sodium borohydride and LAH, and 
these reagents are employed to reduce ring substituents such as nitro or carbonyl groups to the corre- 
sponding amines or alcohols, respectively. Similarly, catalytic hydrogenation of 4-nitroisothiazoles af- 
fords the corresponding amines. In this case, however, the reaction should be carried out below 10 'C, 
otherwise ring scission occurs, probably to form enaminothiones (208).87 

H,,M R y y  

S NH2 
P N  - 

R s' 
(207) (208) 

3.8.4.1.2 Thiuzoles and thiazolines 

Thiazoles are deactivated towards electrophilic substitution, and thus direct reaction with hydride re- 
ductants to give thiazolines should be facilitated. There are indeed some examples of this type of re- 
action,88 but it is more common to reduce N-alkylated thiazolium salts (209). These compounds are 
converted first by reaction with sodium borohydride into 4-thiazolines (210), which in protic solvents 
become protonated and undergo further reduction to yield thiazolidines (211).89 Similarly the isoquinoli- 
nium salt (213), formed by the acid-promoted cyclization of the isoquinoline (212), is converted into the 
tetrahydroisoquinoline (214) (presumably via an intermediate 1,2-dihydroisoquinoIine) by reaction with 
sodium bor~hydr ide .~~  

4-Alkylidene- 1,3-thiazoIin-5-ones (215) are also reduced by the action of sodium borohydride, but in 
this case only the exocyclic double bond reacts.91 Similarly, this reagent may be used to reduce carbonyl 
groups in the side chains of thiazoles without any effect on the heterocycle itself. The thiazole ring also 
survives hydrogenation over Raney nickel catalyst at atmospheric pressure,92 but the fully reduced thia- 
zole ring system is vulnerable to desulfurization. This occurs under quite mild conditions, and thus when 
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the tricyclic thiazolidine (216) is treated with silver nitrate and the product, without isolation, is reacted 
with sodium borohydride the pyrrolidine (217) is f0rmed.9~ Sodium in liquid ammonia also causes ring 
opening, and reaction of the thiazoline-Zthiones (218) with this reagent system affords azadienyldithio- 
lates (219). The products recyclize to thiazoles (220) when acidified with hydrochloric a ~ i d . 9 ~  

i, AgNO, 

ii, NaBH,, MeOH 
c (26 S C02Et 80% 
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h N C02Et 
I 
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HCI 
___) 

2Na' 

(219) (220) 

The carbonyl group and the thiocarbonyl function of the thiazolidine derivative (221) are not changed 
by electrochemical reduction in an acidic medium, but the oximino unit at C-5 is transformed into an 
amino group and salts (222) are produced.95 

R 0 0 ,  s-v Hg cathode, HX 

3.8.4.1.3 Benzothiazoles and benzothiazolium salts 

Benzothiazoles are rather more prone to reductive decyclization than are thiazoles, although it is 
possible to form benzothiazolines (224) through the sodium borohydride reduction of benzothiazolium 
salts (223).96 On hydrolysis these products yield 2-aminothiophenols (225). Prolonged exposure of ben- 
zothiazolines to excess sodium borohydride also causes ring opening to aminothi~phenols?~ as does re- 
action with LAH. In this last case the substrates for reduction may be benzothiazoles (226), which 
presumably initially form benzothiazolines with the reagent (Scheme 18).9* 
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3.8.4.1.4 Isoselenazoles 

Isoselenazoles are very easily cleaved by fragmentation of the C C e  bond. Reagents such as sodium 
borohydride are effective and, for example, treatment of the pyrimidoisoselenazole (227) with this re- 
agent affords the aminopyrimidinone (228).99 

- 
NaBH,, MeOH 

Ph' [ . S e  Ph' 

0 0 

3.8.4.2 Six-membered Ring Systems 

3.8.4.2.1 Thiazines, benzothiazines and phenothiazines 

(i) I ,3-Thiazines 
Reduction of 5-acyl- 1,3-thiazines (229) with sodium cyanoborohydride in acid media, or with tri- 

ethylsilane, gives 3,6-dihydro-2H- 1,3-thiazines (23O),'Oo whereas sodium borohydride has no effect upon 
the unsaturation of the ring and only reduces the carbonyl group of the side chain. Some other reagents 
cause ring opening under very mild conditions; thus treatment of 1,3-thiazinium salts (231) with hy- 
drogen sulfide is sufficient to yield thioenethioamides (232).1°' LAH also cleaves the 1,3-thiazine ring; 
the 1,3-benzothiazin-4-one (233), for example, forms 2-mercaptobenzylamine (234), plus a small amount 
of benzoisothiazole (235).Io2 

R?. Ph Ph 
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(229) (230) 
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0 

(ii) Benzo-I ,I-thiazines 
2H-Benzo- 1,4-thiazines (236) undergo ring opening and ring contraction when hydrogenated over 

Raney nickel, or palladium on carbon, as catalyst. Here the initial step in the reaction is reductive frag- 



Partial and Complete Reduction of Heterocycles Containing More Than One Heteroatom 659 

mentation of a C-S bond. Imino intermediates (237) may then form, which recyclize to benzothiazoles 
(238). 

H 

(iii) Phenothiazines 
Phenothiazines, like phenoxazines (Section 3.8.3.2.2i), are relatively stable compounds and unsatu- 

rated substituents attached to the carbocycles can be reduced by the usual reagents, leaving the nuclei in- 
tact. There is one important difference, however, namely that phenothiazines may be desulfurized. An 
early example is provided by the degradation of phenothiazines (239) to diphenylamines (240) by hydro- 
genolysis over Raney nickel catalyst.'@ 

H 3"3 
R - ? y J  6 .- R- \ 

/ 

(239) (240) 

3.8.5 REDUCTION OF HETEROCYCLES CONTAINING TWO OXYGEN ATOMS OR TWO 
SULFUR ATOMS 

3.8.5.1 Dioxolanes, Dioxanes, Dithioles and Benzodithioles 

3.8.5.1.1 19-Dioxolanes and IJ-dioxanes 

Reductive cleavage of a C-0 bond of 1,3-dioxolanes may be achieved by a variety of methods; com- 
monly chemical reductants are employed and, although LAH alone is ineffective, the mixed reductants 
LAH/AlCb or LAH/AlBr3 cleave 2-substituted dioxolanes (241) to hydroxy ethers (242), sometimes 
with a high degree of diastereotopic se le~t iv i ty . '~~  This is usually explained in terms of the selective 
complexation of the reagent with one of the oxygen atoms of the ring, which then allows the delivery of 
hydride ion to one face of the heterocycle, rather than to the other. 

The same methodology can be applied to the ring opening of 1,3-dioxanes and this has been used in 
effecting the chiral reduction of ketones to alcohols. As an illustration, cyclohexyl methyl ketone (243) 
can be converted into the dioxane (244) by reaction with (2R,4S)-pentanediol and cleaved with 
LAH/AIBr3 to afford (2R)-cyclohexylethanol(245) in good yield and in high enantiomeric excess. Inter- 
estingly, the stereoselectivity of the ring-opening reaction can be reversed if the reagent is changed to 
triethylsilane and a Lewis acid (preferably TiCl4). Now the 1,3-dioxane (244) is opened to give the alter- 
native enantiomer (246; Scheme 19).Io6 

Stereoselective monodeprotection of one hydroxy group in a polyhydroxylated system is a common 
requirement in synthesis, and in the case of cyclic orthoesters this can be accomplished through reactions 
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with DIBAL in nonpolar media. The ring-opening process is highly regioselective, and for the unsymme- 
trical substrate (247) only the hydroxy ether (248) is formed (Scheme 20). Ring size is important in this 
type of reaction, however, and only 1,3-dioxolanes and -dioxanes give satisfactory results.'07 
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Scheme 20 

3.8.5.1.2 Dithioks and benzodithioks 

The S-S bond of 13-dithioles is easily cleaved by reduction and, for example, dithioles (249) can be 
converted into acyclic methyl dithiolates (251) by electrochemical reduction, followed by alkylation of 
the intermediate dianions (250).'08 Benzodithioles (252) are more stable and the heterocycle survives re- 
duction with zinc and trifluoroacetic acid, although the exocyclic double bond is saturated to give 2-al- 
kyldithiolanes (253).Iw 

Hg cathode 

SMe 
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Benzo- 1,3-dithiole-2-thiones (254) are cleaved to thiocatechols (256) by treatment with DIBAL-H, or 
diborane.dimethy1 sulfide. Sodium borohydride, LAH or Red-A1 are much less efficient reagents for this 
purpose. Under more controlled conditions it is possible to obtain good yields of the intermediate ben- 
zodithiolanes (255). I l o  

3.8.6 REDUCTION OF HETEROCYCLES CONTAINING THREE NITROGEN ATOMS 

3.8.6.1 Triazoles, Triazolium Salts and Benzotriazoles 

3.8.6.1 .I 1,2,33-Triazoles and IJJ-benzotriazoks 

The ring system of 1,2,3-triazoles (257) is stable to dissolving metals in acids,''I and 1,2,3-triazolium 
salts are resistant to reduction unless they are substituted at both positions N-1 and N-2. Thus whereas 
salts of the type (258) are not reduced, analogs of the form (259) are converted into triazolines (260) by 
reaction with sodium borohydride. I l 2  
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R3 

NaBH4, MeOH 

92% 
- 

Ph 

Benzotriazoles, like their monocyclic counterparts, are often synthesized by reductive cyclizations and 
it is only when they are activated as salts that reductions with metal hydrides occur. Potassium borohy- 
dride, for example, reacts with aqueous solutions of the salt (261) to give 2-methylaminoaniline (262). 
Some N-demethylation leading to the triazole (263) also takes place, and this may be caused by the pre- 
vailing alkaline reaction conditions. LAH in diethyl ether is a more effective reagent for the reductive 
ring opening of benzotriazoles, and this reagent also cleaves 1,3-dirnethylbenzotriazolium methylsulfate 
(264) to 1,2-di(methylamino)benzene (265).'13 
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3.8.6.1.2 I ,2,4-Triazolium salts 

1,2,4-Triazoliurn salts are readily reduced by treatment with sodium borohydride to give the corre- 
sponding triazolines. However, these products are unstable to conditions of acid work-up and fragment 
to give aldehydes. This property has been exploited to homologate aldehydes using 3-methylthio- 1,4-di- 
phenyl- 1,2,4-triazolium chloride (266) as a masked carboxylate equivalent, as illustrated in Scheme 
21.114 
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Scheme 21 

LAH reduces 1,2,4-triazol-5-ones (267) to both triazoles (268) and triazolines (270). The course of the 
reaction depends on the nature of the N-substituent; thus when R = H triazoles are formed in modest 
yield (15-30%), but when R = alkyl triazolium salts (269) are produced as intermediates and these are 
then reduced to triazolines (270; Scheme 22).lI5 
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3.8.7 REDUCTION OF HETEROCYCLES CONTAINING TWO NITROGEN ATOMS AND 
ONE OXYGEN ATOM 

3.8.7.1 Oxadiazoles and Benzoxadiazoles 

3.8.7.1 .I 1,2,4-0xadiazoles 

1,2,4-0xazadiazoles (271) undergo ring opening either by catalytic hydrogenation over platinum, pal- 
ladium or nickel, or by treatment with LAH. In the first case 0-N bond cleavage occurs to give imino- 
amides (272), whereas during chemical reduction the products are amino oximes (273) (Scheme 23). In 
some instances the first-formed reduction products may undergo rearrangement; thus hydrogenation of 
azo derivatives (274) eventually affords 1,2,4-triazoles (275),' I6 and vinylogous amides (276) give rise to 
pyrimidines (277)."' Amino oximes (279) are also obtained when oxadiazolin-5-ones (278) are reacted 
with LAH, indicating that oxadiazoles are intermediates in the reaction.Il8 3-Phenyl- 1,2,4-oxadiazolines 
(280) yield anions (281) when reacted with sodium in liquid ammonia; these products combine with 
alkyl halides, and where R = Me equal amounts of the two N-alkyl isomers (282) and (283) are 
formed.' I 9  
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3.8.7.1.2 1,2,5-0xadiazoles and 1,2,5-benzoxadiazoles 

1,2,5-0xadiazole-2-oxides (furoxans; 284) undergo ring opening and reduction to 1,2-diketones (285) 
when treated with zinc and acetic acid, but with tin and hydrochloric acid, or with hydriodic acid alone, 
only deoxygenation to the parent heterocycles (286) is observed (Scheme 24).I2O Hydrogenation over 
palladium on carbon as catalyst converts benz- 1,2,5-oxadiazole (287) into its tetrahydro derivative (288), 
and causes some ring opening to give 1,2-phenyIenediamine (289; Scheme 25). i 21  If electron-donating 
groups are present at C-4 the proportion of the corresponding ring-opened product is increased. Chemical 
reduction with tin and hydrochloric acid only gives 1,2-phenylenediamines. 
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3.8.7.1.3 1,3,4-Oxadiazoles 

1,3,4-Oxazdiazoles are much more stable to reduction and it is possible to reduce substituent groups 
without affecting the nucleus; however, salts (290) are susceptible to reductive decyclization and treat- 
ment with sodium sulfide, for example, leads to acylthioacylhydrazines (291).Iz2 LAH reacts in a similar 
manner, and converts the 1,3,4-oxadiazolidine (292) into the N-methylaminotetrahydroisoquinoline 
(293).i23 
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3.9.1 INTRODUCTION 

Hydrometallation, as represented by equation (l), is the addition of a metal-hydrogen bond across an 
unsaturated group to yield an alkyl metal intermediate or product. From the point of view of organic syn- 
thesis, the latter is of interest as a nonstabilized carbanion equivalent, suitable for addition to C-X (see 
Volume 1, Part 1) or C 4  (Volume 4, Chapter 1.6) m-bonds, coupling reactions (Volume 3, Part 2). ox- 
idation (Volume 7, Chapter 4.2) and other transformations; and hydrometallation is just an alternative 
route to these reagents. Although hydrometallation virtually always participates as a key step in the over- 
all mechanism of catalytic hydrogenation (as well as related catalytic processes, such as hydroformyl- 

667 
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ation), its major applications are not found in the realm of reductions, 
stereo- and regio-specific isotopic labelling. 

c-c, 
M-H + C=C - 

M H  

except for special cases such as 

(1) 

There are basically two reasons for making hydrometallation the route of choice: if an alkene or alkyne 
is the most convenient (accessible, cheap) starting material, or if alternative methods for generating the 
organometallic reagent are incompatible with other functional groups and/or the key synthetic goals. The 
classical preparation of lithium or Grignard reagents from organic halides and the corresponding metals 
will generally not be viable when there are other readily reducible groups present, or when stereochem- 
istry at the reacting center is crucial. 

The ideal system for hydrometallation would have the following attributes: a conveniently prepared 
starting reagent (the metal hydride); favorable kinetics and thermodynamics and high selectivity (in all 
its aspects) with all alkenes and alkynes that might be used as substrates; and a resulting organometallic 
reagent that is stable and highly versatile for subsequent transformation, exhibiting the full spectrum of 
organometallic reactivity. Obviously, there is no single system which is going to satisfy all of these crite- 
ria. However, two tactics may overcome the limitations of a single metal: transmetallation and catalyzed 
hydrometallation. These are represented in Scheme 1 .  In the first, MIH readily undergoes hydrometalla- 
tion, but MIR cannot be used for the desired transformation. Hence the organic group is transferred to 
M2, which can undergo the reaction but which has no suitable direct hydrometallation route. In the sec- 
ond, MZ has both a suitable hydrometallation precursor and the desired organometallic reagent versat- 
ility, but direct hydrometallation does not proceed readily. In such cases addition of a catalytic amount of 
an MI compound may achieve the target organometallic reagent synthesis. Hydroalumination is a prime 
representative. These cases are discussed in Sections 3.9.3.4.2 and 3.9.4.2, respectively. 

+ c=c 

t 
Desired product 

Scheme 1 

Until around 15 years ago, hydrometallation was essentially limited to main group examples; for tran- 
sition metals, the existence of appropriate hydrides, the stability of the organometallic reagents derived 
therefrom, and their utility for organic transformations were all considered questionable at best. This 
situation changed completely in the mid 1970s, when Schwartz and coworkers developed hydrozircona- 
tion. Here, for the first time, a stable and (moderately) well-characterized transition metal hydride could 
be added to unsaturated hydrocarbons to produce stable and well-characterized organometallic com- 
pounds, which have subsequently been demonstrated to effect a wide variety of synthetic transforma- 
tions, either directly or following transfer to a second metal center.[ In fact, many transition metal 
hydrides are better hydrometallation reagents: MI in Scheme 1 is nearly always a transition metal. 

Throughout this chapter we will use the abbreviation zr = CpzZrC1-; thus zrR = CpzZrRC1. 

3.9.2 MECHANISTIC ASPECTS 

Generally the detailed mechanism will include steps such as precoordination of the alkene, dissoci- 
ation of an auxiliary ligand, etc. Bercaw has noted that most commonly the actual hydrometallation step 
is not rate determining.2 Since the most important hydrometallation reagent is an insoluble polymer, it is 
easy to see why mechanistic understanding has not kept pace with applications in this field. 
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3.9.2.1 Thermodynamic Considerations 

Scheme 2 represents the key equilibria in hydrometallation. Note that: (i) association of the alkene (or 
alkyne) with the metal hydride (1) requires a vacant coordination site in the latter, whether (2) is an ac- 
tual intermediate or merely a transition state. Since coordinatively unsaturated species such as (1) are 
rarely stable, a preliminary dissociation of an oligomer, or of an extra ligand, will be required. The latter 
may well be the limiting step in a given system; (ii) if metal-alkene bonding is strong, (2) can be such a 
stable intermediate that hydrometallation does not take place; on the other hand, if the metal-alkene in- 
teraction is very weak (2) may never form at all. In either case the organometallic reagent (3) will not be 
obtained. A delicate balance may thus be essential. 

(L,MH), 

I! 

11 

L,MH + c=c L,MH(C=C) 

(1) (2)  

Ln +IMH 
Scheme 2 

11 
L,MR 

(3) 

Schwartz’s reasoning for optimizing these thermodynamic considerations led to the development of 
hydrozirconation.’ Hydride complexes of the late transition metals do not in general exhibit the hydro- 
metallation reaction, probably because the alkene complexes are too stable. This may be understood 
from the Dewar-Chatt-Duncanson model for alkene bonding, wherein back donation of metal d-elec- 
trons to the alkene r*-orbital is a major contributor. For metal centers with @-electron configurations, 
there should be substantial stabilization of (3) with respect to (2). Such metals are only found towards the 
left end of the Periodic Table, particularly Groups IIIA to VA. 

Compare equations (2) and (3). Niobium complex (4) is a &-metal center: back bonding is important, 
and hydrometallation does not proceed, even when an additional ligand PR3 is provided. Only when an- 
other good n-acceptor ligand (CO) is added does the alkenyl product (5) form3 In contrast, zirconium 
complex (6) is 8, and here hydrometallation proceeds directly; no intermediate alkyne complex can be 
de te~ted .~  This qualitative picture is reinforced by theoretical studies on the ‘bent metallocene’ struc- 
turen5 As shown in Figure 1, for a &-complex the two highest-filled orbitals are essentially unchanged or 
stabilized during hydrometallation. However, for a &-complex the next orbital, labelled (la1 + n*), is 
also occupied, and it is strongly destabilized by hydrometallation; Hoffmann estimates that the thermo- 
dynamics are about 50 kcal mol-’ worse for & than for do (1 cal = 4.2 J). Note that inclusion of a good 
n-acceptor ligand such as CO would restabilize the la’ orbital and cancel most or all of this unfavorable 
factor. 

25 O C  

[Cp2ZrHCI] + R-R’ - [Cp2ZrCI(RC=CHR’)] (3) 
(6) 

Thermodynamic analysis of the overall hydrometallation process is straightforward: using the cycle of 
Scheme 3 we get the following expression for equation (4): = D(M-H) - D(M-R) - X, where X = 
36-38 kcal Further estimating A$’ at -27 to -30 eu, it may be concluded that equation (4) is 
thermodynamically favored as long as the metal-hydride bond is no more than 27-30 kcal mol-’ stronger 
than the metal-alkyl bond. 

A survey of available thermochemical data suggests that this requirement is nearly always satisfied, al- 
though there are some cases that are close. The difference between [CpMo(C0)3H] and [CpMo(CO)3Et] 
has been estimated to he around 29 kcal clean hydrometallation with this system has not been 
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H A 

Figure 1 Orbital correlation diagram for hydromctallation in bent metallocene complexes (reproduced from ref. 5 
by permission of the American Chemical Society) 

L,M-H ------+ L,M* + He 

H* + CzH, * Et* 
Et* + L,M* - L,M-Et 

Scheme 3 

demonstrated. Actinides9 and early transition metalsi0 exhibit smaller differences between M-H and 
M-R bond strengths than do the middle and late transition metals. This important trend has been at- 
tributed to bond polarity9q1’ or to repulsions between filled metal d-orbitals and alkyl group orbitals in the 
latter group.1° We thus have a second thermodynamic reason for expecting early transition metals to pro- 
vide superior hydrometallation reagents. 

For hydrometallation of alkynes, similar analysis shows that D(M-H) - D(M-vinyl) need only be 
less than ca. 37 kcal mol-’; metal-vinyl bonds are generally stronger than metal-alkyl b0nds,63~ so this 
should be easy to achieve. Wayland has concluded that on thermodynamic grounds ‘...virtually any tran- 
sition metal should be capable of accomplishing this reaction’.’ 

As for competing formation of (2), we calculate that (2) will be more stable than (3) when the strength 
of the metal-alkene interaction is greater than the quantity (36 kcal mol-’ - [D(M-H) - D(M-R)] 1. 
Unfortunately, data for absolute metal-alkene bond energies are virtually nonexistent. Some estimates 
can be made from thermocl ,mica1 data and (possibly questionable) approximations: D(LzPt-GH4) = 
73 kcal mol-1,12 D(Fe(C0)4--C2H4) 7~ 28 kcal mol-I; l 3  or from theoretical calculations D(ClnPt-42H4) 
= 28 kcal In general (especially for later transition metals) D(M-H) is considerably greater 
than D(M-C); hence stability of (2) will present a problem unless the metal-alkene bond is consider- 
ably weaker than in these typical cases. Again we see the important advantage for &-metals. 

For main group metals, which exhibit relatively small differences between M-H and M - C  bond 
strengths and no strong metal-alkene interactions, the thermodynamics of hydrometallation should be 
even more favorable than for early transition metals. This does not appear to be the case, especially for 
hydroalumination (Volume 8, Chapter 3.1 1). The reason is almost certainly the additional stability of the 
metal hydride reagent conferred by aggregation: organoaluminum hydrides exist as rather tight dimers, 
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and the bridging bond energy is enough to shift the equilibrium away from the hydrometallation side in 
many cases.15 

Similar arguments apply to selectivity issues. Hydrometallation should be preferred for an alkyne over 
an alkene; for a terminal over an internal double bond; and for anti-Markovnikov addition. Equation ( 5 )  
is never thermodynamically preferred over hydrometallation of an alkene;7 however, hydrometallation in 
the opposite sense to give an alkoxide (equation 6) will be preferred if the metal-oxygen bond is at least 
24 kcal mol-' stronger than the metal-carbon bond. The latter condition is probably not generally satis- 
fied for later transition metals,16 but surely is for the more oxophilic early transition r n e t a l ~ ~ ~ - ' ~  as well as 
main group metals (with the latter, even saturated C-0 functional groups may not be tolerated). For ter- 
minal alkynes, elimination of H2 to form an alkynyl complex (equation 7) will be favored over hydro- 
metallation if the metal-alkynyl bond is at least 35 kcal mol-l stronger than the metal-vinyl bond, a 
situation which could arise:12.'* a difference as large as 38 kcal mol-' was reported for a uranium sys- 
tem.' For all these issues it must be kept in mind, of course, that kinetic factors can and usually do have 
more impact on selectivity than thermodynamic factors. We turn to that aspect next. 

3.9.2.2 Detailed Mechanism of Hydrometallation 

A general picture for the mechanism is shown in Scheme 4, which is based upon a theoretical analysis 
by Thorn and Hoffmann.'' Here distinction between (2) and (2a) reflects the general assumption, sup- 
ported by calculations, that the insertion step requires the M-H and C=C groups to be cis and coplanar, 
which need not be the case for the first-formed and/or thermodynamically most stable alkene complex 
(2). Thorn and Hoffmann conclude that most or all metal hydrides will have some pathway that leads to 
hydrometallation without a large kinetic barrier, so long as none of the key intermediates along the way 
is too stable. The same inference was drawn for the bent metallocene systems discussed earlier (Figure 
1): a kinetic barrier to insertion, found only for the &-cases, is a consequence of the thermodynamic sta- 
bilization of alkene complex (2).5 

H 
L,MH + C = C  - L,MH(C=C) - L,M 
(1) (2) 

(3) 
Scheme 4 

When the barrier to hydrometallation is solely a consequence of the strength of the metal-alkene inter- 
action, the implication is unfavorable for selectivity. Suppose the kinetic scheme of equation (8) oper- 
ates; then the rate for formation of (3) from a given alkene will be related to the product of the constants 
k and K for that alkene. However, factors which tend to make K larger (more stable alkene complex) will 
make k smaller and thus tend to cancel out, resulting in little kinetic differentiation between substrates. 

K k 
L,MH + C = C  L,MH(C=C) - L,MR 

(1) (2) (3) 
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This is in fact the result found for hydrometallation of substituted styrenes by [RhH2Cl(PR3)3] (equation 
9).20 K and k vary inversely as the substituent X is changed, so the overall rates are fairly constant. 

K 
[L3RhClHz] + Ar@ * [LzRhClHz(ArCH=CH2)] + L 

i k  
fast 

[L,RhCl] + ArEt - [L,RhClH(CHzCH2Ar)] + L 

(9) 

A quite different case is presented by the bent metallocene systems, [CpzMH(alkene)] where M = Nb 
or Ta.2,2' Here the metal-alkene complex is relatively quite stable, so much so that the kinetics of forma- 
tion of a stable alkyl metal complex cannot be easily studied. Nonetheless it is possible to get a handle on 
the hydrometallation kinetics by means of dynamic NMR methods (Table 1). The increased rate for 
propene versus ethylene results from both steric destabilization of the ground state and electronic stabili- 
zation of the transition state for the former. The first is typical of alkene complexes; the second implies 
that some partial positive charge develops at the @-carbon during the hydrometallation process, also seen 
in the trend for substituted styrenes. 

Table 1 Kinetic Parameters (at 50 'C) for Hydrometallation in Complexes [Cp*2NbH(CH2CHR)I2 

R k (s-I) AG# (kcal mol-') 

H 
Me 

2.62 
890 
3.18 
6.80 
4.81 
3.47 
0.91 

18.3 
14.6 
18.2 
17.7 
17.9 
18.1 
19.4 

Two conclusions follow from the apparent positive charge build-up. First, anti-Markovnikov addition 
is favored kinetically as well as thermodynamically, which means that the opposite regiochemistry will 
be hard to achieve; second, the hydrogen atom behaves more as hydride, H-, during its migration to the 
carbon atom. If this accurately represents the chemical nature of the metal-hydrogen bond in the ground 
state as well, it has clear implications for functional group tolerance. It is not clear to what extent these 
results can be applied to any other system. 

For the ordinary Cp analogs of both Nb and Ta, two isomers of the (substituted alkene) hydride com- 
plex are accessible, labelled endo and ex0 (Figure 2).2' These undergo reversible hydrometallation with- 
out interconverting, showing that the bamer to alkene rotation is very high and that the hydrogen can 
move only to the adjacent carbon atom. Such a situation offers potential for regioselectivity modifica- 
tion, as hydrometallation from the ex0 isomer generates the more-substituted metal alkyl (Markovnikov 
addition). Unfortunately, it has not proven possible in this system to trap that product with added ligand: 
alkene displacement dominates insteadS2' 

H H 

endo ex0 
Figure 2 

The other questions raised above-about the relative roles of alkene complexation and hydrometalla- 
tion, and the possible requirement for structural rearrangement before insertion-cannot be answered in 
this system, as the alkene binding and geometry are essentially immutable. Roe has shown for a rhodium 
complex with wans alkene and hydride ligands, that rearrangement does not contribute to the hydrome- 
tallation barrier: the first step in equation (10) is fast, and k2 is rate determining.22 It is notable that for 
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this reaction AGt = 12 kcal mol-’, substantially less than that found for the bent niobocene complexes 
above, and presumably reflecting stronger alkene binding in the latter. 

K k2 
truns-[L2RhH(C~Hq)] cis-[L2RhH(C2H4)1 - [LsRhEtI (10) 

Summing up to this point: we have concluded that & complexes are preferred for hydrometallation on 
thermodynamic grounds, and that in the expected absence of strong metal-alkene binding no great 
kinetic barriers should be anticipated. What mechanistic factors will operate, then, especially as regards 
selectivity issues? 

Unfortunately we have very little information to draw upon. The main hydrometallation reagent, 
[Cp2ZrHCl] (6), is an insoluble polymer; its reactions are either heterogeneous or limited by the very 
small extent of dissolution, and detailed kinetics of hydrometallation are essentially unattainable. Several 
soluble complexes (Cp*2MH2, M = Zr,23 Hf;24 Cp*2ScHZ5) hydrometallate alkenes very rapidly at low 
temperatures, which at least confirms the prediction that there should be no high barrier. [Cp*2ZrHC1] 
has been prepared26 but not examined as a hydrometallation reagent. The phenomenology of hydrometal- 
lation by [CpzZrHClI-relative reactivities, observed selectivities and the like-is presented in the fol- 
lowing sections. 

For 8 metals, does the alkene complex (2) have any stable existence as an intermediate? It has com- 
monly been thought that an alkene complex of a & transition metal or main group metal (with no T back 
bonding component) could not have any lifetime, but would correspond only to a transition state (or at 
best a negligibly shallow minimum) in the energy surface, For example, gas phase studies on hydrobora- 
tion were interpreted in terms of a 3-center transition state (structurally equivalent to a boron-alkene 
complex) as the highest point on the energy ~urface.~’ 

While direct evidence for a somewhat stable intermediate alkene complex has never been obtained, it 
is possible to infer stability from rearrangement studies. One of the most striking characteristics of hy- 
drozirconation is the facile rearrangement of products obtained from internal alkenes (Scheme 5).28 The 
obvious mechanism is a sequence of reversible P-hydrogen additions and eliminations; but does this pro- 
ceed via intermediate alkene complexes (path a) or free alkenes (path b)? Only the starting alkene oct-4- 
ene and the final n-octylzirconium product can be detected?8 which implies that path (a) is followed: the 
organic group must always remain associated with the zirconium complex (unless the hydrozirconation 
rates for oct-3-ene and oct-2-ene are much faster than that for oct-4-ene, and there is nothing that would 
support this argument). Likewise, ethylene does not displace octene from complexes such as (7),’ which 
would be anticipated if they are in equilibrium with the free alkene. (Formation of isomerized alkene was 
found in hydrozirconation of very long chain alkenes, but these reactions required prolonged times and 
somewhat elevated  temperature^.^^) 

zr-H 
(6)  

c3 

+ ?  
c3 

CA 
? 

Scheme 5 

A related result suggests that even boron-alkene complexes have some stability: the rearrangement 
shown in equation (1 1) leads mainly to the cis isomer (S), whereas hydroboration of 2-methylmethylene- 
cyclohexane under the same conditions gives mostly the trans isomer.30 This shows that the B-H group 
adds most often to the same face of the double bond from which it is eliminated, and boron thus must re- 
main associated with the methylenecyclohexane. We may conclude that alkene complexes of d‘-‘ metals 
are in fact viable. 

Before leaving this section we briefly examine hydrometallation mechanisms completely different 
from the ‘classic’ one depicted in Scheme 2. One class involves metal hydrides which do not have a 
readily available vacant site and requires conjugated alkenes - 1,3-dienes, styrenes: these proceed via a 
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free radical pathway, as in Scheme 6.31*32 More frequently this leads to alkene hydrogenation rather than 
to a stable hydrometallation product, as indicated by the left hand pathway in Scheme 6; many of the sys- 
tems do not meet the criteria for favorable hydrometallation thermodynamics discussed earlier. The re- 
quirement for conjugation reflects the need to generate a relatively stable alkyl radical; it has been 
suggested that the regioselectivity of styrene hydrometallation might allow differentiation between the 
classical (equation 12) and radical (equation 13) mechani~ms.~~ The most unequivocal demonstration of 
the Scheme 6 mechanism is the observation of CIDNP effects in the NMR.31,32 

Scheme 7 depicts a different radical mechanism; this is a chain path, unlike Scheme 6, that has been 

M-H + 'H - [ M .  >+HI 

Scheme 6 
H" 

observed for main group metals such as tin but apparently not for transition metals.32 Note that it gives 
the regiochemistry of equation (12), not equation (13). Still another nonclassical possibility is the transfer 
of hydrogen as a proton instead of a hydrogen atom; this is primarily observed in some cobalt chem- 
i ~ t r y ~ ~  [for example equation 14, where (Co) = bis(dimethylg1yoximato)cobalt and py = pyridine]. Some 
of these reactions may involve radical pathways as well.34 

M-H + Q - Q-H + M* 

Me + ";=( - >---(M 
Me / + HXHM 

M-H I 
Scheme 7 

Bu3P-(Co)-H + bCN - Bu3P-(Co)-( 
CN 
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3.9.3 HYDROZIRCONATION WITH [CpzZrHCI] AND RELATED COMPOUNDS 

3.9.3.1 Synthesis, Structure and Properties of Reagents 

The synthesis of [CpZrHCl] (6), along with several other zirconocene hydrides, was first reported by 
Wailes and Weigold in 1970.35 Treatment of [CpzZrClz] with one equivalent (on a hydrogen basis) of 
either LiAlH4 or LiAl(OBut)3H in THF afforded high (>90%) yields of [CpzZrHClI as an insoluble white 
solid. Shortly afterwards, Wailes and coworkers showed that [CpzZrHCl] reacts with alkenes36 and al- 
k y n e ~ , ~ ~  although few of the products were completely characterized, and there was no indication of any 
particular synthetic value. 

In 1974 Schwartz and coworkers, following the rationale sketched out above, demonstrated the poten- 
tial power of hydrozirconation.28 Preparation of the [CpzZrHCl] reagent (a commercial preparation is 
now available) utilized a different reductant-Na[AlHz(OCHzCHzOMe)z], known commercially as 
'Red-Al' or 'Vitridel-from those employed by Wailes. The Red-A1 procedure affords the reagent con- 
taminated with small amounts of [CpzZrHz] and much larger amounts (as much as 30%) of NaC1.38 For- 
mation of [CpzZrHCl] by direct hydrogenation of the dichloride has been disclosed in a patent.39 

Purity may be important: attempts to hydrozirconate long chain alkenes failed for certain preparations, 
especially when LiAlH4 was employed; it was suggested that aluminum-containing impurities might be 
responsible."0 An improved preparation uses a filtered ether solution of LiAlH4 as reductant and a wash 
with CHzClZ to convert over-reduced [CpzZrHz] back to [CpzZrHCl]. This gives 77-9296 yields and 
around 95% purity, with the dihydride the only significant ~ontaminant.~' The absence of salt impurities 
means that the hydrozirconation reaction mixture will contain no insolubles upon completion, which 
makes work-up more convenient. One other point is notable: both the absolute and relative rates of hy- 
drozirconation for several unsaturated compounds were found to be quite different for this preparation. 
Some of the generalizations about mechanism and selectivity in the following sections might not prove 
to be universally valid, depending instead on the exact nature of the reagent used. 

Yet another alternative is in situ preparation of [CpzZrHCl], by adding reductant to a solution of 
[CpzZrClz] already containing the unsaturated substrate. The reductant may be a standard hydridic re- 
agent such as Red-A1,29-42 or a precursor such as a t-butyl Grignard reagent, which presumably generates 
a transient t-butylzirconium complex that readily undergoes @-hydrogen elimination."2 The main advant- 
ages are the elimination of the need for inert atmosphere filtration and (possibly) improved reactivity by 
avoiding insoluble reagents. However, in the latter case hydrozirconation of styrene or butadiene gave 
some (or mostly) t-butylated products as 

Variants include changing auxiliary ligand X in [CpzZrHX], or substituting cyclopentadienyl rings. 
The dihydride [CpZrHz] hydrozirconates unsaturated molecules, but the products are generally not use- 
ful reagents. Instead they undergo secondary reactions, frequently leading to overall hydrogenation. Such 
reactions are mechanistically complex, involving prior complexation of additional ligand4345 or interac- 
tion with Cp ring ~ubsti tuents.~~ Often reaction with additional substrate leads to products such as metal- 
locycles; equation (15) shows one such example.47 Similarly, although a divinylzirconium complex 
(from double hydrozirconation) was proposed for equation (16)?' the correct product is (9).48 This prob- 
lem of instability may effectively preclude the use of [Cp2ZrH2] or [CpZrHR] species as synthetic re- 
agents. 

A number of (substituted Cp) derivatives have been made, but the vast majority are the dihydrides, 
[Cp'zZrH2]. This alleviates the problem of insolubility: [(~yCsH4Me)zZrH2]~~ and [CpCp*ZrHz]50 are 
both dimeric, whereas [(q- 1 ,2,4-C5HzMe3)Cp*ZrHzlSo and [Cp*2ZrHzIz3 are monomers. ([CpzZrHCl] 
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appears to be dimeric in solution;48 whether its extremely low solubility is due to higher aggregation in 
the solid state is not known.) Again, dihydrides may not be useful hydrozirconation reagents. Even where 
clean hydrometallation can be achieved (see Table 7), the presence of excess alkene induces reductive 
elimination; one would have to worry about reagents used for synthetic transformations doing the same. 

Complexes of type [Cp*2MHX] (M = Zr, Hf; X = F, C1, Br,24726 OR,24,51*52 NR252*53) should exhibit hy- 
drozirconation, and might offer some intriguing advantages such as mechanistic studies uncomplicated 
by insolubility, and selectivity modulation by steric control. On the other hand, their preparation is likely 
to be considerably more inconvenient and/or expensive than [CpzZrHCl]. Note that reagents which lead 
to the precipitation of [CpzZrHCI] (LiAlH4, LiAlH(OR)3) afford instead the dihydrides with substituted 

[Cp*2ZrHC1] was not made directly, but by comproportionation of the dihydride plus dichloridez6 
or the reaction of [Cp*zZrH2] with one equivalent of MeCl?I A polymer-supported reagent was obtained 
by chloromethylating polystyrene, displacing chloride with Cp-, deprotonating and attaching to Zr and 
reducing with Red-Al, in hopes of a recyclable hydrozirconation agent. While n-alkenes could be hydro- 
zirconated, the presence of uncomplexed Cp groups in the polymer complicated the stoichiometry, and 
recycling was not achieved.54 

Reactions of the hafnium analog of (6), [CpzHfHCl], differ little from those of the zirconium com- 
p l e ~ . ~ ~  It was suggested that the hafnium reagent is somewhat more sensitive to steric inhibition, as cy- 
clohexene and related cyclic alkenes failed to react: but this might well be due to the specific preparation 
of the solid (see above), rather than to any inherent molecular differences. There are some changes in the 
stereochemical outcome of hydrometallation of bicyclic alkenes (see Section 3.9.3.3.3), but it is far from 
clear that hafnium will provide any features sufficient to overcome the availability and cost advantages 
of zirconium. 

3.9.3.2 Hydrozirconation of Alkenes and Alkynes 

Standard conditions for the hydrozirconation of unsaturated hydrocarbons are those originally em- 
ployed:28 the hydrocarbon is added to a suspension of a roughly equimolar amount of [CrnZrHCl] in 
benzene or toluene, and the mixture stirred at ambient or slightly elevated temperatures for 1-3 h. For- 
mation of the hydrozirconation product, [Cp2ZrRC1], is signalled by dissolution of the white Zr reagent 
to give a yellow to orange solution. Attempted isolation of the product usually gives an oil, although 
some crystalline products have been obtained; more frequently characterization is limited to NMR of the 
solution. Even more frequently the product is not characterized at all, but used directly for subsequent 
transformation (see Section 3.9.3.4). 

Examples of reported hydrozirconations of alkenes and alkynes are summarized in Tables 2-6. Simple 
alkenes appear always to react as long as they are no more than trisubstituted. The only reported failure 
is that of a long chain internal alkene, tria~ont-l5-ene?~ but such alkenes have subsequently been suc- 
cessfully hydrozirconated, albeit at slightly elevated tempera t~re .~~ The order of reactivity, based primar- 
ily on qualitative observations, is: terminal alkene > internal alkene (cis 5 trans) > exocyclic alkene > 
cyclic alkene = trisubstituted alkene.’ Trisubstituted cyclic olefins and tetrasubstituted olefins do not re- 
act. Representative examples are shown in Table 2. 

Migration of the metal group along the carbon chain is facile; in all cases, the least substituted possible 
alkylzirconium product (e .g .  7) is the only one obtained. Contrast hydroboration, which takes place 
under comparably mild conditions; but the migration of boron to the terminal position requires prolonged 
heating and is seldom a clean transformation (Volume 8, Chapter 3.10). Rearrangement of hydroalumi- 
nation products is also slow (Volume 8, Chapter 3.1 l), but for zirconium it is not possible to arrest mi- 
gration to the terminal position (save for special cases-aromatic or functionalized alkenes-which will 
be considered in Section 3.9.3.3.2). 

Alkynes are universally hydrozirconated as well; the only failure in the literature is that of a perfluori- 
nated compound, C ~ F I ~ ~ C H . ~ ~  Alkynes appear to be more reactive than alkenes, both by qualitative 
comparison and from the results on enynes (Table 6; also see Section 3.9.3.3.1). Furthermore, hydrozir- 
conation of alkynes can compete with reduction of unsaturated functional groups such as nitriles and es- 
ters (Table 5 ) ,  which is generally not true for alkenes. Dienes can be cleanly monohydrozirconated if one 
of the double bonds is terminal; other cases are considered in Section 3.9.3.3.1. 

Hydrozirconation of unsaturated organometallics gives bimetallic compounds, such as substituted 
analogs of the so-called Tebbe reagent, [Cp2Ti(pCH2)( pCl)AlMe2]. (The latter has proven a versatile 
precursor of a ‘methylene equivalent’ for Wittig-type reactivity or for alkene metathesis,*O but is only 
available as the simple CH2 version.) Equation (17) gives the desired isomer (10) cleanly only for the 
bulkiest R: analogs were also prepared from alkenyl-boron and -zinc precursors. None of these, however, 



Table 2 Hydrozirconation of Simple Alkenes 

Alkene Product Condition?' Characterizationb Yield (%)' Use Comments Ref- 

Oct-1 -ene 

Oct- 1 -ene 
Dec- I -ene 

(also cis- and trans-oct-4-ene) 

R C H S H R  (R = CnH~n+l; 
n =  11, 12, 13, 14, 16.20) 

Cyclohexene 

Norbomene 
(and other bicyclic alkenes) 

HzC-ZCHBu' 
H K d H S i M e 3  
2-Methyloct- 1 -ene 
HzC=CMeCH?Bu' 
2-Methylbut-2-ene 
Methylenecyclohexane 
Styrene 

HZC=CMePh 
(and other aromatic alkenes) 

zrC6H I I 

zr & 
zr(CH2)~Bu' 

zr(CH2)~SiMej 
zrCH2CHMe(CH2)5Me 
zrCH2CHMeCHzBu' 

zr(CH2)~Pri 
zcH2C6H I 1 
zr(CH2)zPh 

+ zrCHPhMe 

zrCH2CHMePh 

S 

S 
40 'C/THF/50-170 h 

S 

60 "C 

S 
S 
S 

S 
S 
S 

N 96 

86 

(30-80 as RI) 

90 N 

N, A 
N 

(95 as ROH) 

88 

(100 as RBr) 
95 

(60 as RH) 

( IO0 as ROH) 

Transfer to AI 

Hydrocyanation 

Transfer to AI 

Transfer to A1 
Hydrocyanation 

Transfer to AI 

Oxidation 

In situ preparation 

I n  situ preparation 

See Section 3.9.3.3.3 
for stereochemistry 

Deuteration 

In  situ preparation 

38 

42 
56 
40 

38 

57 

38 
56 
58 
59 
28 

38.60 
59.61 

42 
29 
29 

~~ ~ 

"Reaction conditions: S =standard conditions (see text). bMethod of characterization for [CpzZrRCI]: N = 'H NMR; C = "C NMR A = elemental analysis; I = infrared; X = X-ray crystallographic structure. 
'Yield of isolated [Cp&RCI] except for numbers in parentheses which are yields of indicated simple derivative. 

Q\ 
4 
4 



Table 3 Hydrozirconation of Alkenes with Oxygen-containing Functional Groups 

Alkene Product Conditions" Characterizationb Yield (%f Use Comments Ref- 

C H d H ( C H 2 ) 3 0 H  zr(CH2)sOzr 
CHz===CH(CH2)20-K+ See equation (36) 

(and related alkenoxides) 

(56 as RI) 
THF X 10-40 

In situ preparation 42 
Dimer with oxygen bridges 62 

ZI 

OH Ozr 

(and related dienols) 

2-vinyl furan 

Oleic acid oxazoline (and other 
long chain acid oxazolines) 

See Scheme 8 

2 equiv. Zr N (54-70 as RH) 
10 "C 

S 

S 

Hydrocyanation 

See Section 3.9.3.3.2 63 
for regiochemistry 

56 

Hydrocyanat ion 56 

(62-82 as RH) Solvent effect, see Section 58.64 
3.9.3.3.2 for regiochemistry 65 

"See footnotes to Table 2. 



Prop- 1 -yne 
But-I-yne 
Hex-I-yne 

zrCH=CH2 

zrCH=CHMe 
zrCH=CHEt 

zrCH=CH(CH2)3Me 

Table 4 Hydrozirconation of Simple Alkynes 
X 

E 
a 

61 
66 3 
61 
37 3 

w 
Alkyne Product Conditions" Characterizationb Yield (%T Use Ref B 

z. 
s. 

Comments 

a 

Oct-l -yne 
Dec- I -yne 

HC=CBu' 

HC=CPh 

HC=CC6H4-p-OMe 
HC=CCH2C&-p-OMe 
Hex-3-yne 

EtC=CMe 
Pr"C=CMe 
Pr'C=CMe 
B u ' C d M e  
B u W M e  
PhC=CPh 

zrCH=CHBu' 

z r C H 4 H P h  

zrCH=CHAr 
zrCHdHCH2Ar 
cis-zrC(Et)=CHEt 

See equation (39) 
and 

Table 8 

cis-zrC(Ph)=CHPh 

50 'C 
S 

50 'C 
78 'C 

0 'C/CH2C12 
S 
S 
S 
S 
S 
S 

50 "C 
78 "C 
50 'C 

S 
S 

S 

0 'C/CH2C12 

S 
S 
S 
S 
S 

78 'C 

N, A, C 86 

N, A, I 

'100' 

Pd/coupling 

N 

N, A 89 

N, A, I 
N 

N, A, I 

N 93 

'100' 

Pd/coupling 
(q2-hexyne)Zr 

Ni/conjugate addition 
Hydrocyanation 

Pd/coupling 
Transfer to AI 

Ni/conjugate addition 

Pd/coupling 
Pd/coupling 
Pd/coupling 

Transfer to AI 
Ni/conjugate addition 

Pd/coupling 

N 80 

N 

41 
66 
67 
68 
56 
66 
38 
68 
61 
37 
61 
66 
66 
69 
38 
68 
41 
66 
4 
4 

See Section 3.9.3.3.2 4.38 
for regiochemistry 4 

4 
37 

"See footnotes to Table 2. 



Table 5 Hydrozirconation of Alkynes with Functional Groups 

Ref. Comments Alkyne Product ConditionP Characterizationb Yield (%,)c Use 

BuCCdCHzOH 
(and related) 

H M C H z C M e 2 0 H  
HCkSOEt 
H W C H z O T H P  
HC=CCH;?OSiMezBu' 
HCkc(CH~)40SiMe2Bul 

= (-OPh 

OTHP 

1 

=--(o<7 
(and related) 

HC=C(CHz)8CO&le 

HC=C(CH&CN 
H M ( C H 2 h C I  

(and other esters) 

Direction of addition unknown 

zrCH==€HCH2CMe20zr 
zrCH==CHOEt 

zrCHdHCH20THP 
zrCH=CHCH20SiMe2Bu1 

zrCH==CH(CH2)40SiMe2Bu1 

OPh 

2 equiv. Zr 

2 equiv. Zr 
S 
S 
S 
S N 

(85 as RH) 

Couple to Pd(ally1) 
Pd/coupling 

Ni, Pd/coupling 
Hydrocyanation 

Nilconjugate 
addition 

(10 as RI) 

81 Yield 41% with 
methyl ester 

Pdlcoupling 

70 

71 
66,72 

Nikonjugate 
addition 

Pd/coupling 
Pd/coupling 

68 

66 

66 
66 

'<See footnotes to Table 2. 



Table 6 Hydrozirconation of Dienes, Diynes and Enynes 
% 

Substrate Product Conditions" Characterizationb Yield (%F Use Ref. a 
3 
k 

r! 

Comments 

1,3-Butadiene (and substituted) 
1,3-Pentadiene 

1,5-Hexadiene 
I .7-Octadiene 

CViny lcyclohexene 

Vitamin D3 
HM(CH2)z-H 
HC=C(CHz),,-MS 
H M C H d H 2  
HC=CCMe=CH2 
HC=CCH=CHOMe 
HWCH=CH(CH&Me 

zr 

zr /vo 
See equation (41) 

zrCH==CH(CH2)2C=CH 

zrCH=CHCH=CH2 
zrCH=CHCMe==CH2 

zrCH==CHCH=CHOMe 
zrCH=CHCH===CH(CH2)4Me 

zlCMH(CH2)nC=CTMS 

zr Y 

4' S (59-98 as RCHO) 74 
S N 73 Transfer to AI 38 3 s. S hydrocyanation See Section 3.9.3.3.2 56 

for regiochemistry 3 

38 9 S N 92 Transfer to AI 
S N 98 Transfer to AI 38 

0 

0 

a : (34 as RCHO) Bacteriocide 75 

(81 as RI) 

(84 as RH) 

In  situ preparation 

See Section 3.9.3.4.3 
Pdlcoupling 
Pdcoupling Protect for mono product 

75-90 
Relatively low yield 

Pdlcoupling See Section 3.9.3.3.3 

42 

76 
66 
77 
78 
66 
78 
77 

78 

2 a 

"See footnotes to Table 2. 
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performed well in alkenation reactions. The same compounds may be alternatively generated by hy- 
droalumination of alkenylzirconium.8 

(10) 
R = Bu‘ >95% 
R = Bun 60% 
R = M e  33% 

(11) 

<5 % 

40% 
67% 

Hydrozirconation of vinylzirconium (12), itself obtained by hydrozirconating acetylene, gives the k- 
ethylene product (13; equation 18) and thus amounts to an overall double hydrozirconation of an alkyne. 
However, this reaction is not general: attempted hydrozirconation of (substituted viny1)zirconium does 
not lead to analogs of (13).61 This may be relevant to the proposed mechanism for isomerization of alke- 
nylzirconium complexes (Section 3.9.3.3.2). Finally, hydrozirconation of an alkynylzirconium species 
(14 equation 19) proceeds ‘normally’ to give the (k-a1kenediyl)dizirconium complex ( 15).83 While no 
attempts to exploit such bimetallic structures synthetically have been reported, it seems quite possible 
that they might prove useful with sufficient imagination. 

Hydrometallations with variants of the [CpZrHCl] reagent are collected in Table 7. As discussed in 
Section 3.9.3.1, most of these are dihydrides, which cause problems for subsequent synthetic application. 
Related reactions involving different metals may be found in Section 3.9.4.1. 

Table 7 Hydrometallations with Other [Cp2MHX] Systems 

Compound 
~~ 

Substrate ReJ 

Hept- 1 -ene 
trans-Pent-2-ene 

[ C p M ” I l  Isoprene 
P-Pinene 

Dodec- 1 -yne 
[Cp*zZrH21 Ethylene 
[Cp*zHMzI 
[Cp*2ZrH21 Propene 
[ C p * M ” I  Styrene 
[Cp*2ZrH21 Isobutene 
[Cp*zHMzI 
[Cp*zHMzI B u ’ C d H  

M e M H  
[Cp*z(Zr,Hf)HzI EtCECH 

P h b C H  
MeCSCMe 

[Cp*2HfH(CH=CHBut)] Ethylene 

All very 
similar to 

Zr analogs 

Products stable if 
no excess ethylene 
Product unstable 

Stable to 75 “C 

Stable to 125 ‘C 
Dialkenyl product 

Dialkenyl 
Mono/di mixture 
Mono, unstable 
Stable to 80 “C 

55 

84 
24 
84 
24 
46 
24 
24 

85 

24 
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3.9.3.3 Selectivity Issues 

3.9.3.3.1 Chemoselectivity 

Early transition metals are strongly electropositive and form strong M-0 and M-N bonds, and their 
hydrides exhibit strong hydridic or H- character.86 Hence reactions of [CpZrHCl] (6) with proton donors 
such as alcohols and acids, and with polar multiple bonds such as ketones and nitriles, are strongly fa- 
vored on both thermodynamic and kinetic grounds. Complex (6) readily deprotonates or reduces all the 
above,87 as well as isonitriles,88 th ioke tone~,~~ epoxides,87 CO, Cot ,  RNCO and RNCNR;90 
even so weak an acid as C P H . ~ ~  The only hetero multiple bond found not to undergo hydrometallation is 
the C=N bond in PhCH-NMe. (Imines with neighboring C-H bonds do react, but not by hydrozirco- 
na t i~n .~ ' )  Also several ketones (cyclohexanone, menthone, camphor, etc.) reacted readily with (6) to give 
the corresponding alcohol after hydrolysis, but acetophenone was recovered unchanged from the same 
 condition^.^^ 

Of course, these findings do not automatically mean that such functional groups cannot be tolerated; 
that depends upon relative rates. For instance, hydrozirconation of nitriles can be relatively slow: com- 
plete reaction of RCN under standard conditions required 72 h, 14 h and 1.5 h, respectively for R = Me, 
Ph, Bn.93 Consistent with previous indications that alkynes are more reactive than alkenes towards (6), 
hydrozirconation of an alkyne can be carried out in the presence of a nitrile group (see Table 5),66 where- 
as methacrylonitrile gives only C=N hydrozirconation (equation 20)?8 

Similarly, alkynic esters have been successfully hydrozirconated (Table 5). HC4(CH2)3C02But 
gave the alkenylzirconium product in much higher yield than the corresponding methyl ester, which ex- 
hibited carboxy reduction.68 Clearly the reactivities of the C = C  and ester groups are in close balance 
here, with steric factors sufficient to tip it towards the former. Hydrozirconation of an alkenic ester 
would not be expected to work well; no example is reported. In the reaction of an enone with (6; equa- 
tion 21) little if any hydrozirconation of the C - C  bond occurs.94 

4% 96% 

Ether linkages seem to be tolerated well (examples in Tables 3 and 5 ) ;  this stands in contrast to hy- 
droalumination where the A 1 4  bond strength generally makes the products unstable. Only for an ac- 
tual vinyl ether were problems encountered: alkoxide migration appears to be facile in the presumed 
p-alkoxyalkylzirconium intermediate (16; equation 22).95 The P-alkoxyalkenylzirconium complex ob- 
tained from HCECOEt, though, is  table.^^,^^ 

Functional groups can be protected: carboxylic acids as o x a ~ o l i n e s ~ ~ ~ ~ ~ ~ ~  or silyl esters;66 and alcohols 
as THP  derivative^^^^^^^^^ or potassium alkoxides.62 In fact, it may not be necessary to protect alcohols at 
all: just use two equivalents of reagent! The first will deprotonate the alcohol to give an alkoxyzirconium 
complex, and the second can then hydrozirconate the C 4  or C=C bond (equation 23). Several exam- 
ples are shown in Tables 3 and 5. The presence of such functional groups does frequently have regio- 
chemical consequences, as will be shown in the following section. 
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Metal hydrides often give reductive dehalogenation of organic halides, usually via a free radical path- 
way. [CpzZrHCl] reacts readily with polyhalogen compounds, such as CH2Cl2 and CHC13?5,4* that are 
most susceptible to radical attack; less is known about its tolerance for simple alkyl halides. The hydro- 
zirconation of chloroalkenes can lead to some cyclization, as in equation (24); simple reduction of both 
C = C  and C - C l  competes (with the analogous bromide there is much more r ed~c t ion ) .~~  Reduction of 
chlorocyclohexane by (6) requires 24 h at 85 ‘C;96 hydrozirconation of alkenes containing C P 1  bonds 
might be achieved cleanly at room temperature. Success with a chloroalkyne has been reported (Table 5) ,  
but hydrozirconation of a @-chloropheny1)alkene is accompanied by some reduction.29 

(6) + 9 -=e + 0 +? +o +? (24) 

c1 c1 c1 
40% 5 %  15% 26% 8% 

Selecting for C=C over C=C should be easy, based on comparative reactivities cited earlier. Several 
examples of hydrozirconation of terminal alkynes in the presence of terminal or internal alkenes were 
shown in Table 6. Selective hydrozirconation of an internal alkyne in the presence of a terminal alkene 
might be more difficult; no attempt has been published. A variety of both conjugated and nonconjugated 
dienes can be cleanly monohydrozirconated; examples may be found in Table 6. Even if both double 
bonds are in terminal positions, as in 1,3-butadiene, there is no competing double addition or 1,4-addi- 
t i ~ n ~ ~ - a  significant and useful contrast to many reactions of main group hydrides. The presence of a 
double bond in a conjugating position can alter regiochemistry (Section 3.9.3.3.2) or the outcome of sub- 
sequent transformation (Section 3.9.4.3.1). In contrast, some awdiynes could not be cleanly monohy- 
drozirconated; it was necessary instead to half protect with EtMgBrRMSCl to get single additi~n.’~ 

Complications are found for 2,4-dienes, with which three equivalents of [CpzZrHCl] react to give satu- 
rated alkylzirconium products; details of these reactions are not understood.’ It is not known whether 
similar problems will arise for nonconjugated, diintemal alkenes; no examples have been studied. The 
hydrozirconation of 1,3-dienes was initially reported to be much slower than that of simple  alkene^;'^ but 
later work suggests this is dependent upon the mode of reagent preparati~n.~’ 

3.9.3.3.2 Regioselectivity 

With simple alkenes terminal alkylzirconium compounds are formed, even if the original alkene is not 
terminal! Presumably this reflects steric disfavoring of a secondary alkylzirconium; the only examples of 
the latter are found with cyclic alkenes such as cyclohexene or norbomene. The postulated mechanism 
for the relocation of Zr to a terminal position was shown in Scheme 5 ,  but in truth very little detailed in- 
formation on this process is available. The intermediate secondary alkyl and internal alkene complexes 
must be in close energetic balance, so that the rearrangement is rapid on the time scale of the overall hy- 
drozirconation; but is the final stable product still in moderately rapid equilibrium with these less stable 
intermediates? This question is highly relevant to targets such as regio- or stereo-specifically deuterium- 
labelled alkanes. Exchange in alkyl(hydx5do)zirconium complex (19) suggests equilibration (equation 
25),43 but alkyl(ch1oro)zirconium complexes (such as 18) may differ. Experiments to probe this issue, 
such as migration of deuterium labels or magnetization transfer in NMR, would be of interest here. 
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Tertiary alkylzirconium compounds appear to be generally inaccessible even as intermediates. Tetra- 
substituted alkenes are not hydrozirconated at a1I;l also, zirconium is unable to migrate past a tertiary po- 
sition in a carbon chain. Attempted hydrozirconation of an internal alkene which is ‘blocked’ at both 
ends (20; equation 26) gives only isomerized alkene (21).97 The only exception, which appears to in- 
volve a tertiary intermediate, is found in the hydrozirconation of dienol(22) in equation (27).63 

zr 2equiv. (6) 

The exclusively terminal regioselectivity can be altered, however, for alkenes containing groups such 
as aromatic rings, additional double bonds, or oxygen centers. A number of workers have noted that 
styrene hydrozirconation is not completely regioselective: after subsequent transformation/cleavage 
steps, the relative amounts of the ‘normal’ and ‘reversed’ products, PhCH2CH2X and PhCHXMe, respec- 
tively, range from 67:33 to 90: 10?994295639 Unfortunately, such results are not unequivocal: do they repre- 
sent the static population of organozirconium isomers; competitive reaction of rapidly equilibrating 
isomers; or even isomerization brought about during the cleavage reaction? Ratios of the isomeric alco- 
hols (equation 28) depend upon 0xidant.2~ Only one published study reports NMR of the initial hydrozir- 
conation product (23) itself there is no evidence for the reversed isomer (24):’ but it is not clear how 
carefully they looked. Recent work suggests a ratio for normal and reversed products of around 85: 15 
(equation 29). There is no fast equilibrium between (23) and (24), since complete scrambling of a deute- 
rium label among all alkyl positions was not observed?* 

OH 0 

[ox] = 0, 67% 20% 13% 
[OX] = TBHP 93% 7% - 

zr 

(23) 85% (24) 15% 

Why is the prohibition against secondary alkylzirconium relaxed for phenyl substituents? Buchwald et 
al. suggest that the flat phenyl group is less sterically demanding than an alkyl?6 while others have pro- 
posed an electronic effect favoring benzylic zirconium  compound^.^^ Evidence supports the latter: for in- 
ternal aromatic alkenes hydrozirconation initially gives mostly the benzylic isomer (25) (based on the 
alcohol products of oxidation), which slowly (48-96 h at 40 “C) converts to the terminal isomer (26  
equation 30).29 

Similarly, with 1,3-dienes there is some tendency towards Markovnikov addition, yielding an allylic 
product, although again there are conflicting results. Buchwald et al. conclude that hydrozirconation of 
1,3-pentadiene proceeds as in equation (31)?6 whereas Schwartz finds only terminal isomer (27), but 
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sees isomerism with a more-substituted diene (equation 32).’ Again, this may be attributable to elec- 
tronic stabilization of an allylic zirconium compound. No indication of q3-allyl formation has ever been 
observed, even though [CpzZrRCl] is formally coordinatively unsaturated. 

91% 9% 

Oxygen- and nitrogen-containing functional groups may significantly perturb regiochemistry; here it 
does appear that additional coordination is involved. Stability of the five-membered chelate ring in inter- 
mediate (28) was proposed to account for the 3-hydroxystearate obtained in Scheme 8.@ Hydrozircona- 
tion of unsaturated acid oxazolines with the double bond in the 2,3- or 3,4-position, followed by 
deuterolysis, gives mixtures of 2-, 3- and o-deuteroacids, depending upon the exact structure, while if 
the double bond is initially in the terminal position, only w-deuteration is f o ~ n d . ~ ~ , ~ ~  These reactions may 
be accompanied by positional and cis-trans isomerization in ‘unreacted’ alkene; clearly one must pro- 
ceed with caution in applying hydrozirconation to synthetic transformations of such compounds. Hydro- 
zirconation of 2-vinylfuran gives only the internal product (Table 3),56 which may be due to 
O-coordination, aromatic stabilization or reduced steric effect of the flat furan ring (see above), or a com- 
bination of these. 

r 1 

(28) ] TBHP 

1 TBHP 

1 i 
OH How:02Me 

17% A C 0 2 M e  
14 

13% 
Scheme 8 

Definitive evidence for the role of heteroatom coordination may be seen in the hydrozirconation of al- 
kenoxide (29; equation 33) where the five-membered ring favors (30) (confirmed by the X-ray crystal 
structure).62 A related structure was obtained in equation (34); the O-coordinated product (31) does not 
isomerize to the terminal alkylzirconium product (16) below 140 0C.95 (At 140 ‘C it slowly decomposes 
to 17, presumably via 16; cf equation 22 above.) In contrast, hydrozirconation of dienols shows 
preferred reactivity of the double bond remote from the - O H  group; an example is shown in Table 3.63 
Probably the first equivalent of (6) reacts with the -OH group both to increase steric bulk and prevent 
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the oxygen from coordinating to the second Zr, which does the actual hydrozirconation. After protolysis, 
oct- 1 -en-3-01 is the sole product obtained. 

Terminal alkynes are always hydrozirconated to the terminal alkenylzirconium product,' even in the 
presence of functional groups (Table 5) .  Internal alkynes give internal alkenyls, without the migrations 
found for alkenes. With asymmetric internal alkynes R W R ' ,  the zirconium goes preferentially to the 
carbon atom bearing the sterically smaller R group, subject to both kinetic and thermodynamic control. 
For the example shown in equation (35). reaction of (6) with a slight excess of (32) gives only a slight 
preference for the favored isomer (33a); the composition is stable to prolonged standing at room tem- 
perature. Addition of a small amount of (6) effects slow isomerization to virtually all (33a). Further such 
results are shown in Table 8." Note that very high regioselectivity can be attained, even where the steric 
differentiation between the ends is relatively modest (e.g. Me versus Et). A doubly hydrozirconated in- 
termediate is proposed for the isomerization (equation 36), to account for the requirement for excess 
[CpzZrHCI]." As noted earlier, such a species (13) has been isolated for CzHz (equation 18), although not 
for any substituted alkynes:' 

(32) (33a) 55% (33b) 45% 

excess (6) 

4% 
I 

>95% 

H zr H zr 

R R' R zr R R' 
(6) + zrH H'.)--CRI 'H + (6) (36) 

Table 8 Regiochemistry of Internal Alkyne Hydrozirconation 

R R' 
ztCR=CHR' :zrCR'=CHR 

Initial Final 

H 
Me 
Me 
Me 
Me 
Me 

Bun >98:2 _. 

Et 
Pr" 
Pri, 
Bu' 
Bu' 

55:45 
69:3 1 
84:16 
5545 
>98:2 

Same 
89: 1 1  
91:9 

>98:2 
>95:5 
Same 

Since most of the regioselectivity patterns appear to be sterically driven, one would expect that Cp* 
analogs would show even more pronounced preferences. Terminal alkenes show exclusive selectivity for 
terminal products, as do terminal alkynes (Table 7). It would be of interest to see whether rearrangement 
occurs with internal alkenes. A rearrangement has been observed in the alkenylzirconium (M), obtained 
from an internal alkyne (equation 37).85 This differs from the simple Cp analogs, both in the rearrange- 
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ment of an alkyne-derived product and the formation of an q3-allyl complex. The mechanism is not 
known with certainty, and may depend upon the presence of the hydride ligand in (34). 

3.9.3.3.3 Diastereoselectivity 

The mechanism for hydrometallation would appear to require cis addition to C 4  and C d  bonds, 
and this result is essentially always obtained. I Apparent exceptions can probably be ascribed to sub- 
sequent chemistry. For example, hydrozirconation/oxygenation of 2-methylindene gives a cis-trans mix- 
ture of alcohols, but the loss of specificity occurs at the oxygenation step, not during hydrozirconation 
(see Section 3.9.3.4. l).29 Overall hydrocyanation of terminal alkynes, starting with hydrozirconation, 
also gives a mixture of isomers; it is not known how this occurs.56 Reaction of [CpzZrHCl] with diphe- 
nylacetylene at 100 'C for prolonged periods gives mostly tr~ns-stilbene?~ but this obviously involves 
more than simple hydrozirconation. 

For acyclic alkenes, the facile rearrangement process obviates most possibilities of stereoselective 
transformation. The one exception is that of stereospecific isotopic labelling, for which hydrozirconation 
is a potentially powerful technique: compounds of type Bu'CHDCHDX (36), useful for NMR-based 
mechanistic studies, are conveniently obtained as in Scheme 9.lW This requires that four separate pro- 
cesses - hydrozirconation of alkyne, cleavage of alkeiiylzirconium, hydrozirconation of alkene and 
cleavage of alkylzirconium - all be completely stereospecific. 

H 'zr H D  

I 
Bu'C E CH 

eryfhro- Bu'CHDCHDZr 
erythro-(35) 

Bu'CHDCHDX 
erythro-(36) 

threo- Bu'CHDCHDZr 
threo435) 

1 [XI 

Bu'CHDCHDX 
f h / ~ 0 - ( 3 6 )  

Scheme 9 

With the possible exception of the third, these can all be easily satisfied. Labinger et ai. report that 
either isomer of (35) prepared as in Scheme 9 is contaminated with about 10% of the opposite dia- 
stereomer; the composition does not change on standing.'w' How does this small amount of net trans-hy- 
drozirconation occur? One possibility is that the initial hydrozirconation occasionally takes place with 
the wrong regiochemistry; this could scramble stereochemistry, as shown in equation (38). Of course, 
this mechanism also scrambles isotope locations: isomers such as [ButCH2CD2ZrCICp2] should be pres- 
ent as well. None were observed, but it must be noted that the state of NMR equipment at the time of this 
study was not what it is today; a reinvestigation might be rewarding. 

Stereospecific preparation of PhCHDCHDX compounds by this route has not been successful: applica- 
tion of both the top and bottom sequences in Scheme 9 to phenylacetylene results in the same product 
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mixture, although *H NMR results do not show the complete scrambling required by the mechanism of 
equation (38)?8 Further study appears warranted to determine whether this approach is limited in scope. 

DR% - )==( + (6)  (38) 
R D  R H  

D D  zr D D H  

- - (6) + >=( - 

threo435) eryrhro-(35) 

With cyclic alkenes, fairly high diastereoselectivity can be achieved. Hydrozirconation of norbornene, 
followed by TBHP oxidation, gives the exo-alcohol in 95% yield, while the more complex bicyclics 
camphene (37) and P-pinene (38) give the mixtures shown in equations (39) and (40), respe~tively.~' 
The hafnium analog shows the opposite preference with P-pinene and does not react with camphene at 
all, attributed to significantly greater steric de1nand.5~ Diastereoselectivity in cyclohexanols obtained by 
hydrozirconation of ketones has also been examined?* 

(37) 

-'OH 
97% 3% 

[CpzMHCI], - TBHP &OH + & 
(40) 

OH 
M = Z r  87% 
M = H f  7% 

13% 
93% 

Hydrozirconation of vitamin D3 (39) gives a mixture of four diastereomers resulting not only from ad- 
dition to either face of the reacting exocyclic double bond, but also isomerization of the 'nonreacting' 
5.6-double bond (equation 41), even though no isomerization of unreacted (39) was dete~ted.'~ No ex- 
planation was offered. Partial isomerization of a double bond during hydrozirconation of a triple bond 
has also been observed.78 

2 equiv. (6)  H+ * -  

(5Z, 1 OS) (5Z.IOR) ( 5  E ,  1 OS) 
38% 44% trace 

(5E.IOR) 

18% 
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Addition of [Cp*zMH2] (M = Zr, Hf) to alkynes is, not surprisingly, also strictly cis; although two 
isomers are obtained from the Hf compound and but-2-yne, they appear to be conformational and not 
config~rational.~~ 

3.9.3.3.4 Enantioselectivity 

Virtually nothing has been done in this arena. The sole study involves the use of complexes of the type 
[Cp’zZrHz], where Cp’ bears a chiral substituent, as catalysts for the hydrogenation of prochiral alkenes; 
a maximum of 2% ee was obtained.I0l It is known that chiral zirconium complexes of the so-called unsa 
type, developed by Brintzinger and coworkers,Io2 effect very high stereoregularity in propene oligomeri- 
zation and polymerization. lo3 It seems extremely likely that the corresponding -ZrHCl complexes 
would afford excellent asymmetric induction in the hydrozirconation of prochiral alkenes. 

3.9.3.4 Synthetic Utilization of Hydrozirconation 

The synthetic utility of organozirconium complexes has been reviewed,lW and many aspects are con- 
sidered in greater depth in Volume 1, Chapter 1.5. One general issue which should be mentioned is the 
stability of organozirconium reagents and effects thereof on yields. Thermal stability appears rarely to be 
a problem; the most common mode of decomposition for organometallics, @-hydrogen elimination, does 
riot operate here for reasons discussed earlier. Compounds are quite sensitive to proton sources, and re- 
duction (R-Zr to R-H) can compete even without any obvious proton source; examples are presented 
in the following section. Still, it is usually possible to achieve overall synthetic transformations based 
upon hydrozirconation in quite high yields; causes of reduced yields are rarely examined. 

3.9.3.4.1 Reactions of alkyl- and alkenyl-zirconium complexes 

Since zirconium is strongly electropositive, these complexes exhibit considerable carbanion character 
(Zr+-R-) and are subject to electrophilic cleavage just as are main group organometallics. Typical re- 
action patterns are shown in Scheme 10. The simplest such reaction is protonolysis: all hydrozirconation 
products react readily with aqueous acid. The net result of this overall sequence is hydrogenation. 
Protodezirconation of both alkyl- and alkenyl-zirconium complexes appears always to proceed with 
retention of both regio- and stereo-chemistry, so this provides a method for clean cis hydrogenation, with 
high selectivity for triple bonds or terminal double bonds in multiply unsaturated substrates. It is, of 
course, a stoichiometric hydrogenation, so it will rarely be the method of choice for large scale applica- 
tions. Catalytic hydrogenation based on hydrozirconation can be accomplished, especially by starting 

RH (RD) 

R B r A 2  t 1 ’+(/ RCOMe 

RC1 

MeCOCl 

0 co / I  
. zr-R - zr -CR 

, RCHO 

NaOH 

RCOzMe RI TBH 

It 
zr - CR 

Scheme 10 

ROH 4 I 
ROzr 
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with [Cp~ZrHzl or [Cp2ZrR2] complexes, but these do not appear to be very good catalytic systems. 
Generally high temperatures are required, around 100 0C,36,99 and clean selective reductions are hard to 
achieve: hydrogenation of diphenylacetylene gives a mixture of cis- and trans-~tilbenes.9~ 

Perhaps the most useful application of the hydrozirconation/protodezirconation sequence is for spe- 
cific introduction of deuterium label; some examples were presented in the previous section. Although 
most such work indicates that deuterium incorporation is essentially complete, Svenson and coworkers 
have found that around 20% of the alkane thus obtained from simple alkenes is undeuterated. The 
amount of alkane-& depends upon the mode of preparation of (6)  and increases with longer hydrozirco- 
nation reaction times, so transfer of hydrogen to give alkane prior to hydrolysis is probably responsible. 
This 'in situ' hydrogenation was found to be even more pronounced for a,@-unsaturated carboxylic acid 
oxazolines, giving 70% of the undeuterated saturated product.58 

Protonolysis can also be effected with weaker acids; in some cases this may be essential. For example, 
hydrozirconation of alkynic alcohols Me(CH2)nC=C(CH2)mOH with 2 equiv. of (6), followed by hydro- 
lysis with 2% aqueous "421, affords the corresponding cis-alkenol in high yield and selectivity, where- 
as use of aqueous HCl causes both cis-trans isomerization and allylic rearrangemenL70 Protonolysis by 
weak acid may be slow enough for other reactions to compete: TBHP can be used as an oxidant (see 
below). 

Hydrozirconation is not sufficiently reversible to liberate the organic group as an alkene by displace- 
ment; but that can be achieved via hydride abstraction with trityl ion. This generates a sequence for net 
alkene isomerization in the counterthermodynamic direction (equation 42). I 

Halogenative cleavage likewise appears completely general for both alkyl- and alkenyl-zirconium 
complexes (Scheme and proceeds with complete retention of configuration at carbon.lm For the hy- 
drozirconation products of 3-methyl- 1,3-dienes, such as (40), cyclization competes (equation 43).1,74 
Analogs without the 3-methyl subsitutent, or with more remote double bonds, give only the uncyclized 
products in good yields.74 

Conversion of R-Zr to R-OH can be effected by a variety of oxidants, including (dry) 0 2 ,  TBHP, 
MCPBA, Cr02C121,105 and M O O S ~ H M P A . ~ ~  The mechanism of autoxidation with 0 2  appears to be 
closely similar to that established for main group organometallics (Scheme 1 l).1m3105 Most telling is the 
stereochemical outcome: from either primary alkyl (35)lm or the secondary alkyl obtained by hydrozir- 
conation of 2-meth~lindene,~~ the mixture of alcohols shows 50% racemization and 50% retention of 
configuration at the reacting carbon center. This requires that oxidation by ROO- proceeds with reten- 
tion, which was separately e~tab1ished.l~~ Hydrozirconation/autoxidation of hexa- 1,5-diene gives 4% of 
cyclopentylmethanol, attributed to cyclization of the free radical intermediate.Io5 Oxidation of alkenylzir- 
conium complexes does not proceed well, with either 0 2  or TBHP.' 

R-zr + O2 - [ R e  zrOO*] - zr-OOR 

zr-OOR + R-zr - 2zr-OR 

Scheme 11 

CO insertion works well for both alkyl and alkenyl derivatives.1*106 The resulting acyls may sub- 
sequently be converted to aldehydes, acids or esters as shown in Scheme 10; yields (based on zrR) typi- 
cally range from 5&99%.IO6 Two such applications have appeared in the patent l i t e r a t ~ r e . ~ ~ , ' ~ ~  CO 
insertion proceeds with stereochemical retention,lm as in all metal systems studied. The Cp* analogs 
show quite different CO chemistry. Although insertion to form an acyl (e.g. 41) is the first step, facile re- 
arrangement to alkenoxides (42) ensues (equations 4423 and 4585). 
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H H 
Cp*2Zr/ - -2ooc CP*2Z/ co 

) r B U '  
[CP*~Z~HBU'] - 

0 -50 OC 

CP*2M /J 25 oc C P * 2 M o c  (45) 
'0 7 + 2co - 

Insertion of isocyanides RINC (R1 = Me3C or MesSi), which are isoelectronic to CO, appears to be 
quite similar (Scheme 10); this step has been used to achieve overall hydrocyanation (see Section 
3.9.3.4.3).56 C-S and C-N bonds may also be generated. SO2 inserts with retention of configuration to 
yield [ C ~ ~ C ~ Z I O ~ S R ] , ' ~  while NO leads to N-nitrosohydroxylamine derivatives 
[CpzClZrl ON(N0)R ]].I Neither of the last two has been exploited synthetically. 

3.9.3.4.2 Transmetallations 

Hydrozirconation products can be used directly as carbanion equivalents, but such reactions are gener- 
ally not highly successful. Alkylzirconium complexes react with acetyl chloride to give methyl ketones 
(Scheme Addition to ethylene oxide 
takes place slowly, while carboxylation with C02 does not take place at all.] This reduced reactivity 
(compared to main group organometallics) may be largely overcome by first transferring the alkyl or al- 
kenyl group to a more reactive metal center, such as aluminum. (43) and (44) react with acetyl chloride 
to give the methyl ketones in near quantitative yields (equation 46).38 Complications were found only for 
cyclohexene, which gave virtually none of the desired methyl cyclohexyl ketone (acyclic secondary al- 
kylaluminum reagents are, of course, not accessible by this route, since they cannot be prepared by hy- 
drozirconation), and for certain dienes where cyclization can apparently occur during the 
transmetallation step (equation 47). Transfer of both alkyl and alkenyl from Zr to A1 proceeds with reten- 
tion of configuration.38 

but yields are not always good and alkenyls do not 

0 

This hydrozirconation/transmetallation sequence provides a route to net hydroalumination of alkenes 
and alkynes; the direct reaction is often difficult to achieve. The use of catalytic amounts of Zr will be 
discussed in Section 3.9.4.2 

Even acyl groups may be transferred from Zr to AI, as in equation (48); this generates an acylalumin- 
urn or 'acyl anion equivalent' (45). Its acyl anion chemistry appears limited, however: only protonolysis 
to the aldehyde was achieved in good yield, and that could have been done directly with the acylzirco- 
nium precursor.38 

The thermodynamics of the transmetallation reaction should depend largely upon electronegativity 
considerations: the reaction should proceed to give the more metal-organic product. However, this may 
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be modulated by other ligands: R3Al will alkylate [CpzZrClzJ, whereas [CpzZrRCl] alkylates AICb. 
Similarly, [CpzZrCl(alkenyl)] transfers the alkenyl group to RzA1C1?8 but the direction of transmetalla- 
tion can be reversed by addition to BuLi to form an ate complex.'08 Transmetallation from Zr to Li has 
been reportedly achieved by decomposition of a zirconium ate complex, but no details are available;lm 
this would be rather surprising on thermodynamic grounds. 

Transfer of alkenyl from Zr to other metals appears more general than alkyl transfer.38 With CuCl, 
while the alkenylcopper product was not characterized, it exhibits characteristic decomposition and con- 
jugate addition reactions as shown in equations (49) and (50).1'0 In contrast, [CpzZrCl(octyl)](7) does not 
react with CUI." I Similarly, transfer of dienyl groups to BusSnCl gives the corresponding dienyltin com- 
pounds in 60-90% yields, sought for study in Diels-Alder  reaction^.'^ Transfer of the octyl group from 
(7) to SnC14 gave up to 81% yield of (octyl)SnCb, but further transfers were more difficult."' 

H+ (50) 
LiI 

Zrw~ut + CuOTf + /)( - - 
0 -78 OC 73% 

0 

Although the transmetallation sequence of equation (46) failed with catalytic amounts of AlC13, other 
applications can be done catalytically. For example, (alkeny1)zirconium groups (46) may be coupled with 
organic halides, as in Scheme 12.72~1"J'2J'3 Catalysts are zerovalent Ni or Pd complexes and yields are 
typically 70% or better, with sterically crowded alkenyl groups causing problems which may be over- 
come by an additional cocatalyst such as Zr1C12.l'~ The mechanisms of both Ni-'14 and Pd-~atalyzed'~ al- 
kenyl-aryl coupling have been investigated, and both appear to proceed via reductive elimination from a 
diorgano-nickel or -palladium intermediate formed by successive transmetallation and oxidative addi- 
tion, although the oxidation state couples involved for the two metals are different. In a variant, (46) can 
be added to a preformed allylpalladium complex with similar res111ts;~'J'~ an application is presented in 
the following section. 

( Ar-X Ar- R 

I X 

Scheme 12 

Lastly, (46) undergoes conjugate addition to enones, catalyzed by Ni complexes (equation 5 l).68 
Yields vary depending upon structures, but may be significantly improved by reducing the precatalyst 
[Ni(acac)z] with DIBAL-H.6x The reaction appears to be mechanistically similar to conjugate addition 
with copper reagents, involving electron transfer.' I 4  This system has potential advantages over copper- 
based routes, both in reagent preparation and in avoiding the need for an additional ligand in the copper 
ate reagents. The initial product of conjugate addition is a zirconium enolate;' l6 instead of simply hydro- 
lyzing to the y.6-enone as in equation (5  I ) ,  it may be used directly for additional transformations such as 
generation of selenium reagents.' A more elaborate example is shown below. 

Nio 
" W R  + R'qR2 V (51) 

ooc (46) 0 
I 
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3.9.3.4.3 Practical examples 

We will attempt only to give an indication of the scope and flavor of hydrozirconation-based synthetic 
routes. Terminally functionalized long chain alkanes, which have a variety of important industrial uses, 
may be obtained from shorter chain terminal alkenes via metathesis, hydrozirconation and cleavage 
(equation 52).40 

A method for the hydrocyanation of alkenes and alkynes is based upon hydrozirconation followed by 
isonitrile insertion (Scheme 13); overall yields range from 45-90%.56 Certain examples do not exhibit 
the clean regiochemistry represented here, and these were discussed in Section 3.9.3.3.2. The hydrozirco- 
nation/protonolysis of equation (53) results in high yield, stereoselective formation of C-methyldeoxy- 
sugars, an alternative to free radical deoxygenation.’ l 8  

RI-NC 4 - R-lfzr - (6) + ’4 - R*Zr 

+ zr-I 
Scheme 13 

98% 
92% 8% 

o-Alkynic isobutyl amides such as (48), of interest as insecticides, can be made by Pd-catalyzed coup- 
ling, as shown in Scheme 14.77 Similarly, hydrozirconation of a wide variety of alkynes, followed by Pd- 
catalyzed coupling to an iododeoxyuridine (49; dR = 2’-deoxyribose), gives alkenyldeoxyuridines (50) 
which have antitumor and antiviral properties.66 

Me3Si 
Me3Si v/ (6) 

Me,SiCI 

i, Pdo 
+ z r 4  - 

ii, H,O 0 
I I 

dR dR(S iMe3)z 

(49) (50) 

83% 
0 

Addition of alkenylzirconium (51) to steroid-derived allylpalladium (52), followed by hydrogenation 
and hydrolysis, gives 25-hydroxycholesteroI in 66% overall yield from (52; Scheme 1 3 . ”  Finally, 
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several approaches to prostaglandins or their precursors have been based upon Ni-catalyzed conjugate 
addition of alkenylzirconium to enones? one example is depicted in Scheme 16. A prostaglandin 
synthesis utilizing hydrozirconation has been patented.’ l9 

OH 2 equiv. (6) - z r y o z r  

+ 

AcO 

H# 1 
25-HydroxycholesteroI - 

Scheme 15 

_/”” __c (6)  

Pe 

R = SiBu‘Me2, CH20CH2Ph 
Pe = n-pentyl 

z r o  h i, CH20 
c 

Ph f 0- iii, ii, H 2 0  MeSO,CI/ Et,N * PhFO*pe [Ni(acac),/DIBAL-H 

OR OR 

0 

Scheme 16 

3.9.4 OTHER HYDROMETALLATIONS 

3.9.4.1 Hydrometallation with Other Transition Metals 

Although zirconium is only one out of over 50 potentially usable metals in this class (including the 
lanthanides and actinides), virtually all synthetic applications of hydrometallation with transition metals 
involve zirconium! Why is this so? The primary reason derives from the near requirement of a &-metal 
center for hydrometallation of a general alkene or alkyne. For later transition metals, hydrometallation to 
give a stable organometallic product can usually be achieved only for special cases-conjugated dienes, 
alkenes with electronegative substituents, erc. This is due to the relative stability of the q2-complex, as 
discussed previously. 
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One exception to this exclusion of late transition metals may be copper. CUH-MgX2 complexes, pre- 
pared in situ from MgH2/CuX'20 or from NaH/CuX/MgX2,lZ1 react with terminal alkynes to give alke- 
nylcopper species. So far, these have only been used as sources for dialkenyl-coupling products, as in 
equation (54),lz1 but there is no obvious reason why other copper-based procedures should not be ac- 
cessible, as was found for alkenylcopper obtained by transmetallation from Zr (Section 3.9.3.4.2). Al- 
kylcopper cannot be made by hydrometallation (nor by transmetallation), as CuH does not add to 
alkenes,I2O except for special ones such as enones.'22 

-20 oc 25 OC 

R-= + (NaH/CuCl/MgBr2) - - RwR (54) 

7 6 7 1 %  2 h  40 h 

What about other early transition metals? Stable titanium hydrides with @-configurations are uncom- 
mon, owing to ready reduction to titanium(" species. Hydrotitanation has been found only for con- 
jugated and where stable -q3-allyls result; such reactivity is found throughout the 
Periodic Table.125 With [Cp*2ScH] (obtained either as a THF adduct, which is monomeric, or an unsol- 
vated polymer),'26 hydrometallation of alkenes and alkynes does take place rapidly even at -80 "C, but 
complications set in. Ethylene readily undergoes additional insertion into the S c - C  bond to give a 
polymer, while substituted alkenes such as propene and isobutene react to form vinyl complexes, such as 
(53), by the so-called a-bond metathesis mechanism (Scheme 17).25,126 The predominance of a-bond 
metathesis reactions is probably related to the lower coordination here than in the hydrozirconation re- 
agents. It is faster for C-H bonds with higher s-character; thus terminal alkynes are not hydrometallated 
at all, but instead undergo the reaction in equation (55),126 even though the expected hydrometallation 
product (53) is stable. 

L J 

r l +  

I f l  

i i 

Scheme 17 

( 5 5 )  (53) ++ [CP*~SCHI + -Me - [Cp*2ScC-CMel + H2 

The situation for lanthanides and actinides is similar. A number of [(Cp*2LnH)2] complexes have been 
prepared and found to be very active hydrogenation catalysts. The mechanism in Scheme 18 appears to 
operate, with alkyl complex (54) the dominant species present in solution and its hydrogenolysis the rate- 
determining step.'*' In the absence of added H2, polymerization and/or a-bond metathesis sets in (al- 
though in contrast to Sc, the result of the latter is an -q3-allyl).12R No reactions with one equivalent of 
alkene or alkyne apparently were performed, though, and it is possible that stable alkyllanthanides might 
be isolable under the right conditions, as with Sc above. The related actinide complexes [ { Cp*2M(p 

Scheme 18 
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H)H}2] (M = Th, U) are also hydrogenation catalysts, albeit much less active; for Th the reaction with 
ethylene afforded thermally stable but light sensitive [Cp*2ThEt~] .~~~ 

For all these cases - Sc, lanthanides, actinides - it  is probable that conditions for clean hydrometal- 
lation could be worked out, but it is questionable whether subsequent transformations would also be 
clean, and the starting hydrides are all much more expensive and difficult to synthesize than [CpzZrHCl]. 

Moving the other way to Group VA, the system depicted in equation (2) presents opportunities for 
highly regioselective additions to alkynes, although subsequent reactions may be complex (equation 
56).3 This, coupled with the difficulty of effecting hydrometallation, makes it unlikely that such systems 
will find much use in synthesis. 

co 
7*OC co cPzNbIpri I D+ 

[CpzNbH,] + = pri - - - 'r (56) 
H H Pri 4 2  75 OC 

>95% 

Pr' Pri 

3.9.4.2 Catalytic Hydrometallation with Main Group Metals 

Although main group organometallics are frequently more powerful synthetic reagents (or at least bet- 
ter understood!) than their transition metal counterparts, their preparation by direct hydrometallation is 
often difficult or impossible. The most probable cause is the greater tendency for aggregation of the main 
group hydrides, as other factors should be no less favorable (Section 3.9.2). Both alkali and alkaline earth 
hydrides are polymeric and do not hydrometallate at all. Group IIIA hydrides are generally dimeric, and 
hydroalumination works reasonably well for alkynes but not alkenes; hydroboration of course is quite 
general. As for Group IVB hydrides, these are monomeric, but they have no low-lying orbital available 
for interaction with the unsaturated substrate and hence are even less reactive. 

This problem may be generally solved by catalyzed hydrometallation, which proceeds as shown in 
Scheme 1. Here the actual hydrometallating species is a transition metal hydride, but only catalytic 
amounts are needed. The following survey of such methods is brief; more details on the two most im- 
portant systems, hydroalumination and hydrosilylation, may be found in Volume 8, Chapters 3.1 1 and 
3.12 respectively. 

3.9.4.2.1 Groups ZA, ZZA and IZB 

Only one report involving Li has appeared: 'active' LiH, prepared by hydrogenolysis of BuLi, adds to 
terminal alkenes in the presence of transition metal halides to give (after hydrolysis) the corresponding 
alkane. vc13 was found to give the best alkane yield, but only a small amount of deuterium was incor- 
porated when Dz0 was used for cleavage, indicating a stable alkyllithium compound was not obtained. 
[CpzTiClz] gave better D incorporation but lower ~ i e 1 d s . l ~ ~  It is not known whether this is a viable 
general route to alkyllithium reagents for other uses. The selectivity is unusual, though: with VC13 as 
catalyst internal alkenes and alkynes are unreactive. We thus have a method for hydrogenation of C d  
in the presence of C k C ,  which is otherwise difficu1t.I3" 

Much more has been done on the preparation of Grignard reagents by catalyzed hydromagnesation. 
This topic has been recently reviewed;131 only highlights will be summarized here. The basic reaction is 
essentially a 'transalkenation', the mechanism of which is shown in Scheme 19. The best catalysts are ti- 
tanium complexes, TIC14 and [Cp2TiClz], although there is good evidence that the actual catalytic species 
MY,, is a titanium(II1) species, at least for the latter.132 Only terminal alkenes are hydr~metallated,~~~ so 
isomerization can be a major complication. i32 The usual anti-Markovnikov regioselectivity is observed, 
except for styrene.I3l In some cases carbometallation may be a complication, as in equation (57):* al- 
though this example utilizes a stoichiometric amount of Zr. 

As an alternative, an isolable magnesium hydride can be used directly: successful examples include 
RMgH;13z,i33 Et2NMgH;134 and MgHz. For the last, reaction with terminal alkenes using ZrX4 as catalyst 
affords dialkylmagnesium compounds in 80-85% yield.135 A special preparation of MgH2 (by direct hy- 
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Rl- MYn-I + MgXY - ~ l / \ / ~ ~ ~  + MY, 

Scheme 19 

i, benzene-ether 

Ph& + Bu'MgCI + [CpzZrCIz] - Ph *But + Phd (57) 

i i ,  H~O+ 86% 9% 

drogenation of Mg metal in the presence of Crc13) undergoes Ti-catalyzed lA-addition to i ~ 0 p r e n e . l ~ ~  
This hydromagnesation route to allylic Grignards, which can also be achieved with other starting Mg re- 
agents, avoids the complication of coupling frequently found in the direct preparation from the halide,13 I 
and has been applied to complex syntheses such as that of polyisoprene p ~ l y o l s . ' ~ ~  Other transition metal 
catalysts for hydromagnesation include [Cp~ZrClz] '~~  and NiClz. 1 3 3 ~ 1 3 8  

Internal and TMS-protected terminal alkynes are hydromagnesated with high stereoselectivity and (for 
the latter) excellent regioselectivity, providing a source of vinyl Grignard reagent~; '~ '  Scheme 20 shows 
a typical use.139 Note that the Grignard can be thus obtained directly from an alcohol simply by using 
two equivalents of the Mg reagent, which would not be possible for preparation from a halide and Mg 
metal; also note the cis-trans isomerization which takes place under the reaction conditions. 

OMgBr 
CpzTiClz * Me3Si i-Rt OH 

Me3Si -( + 2Bu'MgBr 
R BrMg 

l 2 h  
I 

Me3Si 

BrMg OMgBr 

R'CN 

38-86% 
Scheme 20 

R 

Organozinc compounds are obtained analogously from ZnH2 with Zr or Ni  catalyst^,^^^.^^^ but little 
has been done to demonstrate the generality or utility of this method. 

3.9.4.2.2 Group ZZZB 

The vast majority of work here is on hydroalumination of alkenes. Hydroboration (Volume 8, Chapter 
3. IO) generally proceeds perfectly well without any requirement for catalyst. One reason for employing a 
catalyst might be to allow the use of boron hydrides such as LiBH4l4l or NaBH4,142 which are somewhat 
more convenient to handle than the classic hydroboration reagents, and catalyzed hydroboration has been 
used to control the regio- and stereo-chemistry in 1.3-diol synthesis from allylic alcohol derivatives.143 

Hydroalumination of alkenes by LAH, catalyzed by Ti and Zr chloride complexes, was demonstrated 
by two Japanese groups (equation 58).144*145 Subsequently this reaction has been extended to other sour- 
ces of AI-H and other catalysts. Further information on catalyzed hydroalumination may be found in 
Chapter 3.1 1 of this volume as well as in an earlier review.146 Hydrogallation by NaGaHd[CpzMClz] (M 
= Ti, Zr) has been briefly examined and appears quite sirnilar;l4' little if anything is known about the 
synthetic utility of organogallium reagents. 
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3.9.4.2.3 Group IVB 

This group is mechanistically distinct from all those discussed above, in two ways. First, as already 
noted, no hydride compound with a vacant orbital is readily accessible, precluding coordination of the 
unsaturated substrate and direct hydrometallation. Uncatalyzed hydrosilylation therefore follows a radi- 
cal mechanism, such as the one in Scheme 7, and requires high temperatures for ‘unactivated’ alkenes. 
Second, the (catalytic metalbhydride complex is generated by oxidative addition of the (Group IVB 
metal)-H bond (Scheme 21); hence late transition metal catalysts are required, such as H2PtC16, 
[CO~(CO)S], [(Ph3P),RhCl], etc. Hydrosilylation has been extensively studied, and several reviews are 
available;148 see also Chapter 3.12 of this volume. More recently hydrogermylation and hydrostannyl- 
ation have been e ~ a m i n e d . ~ ~ ~ , ~ ~ ~  

M + R &  - M-j! 

R R 

R13Si-M f R  
R13Si- 

Scheme 21 
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3.10.1 GENERAL CONSIDERATIONS 

3.10.1.1 Introduction 

Net hydrogenation of carbon-carbon double and triple bonds is readily achieved by a two-stage pro- 
cess involving initial addition of BH across the multiple bond, and subsequent protonolysis of the B-C 
bond (Scheme 1). 

The method is particularly attractive since the first stage, known as hydroboration, can be applied to 
almost any nonaromatic carbon-carbon multiple bond and exhibits very useful selectivity features. Hy- 
droboration is also the most attractive means of synthesizing organoboranes, which are arguably the most 
versatile organometallic reagents available to the organic chemist. ' The reaction has received extensive 
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H H  

R3 R4 

HX - B-x + R~.+-(-Rz 
R3 R4 “F- 

R3 R4 

Scheme 1 

study and is consequently fairly well understood. Furthermore, a whole range of hydroborating agents 
has been developed. This provides considerable flexibility with which to control the selectivity of the re- 
action and the nature of the organoboranes produced. For these reasons the bulk of this review is devoted 
to the various aspects of the hydroboration reaction. Treatment is necessarily brief, but a recent mono- 
graph1 deals with the topic more fully. 

A number of types of organoboranes, including aryl, benzyl, t-butyl and methyl derivatives, cannot be 
obtained via hydroboration. Their preparation can be achieved by a number of approaches, the most 
general of which involves the reaction of a reactive organometallic reagent with a boron halide or alkox- 
ide;lV2 the organometallic reagent may sometimes be prepared in situ. 

The reactions of organoboranes are in general not discussed here, but are distributed throughout ‘Com- 
prehensive Organic Synthesis’ wherever appropriate reaction types are under consideration. However, 
protonolysis of organoboranes is treated in Section 3.10.7 because of its necessary role in the reduction 
of carbon+arbon multiple bonds via hydroboration (Scheme 1). Reviews of other synthetically useful 
organoborane reactions appear elsewhere.’*34 

3.10.1.2 Fundamentals of the Hydroboration Reaction 

Although different hydroborating agents show considerable differences in ease of reaction and in de- 
gree of selectivity (see below), several features are common to all hydrobora t ion~ .~ ,~~  Thus, the addition 
across a double bond occurs cleanly in a cis fashion. When the two faces of the double bond are steri- 
cally differentiated, addition generally occurs preferentially from the less-hindered face, and the regio- 
selectivity is such as to place the boron atom at the less-substituted end of the double bond. Thus, in the 
hydroboration of a-pinene the organoborane produced consists almost entirely of a single dia- 
stereoisomer (equation l).1*6 Substantial stereofacial selectivities are also sometimes achieved in acyclic 
cases.’ 

I 1 

Substituents which withdraw electron density from a double bond tend to cause alkenes to react more 
slowly and to produce greater proportions of products having boron on the side bearing the electron- 
withdrawing substituent. Electron-donating substituents have exactly the opposite effect. For example, 
hydroboration of para-substituted styrenes with borane-THF produces the ‘internal’ isomers in propor- 
tions which increase as the electron-withdrawing capabilities of the substituents increase (equation 2).Iq8 
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. .  
X = OMe 93:7 
X = H  81:19 
X = CF3 66:34 

If hydroboration proceeds to place boron at a position proximate to a substituent then complications 
may arise. For example, P-chloroalkylboranes readily eliminate a chloroborane species to give an alkene. 
If this occurs during the course of the hydroboration reaction then further hydroboration may result, as is 
observed in the hydroboration of 3-chlorocyclopentene with borane-THF (Scheme 2).'99 The ease of 
elimination of groups other than halide may be crudely correlated with the leaving group capabilities of 
the substituents. Thus, P-alkoxyalkylboranes are more stable than P-haloalkyl compounds, though they 
may still undergo elimination reactions relatively easily under acid or base catalysis? P-Aminoalkylbo- 
ranes generally require addition of propanoic acid and heat in order to effect clean elimination?*'0*' The 
geometry of the intermediates may also affect their stability, and compounds in which substituents are in 
a fixed orientation about a ring may be more stable than acyclic analogs? 

. . -  A further 

Scheme 2 

Haloalkylboron compounds in which the halogen atom is more distant than the P-position are more 
stable than P-haloalkylboranes? while a-haloalkylboranes undergo ready rearrangement. l 2  P,y-Unsatu- 
rated organoboranes may show a tendency to undergo metallotropic rearrangement (Scheme 3 ) . ' s 4  

R R,BH C02Et 

+l COZEt [ R d B R I z  1 - - RJOBKZ 

Scheme 3 

Dienes and trienes provide opportunities for selective hydroboration of particular double bonds, inde- 
pendent hydroboration of all double bonds, or production of cyclic or oligomeric organoboron structures. 
However, the products obtained are highly dependent on the nature of the hydroborating agent used and 
are therefore not discussed further here. Similarly, alkynes give vinylboranes or diborylalkanes in pro- 
portions which depend on the reagent and conditions used. As a general rule, however, greater selectivity 
is available with substituted boranes, such as RzBH or XzBH, than with borane itse1f.l~~ Because of the 
differences in selectivity observed with different reagents it is necessary to consider the various types of 
reagent separately, and this is done in the following subsections, A brief review of trends with different 
reagents has appeared e1~ewhere.l~ 

3.10.2 HYDROBORATION WITH DIBORANE AND BORANE COMPLEXES 

3.10.2.1 Hydroboration with Boran+Tetrahydrofuran 

Alkenes react with gaseous diborane only under forcing  condition^.^,^^^'^ However, in the presence of 
an ether solvent the reaction is much more rapid, and simple alkenes react readily and quantitatively to 
produce trialkylboranes (equation 3). Diborane has significantly greater solubility in THF than in most 
other ethers, and forms relatively stable solutions at moderate concentrations. In such solutions the re- 
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agent exists substantially in the form of a complex between monomeric borane and THF. This reagent 
forms the basis against which the properties of other reagents may be compared. 

an ether 

solvent 
6 R- + B2H6 (3) 

The reactions of alkenes with borane-THF occur sequentially to give first monoalkylboranes, then 
dialkylboranes, and finally trialkylboranes (Scheme 4).l Mono- and di-alkylboranes, like borane itself, 
exist as hydrogen-bridged dimers in the free state, although they may be complexed as the monomers by 
suitable Lewis bases. In most cases they will be referred to in this section as though they were 
monomeric, on the grounds of simplicity and clarity, unless there is a particular reason for consideration 
of the dimers. It is, however, important for understanding the mechanism of hydroboration that equilibria 
involving dimers should be recognized (see Section 3.10.6). 

Scheme 4 

Unhindered alkenes react rapidly as far as the trialkylborane stage, and it is not possible to obtain pure 
mono- or di-alkylboranes by control of the stoichiometry in such cases. However, alkenes which are 
somewhat hindered, such as trialkylethylenes, react readily only as far as the dialkylborane stage. Even 
with some 1,2-dialkylethylenes the rate of the third hydroboration step is sufficiently slower than the first 
two to allow clean production of dialkylboranes. This is the case with cyclohexene, for example (equa- 
tion 4).' 

Dicyclohexylborane, Chx2BH 

Tetrasubstituted ethylenes and other very hindered alkenes, such as 1,2di+butylethylene and 1,3-di- 
methylcyclohexene, react readily only as far as the monoalkylborane stage. The production of 1,1,2-tri- 
methylpropylborane (thexylborane) in this way is particularly important (equation 5).I,l5 

BH, *THF 

Thexylborane 

H 0°C - ( 5 )  

Although it is general that hydroboration of simple alkenes places boron predominantly at the less-hin- 
dered end of the original double bond (see Section 3.10.1.2), the degree of selectivity vanes significantly 
with the nature of the alkene. Figure 1 (see also equation 2) indicates the site of boron placement for a 
number of representative alkenes.6*16 It should also be recognized that the regioselectivity increases for 
the second and particularly for the third hydroboration step (see later). Thus, even though only 6% of the 
boron atoms are placed at internal positions on hydroboration of unsubstituted 1 -alkenes, the trialkylbo- 
ranes produced contain ca. 82% of tri-n-alkylborane and ca. 18% of di-n-alkylm~no-s-alkylborane.~~~~~ 
Less selective hydroborations produce even greater proportions of isomeric organoboranes. 

L/ 
Pr' 

47 4Y 1 1  
Bun Ph 
L L 

I f  I /  i f  
51 299 2 98 43 57 19 81 6 94 6 94 

Figure 1 Sites of attack on alkenes by the boron atom of borane-THF (%) 
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Although considerable selectivity for the less-hindered face is shown in the hydroboration of a-pinene 
(see equation 1 )  borane-THF shows only moderate selectivity for the different faces of most simple sub- 
stituted cyclohexenes and methylenecyclohexanes (e.g. Figure 2).1*'7-20 

P ca. 33 
\ A 

R d" ca. 67 / - 
57 

Figure 2 Facial selectivities for attack on alkenes by the boron atom of borane-THF (8) 

Functional groups can substantially modify the regioselectivity (see Section 3.10.1.2, in particular 
equation 2 and Scheme 2). Some typical regioselectivities for functionally substituted alkenes are shown 
in Figure 3.1*4,9,21-23 More extensive accounts of the hydroboration of functional alkenes appear else- 
where?~'~ 

SiMe,Cl~,, 
4 
I t  

53 47 n = 3  
30 70 n = 2  
10 90 n = l  
12 88 n = O  

J- siMenc13-n 

I 1  
100 0 n=0-3 

-f 
I t  

89 11 X = O M e  81 19 X = OEt 
65 35' X = O A c  83 17 X = O A c  
60 40* X=C1 82 18 X = C I  

100 0 1 1  
R' = RZ = Me; R' = H, R2 = Et 

Figure 3 Sites of attack by the boron atom of borane-THF on functionalised alkenes (%). *The products 
of attack at this point are unstable under the reaction conditions 

The hydroboration of simple, open-chain dienes can be somewhat complicated, leading to mixtures of 
regioisomers, cyclic and open-chain structures, and oligomeric structures of different sizes, all depending 
on reaction conditions and/or reactant  proportion^.',^^ However, by control of stoichiometry, thermal 
isomerization of product mixtures, control of temperature during the hydroboration stage, subsequent 
treatment of a trialkylborane with further borane, or similar 'tricks', it is often possible to arrive at an 
unique product. Several important cyclic dialkylboranes can be made in this way, as shown in equations 
(6)?5 (7)2"28 and (8).29 Similar treatment of trienes can lead to bicyclic systems (e.g. equation 9).1.24,30 

i ,ooc  0 
ii, heat 

2 + + 2 B H ,  - 
H 
I 

i, BH, *THF 

R ii, heat - R O R  
R 

R = H; n = 1; heat at 170 "C for borinane; for details see Section 3.10.4.3 
R = Me; n = 1; heat at 70 OC for 3,5-dimethylborinane 
R = Me; n = 2; heat at 70 OC for 3,6-dimethylborepane 
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9-Borabicyclo[3.3. llnonane, 9-BBN-H 

(9) 
i, BH, 

ii, 160 "C, 6 h 
- \ 

The reactions of simple, acyclic allenes with borane-THF are usually complicated. However, cyclic al- 
lenes give cleaner reactions, which can be controlled to give monohydroboration products, involving pre- 
dominant attack of boron on the central carbon atom, though the intermediate vinylboranes have not 
generally been isolated. 1 7 3 1 - 3 2  

Terminal alkynes also generally give complicated mixtures of products in reactions with borane- 
THF.1*33-35 However, internal alkynes react in a more controlled manner and it is possible to obtain rea- 
sonable yields of the corresponding (Z)-trialkenylboranes from such reactions (equation 

In the case of unsymmetrical alkynes the regioselectivity is only modest.% Use of excess borane-THF 
results in dihydroboration. Many of the problems encountered in hydroboration reactions of borane-THF 
can be overcome by the use of more selective reagents such as dialkylboranes or dihaloboranes. 

3.10.2.2 Hydroboration with other Sources of Borane 

Early reports of hydroboration reactions often recommended in situ generation of diborane from so- 
dium tetrahydroborate (borohydride) and trifluoroborane etherate or some similar mixture? Indeed, it is 
still reasonable to use this method for simple hydroborations, provided that nothing more complicated 
than oxidation of the resultant organoborane is intended. Otherwise, the approach should be avoided, 
particularly since borane is now commercially available in the form of several Lewis base complexes. 

In principle, all borane-Lewis base complexes are potential hydroborating agents. To a first approxi- 
mation, however, the stronger the complex, the less reactive it is as a hydroborating agent, because free 
borane may be required for hydroboration (see Section 3. 10.6).36 

Borane4imethyl sulfide is a particularly useful reagent.37.38 The complex is more stable than borane- 
THF and can be prepared in neat form. It is soluble in a range of organic solvents and retains sufficient 
'looseness' to allow it to react readily with alkenes. It carries out most of the reactions of borane-THF, 
perhaps somewhat more slowly, and gives the same selectivity almost irrespective of solvent. It has been 
used to hydroborate alkynylsilanes at the a-po~ition.3~ Borane-thioxane is an alternative to borane- 
dimethyl sulfide.40 

Similar claims are also made for diphenylamine-borane, which is a solid and relatively stable re- 
agente4' Aliphatic amine-borane complexes, however, require elevated temperatures in order to effect 
h y d r ~ b o r a t i o n . ~ ~ ~ ~ ~ ~  Although this is in general a serious drawback, on occasions it may be advantageous 
by allowing slow liberation of borane, which leads to cyclization products rather than polymers. An 
example of the use of triethylamine-borane in this way is shown in equation ( 1  lh30 Alternatively, 
methyl iodide or a Lewis acid may be added to complex the amine and thus liberate the reactive, free 
borane' 942 

200 "C, 3 4  h 
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Hydroborates in the presence of an ester or of methyl iodide have also been used for hydroboration~.~~ 
For example, the system lithium tetrahydroborate-ethyl acetate provides a simple route to dialkylboryl 
compounds (equation 12).43a Alkynes provide alkenylboron compounds. 

R- + LiBH4 + EtOAc ~ 

Sodium acetoxytrihydroborate is also effective,44 while certain titanium, rhodium and cobalt com- 
plexes catalyze hydroborations with sodium tetrahydrob~rate.~~ In the latter case the facial selectivities 
can be quite different from, even opposite to, those observed with b ~ r a n e - T H F . ~ ~ ~  

3.10.3 HYDROBORATION WITH MONOSUBSTITUTED BORANES 

3.10.3.1 Hydroboration with Thexylborane and other Alkyl- and Aryl-boranes 

Thexylborane is the most easily prepared (see equation 5 )  and widely studied monoalkylborane. Is 
However, it may be expected that the hydroboration characteristics of most other monoalkylboranes will 
be broadly comparable.' 

Thexylborane slowly isomerizes to a primary alkylborane at ambient temperature, so it is usual to pre- 
pare it freshly and to use it, at 0 'C, when it is required. However, addition of an equimolar quantity of 
NAN-diethylaniline produces a reagent which appears significantly more stable yet retains the hydrobora- 
ting and reducing ~apabi l i t ies .~~ 

The reactions of hindered alkenes with thexylborane are generally accompanied by a significant 
amount of dehydroboration to give 2,3-dimethyl-2-butene. Thus, a very large excess of the latter is 
needed in order to produce (monomeric) dithe~ylborane.~~ Hydroboration of a-pinene (1: 1 ratio) with 
thexylborane results in ca. 75% dehydroboration. lSa However, alkenes of somewhat lower steric require- 
ments, such as simple 1,2-disubstituted ethylenes, can be converted fairly cleanly into the corresponding 
thexylmonoalkylboranes (e.g. equation 13). l 5  These are mixed dialkylboranes and behave like other fair- 
ly hindered dialkylboranes (Section 3.10.4.3). They can hydroborate alkenes of lower steric requirements 
to give totally mixed trialkylboranes. 

Unhindered alkenes react with thexylborane to give thexyldialkylboranes. Thus, if mixed thexyldi-n- 
alkylboranes are required, an alternative procedure involving thexylchloroborane must be adopted (Sec- 
tion 3.10.4.5). 

Thexylborane is somewhat more regioselective than borane-THF in hydroborations of simple alkenes 
(Figure 4; compare Figure 1). The differences can be almost wholly attributed to the greater relative im- 
portance of the final hydroboration step, which involves a highly regioselective dialkylborane. 

Bun 
L 

1 1  
6 94 

Ph 
L 

1 1  
6 94 

I I  
34 6 6 ( Z )  
40 6 0 ( E )  

Figure 4 Regioselectivity of attack by the boron atom of thexylborane on alkenes (%) 

Thexylborane is more reliable than borane for permitting clean formation of ring compounds from 
dienes. Under kinetic control there is a preference for formation of five- or seven-membered rather than 
six-membered rings (equations 14 and 15) .1~15~48 This regioselectivity can be altered by modification of 
the substitution pattern or by thermal isomerization after the initial hydroboration. 

A number of other monoalkylborane derivatives can be prepared by treating an amine adduct of thex- 
ylborane with an alkene (e.g.  equation 16);49-51 by displacement of 2,3-dimethyl-2-butene or another 
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- + H2B+ - CB+l + d B - H  

28% 72% 

c + H 2 B - f - 1  
* c+i + d B Y  + <B+ ( 1 3  

90% 2% 8% 

hindered alkene from a dialkylborane by addition of TMEDA or triethylamine;52v53 by redistribution of a 
dialkylborane with further borane (e.g. equation 17);s4 or by reduction of a compound of the general type 
RBX2 with a hydride reagent (e.g.  equation 1 8).55 t-Butylborane and several arylboranes have been pro- 
duced by reduction of boroxin derivatives?6 

2AIH3 
+ (C,jH,O2)3AI, + 3RBH2 (18) 

3 a o \ B R  0’ pentane 

Recently, methylborane has been prepared from lithium methyltrihydroborate (equation 19).s7 Other 
alkylboranes have been obtained by similar methods.58 

LiMeBH3 + HCl(,, - LiCl + H2 + MeBH2 (19) 

Most monoakylboranes are not stable for prolonged periods. They tend to redistribute to give mix- 
tures containing dialkylborane, trialkylborane and borane itself. Methylborane appears to be more stable 
than many,57 but the others can be stabilized and stored as TMEDA or other trialkylamine com- 

Although systematic comparisons have not been made, it appears that regioselectivities and reactivities 
of monoalkyl- and monoaryl-boranes are broadly comparable to those of thexylborane. Strangely, how- 
ever, methylborane appears to be more regio~elective.~’ 

Monoisopinocampheylborane can be prepared in high enantiomeric purity and is an important reagent 
for asymmetric hydroboration (see Section 3.10.5). 

The free borane is liberated when required by addition of trifluoroborane. 

3.10.3.2 Hydroboration with Monohaloboranes 

The early literature associated with monochloroborane hydroborations contains errors and it is prob- 
ably appropriate to ignore publications prior to about 1 970.4 Monochloroborane complexes THF more 
strongly than does borane and this slows down its reactions with alkenes in this solvent. Thus, other re- 
actions may compete and mixtures may result. The diethyl ether complex is weaker and hydroborations 
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occur readily in this solvent. Dialkylchloroboranes, monoalkylchloroboranes (equation 20), and divi- 
nylchloroboranes (equation 2 1) can be prepared under appropriate conditions.62 

H 
Et20, 1-2 equiv. THF I 

R- + BHzCI c R&B'Cl (20) 

The reactions of monochloroborane in diethyl ether with a,o-dienes lead initially to mixtures which 
are partially polymeric and possibly composed of different ring sizes. However, careful distillation can 
lead to both depolymerization and isomerization, so that in several cases a single cyclic product can be 
obtained (e.g. Scheme 5).63 

*o BH2CI 0 + (-& i.reflux24h 

c1 
B 

C1 CI 

- polymer + 
I 

I ii, distil 
I iiii Et20,00C 

Scheme 5 

The preparation of monochloroborane in ether is capricious and the product is not stable.62 A more 
convenient source of monochloroborane is its dimethyl sulfide complex, which is readily prepared by re- 
action of boranedimethyl sulfide with either tetrachloromethane (equation 22)64 or trichloroborane- 
dimethyl sulfide (equation 23).65 The latter reaction has also been modified for synthesis of the 
br~moborane~~ and iodoborane66 complexes. 

heat 
BHySMe2 + CCl4 - BH2CIaSMez + CHC13 (22) 

heat 
2BHySMe2  + BX34Mez - 3 BHzXoSMe2 (23) 

Monochloborane-dimethyl sulfide coexists with small amounts of the borane and dichloroborane com- 
plexes, but the bromoborane-dimethyl sulfide complex appears to be almost p ~ r e . ~ ~ . ~  These complexes 
react readily with alkenes at 25 "C and can be used for hydroborations in a variety of solvents. Dialkylha- 
loboranes are obtained in high yield as their dimethyl sulfide complexes (equation 24), but dimethyl sul- 
fide is readily removed under reduced pressure if The reagents are also useful for cyclic 
hydroborations of dienes such as cyclooctadiene (equation 25).68 An alternative approach to dialkylbro- 
moboranes involves the reaction of dialkyl(methy1thio)boranes with bromine.69 

(R+2BX*SMe2 
2 R- + HzBX*SMe2 - 

i ,  H2BX*SMe2 

ii, heat 
i i i ,  BX, (removes SMe2) 

(24) 

Monohaloboranes generally exhibit significantly greater regioselectivities than borane-THF in hydro- 
boration reactions (Figure 5)P7 though there may be some exceptions to the rule. 
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L- Bun Ph 
L L 

1 1  
55 45 BH,*THF 6 94 

BH2ClmOEt2 ~0.5 299.5 4 96 58 42 

BH2Br*SMe2 0.4 99.6 4 96 63 37 

1 1  
19 81 

1 1  
- -  BH2Cl*SMe2 0.8 99.2 7 93 

Figure 5 Regioselectivities of hydroborations with haloboranes (%) 

3.10.4 HYDROBORATION WITH DISUBSTITUTED BORANES 

3.10.4.1 General Considerations 

ting agents are given in Figure 6.' 
The structures of some of the more common examples from a whole range of disubstituted hydrobora- 

9-BBN-H 

v 
I 

H 
3,5-Dimethylborinane 

Thexy lchloroborane 

X - H  

-3- 
Disiamylborane, SiazBH 

R 

Q - R  

@I R 

R = H, Diphenylborane; 
R = Me, Dirnesitylborane, Mes2BH 

X2BH*SMe2 

Dihaloborane 
dimethyl sulfide 

complexes 

d-" 
Dicyclohexylborane, Chx2BH 

\ -  

Diisopinocampheylborane, 

(the isomer shown is that 
derived from (+)-a-pinene) 

IPC~BH 

QJO\B-H 0' 

Catecholborane 

Figure 6 Some common disubstituted borane hydroborating agents 

9-Borabicyclo[ 3.3. llnonane (9-BBN-H) has received greater study than the others and a separate sec- 
tion is devoted to its reactions, with the other dialkyl- and diaryl-boranes considered as a group. Separate 
sections are also devoted to dihaloboranes, alkylchloroboranes and catecholborane and its analogs. 
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3.10.4.2 Hydroboration with 9-BBN-H 

9-BBN-H is readily prepared (Section 3.10.2.1, equation 8) and is commercially available. It shows 
considerable stability, even in air for limited periods?O and is therefore a very convenient hydroborating 
 agent.'^^^,^^ Unlike di-primary-alkylboranes it is not prone to disproportionation, but it is substantially 
less hindered than other di-s-alkylboranes such as dicyclohexylborane and disiamylborane. Thus, it hy- 
droborates hindered alkenes such as 2,3-dimethyl-2-butene slowly?2 It is less sensitive to steric factors 
and more sensitive to electronic factors than disiamylborane. Thus, it shows relatively little ability to dis- 
criminate between (E)/(?) pairs73 but readily discriminates between 4-methoxystyrene and 4-(trifluoro- 
methy1)~tyrene.~~ 

All dialkylboranes are highly regioselective, but 9-BBN-H is often the most regioselective of all, fre- 
quently giving almost total regioselectivity. Figure 7 shows some typical regiosele~tivities;~~~~~~~ values 
for borane-THF and for disiamylborane are given for comparison 

Bun L 
I 1  

BH,*THF 6 94 
Sia2BH 1 99 
9-BBN-H 0.1 99.9 

\=/ Pri 

I 1  
sr 

I 1  
43 57 55 45 
3 97 60 40 
0.2 99.8 78 22 

SiMe3 J- -f OAc d 

I 1  1 1  
BH3*THF 60 40 65 35 
SialBH 95 5 98 2 
9-BBN-H 98.9 1.1 97.6 2.4 

I t  
40 60 
95 5 

100 0 

Figure 7 Regioselectivities of attack by the boron atom of dialkylboranes on alkenes (%) 

9-BBN-H tolerates many functional groups, and this, coupled with its high regioselectivity, allows the 
clean synthesis of a number of functionalized organoboranes (e.g. equation 26),74 including many 
derived from unsaturated heterocyclic compounds.77 It also shows impressive stereofacial selectivity in 
the hydroboration of cyclic alkenes (e.g. equations 27-29),75.78 and sometimes in the cases of acyclic 
alkenesV7 

I I 
9-BBN-H h (27) 

95% 5% 

97% 3% 
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Furthermore, the products of reactions with 9-BBN-H seem to be less prone to isomerization than 
those derived using borane-THF. For example, 1 methylcyclooctene is readily converted into 9-(truns-2- 
methylcyclooctyl)-9-BBN (equation 30),75 whereas its reaction with borane-THF produces a complex 
mixture. 

100% 

Hydroboration of acyclic, symmetrical, nonconjugated dienes with one equiv. of 9-BBN-H produces 
almost statistical mixtures of mono- and di-hydroborated species,74 but cyclic analogs may show sub- 
stantial deviations from the statistical mixture. For example, monohydroboration of 1,5-~yclooctadiene 
occurs to the extent of 85% using 1: 1 stoichiometry (equation 3 l),79.80 whereas disiamylborane gives 
predominantly dihydroboration product under such conditions. 

0 + @H - 

85% 

Unsymmetrical, nonconjugated dienes are generally easier to monohydroborate because of intrinsic 
differences between the two double bonds. Both 9-BBN-H and disiamylborane favor attachment to a ter- 
minal double bond rather than an internal double bond (e.g. equation 32).79 On the other hand, 2-methyl- 
15hexadiene reacts predominantly at the 1 -position with 9-BBN-H and almost exclusively at the 
6-position with di~iamylborane.~~ The products of dihydroboration of a,w-dienes with 9-BBN-H can be 
redistributed with borane4imethyl sulfide to give boracyclanes.8' In this way, some of the problems 
sometimes associated with direct hydroboration of dienes with borane (see Section 3.10.2.1) may be 
overcome. 

99% 

Conjugated dienes are deactivated relative to isolated double bonds towards 9-BBN-H, so monohydro- 
boration is difficult to achieve unless the second hydroboration stage is slowed by intrinsic lack of re- 
activity of the system or by steric crowding, when it is possible to produce allylic organoboranes (e.g. 
equation 33).g2 

Allylic-9-BBN derivatives are also available by hydroboration of allenes with 9-BBN-H. Unlike disi- 
amylborane, 9-BBN-H shows a marked preference for attachment of boron to one of the termini of the 
allene system rather than to the central carbon atom. Allene itself is dihydroborated by 9-BBN-H, but 
substituted allenes give rise predominantly to allylboranes (e.g. equation 34).83 
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(33) 

Hydroboration of internal alkynes with 9-BBN-H in stoichiometric amounts is a useful way of synthe- 
sizing vinylboranes (Scheme 6).84*85 Further hydroboration of the product is slow, but can be used to pro- 
duce gem-diboryl compounds (Scheme 6).84 

9-BBN-H R yR 9-BBN-H e 
/ 

* R - P R  25 OC, 24 h K2 
R-R 

Scheme 6 

The regioselectivity of monohydroboration is governed both by steric and electronic effects, as illus- 
trated in Figure 8. Once again, 9-BBN-H is more susceptible to electronic factors and less to steric fac- 
tors than is di~iamylborane.~~ 

I t  
BH,*THF 25 75 
Sia2BH 7 93 
9-BBN-H 4 96 

Et = 
T I  

40 60 
39 61 
22 78 

Ph = 
1 1  

74 26 
19 81 
65 35 

Figure 8 Regioselectivities in hydroborations of alkynes (%) 

I-Alkynes give mainly 1,l-diborylalkanes with 9-BBN-H and the reaction becomes essentially quanti- 
tative with a 1:2 ratio of  reactant^.'.^.^^ The alkenylborane can be made to predominate by use of excess 
alkyne, but more hindered reagents, such as disiamylborane, give the alkenylborane readily with 1: 1 stoi- 
chi0metry.8~~ 9-BBN-H reacts with alkenes more readily than with alkynes, thereby permitting the syn- 
thesis of organoboranes containing an alkyne unit (e.g. equation 35),85b in contrast to the preferential 
hydroboration of the alkyne group by other dialkylboranes. 

9-BBN-H 
(35) 

3.10.4.3 Hydroboration with other Dialkyl- and Diaryl-boranes 
Few  publication^^^^^^^ have explored the different properties of a range of hydroborating agents with a 

single substrate. More commonly, the properties of a particular reagent have been compared only with 
those of borane-THF or 9-BBN-H. Nevertheless, it appears from these reports that there are essentially 
two other types of diorganylboranes; (i) those which are very hindered, i.e. more hindered than 
9-BBN-H; and (ii) those which are less hindered than 9-BBN-H, i.e. di-primary-alkylboranes. 
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Possibly the most hindered reagent of all - dimesitylborane, an air-stable white solid with poor solu- 
bility in ether solvents - reacts only slowly with alkenes.86 Reaction with a simple 1-alkene requires 8 h 
at 25 'C to go to completion, and that with cyclohexene proceeds only to the extent of 20% after 24 h at 
65 "C. Other heterogeneous hydroborations have been helped by sonications7 and perhaps this might help 
with dimesitylborane. However, even in the absence of such treatment dimesitylborane readily mono- 
hydroborates both terminal and internal alkynes,86 and it seems therefore to be a very discriminating 
reagent, though no enynes have yet been hydroborated with it. 

The regioselectivity of hydroboration of unsymmetrical alkynes is greater with dimesitylborane than 
with any other known hydroborating agent (Figure 9).86 The reagent is dominated by steric rather than 
electronic effects and there are therefore no problems with dihydroboration. It appears likely that the 
reagent will also tolerate functional groups.86 Thus, it is a very useful reagent for production of alkenyl- 
boranes. Unfortunately, it is not available via hydroboration, though it is now commercially available. 

Pr" 1 

BH,*THF 40 60 
Sia2BH 39 61 
Catecholborane 40 60 
9-BBN-H 22 78 
Br2BH-SMe2 25 75 
Mes2BH 10 90 

Ph = 

74 26 
19 81 
27 73 
65 35 
64 36 

2 98 

Figure 9 Regioselectivities of disubstituted boranes in hydroborations of alkynes (a) 

Highly hindered dialkylboranes, such as diisopinocampheylborane and disiamylborane, are more eas- 
ily prepared. However, they may undergo a significant amount of retrohydroboration in reactions with 
relatively hindered alkenes. 1,88 Dicyclohexylborane is less prone to this problem and is also less prone to 
isomerization than di~iamylborane,~~ yet is still highly regioselective. It is a solid which can be stored for 
considerable periods under dry n i t r~gen .~  Its hydroboration properties have been less well studied, for 
historical reasons, than those of disiamylborane, but the two reagents appear to be very comparable. Its 
reactions may benefit from s o n i c a t i ~ n . ~ ~  Section 3.10.4.2 provides much comparative information on di- 
siamylborane and 9-BBN-H and coverage here is therefore brief. From what little is known about diphe- 
nylborane, it appears comparable to dicyclohexylborane or disiamylborane in its ability to hydroborate 
alkenes .90 

The rates of reaction of alkenes with disiamylborane vary over a much wider range than those with bo- 
rane-THF, and alkynes react more rapidly than comparable alkenes. The great selectivity shown allows 
ready distinction between different alkenes, or between two different double bonds in a nonconjugated 
diene (e.g. equation 36).91 Selective monohydroboration of conjugated dienes is more troublesome. 
However, selective monohydroboration of some conjugated dienes, such as 1,3-~yclohexadiene, can be 
achieved with disiamylborane?2 as is also the case with 9-BBN-H. 6 Sia2BH c 6Bsia2 

In general, the regioselectivities and stereoselectivities of reactions with disiamylborane are more sus- 
ceptible to steric effects and less to electronic effects, but are otherwise similar to those of 9-BBN-H 
(Section 3.10.4.2).' 

Both terminal and internal alkynes react readily to produce vinylboranes with disiamylborane or 
dicyclohexylborane (e.g. equation 37), and dihydroboration is often incomplete even with excess 
reagent.33-35,85 This is in contrast to the situation with 9-BBN-H. 

Sia2BH 
R- R4BSiaz (37) 

Conjugated diynes may be monohydroborated with disiamylborane, while with dicyclohexylborane 
dihydroboration is easier (Scheme 7).93 
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Bun, Chx?B 
Sia2BH Bun = = Bun Chx2BH Bun*Bun 

Bun - 
BSia2 Chx2B 

Scheme 7 

Disiamylborane and dicyclohexylborane, in contrast to 9-BBN-H, reduce the triple bond of enynes in 
preference to the double b0nd.9~9~~ Hydroboration of functional alkynes is also possible (e.g. equations 
3895 and 3996; see also ref. 97). 

ChxzBH 
R = I  R-1 (38) 

BChx2 

~1 Sia,BH 

R = '  
BSia2 

(39) 

Less hindered dialkylboranes cannot generally be prepared by direct stoichiometric hydroboration of 2 
equiv. of an alkene with borane (Section 3.10.2. l), although 3,5-dimethylborinane and 3,6-dimethylbore- 
pane are e ~ c e p t i o n s . 2 ~ ~ ~ ~  Borinane itself is obtained by a sequence involving hydroboration (diene:BH3 = 
3:2), thermal isomerization, and then redistribution with further borane-THF?8.w but there is as yet no 
similar direct route to the parent borepane.IW 

The simplest approach to pure acyclic di-primary-alkylboranes involves reduction of a species of the 
type R2BX with a hydride reagent such as sodium or potassium hydride (equation 40),1°' aluminum 
hydride,Io2 or lithium aluminum 

The dialkylboranes must either be used immediately or converted into more stable products; otherwise 
redistribution takes place. Such redistribution reactions (e.g. equation 41) can be used in reverse to 
generate dialkylboranes,lo5 but this method does not generally give rise to a single component. 

Et \ 

Et' 
3 B-H - - BH3 + 2Et3B 

Pure dialkylboranes can be stored as amine complexes or as dialkyldihydroborates, in a manner analo- 
gous to that used to stabilize monoalkylboranes (Section 3.10.3.1). They are then reliberated by reactions 
with appropriate electrophiles. lq4v4* Dimethylborane has recently been obtained from its hydroborate in 
this way.57 

Di-primary-alkylboranes react readily at 25 'C with most alkenes. Nevertheless, even mixtures of 
mono-, di- and tri-alkylboranes with compositions which correspond overall to that of a simple dial- 
kylborane distinguish impressively between alkenes of different steric requirements.IM Of course, mix- 
tures of different trialkylboranes, RInBRzn-3 result in such cases. Di-primary-alkylboranes also exhibit 
regioselectivity which is often only marginally worse than that of disiamylborane.lM For example, 3,5- 
dimethylborinane hydroborates 1 -hexene to give 99% of the 1 -hexyl isomer (equation 42).28 Dimethyl- 
borane is generally somewhat less regioselective than other dialkylb~ranes.~~ 
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Di-primary-alkylboranes monohydroborate internal alkynes, but readily dihydroborate 1 -alkynes.85a 
Thus, it is difficult by this approach to make 1 -alkenyldi-n-alkylboranes. 

Lithium tri-n-alkylhydroborates add B-H across the double bonds of substituted styrenes. lo' The re- 
action places boron at the a-position, unlike hydroboration with dialkylboranes which places boron at the 
P-position. It is therefore useful for preparation of unusual organoboranes,Io7 but the mechanism is pre- 
sumably quite different from that occurring in normal hydroborations. The reaction is also very restricted 
in scope. 

3.10.4.4 Hydroboration with Dihaloboranes 

The most convenient dihaloborane reagent is the dibromoborane-dimethyl sulfide complex. It is com- 
mercially available as a neat liquid or is readily prepared by a redistribution reaction, of a type which is 
also applicable to chloro and iodo analogs (equation 43).65q66 Unlike the chloro analog, however, it reacts 
readily with alkenes'08-'10 and alkynes"' in dichloromethane without need for a decomplexing agent 
such as trichloroborane. 

BHySMe2 + 2 BXySMe2 3 BHXySMe2 (43) 

The selectivities exhibited by dibromoborane-dimethyl sulfide are also interesting. In contrast to the 
situation with 9-BBN-H, internal alkynes are hydroborated faster than either terminal alkynes or terminal 
alkenes. Unlike reactions with disiamylborane, 1,l-disubstituted ethylenes are hydroborated in pref- 
erence to simple 1-alkenes. These properties can lead to interesting possibilities for selective hydrobora- 
tion of polyunsaturated molecules (e.g. Schemes 8 and 9).'12 

9-BBN-H / BrzBH*SMe2 - - 
BBr2 6 M e 2  

Scheme 8 

I Br2BH*SMez 1 SiazBH I 

Scheme 9 

Dibromoborane-dimethyl sulfide exhibits regioselectivity in hydroboration of alkenes which is com- 
parable to that exhibited by dialkylboranes. Excess alkene should be avoided in reactions of trisubstituted 
ethylenes, otherwise hydrogen bromide liberated during work-up may add to the excess ethylene and 
cause problems.II0 

Alkyldibromoboranes isomerize only slowly and dibromoborane-dimethyl sulfide may have advant- 
ages over borane-THF for hydroboration of problematical alkenes such as 1 -methylcyclooctene' I 3  (com- 
pare equation 30, Section 3.10.4.2). 

If alkyldichloroboranes are specifically required, dichloroborane-dimethyl sulfide is the reagent of 
choice.' l 4  It is more stable and more convenient than the dichloroborane-diethyl ether complex, but its 
hydroborating properties are very similar. * l 5  Dichloroborane complexes ethers even more strongly than 
monochloroborane, and its reactions with alkenes in this solvent are slow and lead to mixtures. There- 
fore, it is generally used in pentane and trichloroborane is added to liberate uncomplexed dichloroborane. 
Under these conditions it readily gives alkyldichloroboranes on reaction with alkenes or alkenyldichloro- 
boranes on reaction with  alkyne^.^'^."^ The latter reaction has been applied to alkynylsilanes (equa- 
tion 44).ll6 

- RYSiMe3 BHCI,*OEt, 
R- SiMe3 

BCI,, pentane BC12 
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3.10.4.5 Hydroboration with Alkylhaloboranes 

Although several monoalkylchloroboranes have been prepared by the 1:l reaction of an alkene with 
monochloroborane-diethyl ether (see Section 3. 10.3.2),62 almost the only one to receive detailed investi- 
gation is thexylchloroborane. This reagent is most useful as its dimethyl sulfide complex, prepared ac- 
cording to equation (45)"7,"8 or equation (46).'19 

BHCloSMe2 -tt BH2CI*SMe2 

BH2*SMe2 - HC' t+-BHCl *SMe2 

(45) 

(46) 

Alkylbromoborane-dimethyl sulfide complexes are available by controlled reduction of alkyldi bromo- 
borane complexes (equation 47).'*0 

0.25 LiAIH4 
RBBr2 4 M e 2  * RBHBr-SMeZ 

Et20 
(47) 

Thexylchloroborane-dimethyl sulfide is very sensitive to steric factors, reacting, for example, 1000 
times faster with 1-hexene than with cyclohexene.I2' In this respect it resembles the dialkylboranes, but 
it appears to be more sensitive to electronic factors than the latter, and its ability to discriminate between 
(E) -  and (a-isomers is exceptional. For example, it reacts with (a-3-hexene 100 times more rapidly than 
with (E)-3-hexene.12' 

Reactions of thexylchloroborane with 1 -alkenes and unhindered 1,2-disubstituted ethylenes give thex- 
ylmonoalkylchloroboranes cleanly (equation 48).Iz2 Regioselectivities in hydroboration of such alkenes 
are comparable to those with 9-BBN-H. For the less reactive alkenes, however, the overall yield of thex- 
ylmonoalkylchloroborane and the regioselectivity observed in the hydroboration are often lower due to 
the in situ production of thexylborane, formed by slow redistribution of thexylchloroborane during the 
long reaction times. I 

The hydroborating characteristics of alkylbromoborane complexes have not been so extensively inves- 
tigated, but a range of alkenes appears to be accommodated.lZ0 

From a synthetic point of view the advantage of alkylhaloborane reagents is that they provide access to 
mixed dialkylhaloboranes and thereby ultimately to totally mixed trialkylboranes which would be diffi- 
cult or impossible to obtain by simple stepwise hydroborations. Thus, reactions of simple, unhindered al- 
kenes are of greatest significance, and these work well. 

Conversion of mixed dialkylhaloboranes into totally mixed trialkylboranes can be achieved via re- 
action with organometallic reagents' l 9  or via reduction-hydrob~ration.~~~~~~~ The application of the latter 
approach for synthesis of totally mixed organoboranes is shown in Scheme 10. 

0.25 LiAIH4 alkene 2 
R'BBr2 4 M e 2  - R'BHBr *SMe2 * 

MeO-, MeOH 0.33 LiAIH4 
R'R2BBr oSMe2 R1R2BOMe * R'R2R'B 

alkene 3 

Scheme 10 

3.10.4.6 Hydroboration with Catecholborane and Related Compounds 

Acyclic dialkoxyboranes, (RO)?BH, readily dispr~portionate,~'~ but a number of heterocyclic analogs, 
such as the trimethyldioxaborinane (l), catecholborane (2; 1,3,2-benzodioxaboroIe) and 1,3,2-dithiaboro- 
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lane (3) are more stable.' Unfortunately, because of the low Lewis acidity of (1) hydroboration occurs 
only at elevated temperatures. Nevertheless, it has been employed in the hydroboration of alkenes,'25 
1,3-dienes and allenes. 

Catecholborane is somewhat more reactive than (l), though still far less reactive than dialkylbo- 
ranes.127+128 It is readily prepared by the reaction of catechol with borane-THF, is stable at 0 "C, and hy- 
droborates alkenes slowly and alkynes (equation 49) more rapidly in refluxing THF.128J29 The rate of 
reaction can be considerably enhanced by use of Wilkinson's catalyst, N,N-dimethylaniline-borane or 
lithium borohydride. I3O 

65 'C 

THF 
(49) 

a 1 ; B - H  + - ==-Bun - 
Regioselectivities appear to approach those achieved with disiamylborane (e .g .  see Figure 9, Section 

3.10.4.3).129 The cis additions to alkynes131 give alkenylborane derivatives which are useful synthetic in- 
termediates. 132 

1,3,2-Dithiaborolane (3) is potentially as useful as catecholborane, but has not been so fully investi- 
gated. It is quite stable, and more electrophilic and more reactive towards alkenes than catecholborane.133 

3.10.5 CHIRAL HYDROBORATION 

3.10.5.1 General Considerations 

Asymmetric induction during the course of a hydroboration reaction is a well-established phenome- 
non.1-134T135 The induction may result from the presence of an asymmetric center in the alkene under- 
going hydroboration, or by the incorporation of asymmetric groups into the hydroborating agent. A 
dramatic example of the former type of induction occurs in the hydroboration of a-pinene; each of the 
newly generated asymmetric centers is almost exclusively the stereochemistry shown in equation ( 1 )  
(Section 3.10.1.2). In less rigid systems the degree of control may be less, but even so some impressive 
inductions have been noted (e.g. equation 50).136 The hydroborating agent chosen may dramatically in- 
fluence the degree of induction achieved in such asymmetric hydroborations. 13' 

OSiMq 

The alternative approach, in which a chiral hydroborating agent is utilized, is more flexible in that 
there is no requirement for asymmetry in the alkene. However, if such asymmetry should be present of 
necessity, then there is the possibility of utilizing the principles of 'double asymmetric induction' by cor- 
rect choice of chiral reagent.138 Little work has been done in this field as yet and i t  will not be discussed 
further. 

Chiral hydroborating agents can be generated by two approaches: ( i )  by hydroboration of a readily 
available chiral alkene, the classic example of which is a-pinene; or ( i i )  by a designed synthesis, fol- 
lowed by resolution of the product. The former method has the advantages that i t  is quick and easy to 
generate a reagent, and is inexpensive if the chiral alkene is cheap, as is the case with a number of natu- 
rally occurring terpenes. The disadvantage is that the molecule does not necessarily incorporate the ap- 
propriate structural design features for the specific purpose required. Nevertheless, a number of 
terpene-derived hydroborating agents have been prepared and can be very useful for asymmetric hydro- 
boration of certain classes of Most notable among them are diisopinocampheylborane 
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(IpczBH), monoisopinocampheylborane (IpcBHz) and dilongifolylborane (LgfzBH) (Figure 10)13134*139 
but a number of others, such as di~aranylborane'~~ have also been used. 

The second approach is more tedious and more expensive, but may provide a reagent with ideal struc- 
tural features. To date the approach has been used only for generation of chiral trans-2,5-dimethylboro- 
lane (Figure lo), the synthesis of which involves initial production of the ring system as a mixture of cis 
and trans isomers, separation and resolution of the pure trans compound, and then manipulation of the 
boron-bound group to obtain the free 

Dilongifolylborane, Lgf2BH trans-2,s-Dimethylborolane 
(available cheaply only from 

(+)-longifolene) 
(available in both enantiomeric forms) 

Figure 10 Structures of some chiral hydroborating agents; see also equation (17), Section 3.10.3.1, for 
structures of IpcBH, and Ipc,BH, each of which is cheaply available in either enantiomeric form 

Dilongifolylborane is simply prepared by admixture of borane-dimethyl sulfide and 2 equiv. (+)-ion- 
gifolene in THF, whereupon the product crystallizes out of solution as the dimer, and can readily be sep- 
arated from the solvent. It is used as a suspension for hydroboration  reaction^.'^' 

Diisopinocampheylborane can be prepared in a similar way from (+)- or (-)+pinene, and early work 
was carried out with reagent so prepared. However, a-pinene is often available only in purities up to ca. 
9596, so that IpczBH produced by direct hydroboration can also be somewhat impure. Fortunately, equili- 
bration of the reagent (dimethyl sulfide must first be removed if borane-dimethyl sulfide is used for the 
hydroboration) with a-pinene, at 0 "C over several days, results in preferential incorporation of the major 
enantiomer of a-pinene into the IpczBH. This then becomes available in 98-99% enantiomeric purity. 142 

Monoisopinocampheylborane cannot be directly obtained by controlled hydroboration of a-pinene. 
However, treatment of IpczBH with one-half equivalent of TMEDA liberates a-pinene and gives a bis- 
complex of IpcBH2 with TMEDA. Monoisopinocampheylborane of high optical purity is readily ob- 
tained from the complex by treatment with trifluoroborane etherate (equation 5 1).134 Alternatively, 
redistribution of IpczBH with further borane can be used to give IpcBHz (equation 17, Section 
3.10.3. 1 ) ? 3 7 5 4 * m 7 1 4 3  Again, the reagent is available in essentially 100% enantiomeric purity,'*'34 

* IpcBH2 + 
i, 0.5 TMEDA 

ii, BFyOEt2 
IPC~BH 

3.10.5.2 Survey of Reactions 

11 .  
Four basic types of simple alkene are susceptible to asymmetric hydroboration, as indicated in Figure 

Type 1 Type I1 Type 111 Type IV 

Figure 11 General types of alkenes which undergo asymmetric hydroboration 

Types I and IV are easily controlled from a regioselectivity viewpoint, but types I1 and I11 (R1 # R2) 
generally require highly regioselective reagents in order to provide a single regioisomer. Type I has the 
disadvantage that the incipient asymmetric center is at a site relatively remote from the chiral groups on 
boron and so this type of alkene is the most difficult to influence stereochemically. 
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No single reagent has the appropriate properties to give high asymmetric induction with all four alkene 
types. Table 1 gives some results for selected examples of the four types with the four major chiral 
hydroborating agents. 134*138,142,144 

Table 1 Asymmetric Induction During Hydroborationa 

Alkene Type Ipc2BH IpcBH2 LRfiBH Dimethylhorolane 

I 30 

98.4 

(1.5)b 

24 78 

1.4 

95.2 

111 13 73 - 97.0 

IV 14 53 70 94.2 

IV 22 66 62 97.0 

a Figures are enantiomeric excess (%) for the chiral alcohol obtained following hydroboration-oxidation. Figure refers to 
2-methyl- I -butene, not 2,3-dimethyl- I -butene. 

As can be seen from Table 1, there is no really successful system for asymmetric hydroboration of 
type I alkenes. The best available appears to be diisopinocampheylborane. Type I1 alkenes are the most 
easily hydroborated in a chiral fashion and diisopinocampheylborane is again the reagent of choice. 
rruns-2,5-Dimethylborolane gives comparable results, but is much less convenient to obtain. This reagent 
is, however, significantly better than other reagents for chiral hydroboration of type 111 or type IV al- 
kenes. Diisopinocampheylborane is of minimal use in these cases because of competitive retrohydrobor- 
ati0n.l However, Lgf2BH and IpcBHz both provide respectable levels of induction for type IV, and 
IpcBH2 likewise for type 111. (LgfzBH has yet to be tested for type 111.) 

The monoalkylborane derived from a modified terpene, 2-ethylapopinene, may give somewhat better 
results than IpcBH2, but at a heavy price in c~nvenience . ’~~ The reactions of I-phenylcycloalkenes with 
IpcBHz appear to be particularly favorable, 1 -phenylcyclopentene giving 85% ee and 1 -phenylcyclo- 
hexene giving 97% ee on hydroboration with this reagent.’46 For less favorable alkenes IpcBHz can be 
used in a modified manner which allows the product to be upgraded to essentially 100% optical 
The process consists of reacting the alkene with IpcBHz (1:l ratio) in diethyl ether and then crystallizing 
the dialkylborane dimer, sometimes after ‘aging’ the mixture, from the solution. A specific dia- 
stereoisomer (that produced in predominance during the hydroboration step) crystallizes in reasonable 
yield (generally around 70%) and almost 100% optical purity (e.g. Scheme 1 l).14’ After washing, the 
product is available for further transformation. 

One particular transformation of IpcBHR* involves the reaction with acetaldehyde, which results in 
displacement of a-pinene and production of a chirally pure alkyldiethoxyborane (equation 52). I d 7  These 
derivatives can be subjected to a whole range of organoborane reactions, which result in attachment of 
the chiral unit to other groups, thereby providing a plethora of synthetic po~s ib i l i t i es .~~~ They can also be 
reduced to the corresponding chiral alkylboranes (R*BH2), which offer interesting possibilities as alter- 
native chiral hydroborating agents. 

Asymmetric hydroborations of several heterocyclic alkenes with diisopinocampheylborane appear to 
be particularly favorable, resulting in products of almost 100% enantiomeric purity (e.g. equation 53).14’ 
The reagent has also been used in asymmetric syntheses of a number of complex molecules. Discussion 
is beyond the present scope but a single example is given as an illustration (equation 54).lS0 

A number of models have been proposed in order to account for the favored enantiomers produced 
during asymmetric hydroboration  reaction^.^^^^^ None of the early models were without criticism and 
were based on scanty theoretical background. Recently, however, much more has become known about 
the mechanism of the hydroboration reaction (see Section 3.10.6). From these studies it appears that 
monomeric dialkylboranes (and alkylboranes, erc.) are the active intermediates in hydroboration re- 
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65% yield 1 [OI 

b HOl,z,, 

100% ee 

Scheme 11 

R*B(OEt)z 

i, (-)-Ipc,BH 

(from (+)-a-pinene) 

X ii, 2 MeCHO X 

iii, H,O,, O K  

X = 0, S, NCHZPh ca. 100% ee 

i, (+)-Ipc,BH * dH,,,,, 
COzMe 

296% ee 
Prostaglandin precursor 

(53) 

(54) 

actions. Calculations which assume gas phase monomeric structures are not, therefore, entirely unreason- 
able. Using modified MM2 calculations, optimal geometries of transition states have been ~alculated, '~ '  
and these predict the correct stereochemistries for various asymmetric hydroboration reactions. Figure 12 
shows the calculated preferred conformations for the reactions of (Q-2-butene with IpcBHz and of (2)-2- 
butene with IpczBH. 

H 

(a) (b) 
Figure 12 Calculated (ref. 151) transition state geometries for reactions of (a) IpcBH2 + (Ek2-butene; 

(b) Ipc2BH + (Zj-2-butene; M represents the CH2 unit and L the CHMe unit adjacent to the boron-bonded 
carbon atom of each Ipc group 
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3.10.6 MECHANISM OF THE HYDROBORATION REACTION 

Reduction of C-C and C=C Bonds 

The early literature concerning the mechanism of the hydroboration reaction is confused and confus- 
ing. Only in relatively recent times, through the careful, systematic and painstaking work of Brown and 
coworkers, has the mechanism become ~ 1 e a r . l . ~ ~ ~  The complexity of hydroboration of simple alkenes 
with borane-THF requires that the problem be simplified if useful kinetic data are to be. obtained. Thus, 
much of this kind of work has utilized either 2,3-dimethyl-2-butene, which reacts readily only as far as 
the monoalkylborane stage,153.154 or a monofunctional hydroborating agent such as 9-BBN-H.155-162 The 
information provided by such studies has then led to more appropriate determinations of kinetic data for 
reactions of other hydroborating As a result, it is now clear that all hydroborations follow a 
similar mechanistic course involving the reaction of a free, monomeric borane with the appropriate al- 
kene, although the manifestations in terms of kinetics may vary from case to case. 

In view of this conclusion it is intriguing that ab initio calculations for the reaction of BH3.OH2 (a 
model for a borane-ether complex) with ethylene suggest a direct, S~2-hke  displacement of water by 
ethylene, rather than prior dissociation.'68 Previous calculations169 could be criticized for not taking sol- 
vent into account, but the experimental evidence now suggests that the actual hydroborating agent does 
not involve solvent. This does not imply that solvent or added coordinating agent is unimportant. There 
is ample evidence that coordinating solvents play a major catalytic role in the reactions. However, 
that role must be in facilitating the production of monomer, either by providing a species (the complex) 
with a lower dissociation energy than the dimer or by reacting directly with the dimer to produce uncom- 
plexed monomer together with complexed monomer. 

have considered the interaction of unsubstituted borane and ethylene. They 
suggest the likely formation of a loose three-center complex, which then reorganizes to a four-center 
transition ~ t a t e I 6 ~ ~  with little or no activation energy. The experimental evidence shows, however, that 
there may be significant activation energies in reactions of some hindered alkenes with substituted 
boranes. 155,156 

A few calculations have considered reactions of substituted boranes or ethylenes,151.169c,f.9.170 and rea- 
sonable qualitative accounts of observed selectivities can sometimes be produced. 

Most 

3.10.7 PROTONOLYSIS OF ORGANOBORANES 

3.10.7.1 General Considerations 

The overall process of reduction of an alkene to an alkane, or of reduction of an alkyne to either an al- 
kene or an alkane, via hydroboration requires that the intermediate organoborane be protonolyzed (Sec- 
tion 3.10.1.1). However, simple trialkylboranes are remarkably resistant to hydrolysis. For example, 
trimethylborane gives only 69% of hydroxydimethylborane after 7 h at 180 'C with 1 equiv. of water.171 
Similar resistance is shown to alcohols, phenols and amines, and even mineral acids do not completely 
protonolyze trialkylboranes with any ease.4 Thus, aqueous or anhydrous hydrogen bromide removes only 
one alkyl group from tributylborane after reflux for 1 h.172 

Anhydrous hydrogen fluoride is much more effective and cleaves all three groups at room temperature 
in an autoclave.173 Alternatively, trialkylboranes are readily protonolyzed by carboxylic acids.174 Two 
alkyl groups are removed from many trialkylboranes by treatment with excess of an anhydrous carbox- 
ylic acid at room temperature, and the third is removed on heating. Typically, the trialkylborane is re- 
fluxed for 2-3 h with propanoic acid in diglyme to effect complete conversion (equation 55) .  The 
method is considered in greater detail in Section 3.10.7.2. Alternatively, 2,2-dimethylpropanoic acid can 
be used to catalyze the reaction with water or other protic  specie^.'^^,^^^ 

excess EtCOzH 

diglyme. 165 ' C  
- 3 R H  R3B (55) 

All three alkenyl groups of a trialkenylborane can be removed at 0 "C with a carboxylic and 
alkenyldialkylboranes undergo preferential protonolysis of the alkenyl group.178 Stereochemistry is re- 
tained during protonolysis, so the sequence hydroboration-protonolysis, applied to internal alkynes, pro- 
vides a useful, general method for synthesis of (a-alkenes (Scheme 12).178 

If acidic conditions are undesirable, alkenyldialkylboranes can be converted into alkenyltrialkylborates 
by addition of butyllithium; this allows hydrolysis under alkaline conditions.179 Alternatively, alkenylbo- 
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Scheme 12 

ron compounds have been cleaved by ammoniacal silver oxide,180 or under the influence of palladium 
acetate catalysis.I8’ Methanolysis can also be used for cleavage of many alkenylboron compounds. 178 

Arylboron compounds appear to be comparable in reactivity to alkenylboron compounds, but com- 
parative data are not available. Alkynylboranes are fairly readily hydrolyzed,Ig2 as are benzylboranes, 
particularly when substituted by electron-withdrawing groups on the benzene ring.8a However, none of 
these groups are available via hydroboration and so further discussion here is inappropriate. 

Allylboron compounds can sometimes be obtained via hydroboration of allenes or 1,3-dienes with 
dialkylboranes (e.g. see Section 3.10.4.2). Allylboron compounds are particularly readily hydrolyzed, 
and hydrolysis is accompanied by transposition of the double bond.IS3 For example, tricrotylborane 
reacts with water at room temperature to give 2 mol of I-butene and 1 mol of crotyldihydroxyborane 
(Scheme 13). 

Scheme 13 

Allyl groups are selectively cleaved from allyldialkylboranes and all three allyl groups can be readily 
hydrolyzed from a triallylborane. 183 

A number of other reagents, including alkanethiols and P-dicarbonyl compounds, protonolyze organo- 
boranes. However, they are not generally employed in synthetic procedures and are not discussed here. 
More exhaustive treatment of protonolyses with other reagents is given e l ~ e w h e r e . ~ . ~ ~  The remaining sec- 
tions of this chapter deal with the synthetically useful protonolyses of alkylboron compounds with car- 
boxylic acids and of alkenylboron compounds utilizing carboxylic acids or methanol. 

3.10.7.2 Protonolysis of Alkylboranes with Carboxylic Acids: Synthesis of Alkanes 

Carboxylic acids readily cleave the first alkyl group from a trialkylborane at 20 ‘C. The second group 
is cleaved somewhat more slowly, and the third requires the use of elevated t e m p e r a t ~ r e s ? ~ ’ ~ , ~ ~ ~  For 
practical purposes it is usual to employ around 4 equiv. of propanoic or butanoic acid in refluxing dig- 
lyme at 165 ‘C, though use of other solvents is not precluded. The reaction is quite sensitive to steric fac- 
tors, and tri-s-alkylboranes react substantially more slowly than tri-primary-alkylboranes. Nevertheless, 
some ‘mixed’ di-s-alkylmono-primary-alkylboranes show only a relatively modest preference for cleav- 
age of the primary-alkyl group upon partial protonolysis, though t-alkyl groups are substantially less 
readily cleaved than primary-alkyl groups. 1 7 4 3 1 8 4  

Protonolysis with carboxylic acids differs from that with mineral acids in that it appears to involve co- 
ordination of the carbonyl oxygen atom of the carboxylic acid to the boron atom of the organoborane, 
followed by intramolecular proton transfer (Scheme 14).174,185 This is presumably the reason for the 
relative ease of protonolysis with carboxylic acids. 

R’ Scheme 14 
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Replacement of alkyl groups by substituents bearing nonbonding electrons renders the boron atom less 
electrophilic, and this, together with internal coordination from its own acyloxy groups, explains why the 
acyloxyboron intermediates become progressively less reactive towards protonolysis. 174 

Protonolysis occurs with retention of stereochemistry at the carbon atom originally attached to 
boron.174,1s6 Thus, by use of a deuteriated hydroborating agent ( e . g .  9-BBN-D) or of a deuteriated 
carboxylic acid, or both, deuterium atoms can be introduced at specific and predictable locations in a 
molecule. An example is the conversion of 2-norbornene into exo,exo-2,3-dideuterionorbornane (equa- 
tion 56).174 

i, BD, 

ii,  EtC0,D 

The protonolysis reaction tolerates functionalities such as halide or ether groups in the alkylborane. 174 
However, P-dialkylaminoalkylboron compounds undergo elimination to give alkenes under these condi- 
tions (see Section 3. 10.1.2).4910711 Also, systems which are intrinsically labile to either acid or heat, such 
as some terpenoids, may give problems. For example, enantiomerically pure limonene produces 1 -men- 
thene which is substantially racemized on hydroboration-protonolysis (Scheme 1 5).174 

100% ee 

Scheme 15 

17% ee 

3.10.7.3 Protonolysis of Alkenylboranes: Synthesis of Alkenes and Dienes 

1 -Alkenyldialkylboranes undergo simple protonolysis of the alkenyl group on treatment with hydro- 
chloric acid, but other alkenyldialkylboranes rearrange under these conditions.lX7 This problem does not 
arise on protonolysis with a carboxylic acid, and hydroboration with a dialkylborane followed by proto- 
nolysis with a carboxylic acid is therefore of general utility for conversion of alkynes into a1ker1es.l~~ In- 
ternal alkynes cleanly give (a-alkenes (Scheme 12, Section 3.10.7. 1 ) . 3 3 3 1 7 7 . 1 7 R  The process can also be 
used for stereospecific production of (E) -  1 -deuterio- 1 -alkenes from terminal alkynes (equation 57).34*'88 
Tritiated alkenes have been prepared similarly. ls9 

i ,  R , B H  D 

The combination of deuterioboration and then deuterolysis allows the synthesis of (2)- 1,2-dideute- 
rioalkenes and such a process has been used for preparation of dideuteriocycloalkenes (e.g. equa- 
tion 58).190-i93 

i i ,  AcOD 

The protonolysis of alkenylboranes occurs under sufficiently mild conditions that a number of func- 
tional groups, including halo, ether and some ester groups, may be t 0 1 e r a t e d . l ~ ~ ~ ~ ~ ~  For example, I-ha- 
loalkynes can be converted into (a-haloalkenes (e .g .  equation 59).95,194 

cY,P-Alkynoic esters in most cases undergo the reaction satisfactorily, although a mixture of (2)- and 
(E)-isomers may sometimes occur (e.,?. equation 60),i95 probably as a result of tautomerism of the inter- 
mediate organoborane (see Section 3.10.1.2). 
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Bu Br i ,  Chx2BH 

i i ,  AcOH w Bu-Br (59) 

c (60) 
i ,  Sia2BH But 

i i ,  AcOH COzEt 
But C02Et 

85% 15% 

For some functionalized alkenylboranes, cleavage with methanol may be preferable to cleavage with a 
carboxylic acid. Relatively unhindered alkenyldialkylboranes, such as 9-alkenyl-9-BBNs, are readily 
cleaved by 1 equiv. of methanol under gentle heating.'78 More hindered derivatives may require catalysis 
by 2.2-dimethylpropanoic acid, but these mild, almost neutral conditions may be beneficial for acid- 
labile functionalities. For example, methanolysis has been used for production of enol ethers (e.g. equa- 
tion 61).196 

Advantage may be taken of the selective hydroboration of alkynes as compared to alkenes by dicy- 
clohexylborane or disiamylborane (Section 3.10.4.3) to provide syntheses of dienes and their deuteriated 
derivatives (e.g. equation 62).34,93,197 Dibromoborane-dimethyl sulfide may be used similarly (Section 
3.10.4.4)."* The approach has been used for the stereospecific synthesis of an allylic hydroxydiene 
(equation 63).198 

i i ,  i ' R 2 B H  AcOD - cyD 
i, Sia2BH 

i i ,  AcOH 
OAc i i i ,  NaOH 

Diynes can lead to enynes or to dienes depending on the dialkylborane chosen as the hydroborating 
agent, the stoichiometry and the substitution pattern of the diyne (e.g. equations 64 and 65).93,1w 

Bun = Z Bun i, Sia2BH - Bu"JBun (64) 
i i ,  AcOH - 

i, 2 Chx2BH 

Bun = = Bun i i ,  AcOH - B u n m B u l l  

Hydroboration-protonolysis is thus a general, stereospecific and versatile route from alkynes to 
alkenes, enynes and dienes. 
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3.11.1 INTRODUCTION 

3.11.1.1 Nature of the Overall Reaction 

The addition of aluminum hydrides to alkenic and alkynic carbon-carbon unsaturation, namely the hy- 
droalumination reaction, is the most versatile route to organoaluminum  compound^.'-^ With unsymme- 
trically substituted C=C and C=C linkages, the regiochemistry of such hydroaluminations is governed 
by the interplay of steric and electronic factors, so that these additions can occur in a highly regiosel- 
ective manner. The addition of dialkylalurninum hydrides to @-substituted styrenes (2), for example, can 
lead regiospecifically to only one of the possible adducts: for steric reasons, a P-t-butyl group produces 
only isomer (1); for polar reasons, a (3-phenylsulfonyl group yields exclusively isomer (3; equation 1). 

In addition to the regiochemical course, the stereochemistry of these additions can be highly selective. 
Illustrative of this characteristic is the behavior of 1 -alkynylsilanes (5) toward diisobutylaluminum hy- 
dride! In the presence of a Lewis base, such as N-methylpyrrolidine, the hydroalumination gives >95% 
of the syn adduct (4); in the absence of a donor, the adduct has >95% of the anti configuration (6; equa- 
tion 2). 

R,N' 
(4) 

Finally, the high loco~electivity~ or chemoselectivity of hydroalumination toward substrates having 
both C=C and C=C bonds is exemplified by the reaction of diisobutylaluminum hydride with I-octen- 
7-yne (7).6 The only organoaluminum product detected (8) was that of a regioselective syn stereospecific 
addition to the C I T  bond (equation 3). 

3.1 1.1.2 Historical Context and Development 

The discovery of the hydroalumination reaction by Ziegler and Gellert in 1949 was the culmination of 
a series of experiments on the thermal stability of metal alkyls begun by Karl Ziegler in the early 1 9 3 0 ~ . ~  
During an attempt to distill ethyllithium, Ziegler found that the compound decomposed over 100 "C into 
ethylene and lithium hydride; the ethylene reacted, in steps, with the ethyllithium to give higher n-al- 
kyllithiums and these, in turn,  eliminated lithium hydride to produce a mixture of higher a-alkenes 
(Scheme 

If lithium hydride would add to ethylene, in situ, Ziegler speculated, then the various other steps given 
in Scheme 1 would become accessible and lithium hydride could thereby catalyze the conversion of 
ethylene into a mixture of higher alkenes, Indeed, at over 200 'C lithium hydride did begin to effect the 
oligomerization of ethylene into higher alkenes. However, because of allylic lithiation (9) and sub- 
sequent elimination of LiH, conjugated dienes (9a) were formed and they polymerized to resins that 
coated the LiH catalyst and thereby retarded the ethylene oligomerization (equation 4). 
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-\ + LiH Li A 

- \/\/\\ + LiH 
= I  Li A 

Scheme 1 

EtLi 

Li 
(9) 

With the purpose of employing a more soluble form of complexed lithium hydride in such a process, 
Ziegler and Gellert heated ethylene in ether under pressure at 120-140 "C with LAH, which had been 
prepared for the first time by Schlesinger and  coworker^.^ To Ziegler's gratification LAH was smoothly 
converted into lithium tetraethylaluminate (lo), which could be isolated in high yield as a crystalline ad- 
duct. As proof of structure, the same adduct was also synthesized by the admixture of the lithium and 
aluminum ethyl derivatives in a 1:l ratio (Scheme 2). This study represents the first authenticated 
instance of hydroalumination. 

4 -  
120-140 "C + LiAIH4 - LiAlEt4 - 

(10) 
Scheme 2 

As part of the same comprehensive study Ziegler and Gellert also showed that at 180-200 "C complex 
(10) did catalyze the oligomerization of ethylene into higher a-alkenes. Subsequently, the unstable AlH3 
was found to add even more readily to ethylene and other a-alkenes (11) regioselectively to provide 
quantitative yields of the tri-n-alkylaluminum (12b). This reaction is thus the prototype for the 
hydroalumination of unsaturated hydrocarbons (equation 5 ) .  

Since the hydroalumination of an alkene is a readily reversible process, especially at high tempera- 
tures, with P,P-disubstituted alkenes or in the presence of nickel,I0 one need not employ the unstable 
AIH3 (12a) as such but can instead use the commercially available triisobutylaluminum (13a).I1 This in- 
teresting alkyl can be synthesized directly from activated aluminum metal, hydrogen and isobutylene, 
and when it is heated at 100-1 10 'C, it in turn dissociates into the dialkylaluminum hydride and isobu- 
tylene. Therefore, AlH3 can be transferred from (13a) to a less volatile a-alkene (11) simply by heating 
(13a) and (11) and permitting the isobutylene to escape. This hydroalumination by AIH3 transfer is a 
widely applicable synthetic method for trialkylaluminums (12; Scheme 3). 

The hydroalumination of alkynes was first observed by Wilke and Muller in 1955, when they demon- 
strated that dialkylaluminum hydrides added to disubstituted alkynes stereospecifically in a syn fashion 
(13b). 12.13 Subsequently, Zakharkin and coworkers were able to add NaAlH4 to phenylacetylene by em- 
ploying 5 %  of Bu'2AlH and diglyme as a solvent, but did not ascertain the stereochemistry of rea~t i0n. l~ 
Some 10 years later, in 1966, Slaugh found that LAH in refluxing THF-diglyme mixtures, hydroalumi- 
nates such alkynes exclusively in an anti manner (14; equation 6).I5,I6 

During the succeeding decade the regiochemistry and stereochemistry for the hydroalumination of 
various heteroatom-substituted 1 -alkynes was extensively studied and established by the laboratories of 
Eisch and of Z~ei fe1 . l~  
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Scheme 3 

3.11.1.3 Sources of the Aluminum Hydrides 

The most commonly employed hydroaluminating agents, DIBAL-H and LAH, are commercially avail- 
able in a wide variety of ether and hydrocarbon solvents or as the pure reagents.'* For reactions where a 
different R2AlH may be deemed advisable or where the deuterioaluminating agent R2AID is required, the 
corresponding R2AlCl can be treated with MH or MD (M = Li, Na; equation 7).19v20 

(7) 
LiD/EtzO NaH 

Bu'2AID - R2AlCl - Et2AlH 
R = Et R = Bu' 

Aluminum hydride, AI&, and dichloroaluminum hydride, C12AlH. can be obtained as etherates by the 
original method of Schlesinger and coworkers9 and can be employed for hydroalumination (equation 
8).*1 

Lithium trialkylaluminum hydrides, such as lithium diisobutyl(methy1)aluminum hydride (W), which 
can be readily prepared by the interaction of diisobutylaluminum hydride with methyllithium in DME, 
are useful for the anti hydroalumination of internal alkynes (equation 9),22 

(9) DME R-R 
Bui2AlH + MeLi - Li[A1Bui2MeH] 

R A?Bui2Me 

In addition to simple and complex aluminum hydrides, aluminum alkyls with P-branched chains often 
serve as hydroaluminating agents themselves, because of their tendency to form AI-H bonds during 
reaction by the thermal or nickel-catalyzed loss of alkene (cf. Scheme 3; equation 
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3.11.1.4 Uncatalyzed and Catalyzed Hydroalumination 

Typically, hydroaluminations are camed out by heating the substrate with R2AlH in hydrocarbon 
media or with MAlR3H in higher boiling, strongly donating ethers." Metal salts of zirconium,23 
t i t an i~m?~ and uraniumz6 have been found to increase the rate of hydroaluminations. It should be noted, 
however, that such catalyzed reactions may exhibit a regioselectivity and stereoselectivity different from 
those of the uncatalyzed hydr~alumination.~~ Thus, the hydroalumination of 1 -phenylpropyne by 
Bui2AIH gives an 82:18 ratio of regioisomers (16) and (17) in the thermal reaction, while the nickel-cata- 
lyzed reaction yields a 56:44 ratio of (16) and (17; equation 11). Furthermore, the uncatalyzed reaction 
yields only cis- 1 -phenylpropene upon hydrolysis, while the nickel-catalyzed process produces 1 -phe- 
nylpropene having 6% of the trans isomer. 

Phg + BU',AIH 
___t Ph = 

/ \ 
Bd2AI AIB& 

(16) (17) 
thermal: 82 : 18 
Ni catalyzed: 56 : 44 

It is noteworthy that the transition metals that serve as hydroaluminating catalysts are also active in es- 
tablishing the equilibrium between aluminum alkyls and their decomposition products, aluminum, hy- 
drogen and alkene (equation 12). Accordingly, these metals, in addition to hafnium, niobium, vanadium, 
scandium and lanthanum, have found use as activators for the direct synthesis of aluminum alkyls (equa- 
tion 12, to the left)? Probably most of these metal salts will also be capable of accelerating the hy- 
droalumination reaction. 

R 

R 
- 3 )= + A1 + 3/2Hz 

3.11.1.5 Potential of Resulting Organoaluminum Reagents in Organic Synthesis 

Depending upon the nature of the hydroaluminating agent (RzAIH, MAlR3H or LAH), the organoalu- 
minurn product will have one to four new carbon-aluminum bonds at which cleavage or insertion re- 
actions can be conducted. Two such reactions are protodealumination (equation 13) and carbonation 
(equation 14)?7 

Ph 

(18) (20) 

(14) 

Important aspects of such reactions are: (i) the configuration at the original carbon-aluminum bond is 
usually retained in such cleavages or insertions; (ii) not all three carbon-aluminum bonds undergo re- 
action with some reagents (COz, RzCO, RX, etc.), but vinylic or alkynic carbon-aluminum bonds are 
generally more reactive than alkyl carbon-aluminum bonds. Thus, in (18) carbonation leads to a 96% 
yield of cis-a-phenylcinnamic acid [as salt (ZO)]; any organic products resulting from the R-group in the 
hydroaluminating reagent itself (e.g. isobutyl) should not interfere with isolating the pure desired prod- 
uct. In equations (13) and (14) the isobutane formed by hydrolysis or any isovaleric acid resulting from 
carbonation can readily be separated from the cis-stilbene (19) or from the cis-a-phenylcinnamic acid 
[from salt (ZO)] by volatility; and (iii) if the vinyl carbon-aluminum bond of the hydroalumination 
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adduct itself is insufficiently reactive toward certain cleavage agents, it may be activated by first forming 
the tetrasubstituted aluminate complex with methyllithium (Scheme 4).28 

BU',AIH R 
* - R-H 

AIBu'2 

Me 

Scheme 4 

In light of the foregoing, the utility of hydroalumination in selective organic synthesis will be more ap- 
plicable to alkynic substrates, where the greater chemical reactivity of the resulting vinyl-aluminum 
bond will permit the formation of derivatives even with those reagents (C02, R2C0, RX) not cleaving all 
available carbon-aluminum bonds. Alkenic substrates generally will be less suitable in hydroalumination 
reactions where the adduct is then required to react with a selective reagent (e.g. C02) that attacks at 
most one carbon-aluminum bond. Thus the similar reactivity of two competing alkyl-aluminum bonds 
will inevitably give a mixture of products and low yields of the desired derivative (Scheme 5). Both (21) 
and (22) are unreactive toward further insertion of C02 under mild  condition^.^^ 

- BU',A~H Bui Bu' 

Bui 

I 

R- Bui 
R- 

Only with reagents that attack all available carbon-aluminum bonds (H20, D20,02, X2, S02, etc.) will 
the hydroalumination of alkenic substrates and the derivatization of such adducts prove useful. That two 
of three C-AI bonds of adduct (23) are expended in the formation of side products, which have to be 
separated, may be an acceptable price to pay for the convenient, high-yielding generation of a desired 
specifically deuteriated reduction product, (24) or (25),30 primary alcohol (26),31 primary halide (27)3* or 
sulfinic acid.29 Of course the isobutylated side products should, in each case, be easily separable 
(Scheme 6). 

R- 

R Bui 

/ o  

R L D  

'x2 R b X  

Scheme 6 
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3.11.2 SCOPE OF HYDROALUMINATION 

3.11.2.1 Suitable Alkenic Substrates 

The hydroalumination of alkenes, either by direct addition of RzAlH or by aluminum hydride transfer 
from triisobutylaluminum (Scheme 3), proceeds readily and without catalysis with terminal alkenes, 
whether or not there is a chain branch in the P-position (Table 1). 

Table 1 Scope of Suitable Alkenic Substrates for Hydroalumination with Dialkylaluminum Hydrides' '*I9 

Substrate Ease of addition 

R C H d H 2  (R = n-alkyl) 
Cycloalkenes (G-CII) 

RR'C=CH2 (R, R' =alkyl, aryl) 
RR'CECH2 (R, R' =alkyl, cycloalkyl) 
p-P' inene 
Camphene 
Limonene 
RCH=CHR 

Very fast 
Fast (C4, C d  
Slow (CS, c7, CS) 
Very slow (C6, Cio, C I I )  
Fast 
Less fast 
Less fast 
Less fast 
Less fast 
Very slow 

Thus, all a-alkenes can be readily converted into the hi-n-alkylaluminum (>95%) by heating with 
about 0.33 mol equiv. of Bu'2AlH or Bui3Al, until isobutylene ceases to be evolved. With P-pinene hy- 
droalumination can also be achieved in this manner but the result is the formation of R'2AlH, rather than 
R'3Al. At the temperature of reaction, such branched R'3A1 tend to eliminate 1 mol of alkene (equa- 
tion 15).33 

With alkenes having internal C = C  bonds, hydroalumination is disfavored by both kinetic and thermo- 
dynamic factors, and the uncatalyzed reaction is generally unfeasible. The hydroalumination of internal 
alkenes can be catalyzed by the addition of titanium(1V) alkoxides but the same catalysts also promote 
the isomerization of the secondary aluminum alkyls generated into their primary isomers (equation 16).34 

z 
Bun 

\ 'IO 
Ti(OBu), 

The hydroalumination of cycloalkenes exhibits two interesting minima in relative rates toward diethyl- 
aluminum hydride. The half-life (in min) of a 3:1 ratio of Et2AlH and cycloalkene at 78 "C vaned thus 
with ring size:19 C4, 4 0  Cs, 200; c6, 1880; C7, 110; c8, 86; C9, 280; CIO, 2500; CI I ,  1350. The reactivity 
of cycloundecene is approximately that of an open-chain internal alkene. The low reactivity of cyclo- 
hexene can be ascribed to the eclipsing repulsions generated in the transition state by the syn attack of 
Et2AlH on the C = C  bond (equation 17).35 

Such repulsions would be distinctly less with the more planar C4 and Cs rings, as well as with the less 
rigid C7 and CE rings. The minimum in reactivity encountered with the CIO ring is indicative that trans- 
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annular repulsions may be restricting access to one face of the C 4  bond, while also generating further 
transannular repulsions as the vinylic hydrogens bend away from the attacking EtzAlH molecule (29). 

rn WHH A I '  

Et' \Et 

In contrast with the impracticality of hydroaluminating open-chain internal alkenes, all the unsub- 
stituted cycloalkenes can be usefully hydroaluminated, with titanium catalysis if need be, since isomeri- 
zation of the C=C bond is of no significance. 

3.11.2.2 Suitable Alkynic Substrates 

As a class alkynes are much more reactive in hydroalumination than are alkenes. Hence, both terminal 
and internal alkynes react at feasible rates with both dialkylaluminum hydrides in alkanes and lithium 
aluminum hydrides (LiA1RnH4-J in ethers. Selected examples of such additions are presented in Table 2. 
With alkyl or aryl substituents, it should be noted that RzAlH adds in a kinetically syn manner, (5; equa- 
tion 2) and (7; equation 3), and LAH yields the anti adduct (14 equation 6). 

Table 2 Scope of Suitable Alkynic Substrates for Hydroalumination with R2AIH or MAIR3H Reagents 

Substrate Reagent Product(s) Ref. 

R 

RCsCH R'2AIH \ 

AIR2 

RCoCE (E = SiMe3, GeMe3) R2AIH 

R Y A 1 R 2  

E 

RC-CE 
Y A I R 2  

R"3N 

R 

RCsCR (R = alkyl, aryl) R2AIH 
AIR2 

RCpCR 

RCrCR" 

R AlMeBu'z 

R 
LiAlMeBu$H '+ Li+ 

30 

4 

4 

12, 13.30 

22 

R \=("'I + R >=/"I 

39.40 AIR';? R';?AI R'2AIH 
mixture of regioisomers 

HzC=CH(CHz)&rCH R'2AIH 
\ AIR';? 

6 ' 14 
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Although reactivity is not a problem with alkynes, the occumnce of side reactions can raise serious 
difficulties in preparative applications. In addition to the general aspects of reagent selectivity, which are 
discussed in Section 3.1 1.2.6, alkynes present the possibility of specific reactions competing with hy- 
droalumination. First, terminal alkynes may undergo alumination (proton-aluminum exchange), which 
becomes especially prominent with LiA1RnH4-, (equation 1 8)36 and RzAlH-R',N complexes (equa- 
tion 19).37 

MALH4 + 4 -R - M+-R)~ + 4 H 2  (18) 

M = Li, Na, K; R = alkyl, aryl 

(19) 
-2Hz 

2Et,AIH.NEt, + E - Et2AI = AlEt202Et3N 

Secondly, alkynes can add 2 equiv. of RzAlH with a regioselectivity strongly favoring the geminal di- 
aluminum derivative (equations 8 and 20).13 

Thirdly, although proton-aluminum exchange may not occur with the starting R2AlH (equation 19), it 
may be significant between the hydroalumination adduct and the unconsumed terminal alkyne (equa- 
tion 21).'8 

Fourthly, the vinylic hydroaluminum adduct (30) can either insert a second mole of (30) into the 
vinyl-aluminum bond and thereby dimerize (equation 22),13 or it can insert a second mole of alkyne 
(equation 23).13*39 

R 

/ 
R"2AI R = H  

I 

R"2Al 

Finally, in uncatalyzed hydroaluminations with organosubstituted alkynes, the initially formed syn ad- 
duct can isomerize to the more stable anti adduct by way of the dialuminoalkane (equation 24).40 

(24) 
-BII'*AIH 

- RYA1Bui2 
R 

___c 

R 

Despite this gamut of competing reactions, reaction conditions can usually be found for preparing 
either the syn or the anti adduct of many terminal alkynes with high regio- and stereo-selectivity (Table 
2). Failing this the 1-alkynylsilanes can be employed as masked forms of I-alkynes. In hydroalumination 
reactions, such silanes have little or no tendency to undergo the side reactions (equations 19-24) to 
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which terminal alkynes are prone. After the silyl-masked alkyne has been hydroaluminated and there- 
upon derivatized, the silyl group can be removed from the product (Scheme 7).41 

i ,  Bui2A1H K F R  
c - L  

SiMe3 MeCN 
R- SiMe3 ? 

i i ,  H 2 0  

0 

ArCO3H 1 
Scheme 7 

Although most internal alkynes can be readily hydroaluminated by RzAlH or LAH (equation 6) ,  the 
reaction is generally preparatively useful only with symmetrically substituted alkynes. The addition of 
R2AlH is stereoselectively syn and that of LAH stereoselectively anti, but the reaction has a low regio- 
selectivity and thus gives a mixture of regioisomers (equation 11). This problem may be alleviated by en- 
hancing steric factors through the use of a bulky substituent on the C=E bond (equation 25)42 but cannot 
be solved for every internal alkyne. 

B ~ , A I H  Ph yBut 
Ph-Bu' - 

BU'~AI  

only 

3.11.2.3 Selective Hydroalumination with Multiunsaturated Substrates 

As will become clear in Section 3.11.2.4 many polar and unsaturated functional groups interfere with 
the hydroalumination of carbon-carbon unsaturation. Hence, the selectivity considered here is the lo- 
coselectivity between two different C=C bonds, between a C=C and a C d  bond or between two 
C d  bonds in the same molecule. If such competing groups are not in conjugation, locoselective mono- 
hydroalumination of just one such groups can often be easily achieved in the following situations: (i) in 
dienes, where a terminal C-C bond reacts prefer en ti all^;^^ (ii) in alkenynes, where the greater reactivity 
of the CEC group leads to selective attack? and (iii) in 1,n-alkadiynes, where a terminal k C  group 
undergoes addition (Table 3).44 

With conjugated or cumulated C=C  bond^,"^ one bond may respond locoselectively but with the for- 
mation of regioisomers as well (31 and 32; equation 26). Since one of the regioisomers (32) is an allylic 
aluminum compound, it can generate its allylic isomer (33) as well. 

3.11.2.4 Interfering Functional Groups 

Many functional groups commonly encountered in organic molecules can readily react with the hy- 
droaluminating agent before the carbon-carbon unsaturation does. These groups include: (i) proton 
sources that cleave the AI-H bond, such as OH, SH, certain NH, C02H and even alkynic C-H (cf. 
equation 18); (ii) oxidants that attack the AI-H linkages, such as R02R, RS2R, NO2, RX, RS02X and 
R3PO; (iii) electrophiles which add A1-H bonds, such as C=O, C=S, C-N and k N  derivatives, 
epoxides, aziridines and episulfides; and (iv) other organometallic compounds, such as RLi46 or subval- 
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Table 3 Selective Hydroalumination of Multiunsaturated Substrates with Dialkylaluminum Hydrides 

Substrate Product(s) Ref. 

Ph2CHCH2AIR'2 
Ph 

+ :rh 
R2AI a1r'2 

Ph2C=CHCH=CH2 P i y ' r  + ph+/yR2 

MeCH=CHC=CEt \Et 

R'2AI Ph 
RCH=CH(CH2),CH=CH2 RCH=CH(CH2),,CH2CH2AIR'2 

R2AI 

R--YsiMe3 
Et20 

SiMe3 

~ 

45 

45 

45 

166 

163 

164 

164 

a Hydroalurninating agent : LiA1Bu"Bui2H 

ent transition metal complexes (alkene-nickel(0) reagents)?' which can alter (equation 9) or even de- 
stroy (equation 27) the hydroaluminating agent. 

THF 
LiAIH4 + bipyNiCOD - LiAIH2.Ni-bipy + H2 (27) 

In certain cases, by working with special solvents at low temperatures, one may be able to hydroalumi- 
nate a *C rather than a competing C=N group (equation 28)48 or a &C group in addition to a reac- 
tive OH group (equation 29).49 

- LiAIH,, Et20 

-60 o c  

Et CN 

R 
LiAIH, 

OH v 

R = '  
4 2  

(28) 
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3.11.2.5 Side Reactions 

The extent and types of interfering reactions during hydroalumination of alkynes were examined in 
Section 3.11.2.2 (equations 18-24). To a lesser degree two of these reactions are also encountered in 
AI-H additions to alkenes and cycloalkenes. Analogous to the reductive dimerization of alkynes (equa- 
tion 23) is the dimerization of a-alkenes by Bui2AlH, which can be conducted catalytically in hydride to 
give high yields of dimer (equation 3Ob5O 

I 
A R 

The second side reaction with alkenes is the configurational change at the sp3-hybridized carbon- 
aluminum bond in the hydroalumination adduct (equation 3 l).5 

Thus, 1,l-dimethylindene (34) was subjected to hydroalumination with Bu'zAlD in diethyl ether solu- 
tion. The initially formed adduct was shown to have the syn configuration (35) by cleaving it with Dz0 
and demonstrating that only cis-dimethylindan-2,34 (36) was formed (Scheme 8). In the absence of 
donor solvents during the hydroalumination, a 1: 1 mixture of (35) and its epimer were formed, and deu- 
teriolytic work-up gave both the cis- and trans- 1,l -dimethylindanes-2,3-&. This study demonstrates that 
the hydroalumination of C = C  bonds occurs in a kinetically controlled syn fashion and sp3-hybridized 
carbon centers bonded to tricoordinate aluminum undergo rapid inversion of c~nfigurat ion.~~ If one 
hopes to attain stereoselective cleavages of such C-A1 bonds with retention of configuration, the alumi- 
num center must be kept tetracoordinate. However, even this precaution does not always assure a stereo- 
selective reaction (cf, Section 3.1 1.4). 

f& w Bui2A1D @D - D,O @D 

Et20 AlBui2 D 
(34) (35) (36) 

Scheme 8 

3.11.2.6 Selectivity 

3.11.2.6.1 Locoselectivity 

The main locoselective features of hydroalumination, which are discussed in some detail in Section 
3.1 1.2.3 are: (i) C=C bonds are attacked in preference to W bonds; (ii) terminal H C d  and 
H 2 M H  groups are hydroaluminated much more rapidly than internal C 4  and C H 4 H  linkages; 
and (iii) electron-releasing substituents on the carbonxarbon unsaturated group increase the rate of hy- 
droalumination (Table 4).53 Illustrative are the relative initial rates for PhChCE: with E = Ph, Me, H, 
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SEt, But, TMS and NMe2, the rates increase in the same order: 1.0 e 1.1 e 12 e 25 e 28 < 185 e 431 e 
19000. By contrast, steric factors appear to have little effect on rate; di-t-butylacetylene reacts with 
Bui2AIH some 20 times faster at 30 'C than does di-n-butylacetylene. 

Table 4 Relative Reactivity of Alkynes towards Hydroalumination with Diisobutylaluminum Hydride 

Alkyne Relative reactivitya Reactivity ratiob 

Ph-H 
P h W M e  
n-C&I&=CH 
P I T - c P f  
n-CsH17C-CH 
Bu"C=CBu" 
BuWBu" 
PlYhECPr 
n-CeH17C=CH 
n-C&I I 3 W H  
BuXhC!Bu' 
BuT=CBu" 
P h W B u '  
P h M M e  
CyCHCMe 
Ph-Me 

P h W P h  
Ph-Ph 
PhC=CMe 
P h W H  
P h C C S E t  
PhCeCBu' 
P h W A I P h 2  
PhChKTMS 
PhChCNMe2 

p-MeCsH4C-cC6H4Me-p 

11.8 
1.16 
115 
6.26 
117 
6.92 
6.92 
6.26 
117 
115 
151 
6.92 
27.8 
1.16 
8.22 
1.16 
9.84 
6.47 

1.16 
11.8 
24.6 
27.8 
185 
43 1 
19 OOO 

1 .OO (ko) 

10.2 

18.3 

16.8 

1.11 

1.01 

21.8 

24.0 

7.10 

1.52 

1 .oo 
1.16 
11.8 
24.6 
27.8 
I85 
43 1 
19 OOO 

'Relative reactivities were determined by the method of initial rates and normalized to 35 'C. bFor pairs of compounds as indicated; 
for the last eight entries, relative to P h c E c P h  = 1. 

3.1 1.2.6.2 Regwselectivity 

The highest regioselectivity in hydroaluminating unsymmetrically substituted C 4  and c-=C bonds 
with RzAlH occurred in the following structures: (i) with terminal carbon-carbon unsaturation, generally 
>95% of the adduct has the R2Al group attached to the terminal carbon (Scheme 3); (ii) with alumino-, 
sulfonyl-, silyl- or germyl-masked 1-alkynes, R---E, where E = Ph2A1, TMS, Me3Ge and PhSO2, 
>98% of the adduct has the R2Al group attached to the carbon bearing MesM (equation 32);4 (iii) with 
C d  bonds bearing amino (R'2N) or alkoxy1 (R'O) groups, the R2Al group of the R2AlH becomes at- 
tached exclusively to the carbon p to the R'2N or R'O substituent (equation 33). 

R 

- YE R2"AIH 

E = Me$ or Me,Ge 
R-E 

AIR"2 

Other steric or polar influences on the regiochemistry tend to be less s e l e c t i ~ e : ~ ~ ~ ~  (i) a t-butyl group on 
the ( h C  bond tends to place the R2AI group on the distal carbon (equations 25 and 34; 85-100%); and 
(ii) a R'S or R'2P group on the C 4  bond tends to place the R2Al group on the proximal carbon (equa- 
tion 35; 83-85%). 
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E = Bu' R Z A l '  

R",AIH 

E = R'S or R',P 
R-E 

AIR"2 

(34) 

(35) 

3.11.2.6.3 Stereoselectivity 

From all available evidence it is reasonable to conclude that the hydroalumination of both alkenes and 
alkynes by RzAlH occurs in a kinetically controlled syn manner and that any anti adduct formed results 
from a subsequent isomerization to the more stable configuration. In many situations the syn adduct can 
be isolated or detected prior to isomerization and its conversion to the anti adduct m ~ n i t o r e d . ~ - ~ ~ - ~ ~  In 
Table 5 are summarized the stereoselectivities observed in the hydroaluminations of a spectrum of sub- 
stituted alkynes under various conditions. It is noteworthy that the thermal isomerization of the syn ad- 
duct can proceed with remarkable facility (at 0 "C) when a TMS or Me3Ge group is attached to the C d  
linkage. 

Table 5 Stereoselectivities Observed in the Hydroalumination of Heterosubstituted Alkynes by 
Diisobutylaluminum Hydride 

Substrate Product(s) Ratio Ref. 

PhCdBu'  
PhCdTMS 

P h C 4 G e M e 3 

PhCdPMe2 
PhCdNMe2 
PhCdSEt 
B u"C=COEt 
PhCdS02Ph 

PI iCdM (M = Li, A h )  

SYn 

anti > syn 

anti > syn 
sYn 
anti 
SYn 

anti 
SYn 

syn > anti (R3N) 

syn > anti (R3N) 

syn > anti (R3N) 

03 

9614 
9614 
9812 
9416 
03 

03 

00 

9713 

a 
03 

42 
4 
4 
4 
4 
4 
54 
54 
54 
62 
54 

'The stereochemistry of addition could not be ascertained in these cases, but by analogy to phenylethynylmetallics, P h C d E ,  
where E = Si or Ge, such additions most likely are syn. 

Distinctly less is known about the anti hydroalumination adducts obtained from alkynes with MAlH4 
or MAlR3H reagents (equation 9). These adducts could be the direct result of a trans addition but, pend- 
ing further information, they might also arise from initial syn addition and subsequent isomerization. 

Regardless of mechanistic conclusions, much useful experimental detail has been reported on how 
various stereochemical outcomes in hydroaluminations can be achieved and maintained. 17952-54 

3.11.2.7 Modifications in the Hydroalumination Process 

3.11.2.7.1 Nature of the aluminum hydride 

In general, tricoordinate hydrides such as AI&, RzAIH or ClzAIH (even though they may contain 
some coordinated ether or amine) react toward unsaturated hydrocarbons as electrophilic agents, while 
alkali aluminum hydrides of the types, MAlH4, MAlR2H2 or MAIR3H, behave as nucleophilic sources of 
hydrides. It follows that the electrophilic character of a hydroaluminating agent should be enhanced by 
adding AlC13 to R2AlH or by utilizing C12AIH directly. Such increased electrophilic character may not 
always be advantageous; sensitive, oxygen-containing masking groups such as acetals and ketals may 
thereby be more readily attacked (equation 36).55 
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' R",AIH 

O x 0  R R  - R 

Augmenting the nucleophilic nature of MAlH4 increases the hydroaluminating reactivity towards al- 
kynes and this can be achieved experimentally by replacing the lithium salt (M) with the sodium or po- 
tassium salt.14 However, this nucleophilic activation has its drawbacks, for the AlH4 thereby becomes a 
strong Brmsted base and can cause competitive metallations of terminal alkynes (equation 18) and other 
acidic C-H groups ( C H 2 C 4 ,  ArCH2, and C=CCH2C=C). 

3.11.2.7.2 Solvent effects 

The presence of donor solvents (ethers or amines) or of Lewis bases (R3N, R3P, R20 or R2S) markedly 
retards the rate of hydroalumination with neutral RzAlH reagents because the tricoordinate monomer 
R2AlH must function as an electrophile toward the C - C  r-bond in the rate-determining step.3 Despite 
this retardation donors are often useful adjuvants in hydroaluminations with R2AlH, because they stabi- 
lize the initially formed syn configuration (equation 2; Scheme 8). 

Donor solvents appear to promote hydroaluminations with MAlR3H reagents, both through their sol- 
ubilizing action on such salts and probably by solvating the metal cation and freeing thereby the alumi- 
nate anion for attack. Crown ethers would seem to be ideal for this role. 

3.11.2.7.3 Transitwn metals 

In Section 3.1 1.1.4 it was pointed out that salts of certain transition metals, lanthanides and actinides 
promote the hydroalumination reaction. Since such metal salts are introduced into the reaction in their 
high oxidation states it can be assumed that the metal ions are rapidly reduced to a lower oxidation state 
and that this state is the active catalyst. For nickel(I1) salts, Wilke has shown conclusively that the active 
agent is a nickel(0)-alkene complex.56 Analogously, for titanium(1V) salts, such as TiCL, Ti(OR)4 and 
Cp2TiC12, it is most likely that a titanium(II1) state is in~olved.~' The possible role of such metal centers 
in accelerating hydroalumination will be considered in the next section. 

3.11.3 MECHANISMS OF HYDROALUMINATION 

3.11.3.1 Reaction Rates and Kinetic Rate Expressions 

Careful and extensive kinetic studies have been carried out only for hydroaluminations with dialkyl- 
aluminum hydrides. Adequate kinetic information is still lacking on transition metal catalyzed hy- 
droalumination and on the hydroaluminating action of complex metal hydrides, MAlRnH4-n. Preliminary 
studies on the nickel-catalyzed process have revealed an unstable rate behavior brought about by the 
deactivation of the catalyst with time.58 

With MAlRnH4.n reagents, knowing the kinetic order of the reaction would prove most helpful in dis- 
cerning whether the Al-H addition occurs initially in an anti manner, or whether a syn addition is fol- 
lowed by an isomerization to the anti adduct. A direct anti hydroalumination would likely require the 
synergistic action of 2 mol of MAlR3H in the rate-determining step and thus would be second-order in 
complex hydride (equation 37). 

R /R 
H.-A1 M+ 

>-'R c "'k (37) 
2 M+ AIR,H 

R' -MAIR,H RJI - R  TR R' = R 
/ 

M+AIR3H- M+ 
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However, there are published reports that can be interpreted as favoring the pathway of syn addition 
and subsequent i~ornerization.'~ As already noted in equation (18), NaAlH4 in bis(2-methoxyethyl) ether 
at 120-140 "C converts phenylacetylene into sodium tetrakis(phenylethyny1)aluminate. But if the re- 
action is conducted in the presence of 5% of Bui2AlH, 95% of the phenylacetylene undergoes hy- 
droalumination instead. This dramatic change in reaction course can be ascribedi4 to a rapid addition of 
Bui2A1H to phenylacetylene and the aluminum exchange of the vinylaluminum adduct (37) with NaAlH4 
to regenerate Bu'2AlH and continue the catalytic hydroalumination cycle (Scheme 9). 

Ph 
Ph=- -I- Bui2AlH 

AlBu'2 

(37) 

NaAIH, 1 
- B ~ ~ , A I H  + PhCH=CHAlH37Va+ 

Scheme 9 

This study opens up the possibility that hydroaluminations by LAH or LiAlBulzMeH actually occur by 
the dissociation of such complex hydrides into AlH3 and R2AlH at higher temperatures. Steps of conven- 
tional syn hydroalumination, aluminum exchange and vinylic lithium isomerization could then lead to 
the anti adduct (Scheme 10). 

Bui2AIMe i 
R yLi 

R 

R 

LiAIBuiaMeH 

1 
R R  R 
\==( + Bui2AIMe - 

Li 
Scheme 10 

Kinetic information on the addition of Bu$AlH itself to alkynes has permitted the formulation of a 
very clear reaction pathway. For additions to masked terminal alkynes, such as the ethynylsilane (38P 
and internal alkynes like 4-octyne (39),6O the reaction is first order in the alkyne and essentially one third 
order in the hydride (0.37 k 0.01). The respective Arrhenius relationships for (38) and (39) were found to 
be: k = (1.1 f 0.4) x 1010 e-" 330 f 220/RT 11'3 m01-1'~ s-I; and k = (4.5 f 0.6) x lolo e-2o - 50/RT Ill3 

s-l; with activation entropies of -13.4 2 0.1 eu at -5.2 "C for (38) and -1 1.0 _C 0.3 eu at 30 'C 
for (39). Both reactions exhibit rate retardation as a function of conversion, but such retardation was 
much less with the alkynylsilane. In addition, the alkynes both underwent syn hydroalumination but the 
alkynylsilane adduct isomerized to the anti adduct during the reaction. In fact, equilibration between the 
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syn and anti adducts of (38) proved to be so facile that an equilibrium constant of 120 at -5.2 'C, favor- 
ing the anti adduct, could be conveniently determined. 

Ph SiMe3 PP -PP 
(38) (39) 

These kinetic data support a reaction mechanism in which the normally trimeric hydride (RzAIH)~, 
must dissociate into its monomer (40), which attacks the alkyne in a syn fashion in the rate-determining 
step (Scheme 11). The importance of tricoordinate (40) in initiating the electrophilic attack on the alkyne 
is seen in the effect of donor solvents; the rate of reaction in hexane is lo3 times faster than that in THF. 
The latter solvent is known to form a strong 1: 1 complex with (40). 

fast THF 
(R2AW3 7 3RzAlH - - 3 R2AlHmTHF 

(40) 

R1-R 

The rate retardation observed in hydroaluminating 4-octyne (39) was traced back to the formation of a 
stable 1:l complex (44) between the syn adduct (43) and the monomeric hydride (40) (equation 38). In 
effect, adduct (43) behaves like a donor molecule, such as THF or an amine. 

pr" - 
BU',AIH 
7 

B ~ ~ ~ A I :  '' ., AlBui2 
H ,'' 

A decision can also be made on whether the transition state for syn addition of the AI-H bond resem- 
bles a wcomplex (41a; Scheme 1 l), where little geometrical change in the starting alkyne has occurred, 
or whether a change in hybridization at carbon and some AI-H bond stretching are significant (41b). 
The observed kinetic deuterium isotope effect for Bu'2AIH versus Bu'zAID is about 1.7. Such a value 
cannot represent a primary isotope effect and thus would not be consistent with the considerable stretch- 
ing of the AI-H bond implicit in transition state (41b). This isotope effect is more likely connected with 
the preequilibrium between monomer (40) and its trimer. 

A further kinetic datum arguing against (41b) and for (41a) is the effect of bulky substituents. If the 
transition state resembled (41b) large substituents on the alkyne should encounter both back-strain (B,) 
and front-strain (Fs) in (41b). But, in fact, di-t-butylacetylene is some 20 times more reactive than di-n- 
butylacetylene toward Bu'zAIH. By passing through an earlier T-complex-like transition state (41a), 
such steric strains could be minimized, and yet the greater electron release of the t-butyl group (a* = 
-0.300) over that of the n-butyl groups (a* = -0.130) could still serve to enhance the observed 
reactivity.6' 

3.11.3.2 Substituent Effects on Relative Rates of Alkynes 

The most extensive compilation of initial relative rates for the hydroalumination of alkynes by 
Bu'zAIH is presented in Table 4.53 Normalized for 35 'C, such initial rates avoid complications setting in 
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at extensive conversions, such as autoretardation through complexation (equation 38), isomerization 
(equation 24) and bishydroalumination (equation 20). As previously noted, steric properties of the substi- 
tuents appear not to exert any retarding effect; t-butyl-substituted alkynes react faster than their methyl- 
or n-alkyl-substituted counterparts (-20~); and trimethylsilylalkynes are again more reactive than 
t-butylalkynes (-1 Sx). 

The principal activating influence seems to be polar, and to be related to the electron-donating charac- 
ter of the substituent as assessed by a* values (cf. the last eight entries in Table 4).53 a* values that are 
not directly measurable can generally be calculated from the relation, ax* = a*CH2X, for cases where 
a*CHzX can be observed. The calculated value of a* for TMS can thus be estimated as -0.73 and it is 
thereby evident why this group should activate an alkyne more than the Me3C group (a* = -0.30). Ap- 
propriate a* values for SEt, AlPhz and NMez are neither available nor derivable, but from its very nega- 
tive Hammett ap value (-0.83) the NMez is known to be strongly electron donating. The Allred-Rochow 
electronegativities of sulfur (2.44) and especially aluminum (1.87) are distinctly less than carbon (2.50), 
so that both SEt and AlPhz should release electron density to an adjacent sp-hybridized carbon. 

Since in every instance the reactivity of an alkyne, R M R ,  toward Bu'zAlH can be related to elec- 
tron release by R and R', substituent effects are perfectly consistent with the mechanism depicted in 
Scheme 11, where R2AIH attacks the .rr-cloud of the alkyne electrophilically in the slow step. 

3.11.3.3 Substituent Control of Regiochernistry with Alkynes 

The variegated regiochemistry with which alkynes, R G C R ' ,  respond to Bu'zAlH (equations 32-35) 
can be understood by considering the .rr-complex-like transition state (41a) as unsymmetrical in the sense 
(45) or (46), where one carbon is electron deficient. 

6t f ) + ,  R-=-R R - 7 - R  

The regioisomer derived from (45) will be favored when the R-group can sustain partial positive char- 
acter better than the R'-group, as when R is a n-donor such as R2N, RO, MezP and EtS, since the un- 
shared electrons on the heteroatom can stabilize the positive charge. If R = PhS02, structure (45) would 
be destabilized, because positive charge would be borne by the carbon attached to a strong electron-with- 
drawing group, and the regiosisomer derived from (46) will be When R = TMS or Me3Ge, 
the alternative transition state (46) is favored, even though these groups are a-electron releasing. The 
electronic effect operative here would appear to be a-bond hyper~onjugation,6~ wherein such groups 
stabilize an electron deficiency p to their M-C bond. 

3.11.3.4 Stereochemical Effects of Lewis Acids and Bases 

Since hydroalumination by neutral aluminum hydrides is an electrophilic attack on a C 4  or C S  
linkage, the reaction can be accelerated by Lewis acids such as aluminum halides, and be retarded by 
Lewis bases like R3N, Rz0 or even unsaturated R3Al (cf. equation 38). Such reagents also exert an effect 
on the syn or anti character of the AI-H adduct. Evidence suggests that Lewis acids or bases principally 
affect the rate of isomerization of the initial syn adduct into the generally more stable anti adduct; Lewis 
bases retard such isomerizations, while Lewis acids promote them. The presence of ethers or tertiary 
amines stabilize the syn adducts of alkynyl-silanes and -germanes (47) and permit such adducts to be 
formed in >95% geometrical purity (Scheme 12).4 

If the donor-free syn adduct (48) is generated by adding a Lewis acid, then it can rapidly isomerize to 
the anti adduct (50) at 25 'C. Available evidence indicates that the rotational barrier about the C 4  
bond in (48) and (50) is very small. A possible explanation is that pVpa bonding with the 3p-orbital on 
aluminum lowers the C=C double bond character. Furthermore, a-bond hyperconjugation in the transi- 
tion state for rotation (49) reduces its energy and hence the barrier to rotation. That the facile isomeriza- 
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R-EMe3 

E = Si, Ge 

(47) 

BIJ'*AIH 

BU',AIH 

R3N 

___) 

(49) 

Scheme 12 

RYEMe3 A I B u ' ~  

R3<' 

BU',AICI 

+ BU~,AICI-NR~ 
R EMe3 

- Y  
AIBu'2 

(48) 

tion of syn-(48) into anti-(50) requires the presence of tricoordinate aluminum speaks for the involve- 
ment of the 3p-orbital on aluminum in the isomerization process. 

An analogous situation arises in the hydroalumination of prochiral alkenes, as already explained in 
Section 3.1 1.2.5 and exemplified in the behavior of 1,l -dimethylindene (Scheme 8). The inversion of 
configuration at the s$-hybridized C-A1 bond (51 + 52) is so facile that the addition of Bu'2AlH must 
be conducted in the presence of a donor (R20) to preserve the syn configuration of the initial adduct (53; 
Scheme 13). Again, addition of a stronger Lewis acid liberates (51), which, having a tricoordinate AI 
center, rapidly equilibrates with (52). This observation again shows that an available 3p-orbital on AI is 
necessary for configurational in~ersion.~, 

Bu'2AI' D R 'D 

R p' 
n 

B ~ ~ , A I '  D 
**OR2 
(53) 
Scheme 13 

Syn adducts of purely diorganosubstituted alkynes, such as MeCkCMe or PhCeCPh, do not 
isomerize readily, and the pathway for the formation of anti adducts from them involves the addition and 
elimination of a second hydride (equation 20). 

3.11.3.5 Kinetic Effects of Transition Metals 

Of the various metal promoters of hydroalumination, only for nickel and possibly for titanium is the 
mechanistic basis for their catalysis at all clear. In the case of titanocene dichloride, Cp2TiCl2, not only 
does this reagent catalyze hydroalumination but also hydromagnesiation of C=C and C d  bonds by 
Grignard reagentsu In both instances i t  is known that R2AIH or RMgX leads to a reduction and alkyla- 
tion of the titanium to cp~TiR .6~  Such titanium(II1) alkyls readily eliminate alkene and form hydrides of 
the type, CpzTiH or Cp2TiH.HAlR2.s7 These hydrides appear to hydrotitanate the unsaturated hydrocar- 
bon and the adduct (54) undergoes metal-titanium exchange with RzAlH or RMgX to regenerate the 
catalytic agent, CpzTiR or CpzTiH (Scheme 14). 
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Cp2TiC12 + 2RM - Cp2TiR + R* 
-MCI 

CpzTiR - CpZTiH + alkene 

....... ...... Cp2TiH + - c ti 
CpzTi H 

(54) 

...... H + R M  ...... - )-i + CpzTiR 

Cp2Ti H M H  
Scheme 14 

For nickel catalysis by nickel(I1) salts, it is now well established that R3Al or RzAlH causes reduction 
to nickel(O), which is held in hydrocarbon solution as a nickel(0)-alkene complex.56 Wilke's proposal for 
the nickel-catalyzed, aluminum hydride transfer from R3Al to another alkene invokes a complex of the 
R3AI and the alkene substrate with the nickel(0) center, and the AI-H is transferred in a pericyclic reor- 
ganization. Recent evidence in this laboratory, however, assigns a more involved role to nickel(0) in this 
catalysis.s8 The essence of our proposal is that the actual catalytic carrier is R2AI-Ni-H (55), formed 
from either R3AI or RzAlH, and the catalytic cycle is that depicted in Scheme 15. 

R R2C-CH2 

F= Nio ' \  
R2C - CHZ S+ H 6 6 1 R ' 2  - 

I 1  
H AlR'z Nio R 

+ 
or or 

R2AlH Nio RZAlH - H .  Ni A h  
I .. 

Ni' L 

(55) 

R- 1 
R R )+R 

NiO + HR I 
H AlR'2 H Ni-L 

R2AI' 

Scheme 15 

The experimental observations favoring this proposal are the following: ( i )  the regioselectivities for 
nickel-catalyzed hydroaluminations differ significantly from those obtained from the uncatalyzed pro- 
cess (e.g. equation 1 1); (ii) certain hindered alkenes do  not undergo uncatalyzed hydroalumination under 
conditions where the nickel-catalyzed reaction is essentially complete (e.8. equation 39); (iii) nickel(0) 
complexes have been shown to insert into AI-H bonds to yield R2AI-Ni-H intermediates (equation 
40);6h and (iv) such AI-Ni-H intermediates react with AI-H bonds, with the rate depending upon sub- 

- (39) 
BU'?AIH i .Bui2AIH.Ni & 

Ph Ph 

No reaction - 
144h ii, H,O 

95 % 
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stituents, to evolve dihydrogen and yield aluminum nickelides, causing deactivation of the catalyst (cf. 
equation 27). 

3.11.4 CHEMICAL DERIVATIVES OF HYDROALUMINATION ADDUCTS 

3.11.4.1 Experimental Conditions: Protolysis and Oxidation 

Because organoaluminum compounds react readily with all types of Bransted acids and with atmos- 
pheric oxygen or peroxides, hydroalumination reactions must be conducted anhydrous in an atmosphere 
of pure nitrogen, and in deoxygenated solvents. Detailed experimental directions for the manipulation 
and transfer of aluminum alkyls and hydrides are a ~ a i l a b l e . ~ . ~ , ~ ~ * ~ ~  

Once the hydroalumination adducts of C = C  and C d  bonds have been cleanly formed, protolysis or 
oxidation can produce useful derivatives. With H20 or 0 2 ,  generally all available C-A1 bonds are de- 
stroyed. Protolysis or deuteriolysis of such adducts constitutes an overall reduction,or deuteriating reduc- 

stereoselectivity or regioselectivity of the original hydroalumination is preserved. 

ucts can result, depending upon the kind of proton source (equation 42).67 

tion of the original C-C unsaturation (equations 13, 39 and 41; Schemes 6-8).30*527"*55 A nY 

When the adducts are allylic, propargylic or benzylic, varying amounts of rearranged protolytic prod- 

i, 2 Bu',AIH 

ii, D20 
Ph-Li - Ph-CD3 (41) 

H20*Py: 95% 

Bu'OH: 60% 

5% 

40% 

Oxidation of R3AI compounds with dioxygen proceeds most efficiently with trialkylaluminum com- 
pounds (Scheme 6) and, in cases where the resulting isobutyl alcohol can be tolerated, is an efficient 
route to primary alcohols (equation 43).31 

The substitution of aluminum by oxygen can be effected by various peroxide derivatives, such as di-t- 
butyl benzoyl p e r o ~ i d e ~ ~ ~ ~ ~  and t-butyl perben~oate.~' The main reaction is accompanied by 
telltale free-radical side reactions, such as the formation of RR from RJAI, which become major path- 
ways with aryl and vinyl  compound^.^^-^^ Oxidation of alkenyl derivative (56) with r-butyl perbenzoate 
yields 45% of a mixture of cis and trans ethers (57; equation 44).71 As of yet there is no generally applic- 
able, highly efficient method for oxidizing vinylaluminum compounds. 

- phwoBut Bu'OOC(0)Ph 

phYAiBui2 SiMe3 SiMeJ 

(56) (57) 
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3.11.4.2 Nonmetallodealumination 

The cleavage of C-A1 bonds can be achieved by nonmetal sources with varying degrees of ease and 
efficiency. For such reagents not containing carbon (cf. Section 3.11.4.4). the following have found some 
utility: (i) halodealumination by Br2, BrCN or I2 with retention of vinylic configuration (equation 
45);22,75-79 (ii) sulfur or selenium insertion to form thiols or selenols in good yields with the consumption 
of one C-A1 bond (equation 46);80,81 (iii) SO2 and so3 can be inserted into two or even three of the 
C-A1 bonds in R3A1, and good yields of the sulfinic and sulfonic acids obtained upon hydrolysis (equa- 
tion 47);29,82-84 (iv) both thionyl chloride and sulfuryl chloride can react with all three C-A1 bonds in 
R3Al to give high yields of sulfoxides (equation 48)85 and sulfonyl chlorides (equation 49)86 respective- 
ly; (v) halides of the elements of Group V (P, As, Sb and Bi) react with aluminum alkyls to yield fully 
alkylated derivatives, R3E or partially alkylated halides, RnEX3+, depending upon the ratio of reactants 
and reaction conditions (equation 50).87-95 

Reduction of C=C and C 4  Bonds 

R 

- wR x2 
R 

YR A1R2 -R,AIX X 

H20 
R3Al + SO,, - R2A1(SOnR)2 RSO,H 

R3A1 + 3SO2CI2 - 3RS02CI + AIC13 

(45) 

(47) 

(48) 

(49) 

(50) 

3.11.4.3 Metallodealumination 

The conversion of C-A1 bonds into carbon-metal bonds by the interaction of with the appropri- 
ate metal salt is widely applicable to most metals and metalloids (cf. Section 3.1 1.4.2) except those of 
Groups I and I1 (equation 51). The utility of this reaction depends upon several factors: (i) the tendency 
of R3A1 to undergo exchange of one, two or three R-groups with MZ,, (i.e. the successive reactivity of 
R2AlZ and RAlZ2 toward R,,,MZn+; (ii) the kinetic stability of the metal alkyl produced (especially of 
concern with labile transition metal alkyls); and (iii) the ease of separating the desired metal alkyl from 
the Lewis acidic R,Al3-, by-products. 

nR3AI + MX,, - RnM + n R p 4 l X  (51) 

The driving force for this aluminum-metal exchange is chiefly the high strength of the resulting Al-Z 
bond; the same factor underlies the failure of aluminum alkyls to exchange with the very stable salts of 
the alkali and alkaline earth metals. Instead, these salts form stable complexes (equation 52).9"1w 

R3AI + MZ - MtAIRGl  ( 5 2 )  

M = L, Na, K, Rb, Cs; Z = X, H, R', OR', NR'2 

Beryllium is an understandable exception, but then its salts are more covalent.lOl However, by the use 
of less stable salts such as alkoxides, R3Al can produce aluminates with these metals (equation 53)."'* 

2R3AI + KOR' K[AIR4] + RzAIOR' (53) 

The method has been successful for producing the alkyls of beryllium,lo3 zinc,lW cadmium,IoS mer- 
cury,Io6 boron,'07 gallium,lo8 i n d i ~ m , ' ~ ~ * l ~ ~  germaniurn,"l tin,II2 leadIi3 and many transition metals.Il4 
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With transition metals the lability of their carbon-metal bonds often does not permit the isolation of the 
metal alkyl. Feasible preparation then requires the presence of stabilized ligands on the metal, such as 
phosphines, 2,2-bipyridyl and cyclopentadienyl. The preparation of dimethyltitanocene from titanocene 
dichloride and Me3AI is illustrative.I15 A compilation of typical preparations is provided in Table 6. 

Table 6 Preparation of Metal Alkyls by the Aluminum-Metal Exchange Between Aluminum Alkyls 
and Metal Salts 

Metal salt Aluminum reagent Product Yield (%) Ref. 

SnCL EtqAl (+KCI) EtSn  80 112 
Et3SnC1 EtiAlH EtiSnH 
GeC14 Me3AI (+NaCI) MerGe 
PbC12 Et3AbOEt2 EtrPb 
ZnC12 Bu'3AI Bu'zZn 
GaCIs Et3AI (+KCI) Et3Ga 
HgCh NaAIEtCl3 EtHgCl 

89 
73 
70 
95 
84 
91 

112 
111 
1 I3 
104 

108, IO9 
106 

3.11.4.4 Carbodealumination 

tion 54). 
The most important substitution occurring at the C-AI bond is an aluminum-carbon exchange (equa- 

Often, only one C-A1 bond can be made to react and even then the C-AI bond might require promo- 
tion by transition metals like Ni,Il6 Pd117 or CuI1* or might benefit by activation through aluminate salt 
formation (LiA1R3R').28q1 19,120 Fortunately, in the vinylic aluminum compounds resulting from the hy- 
droalumination of alkynes (equations 2, 3 and 14) or in the vinylic aluminate complexes arising from 
AI-H additions to alkynes (equations 6 and 9; Scheme 4), the vinylic carbon-aluminum bond is gener- 
ally much more reactive than the alkyl C-A1 linkages and is thus cleaved preferentially. 

Suitable cleaving agents include organic halides such as: primary alkyl bromides, iodides or sulfo- 
nates;28.1 I9,I2O allylic,118,12*,122 a l l e n i ~ ' ~ ~  and propargylic bromides; I2O vinylic or aryl halides with nickel 
or palladium prornoter~; I~"-~~~ alkyl chloroform ate^;^^^^^^^  epoxide^;^^^,^^^ and even cyanogen132 or 
cyanogen b r ~ m i d e . ' ~ ~ . ' ~ ~  Typical examples of such couplings are depicted in equations (53457) .  

i ,  B U ' ~ A I H  R 

i i ,  CICH20Et -0Et 
R- 

i ,  Bu',AIH R 

i i ,  MeLi CN 
i i i ,  (CN), 

R-R c 

i, Bu',AIH 

i i ,  Arl, Ni Ar 
R- -===i 

( 5 5 )  

(57) 

The reactions often proceed in high yield and predominantly with retention of configuration at the 
vinyl-aluminum bond. Many experimental variations of this substitution reaction remain to be studied 
systematically and the method appears to have great promise for the synthesis of unsaturated carbon 
chains. Because only one C-A1 bond in R2AIR' responds to cleavage the method has little appeal for 
application to the R2AIH adducts of alkenes (Scheme 3). Little preference for cleavage of the three 
C-AI bonds would be expected, so conversion to the R'E would be low. 
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3.11.4.5 Carbalurnination 

The addition of organoaluminum reagents to unsaturated carbon-containing substrates is probably the 
most versatile and widely applicable method for forming carbonxarbon bonds from R3AI compounds. 
Besides the stepwise insertion of ethylene into the C-AI bonds of triethylaluminum, the so-called Auf- 
bau-Reaktion originally discovered by Ziegler (cf. Section 3.1 1.1.2), most primary alkenes and alkynes 
are able to undergo a single or several insertions into a carbon-aluminum bond (cf. equations 23 and 30). 
Such reactions can form the basis for the catalytic oligomerizations of alkenes (equation 30)50 and 
alkynes (equation 58).13*39 

3R-R - ( 5 8 )  
cat. 

R2*" R R@R R R 

But a wide spectrum of other unsaturated carbon centers can insert cleanly in the C-AI bond as well. 
Possibly the most interesting and most closely akin to Ziegler's ethylene insertion is the preferential 
methylene insertion brought about by diazomethane into vinylic aluminum bonds (equation 59). 135-139 

R R 

CH2N2 - YR AIR'2 -N, 
(59) 

For reasons not yet understood, the Simmons-Smith methylenating agent [CH2Br2, Zn(Cu)]lN brings 
about cyclopropanation, instead, to provide cyclopropylaluminum derivatives in good yield (equa- 
tion 60).l4' 

Other addends that generally cleave only one C-A1 bond, and that usually being the more reactive vi- 
nylic aluminum bond, include: (i) C02,i42-144 COSI45 and CS2;i46 (ii) aldehydes, such as H2C0147*148 and 
MeCH0,i49 and ketones; IS0 (iii) esters,IS1 lactones,152 anhydridesis3 and isocyanates;154 (iv) substrates 
having C=N.15s b N i S 6  and C--CiS7 linkages; and (v) cr,P-unsaturated carbonyl compounds, where 
1 ,Caddition is often attainable.158,i59 Illustrative reactions are given in equations (14), (61) and (62). 

0 

R 

i i ,  H 2 0  AIR2 

Several influences on the course of inserting C=E units (E = 0, N, S) into C-A1 bonds merit brief 
mention: ( i )  although dialkyl(viny1ic)aluminums are often sufficiently reactive to undergo insertion of 
C=E with retention of configuration, in some cases it may be advantageous to preform the tetraorga- 
noaluminate for better reaction (equation 62); I6O (ii) although saturated R2AlR' will generally not insert 
C=E into a given R-AI or R'-AI bond preferentially, such preferential reaction will occur if R' is 
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benzylic or allylic, but then with loss of configuration (equation 63);16' (iii) for slow insertions of C=E 
into diisobutyl(viny1ic)aluminum adducts the isobutyl groups may cause competitive reduction of C=E 
linkages by Al-H transfer (Scheme 3).162 Such AI-H reductions will be especially serious at higher 
temperatures or in the presence of transition metals. 

3.11.5 APPLICATIONS IN ORGANIC SYNTHESIS 

The stereocontrolled synthesis of alkenes and the use of vinyl- and alkyl-aluminum and -aluminate re- 
agents as nucleophiles has been described above. In addition, the aluminum reagents are also useful in 
diene synthesis, in reactions with enones and epoxides, and in cyclizations. 

3.11.5.1 Dienes, Polyenes and Enynes 

A variety of conjugated dienes can be synthesized stereospecifically via the hydroalumination of al- 
kynes. For example, the first-formed adduct from an alkyne can insert a second mole of alkyne and upon 
hydrolysis yield the (E,E)- 1,3-alkadiene (equation 23).'339 Alternatively, the first-formed adduct can 
directly oxidatively dimerize to the @,E)-  1,3-diene (equation 64).Iz4 

R R 

(64) - 
cut' '7, R 

2 5  
AIR', 

Besides such homocoupling of alkynes, adduct (58) may be heterocoupled, under palladium catalysis, 
with a vinylic bromide that itself may have been formed by the hydroalumination of a different alkyne 
(equations 65 and 66).IZ5 

R 
Pd L R 

-L L 
7 - 7 -  

AIR', catalysis 
R' 

+ 
R' i ,  R',AIH 

R'- 
B~ i i ,  Br, 

R = alkyl; R' = H 

Conjugated enynes and diynes can be hydroaluminated to produce ( E a -  and (Za- 1,3-aIkadienes, 
respectively (equations 67 and 68).6,799163,164 

R 
i, R"2AIH R L 3 i i ,  H,O - 

R 
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i, R",AIH 

ii, HzO 
R Z = R  * 

Finally, unconjugated dienes and even polyenes can be produced (R = alkyl, aryl; R' = H) by the tran- 
sition metal promoted coupling (Cu, Ni, Pd) with an allylic'21,'22 or other unsaturated halide (equations 
65 and 66; Scheme 4).'24-'27 

The preparation of enynes by the locoselective monohydroalumination of diynes can be exemplified 
by equation (69).lW In addition, a heterocoupling of adduct (58) with 1-halo-I-alkynes can produce con- 
jugated enynes in high yield.'17 

* 
i, 2 R"AIH 

R ii, H20 R 

3.11.5.2 Additions to Epoxides and Conjugated Enones 

Other promising methods for the stereoselective introduction of the vinyl moiety into functionalized 
organic substrates are the reactions of such adducts with epoxides to produce homoallylic alcohols 
(equation 70)130,'31 and with conjugated enones to yield ketones (equation 7 1).1589159 Both reactions have 
major limitations, and their application in a special instance may require a study of the effect of Lewis 
acids or transition metals as promoters or selectivity agents. 

R i, Y-7 
0 R R  - w 

\ 
AlR'z ii, H ~ O +  ? 

OH 

R 
i ,  PhCH=CHCOMe R 

(70) 

3.1 1 S.3 Carbocyclizations 

A scattered but tantalizing array of reactions have been observed, in which hydroalumination brings 
about the closure of open-chain compounds to carbon rings. Perhaps the most typical of such reactions is 
the monohydroalumination of 1 ,5-hexadiene at -40 "C, which is followed by an intramolecular carb- 
alumination (equation 72). 1653166 

AIR2 
RzAIH 

(72) -6 /W/ - R z A I w  

(59) 

In the presence of diethyl ether the reaction does not proceed beyond the formation of (59). Similar 
treatment of 1,6-heptadiene with Et2AlH gives the monoadduct, which requires prolonged heating at 100 
'C to cyclize to the cyclohexylmethylaluminum  derivative^.'^^ In contrast, 1 ,4-pentadiene,16* 1,7-octa- 
diene, l&nonadiene or 1,9-decadiene, show little tendency to c y ~ l i z e . ~ ~ ~ ~ ~ ~ ~  

Similar cyclizations to substituted cyclopenta rings have also been reported (equations 73 and 74).43.'71 
The method holds considerable promise for the synthesis of cis-fused Cs and e6 ring systems.172 

i, RzAIH cb (73)  

H 
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3.12.1 INTRODUCTION 

The addition reaction of hydrosilanes to alkenes and alkynes is called hydrosilylation, a reaction which 
was discovered when a mixture of I-octene and trichlorosilane was heated in the presence of diacetyl 
peroxide. This reaction is particularly useful for the synthesis of organosilicon compounds. Since then, a 
variety of catalysts and conditions have been reported. I Characteristic features of the reaction are dis- 
cussed in this chapter. 
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3.12.1.1 Catalysts 

Various reagents and conditions which generate silyl radicals from hydrosilanes induce hydrosilylation 
of alkenes and alkynes. Peroxides like diacetyl peroxide, dibenzoyl peroxide, di-?-butyl peroxide and 
AIBN along with its derivatives are reagents of choice. UV irradiation or y-irradiation are also applic- 
able. Sometimes, simple heating of a mixture of a substrate and a hydrosilane affords a hydrosilylated 
product. Since the addition of the silyl radical is reversible, the silyl group attaches itself to the terminal 
carbon of the substrate to give the thermally more favorable, substituted carbon radical, and hydrosilyla- 
tion of terminal alkynes gives rise to truns-vinylsilanes.2 

Transition metal complexes, particularly those of Group VIII, are popular catalysts. Of these, Pt and 
Rh are employed most frequently. A Cr catalyst is a unique catalyst for stereoselective hydrosilylation of 
1,3-dienes. Catalysts based on Fe, Os and Ir are rarely used. 

Hexachloroplatinic(1V) acid (HzPtC16, 1) is the catalyst of choice for hydrosilylation with a wide var- 
iety of silanes and substrates. This catalyst is commercially available as a hexahydrate; dissolved in iso- 
propyl alcohol, the catalyst is a~tivated.~ With the platinum catalyst, hydrosilylation proceeds under mild 
conditions with stereospecificity, namely, syn addition to C=C. The modification of the structure into 
[A+]2[PtC16]2- (2), wherein A = K, Na, R4N, R4P and &As, has been studied. In comparison with 
HzPtC16, the complex (2; A = K, Na) is less reactive, but the R4N analog exhibits similar reactivity.4a 
Platinumxarbon, though inactive by itself, is activated when exposed to air to achieve triple hydrosilyla- 
tion with RSiH3, giving fully alkylated Ultrasonic waves also activate the catalyst.& The plati- 
num phosphine complexes [PtC12(PPh3)2] and [Pt(PPh3)4] also catalyze hydrosilylation, but the reactivity 
decreases in the order HgtC16 > [PtClz(PPh3)2] > [Pt(PPh3)4]. By choosing an appropriate catalyst, selec- 
tive hydrosilylation is attainable, as shown in equation ( l).5 

Iridium complexes other than [ { I rCl(cycl~octene)~)~]~ are much less reactive and scarcely used for 
synthetic reactions. 

Palladium complexes [Pd(PPh3)4], [PdC12(PPh3)2] and [PdCh(PhCN)2] are not as reactive as HzPtCih 
toward hydrosilylation but they are more selective: selective 1,4-addition to 1,3-dienes occurs to give 
allylsilanes, and for asymmetric hydrosilylation with (R)-(S)-PPFA-Pd see Section 3.12.7. 

Rhodium complexes of various types, e.g. [RhCl(PPh3)3], [RhCI(CO)(PPhs)2], [ { RhCl(C0)r 121, 
[RhH(CO)(PPh3)3], [ (RhCl(CsH14)2)2] and [ (RhCl(CzH4)2 121, are available for the hydrosilylation of al- 
kenes and alkynes as well as enones and ketones. Under strictly deoxygenated conditions with the pure 
rhodium complex, the reaction is extremely slow, and a trace amount of oxygen or peroxide is necessary 
to activate the catalyst.' 

Ruthenium complexes are not much employed for hydrosilylation, since they are not in general 
reactive enough. [RuClz(PPh3)3] and [RuHCl(PPh3)3] are examples,x and [( 1,4-diaza- I ,3- 
diene)RuHCI(COD)] specifically catalyzes the hydrosilylation of isoprene to give an allyl~ilane.~ 

Typical examples of nickel catalysts for hydrosilylation are nickel(I1) complexes like INiClz(PPh3)zL 
[NiC12(PEt3)2], [NiClz(dppe)] and [NiClz(dmpe)] and nickel(0) complexes like [Ni(PPh3)2(CH2=CHr)I 
and [Ni(diphos)(CH2=CHr)] as well as the Ziegler-type catalyst [Ni(acac)z]-AlEt3. However, unex- 
pected reaction paths are sometimes observed, such as the disproportionation of chlorohydrosilane (equa- 
tion 2) and disilylation of alkynes (cf. Section 3.12.2.3)."' 

INiCI,P2], >I20 "C 
2HSiMeC1, * MeSiH2CI + Mesic], 

P2 = Me2PCH2CH2PMe2, I ,  1 '-bis(dirnethy1phosphino)ferrocene 

Bis(tetracarbonylcoba1t) is the most effective among Co catalysts. The reactive species are 
[HCo(C0)4] and [R~SiCo(C0)41, both of which are produced by the initial reaction between [Co2(CO)s] 
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and HSiR3. Quite a few examples of iron catalysts are recorded, the most useful for organic synthesis 
being [Fe(CO)5]. 

Polynuclear metal carbonyls, for example [Rh(C0)121, [Rh6(C0)16], [Co4(CO)121, [Cos(CO)161, 
[Co(COkl4Sn, [Ru~(CO)IZI, E~~N[HRU~(CO)I  11, [Ir4(CO)121, [Rez(C0)121, [Mnz(CO)iol and [Cr(C0)6], 
are also active for hydrosilylation.’ I 

Aluminum chloride facilitates hydrosilyation of the more-substituted alkenes (see Section 3. 12.4.3).12 
The metal catalysts mentioned above may be supported on polymers to facilitate the recovery of the 

catalyst from reaction mixtures. Rh and Pt can be complexed with a polymer phosphine such as 
[-COCd4CONH(CHz),N(PPhZt-]n or SiOz(=SiCHzCHzPPhz). l 3  Cobalt carbonyl adsorbed on silica 
gel or alumina is also reported. I 4  

3.12.1.2 Hydrosilanes Available 

The basic industrial process for hydrosilane synthesis is the reaction of metallic silicon with hydrogen 
chloride, giving trichlorosilane. The Si-X (X = C1, Br, OR, H) bond is converted into an S i 4  bond by 
the reaction with organo-lithium or -magnesium reagents, and the Si-CI bond is also readily trans- 
formed to Si-H with lithium aluminum hydride as the reagent of choice. Various kinds of hydrosilanes 
are available commercially, such as the chlorosilanes HSiC13, HSiMeC12, HSiMezCI, HSiEtC12, 
HSiPhzCl; the alkoxysilanes HSi(OMe)s, HSiMe(OMe)z, HSi(0Et)s; the hydrosilanes containing only 
organic groups HSiMe3, HSiEts, HSiMezPh, HSiEtzMe, HSiPhs, HzSiEti, +IzSiPhz, H3SiPh, HzSiMePh, 
HSiMe2CH2CH=CHz, HSiMePhCHdHz; the polysilyl compounds HSiMe;?--O--SiMetH, 
HSiMerB--SiMes, HSiMeAsH4-SiMe2H, HSiMe2--O--SiMe2&SiMezH, HSiMe- 
(OSiMe3)2, HSi(OSiMe3)3, (SiHMe0)s; the polymethylhydrosiloxane Me3Si--O--(SiHMeOb--SiMe3 
(n = 3-35); and the copolymers which contain the -(SiHMeO)-- unit. 

3.12.1.3 Solvents 

As most hydrosilanes are oils, hydrosilylation is usually carried out without solvent using an equimolar 
amount or an excess of the hydrosilane. In cases where a substrate is solid or extremely volatile, solvents 
are employed. Both nonpolar solvents (hexane, benzene, toluene, xylene) and polar solvents (THF, dig- 
lyme, nitrobenzene, acetone) are applicable, although some polar solvents may affect the yield and selec- 
tivity of hydro~i1ylation.l~ as in equation (3). 

1:1 
HSiCI, No solvent 57 : 43 

THF l o o :  0 
HSiMe2Cl No solvent 85 : 15 

THF 86 : 14 

3.12.1.4 Mechanism 

The mechanism of the hydrosilylation reaction varies depending on the kind of catalyst and other fac- 
tors discussed above, and is classified roughly into three types: ( i )  radical-initiated hydrosilylation; (ii) 
transition metal catalyzed hydrosilylation; and (iii) ionic hydrosilylation. 

In the presence of a radical initiator like peroxide or AIBN, or under UV or y-ray irradiation, the 
Si-H bond is cleaved homolytically to afford a silyl radical (3; Scheme I ) .  which adds across a C=C or 
C 4  bond. The regioselectivity of the addition is governed mainly by the stability of the newly gener- 
ated radical center. The resulting radical (4) picks up hydrogen from another inolecule of hydrosilane to 
complete the catalytic cycle and regenerate the active silyl radical (3).16 

Most of the transition metal catalyzed reactions are explained in terms of the hydrometallation mech- 
anism (Harrod-Chalk mechanism) summarized in Scheme 2.’’ The alkene coordinates to the metal (M) 
to give an alkene complex (3, which oxidatively adds to the Si-H bond of the hydrosilane to give (6). 
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Oxidative addition 

I 

100--140 "C 
Bu' - 0 - 0 - Bu' * 2 Bu'-O* 

(4) (3) 
Scheme 1 

As a model of the oxidative addition product, a platinum(0) complex (8) has been found to afford an 
isolable platinum(I1) compex (9), which has a Si-Pt-H bond.Is 

Et3S i \  H \  ,PCy3 
Cy3P-Pt P + Et,SiH w Pf -;Pt (4) k CY& H 

(8) Cy = cyclohexyl (9) 

The stereochemistry of the oxidative addition has been studied using optically active I -naph- 
thyl(methyl)phenylsilane (11) and its deuterium derivative (10). The H/D exchange reaction of the hy- 
drosilane proceeds with 100% retention of configuration (equation 5 ) .  Addition of the hydrosilane (11) to 
1 -octene gives I -naphthyl(methyl)octyl(phenyl)silane (12) with retention of the configuration of the sili- 
con (equation 6).19 

Reaction of the Pt complex (13) with (11) gives a silylplatinum complex (14), the silyl group of which 
has the same configuration as that of (11). The oxidative addition is thus assumed to take place from the 
front side of the Si-H bond (equation 7). The hydrosilane (11) reacts with a manganese complex (15) to 
give rise to a complex (16; equation 8), which has a structure similar to the intermediate of the oxidative 
addition step.*O 

Photocatalyzed hydrosilylation of alkenes using [Fe(CO)s], [Ru~(CO)I~] ,  [(CO)KoSiR31 and 
[RhCI(PPh3)3] often produces 1 -alkenylsilanes, in addition to normal hydrosilylated products. This is at- 
tributed to a different mechanism from that discussed above. Using a low temperature UV irradiation 
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8 y M e  H + d 

(+)-(W 
100% exchange 
100% retention 

catalyst 

(11) (12) 

Pt/C 85 100 
H2PtC1,j 75 100 

Catalyst Yield (%) Retention (%) 

PtC12(C,H4)2 56 92 

(7) 
Me 

I catalyst 
Me -Pt -PMe2Ph Si-Me I 

H-Pt -PMe2Ph PMe2Ph 

(13) 

technique in a matrix and FTlR spectrometry, hydrosilylation of ethene with a [(CO)&oSiR3]*’ or 
[Cp*(CO)2FeSiR3] catalyst2, has been studied, and a mechanism, which involves insertion of an alkene 
into the M-Si bond (silylmetallation), is proposed. The catalytic cycle is demonstrated in Scheme 3 for 
the cobalt-catalyzed hydrosilylation.2’ 

Tertiary amines catalyze the addition of trichlorosilane with electron deficient alkenes, e.g. acrylo- 
nitrile, and such alkynes as phenylethyne (Scheme 4). The reaction is understood in terms of the nucleo- 
philic addition of a trichlorosilyl anion (17), which is generated by proton abstraction from a zwitterion 
(18) by tertiary amines.23 
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(CO)&o - SiR3 
-SiR3 

H 

(CO)3Co - SiR3 7 = C H 2  

1 

(CO) c ' SiR3 
O'/ 

1 

Scheme 3 

- + - R3NH + Sic13 

c1 ! R3N + HSiCl, 

Scheme 4 

Reactions of silylcuprates provide additional examples of a silyl anion based mechanism (Scheme 5). 
The reagent (19), prepared from silyllithium and copper(1) cyanide, reacts with a C d  bond to give, 
after aqueous work-up, cis-hydrosilylated products (20). Conjugate addition of (21) to a,p-unsaturated 

SiR3 
___) i i  R' d51r3 R2 

i R' = R2 - 
R' R2 

(20) 

R2 
ii  - 

R3Si 0 

ii i  

R'--TR2 0 - R3Si OCu 

(22) 
i, (R3Si),CuLi2CN (19); ii, H20;  iii, (R,Si)*CuLi (21) 

Scheme 5 
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ketones and esters is an alternative way for hydrosilylating such electron deficient alkenes. Thus, p-silyl 
ketones or esters (22) are easily accessible and are known to be versatile synthetic  intermediate^.^^ 

3.12.2 HYDROSILYLATION OF CARBON-CARBON TRIPLE BONDS 

3.12.2.1 Hydrosilylation of Acetylene 

Acetylene is converted into vinylsilane (23) under appropriate hydrosilylation conditions with a Pt, 
Rh, Ru or A1 catalyst.25 However, depending on the catalyst and conditions, the initial 1: 1 product (23) 
undergoes further reaction to afford 1 ,Zdisilylethane (24; equation 9).lb Formation of 1.1-disilylethane is 
scarcely recorded. 

R3Si- (9)  - - 
SiR3 

- + HSiR3 - 7 
SiR3 

(23) (24) 

To obtain vinylsilanes from alkynes, transition metal complexes of Group VI11 combined with a main 
group metal chloride are particularly effective.Ib In the presence of a heterogeneous catalyst like Pd/y- 
alumina, Rh/carbon and polymer bound Pt, trichlorosilane gives trichlorovinylsilane with atmospheric 
pressure of acetylene.lb Platinum supported on sulfur-containing silica gel is a practical catalyst for 1,2- 
dihydrosilylation, as exemplified in equation (lo)? 

Et,SiH, H2PtCI,-AICI,, 50 OC 
SiEt, 

(10) 

c1, ,c1 Cl,MeSiH, SiO,[=Si(CHz)~l&Pt 

30 OC, yield 65% c1’ ‘c1 

Thermal hydrosilylation of acetylene is feasible, but requires a high reaction temperature. A rather un- 
usual example is shown in equation (1 l).27 

HSiClz 
I con or 

Hydrosilylation of acetylene with bifunctional hydrosilanes, e.g. (25; equation 12) and (27; equation 
13), leads to polymers, e.g. (26) and (28) respectively, which contain silicon in the polymer main 

- 
C Fe C Fe 

I \ /  ,.,.+“l.... I \ /  
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3.12.2.2 Hydrosilylation of Monosubstituted Alkynes 

Hydrosilylation of monosubstituted alkynes (29) should give, Q priori, three isomeric products: (30; p- 
Z), (31; p - E )  and (32; a), as illustrated in equation (14). Though the product distribution changes de- 
pending on the kind of substituent R, the silane, the solvent and the reaction temperature, it is well 
accepted that (30) is derived from radical-initiated hydrosilylation, whereas (31) is derived from transi- 
tion metal catalyzed hydrosilylation. Table 1 summarizes typical examples. For instance, 1 -hexyne (29; 
R = Bun) is converted into (30; R = Bun, SiRI3 = SiCl3) with (PhCOO)z, but into (31; R = Bun, SiR13 = 
SiCl3) with H2PtCl6 at low temperature.2b When a large excess of HSiCl3 was employed and the reaction 
time was prolonged, the yield of the 1 : 1 adducts decreased to 62% and 1 :2 adducts were produced in fair 
amounts (C13Si(CH2)6SiCb, 20% and BunCH(SiC13)CH2SiC13, 18%). Platinum catalyst (1) is more effec- 
tive in giving (31), particularly at low t e m p e r a t ~ r e . ~ ~ , ~ ~  Hydrosilylation of 1-hexyne (29; R = Bun) with 
EtsSiH and the Pt catalyst (1) again gave (31; R = Bun, SiR13 = SiEt3) at ambient temperat~re?~ but at 
100 "C the formation of (32; R = Bun, SiR$ = SiEb) increased.34 The reactivity of 1-alkynes in hydros- 
ilylation with EtsSiH and [ [ (Cy3P)(Me3Ge)(pH)Pt )2] catalyst has been s t ~ d i e d ? ~  and the following 
relative order was disclosed: PrnC=CH (l.O), B u n W H  (1.4), n-CsHl IC=CH (1.3, 
M e E t C ( 0 H ) W H  (6.8), c -CsH9CdH (7.4), M e z C ( 0 H ) W H  (9.5) and P h C H ( 0 H ) C d H  (12.9). 
The factors controlling the reactivity and regioselectivity of hydrosilylation are correlated to the I3C 
NMR chemical shifts of C-1 and C-2 of 1-alkynes. The chemical shifts of C-2 generally appear at lower 
field than C-1 and show a linear dependence on reactivity: those 1-alkynes with C-2 absorption at low 
magnetic field are the more reactive.36 

R R 

catalyst + +  SiR13 R13Si 

HSiR', 
c )- (14) R SiR'3 + u R- 

Table 1 Hydrosilylation of Monosubstituted Ethynes (29) 

R in (29) HSiR'3 Catalyst 
Products ratio 

Yield (9%) p(Z) (30) P-(E)  (31) a (32) Ref. 

In contrast to Pt catalysts, Rh catalysts like [RhCI(PPh3)3] afford the p-(Z) product (30) mainly. The 
product ratio depends on the donor capability of the phosphine ligand: (30) is preferred in the order of 
P(o-MeOCsH4)3 >> PPh3 = P(o-tolyl)3 = P@-MeOC6H4)3 >> P(OMe)3 = P(OEt)3 = P(OPh)3. In other 
words, acceptor ligands favor syn addition leading to the p- (E)  adduct (31).4O It is also claimed that 
[RhCl(PPh3)3] strictly purified under a completely deoxygenated atmosphere exhibits low activity, but 
the reactivity is much enhanced by a trace of oxygen or t-butyl peroxide.' The catalyst prepared in situ 
from [ {RhCl(CsH14)2)2] and 2 mol of PPh3 is the most reactive rhodium system.41 

Phenylacetylene (29 R = Ph) shows similar reactivity to other 1-alkynes. H2PtCl6 catalyst (1) affords 
(31; R = Ph) preferentially along with a small amount of (32; R = Ph), irrespective of the substituents on 
the silanes used. The catalyst system, which consists of H2PtC16 and an additive of AlCb, S i c k  GeC14 or 
CeCI3, increases the yield of the 1:l adducts and enhances the selectivity in favor of the p- (E)  product 
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(31).25 In contrast, the regioselectivity using Rh catalysts such as [RhCl(PPh3)3], [RhCl(CO)(PPh3)z] and 
[Rh(acac)(CO)z] depends on the electronic nature of the hydrosilane: chlorosilanes give (31) and (32), 
and trialkylsilanes give (30) as the major products, respectively. The ligand effect in the series 
[RhCl(CO)Pz] has been studied: syn addition leading to (31) is preferred in the order P = PPh3 > PPhzBu" 
> PPhEtz > PPhflri > PPhBunz > PEt@ > PPhPr'z > PBU%."~ 

Hydrosilylation of silylalkynes (29; R = SiRZ3) gives (31; R = SiR23) as the major product.Ib The steric 
repulsion ovemdes the electronic effect which should encourage the formation of (32; R = SiR23). This 
trend applies also to the [Pt(PPh3)4] catalyst, but unusual selectivity is reported in the platinum(0)-cata- 
lyzed reaction of MeClzSiCdH with MezClSiH, whereby (32; R = SiClzMe) is obtained with excep- 
tionally high selectivity (96%). An additional example of a-adduct (32) formation is the 
HzPtCla-catalyzed hydrosilylation using a trisilacyclohexane, CHZ(S~M~~CHZ)ZS~(M~)H$~  

The nickel(0) catalyst prepared by reduction of [Ni(acac)z] with Et3Al induces the reaction of l-pen- 
tyne with (EtO)3SiH to give a 2:l adduct (33) in 80% yield instead of the normal 1:l adduct (equa- 
tion 15).44 

/ Si(OEt), *x  [Ni(acac),] 

AIEt, 
d/ + HSi(OEt), 

80 % 
(33) 

Many other examples are recorded of monosubstituted alkynes with substituents C ~ C H Z ? ~  BrCHz,& 
CF3?' HOCR2~,"8 R2zNCHz?8 R20CHz,48 2 - t h i e n ~ I ~ ~  and others.lb In all cases the corresponding vi- 
nylsilanes are produced in high yields. 

An alternative route to the hydrosilylation product of monosubstituted alkynes (29) is that which in- 
volves silylmetallation of the alkynes (equation 16)F4 A cuprate reagent (34) prepared from CuCN and 2 
mol of MezPhSiLi adds in a syn manner to the c--C bond with the MezPhSi group at the terminal 
carbon. Quenching with water affords a product of type (31). 

(29) 

i, (MezPhSi)2CuLizCN (34); ii, H20 R = H, 78%; R = Me, 94%; R = Ph, 67% 

3.12.2.3 Hydrosilylation of Disubstituted Alkynes 

The hydrosilylation of disubstituted alkynes using platinum catalysts is slower than the hydrosilylation 
of monosubstituted alkynes but exhibits similar selectivit ie~.~~ Examples are shown for 2-butyne and 2- 
pentyne in equations (17) and (18). re~pectively."~ In both cases syn addition takes place exclusively. The 
regioselectivity (6535) for 2-pentyne is attributed to the general trend that the silyl group prefers the al- 
kyne carbon which has the less bulky substituent (compare the regioselectivity of l -propyne, where sili- 
con adds to the terminal carbon with a selectivity of 96:436). As a trimethylsilyl group is larger than an 
alkyl group, hydrosilylation of 1-trimethylsilyl- 1-alkynes takes place highly selectively, as shown in 
equation (19).5O 

- (17) \=j 
i, HSiMeCI,, H,RCI, 

i i ,  MeMgBr 

- 
SiMe3 

47% 

In contrast to platinum catalysts, rhodium catalysts often effect anti addition (equation 20).5' 
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i, HSiMeCI,, H,PtC16 n-C H SiMe3 n-C 6 H 13\_/SiMe3 (19) 
n-C6H13-SiMe3 c 1 3 y  + 

Me3Si SiMe3 

96% trace 

ii, MeMgBr 

HSiEt3, [(CH2NMe)2C=RhCI(COD)] Ph 

Et3Si 
(20) 

Ph 
Ph Ph 

air, 20 "C, 24 h 
100% 

A nickel catalyst induces, in addition to normal hydrosilylation, double silylation (equation 2 and 
silacyclopentadiene formation (equation 22).53 

- + B u n p B u n  ( Z 1 )  

C12MeSi 

HSiMeCI, 
Bun --Bun 

[Ni(bipy)Etd. r.t. C12MeSi SiMeCl, 

72% 24% (E:Z = 73:27) 

3.12.3 HYDROSILYLATION OF CONJUGATED CARBON-CARBON TRIPLE BONDS 

Three reaction pathways are possible for vinylalkyne (34): 1,Zaddition to the C 4  moiety to give 
(35) and/or (36); 1,Zaddition to the C=C moiety; and lP-addition leading to e.g. (37; equation 23). The 
reaction favoring the second path remains to be found, but conjugate addition to give allenes (37) is 
sometimes observed as a minor reaction. In most cases, only the alkyne moiety undergoes hydrosilyl- 
ation, the regioselectivity of which depends on the substituent R connected to the alkynic carbon?w 
When R is H or CH20Me, (36) is produced exclusively, whereas (35) predominates when R is bulky, 
like trialkylsilyl or trisubstituted alkyl. A typical example is illustrated in equation (24). 

In some cases, consecutive 1,2-addition and 1,4-addition take place (equation 25).61 

HSiMeC1, < - q i M e c l z  ( 2 5 )  
H,PtCI, 

SiMeC1, SiMeCI, 



(40) 
SiR3 

- Me3Si ii 

Scheme 6 

Me$ 
Me$i 

SiMe3 
L 

HSiEt, 

HzPtC16 
SiMe3 Et3Si 

(26) 

3.12.4 HYDROSILYLATION OF CARBON-CARBON DOUBLE BONDS 

3.12.4.1 Hydrosilylation of Ethylene 

Hydrosilylation of ethylene (equation 27) is the prototype for the addition of hydrosilanes across car- 
bon-carbon double bonds, and is achieved by means of such metal complex catalysts as H2PtC16,64 
[RhCI(PPh3)s],65 [ { RhCl(C0)2)2] (equation 28),15 [c02(co)8],65 [HCO(CO)~],~ [NiC12(dmpf)],i0~67 
[Pd(PPh3)4]68 and also with the aid of y-rays, which initiate radical reacti0ns.6~ 

catalyst 
H2C=CH2 + HSiR3 * EtSiR, 

R = CI, OEt, Me, Et, Ph etc. 

[(RhCI(C02)2], 20 OC, 65 h 

EtSiCI, (28) 60 atm ethylene 
H2C=CH2 + HSiCI, 

95 % 

When trialkylsilanes are employed, vinylsilane is often produced as the main product. This oxidative 
hydrosilylation can be canied out with [Me3SiC0(C0)4],~~ [Cp*zRhzC14] (equation 29),’O 
[ { Ir(OMe)(COD))2],6b [Cp*Fe(C0)2SiMe3],22 or N~[HRu~(CO)I I ] I I ~ J  le catalysts. This unusual reaction 
is understood in terms of silylmetallation rather than the ordinary hydrometallation mechanism.’ 
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[Cp'2Rh2CI,l 
H2C=CH2 + HSiEt, - SiEt4 + 7 

SiR3 

1 atm 74% 26% 
7 atrn 40% 60% 

3.12.4.2 Hydrosilylation of Monosubstituted Alkenes 

In principle, two regioisomers are produced by the reaction of terminal alkenes and hydrosilanes: one 
where the terminal carbon forms a bond to the silyl group (normal product) and the other which has the 
silyl group at the inner carbon (branched product). Platinum and rhodium catalysts yield in general the 
normal products, whereas palladium catalysts sometimes prefer the reaction pathway leading to the 
branched products. Ruthenium and rhodium afford additional by-products such as alkenylsilanes and 
alkanes. A typical example is the hydrosilylation of 1 -octene (equation 30).71 

R catalyst 
(excess) 

R = n-C6H13, HSiRI, = HSiMe2(n-Cl0H2,), R' = n-C5HllCH=CHCH2 

Catalyst H2PtC16 96% - - - 
[Ru3(C0)121 11% 47% 43% 87% 
[RhCI(PPh3)3] 60% 32% 8% 38% 

96% 
R = Ph, HSiR', = HSiEt, 

R = Bu", HSiR', = HSiEt,, R* =Pr"CH=CHCH2 

- [Ru3(CO) I21 -0 93 % 

[RU3(CO)IZI -0 83% 16% not determined 

The product distribution depends on the mole ratio of the substrate alkene to hydrosilane. In the 
presence of a large excess of alkene, dehydrogenative hydrosilylation is apt to become the major process, 
as illustrated in equation (31>.'O 

R catalyst 

R = n-C5HII, HSiRI3 = HSiEt3, catalyst = [Cp*,Rh,Cl4], R' = Bu"CH=CHCH2 

Substrate: hydrosilane 
1:l 94% 0% 3% 
5: 1 34% 52% 8% 

R = MeOCO, HSiRI, = HSiMeEt,, catalyst = [Co,(CO),] 

1 :3 58% 0% - 
1:l  10% 30% - 

2.5: 1 5 YO 94% - 

Vinylsilanes give 1,l -disilylethane and/or 1,Zdisilylethane depending on the substituent of the hydro- 
silane (equation 32) and the metal catalyst (equation 33). Thus by choosing these variables properly, both 
types of disilylethane are readily a c ~ e s s i b l e . ~ * , ~ ~  

Under radical conditions, hydrosilanes add across terminal alkenes to give 1 -silylalkanes. Di-t-butyl 
peroxide is the catalyst of choice (equation 34). Benzoyl peroxide or AIBN is much less effective.74 

Intramolecular hydrosilylation affords silacycles. Diphenyl(4-penteny1)silane (43) undergoes ring clo- 
sure upon treatment with a transition metal catalyst, with or without a solvent, to give the five-membered 
ring compound (44) preferentially, rather than the silacyclohexane (45; equation 35).75 The mode of ring 
closure has been studied by changing n in (46), as summarized in equation (36).76 The silylalkene (46) 
with n = 0 or 1 gave polymers by intermolecular hydrosilylation and no monomeric cyclic products. 
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(32) 

Si = C13Si, Si' = Sic], 
Si = C13Si, Si'= SiMeC1, 
Si = C12MeSi, Si' = SiCI, 
Si = C1Me2Si, Si '= Sic], 

90% 
3% 
1% 
0% 

2% 
90% 
89% 
80% 

92% 
90% 
50% 
4% 

i, vinylsi1ane:hydrosilane:catalyst = 1: 1:2x104 at 120 "C 

i 

64% 
---- SiEt3 (34) 

i, HSiEt, (6 mol), Bu'OOBu' (0.2 mol), 170 "C, 0.5 h 

H2PtC16*6H,0, neat, 20 "C 93% 20-22: 1 
Phenylalanine*F't*C2H~CI2, toluene, 80 "C 89% 1oo:o 
[RhCI(PPh,),], neat, 80 "C 89% 6.6: 1 

(36) 
(CH2)n 7 HZPtCI, 

1 1  hexane 
'SiH 
/ 

reflux, 48 h 
(46) 

n Yield (%) Ratio 
2 46 0: 100 
3 58 90: 10 
4 70 53:47 
5 16 54:46 
6 2 1oo:o 

Allyl halides (equation 371, vinyl halides (equation 38) and vinyl ethers are good substrates for the 
preparation of organosilanes having functional groups at the 6- or y-position. Reduction of these sub- 
strates sometimes takes place to give the parent alkenes (equation 37), which are derived from P-elimi- 
nation of the regioisomeric hydrosilylation inte~mediates .~~  



776 Reduction of C==C and C d  Bonds 

HSiEt, 5% 
HSiPhzMe 70% 

HSiCI, F * SiC13 L F 

70% 
10% 

hv 

3.12.4.3 Hydrosilylation of Disubstituted and More Highly Substituted Alkenes 

With H2PtCl6 as the catalyst, highly substituted alkenes undergo double-bond migration before hydro- 
silylation to give rise to the products which have silyl groups at the least-substituted, commonly terminal, 
carbons. These substrates generally require longer reaction times. 1c,3778 Three examples are given in 
equation (39). 

* 
H,PtCl,j 

+ HSiCI, 
loo QC C13Si 

(39) 
70% 30% 

I 

98% 2% 

Disubstituted alkenes which have an allylic quaternary carbon center (47) undergo skeletal rearrange- 
ment as shown in equation (40).79 

32% 14% 

Wilkinson's catalyst is less reactive towards 1,l- and 1,Zdisubstituted alkenes, and low yields and side 
reactions are often observed. However, the catalyst (48) is reactive enough to afford straightforward 
products in fair yields without double-bond migration (equation 4 1).*O 

Fully substituted alkenes are hydrosilylated with aluminum chloride without double-bond migration.*'" 
The products have tertiary alkyl groups and thus may be utilized as silyl protecting groups for alcohols 
and related functional For example, chlorodimethylthexylsilane (49) is readily prepared from 
2,3-dimethyl-2-butene (equation 42). 

In contrast to the HzPtCbcatdyzed hydrosilylation, the formation of positional isomers is negligible 
under radical conditions, although the stereochemical results are random. Thus 1 methylcyclohexene 
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SiMeEt2 Ph A -  Ph L S i M e E t 2  + Ph Ph 

i, 20% 76.3 15.1 8.6 
ii, 61.2% 100 0 0 

i, 16.2% 64.6 26.1 
ii, 52.1% 95.2 4.8 

i. HSiMeEt,, [RhCl(PPh3),], 60 "C, 6 h; ii, HSiMeEt2, [(RhCI(CH2=CH2)2)2] (48), 60 "C, 6 h 

j CI-Si ' 4  AICI, (5 mol %) 

25 OC 
93% 

+ HSiMezCl 
I 
(49) 

The following can be prepared similarly: 

80% 80% 67% 

gives a 5.5-9:l mixture of (50) and (51).2a In contrast, thermal reaction induces some double-bond 
isomerization, and a third product (52) is produced (equation 43). 

- + (y Sic13 + (43) 

(50) (51) (52) 

i, 100% 85 15 0 
ii, 44% 89 11 0 
iii, 100% 58 23 19 

CY 

i, HSiCl,, (ACO)~, reflux (45 "C), 9 h; ii, HSiCI,, UV, reflux, 44 h; iii, HSiCI,,300 "C, 24 h 

Hydrosilylation of (-)+-pinene (54) under radical conditions results in opening of the strained cyclo- 
butane ring to give only (53; equation 44).82a However, R-catalyzed hydrosilylation gives the expected 
product, which, after conversion of Si-Cl to Si-H, is used for the asymmetric reduction of ketones.82b 

n =  1,2 

i ,  HSiCl,, (ACO)~ or Hg lamp; ii, HSiC12Me or HSiCIMe2, H2PtC16 
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An enamine (55) reacts with trichlorosilane in acetonitrile in the absence of catalyst to give a hydro- 
silylated product (56; equation 45). The regiochemistry is opposite to the standard pattern, the silyl group 
attaching itself to the more-hindered carbonag3 

L J 

i, HSiCI,, MeCN, reflux, 2.5 h 

Alkenes are reduced with hydrosilanes in an acidic solvent like trifluoroacetic acid. The reaction is 
called 'ionic hydrogenation' and is useful particularly for reduction of highly substituted alkenes. The re- 
action is assumed to proceed through a carbocationic intermediate, to which hydride is delivered from 
the hydr~s i lane .~~ An example is given in equation (46), but see also Chapters 1.1 and 3.3, this volume. 

(46) 
DSiEt, 

CF,CO,H, 50 "C 

3.12.5 HYDROSILYLATION OF POLYENES 

3.12.5.1 Hydrosilylation of Acyclic Polyenes 

Polyenes whose c----C bonds are not conjugated behave as the substituted alkenes described above, 
and thus the hydrosilylation products are those in which the silyl group attaches itself to the less-hindered 
alkenic When dihydrosilanes are employed, both silacarbocycles and polymers are produced 
(Scheme 7).86 

i 

SiMeC12 
7 / M e C l z S i w  / + MeClzSi 

41% 44% 

iv ' - O + a  ii, iii  ---- HMe2Si 

Me' Me Si, 
Me' Me 

13% 75% 

70:30 
1, HSiMeC12, H2PtC16, 140-150 OC, 13 h; ii, HSiMe2CI, H2PtC16; iii, LIAIH,; iv, H2PtCI6; v, H2SiCIEt, H2PtC16 

Scheme 7 

Conjugated dienes like 1,3-dienes give 1:l adducts of various types: usually 1,2- and 1,Caddition 
products, and the regio- and stereo-isomers of each type, but also 1:2 adducts, and dimerization and re- 
duction products. The product distribution depends on the kinds of dienes, silanes and particularly on the 
kind of c a t a l y ~ t . ~ ~ * * ~  Of these, chromium hexacarbonyl is specific for the formation of (3-crotylsilanes 
from butadienes."g Similar (2)-selective hydrosilylation is observed with HSiCI3 and [Pd(PPhs)4] cata- 
lyst.68 The reaction pattern of 1,3-butadiene is summarized in Scheme 8. 
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SiC13 

50% 21% 

iv 

98% 
- -  

i, Pt-C, HSiCI,, 160 "C, 1.3 h; ii, HSiMeC12. H2PtCI6, 200 "C, 4 h; iii, HSiMe3, [cr(co),], hv; 
iv, HSiMe,, [Pd(PPh3)*] (fumaric anhydride), 85 "C, 4.5 h 

Scheme 8 

Hydrosilylation of isoprene (57) has been well studied and the results are summarized in Table 2. 
Since 1,3-dienes are relatively reactive, metal complexes which do not catalyze hydrosilylation of com- 
mon alkenes may be employed. Pd, Rh, Ni and Cr catalysts prefer 1,Caddition products with the (a- 
configuration. No catalyst is available which prefers 1 ,Zaddition with high selectivity. 

r351 
(60) 1,4-addition, (Z)  

R3Si hSiR3 b (58) 1,2-addition (59) 1,2-addition 

+ 

(61) 1 ,4-addition, (E) (62) 1,4-addition (63) 1 :2 adducts 

Scheme 9 

Table 2 Hydrosilylation of Isoprene (57) 

Yield (%) 
Catalyst Hydrosilane Conditions (58) (59) (60) (61) (62) (63) 

72 6 
HSiC12Me 165 'C, 17 h 31 57 9 
HSiMe3 165 "C, 17 h 27 20a c2 24 

[Pt(PPh3)4] HSiC12Me 48-82 'C, 25 h 38 38 
[PdCl2(PhCN)z]/PPhs HSiC12Me 70 'C, 6 h 95 - 

[PdCh(PPh321 HSiCI3 80 'C, 4 h 100 - 
[ W PPhs)41 HSiC13 110 'C, 6 h 83 4 
[RhC1(PPhs)sl HSiCIMe2 130 "C, 15 h 19 - 41 

HSiMezPh 80 'C, 2 h 27 71 

H2PtC16 HSiClj 165 "C, 17 h 

[Rh(acac b1 HSiEt3 60 'C, 15 h 5 b  94c 
NI (vapor) HSi(OEt)3 -196 to-5 'C 100 - - 
[Ni(acac)3]/AIEt3 HSiEts 20 T, 4 h 96d 
[Cr(COk,]. hv HSiMe3 30 'C 60 - 40 

[HRu(COD) 1 (-)-menthyl-N+H- }z1C1 
HSl(OEt)3 25 'C, 150 h 3 8 7 - -  25 - 

"Yield for (60) and (61). bYield for (58) and (59). 'Yield for (60), (61) and (62). Yield for (60) and (61). 
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Myrcene (64) undergoes hydrosilylation preferentially at the terminal vinyl moiety to give a homo- 
allylsilane (65), as shown in equation (47).90 

HSiCI,, H2PtCI,, 55-90 "C. 4 h 
L 

(65) 41% 19% 

The 1,2dihydrodisilane (66) reacts with 2,3dimethylbutadiene, in the presence of a Ni catalyst, to 
give both the normal hydrosilylation product and (2)- 1 ,4-disilyl-Zbutene (Scheme IO). The nickel cata- 
lyst is assumed to be reduced to nickel(O), which oxidatively adds to the S i - %  bond of (66) in competi- 
tion with addition to the Si-H bond.53 

50% 20% 

- i HSi ' /=\ iiH 
I I 

69% 
i, HSiMe2-SiMe2H (661, [NiC12(PEt3)2], 90 "C 

Scheme 10 

3.12.5.2 Hydrosilylation of Cyclic Polyenes 

Cyclic conjugated dienes intrinsically have a fixed cisoid diene system and therefore readily undergo 
1.4-addition to give allylsilanes regardless of the kind of catalyst and substituents on the hydrosilanes 
(equations 48 and 49). Nonconjugated dienes like (67) and (68) give the same allylic silane as the con- 
jugated isomers. The results are ascribed to alkene isomerization into conjugated dienes followed by hy- 
drosilylation (equations 50 and 5 l).91-9s 

SiR3 

i 52% 40% 
ii 80-90% - 

i, HSiCI,, H,PtCI,, 250 O C ;  ii, HSiCI,Mes,, [PdC12(PhCN)2]/PPh3, 80-90 O C  

i or ii 
+ HSi(OEt), Si(OEt)3 

i, [Ni(acac),]/AI(OEt)Et2, 20 OC, 97%; ii, [Co2(CO),], 20 OC, 88% 

(49) 

In contrast, a large ring polyene undergoes normal hydrosilylation. For example, (Z,E,E)- 1,5,9-cyclo- 
dodecatriene (69) gives the monoadducts (70) and (71), in which the two C=C bonds remain intact 
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c e S i R 3  + 0 S i R 3  

i 41% 

ii - (67) 55% 
52 % 

i, HSiMeC12, [NiC12(PPh&], 120 "C; ii, HSi(OEt),, [Ni(acac)2J/Al(OEt)Et2, 20 OC 

78 1 

(50) 

1 35% 
ii 53% 

iii 32% 

i, H2PtCl,, 45 "C; ii, [H,Pt(C,H,)(Py)]; iii, Pt-C, 200 O C  

- 
42% 
68% 

(equation 52). As in many electrophilic reactions of (69), the (E)-C=C bonds are more reactive than 
(Q-M bonds.96 

,Sic13 

Norbornadiene (72) gives a tricyclic product (73a) in addition to the normal endo- and exo-hydrosilyl- 
ated products (73b) and (73c) (equation 53). The tricyclic product is preferred under radical c0nditions.9~ 

SiR3 
(72) (73a) (73W (73c) 

i 80% 30 64 6 
ii 77% 94 6 0 
iii 25% 100 0 0 
iv 80% 53 7 28 

i, HSiMeCl,, H2PtC16, 50-60 "C; ii, HSiMeCl,, Pt-C, 50-60 "C; i i i ,  HSiCl,, Pt-C,35-50 OC; 
iv, HSiCl,, AIBN, 80-100 "C 

Dicyclopentadiene (74) produces 1:l adduct(s) (75) by reaction with HSiClMe2 and various metal 
catalysts (Scheme 1 1). A second addition is achieved only with y-rays. The resulting 1:2 adducts (76) are 
converted into thermally fairly stable polymers (77)?8 

3.12.6 HYDROSILYLATION OF CONJUGATED ENONES 

Transition metal catalyzed hydrosilylation of a.P-unsaturated ketones and aldehydes (78) proceeds in 
a 1,4- and/or 1,Zfashion to give enol silyl ethers (79) (or the saturated carbonyl compounds 80 after 
acidic work-up) and/or allyl silyl ethers (81) (or allyl alcohols 82), respectively (equation 54). Monohy- 
drosilanes combined with a Pt or Rh catalyst prefer 1 ,Caddition. This reaction is an alternative method 
for the preparation of enol silyl ethers (79). Diphenylsilane with [RhCI(PPh3)3] catalyst reduces the car- 
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+ HSiMe2Cl - 
(75) 

(74) 

iii ,  iv 
Cl-Si- 

I 

(77) 

I mIscc1 
(76) 

i, H2PtC1,; ii, HSiMe2C1, y-ray; iii, H20/NaHC03; iv, tetramethylguanidine, CF3C02H 
Scheme 11 

bony1 group preferentially to afford allyl alcohols (82) after aqueous work-up, whereas the phenyl- 
silane/[Mo(CO)6] catalyst combination leads to the formation of the saturated ketone (80).99-101 

R1 0 

R2 R4 
R3 

+ HSiR, 

(78) 

R 3  

(79) 

(R2 R3 R4) 

(80) 

HSiR, Catalyst 

HSiEt, H2PtC16 
HSiPhMe2 [PtC12(2,4,6-collidine)2] 
HSiEt, tRhCl(PPh&l 
H2SiPh2 [RhCl(PPh3)3] 
H3SiPh [Mo(CO),] 

1 

R' 
(81) 

\ / 
(82) 

Yields (%) 

100 0 

100 0 
100 0 

0 100 
100 0 

Two modes of reaction are possible for a,P-unsaturated esters (83): hydrosilylation of the alkenic 
moiety to give (84) and/or (85) and 1,4-reduction to give ketene silyl acetals (86) (or saturated esters 87 
after aqueous work-up), as illustrated in equation (55) .  The parent acrylates undergo hydrosilylation, 
whereas substituted acrylates favor the formation of (86) (or 87).'023'03 

Alkynyl ketones (88) behave like substituted alkynes (29). Thus, the triple bond reacts first to give vi- 
nylsilanes (89) and/or (90) (equation 56), which are sometimes reduced further to allyl silyl ethers (91) 
and/or (92).lO4 

As an alternative route to the reduction of a$-unsaturated ketones accompanied by introduction of a 
silyl group at the P-position, a silylcuprate reagent is applicable (equation 57).24b 

3.12.7 ASYMMETRIC HYDROSILYLATION OF CARBON-CARBON DOUBLE BONDS 

Hydrosilylation of monosubstituted alkenes with palladium catalysts and trichlorosilane follows a 
course which favors branched products. By using a chiral phosphine ligand, asymmetric reaction is fea- 
sible. Initially, menthyldiphenylphosphine (MDPP, 93) and neomenthyldiphenylphosphine (NMDPP, 
94) were employed with little success.1o5 Later, (R)-NAN-dimethyl-1 -[(S)-2-diphenylphosphinoferroce- 
nyl]ethylamine [(R)-(S)-PPFA] (95) and its enantiomer were prepared, and these have proved to be the 
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I R 3  J 
(83) 

+ H-Si 

CH2=CHC02Me 
CH2=C( Me)C02Me 
MeCH=CHC02Me 
CH,=CHCO,Et 
CH,=CHCO,Et 
MeCH=CHC02Me 

I Si I 
R3 R3 

(84) (85) 

H-Si Catalyst 

*MeCH2CH(C02Me)CHMeCH2C02Me 

R' OSi 

+ ( 5 5 )  R2 
I 

(86) 

/ R3 

HCrCCOMe 70% 0.9 
Me3SiC 3 CCOMe 39% 5 

i ,  (PhMe,Si)zCuLi 

i i ,  H,O 
c 

0 

A 
SiMe2Ph 

99% 

(57) 

best ligands so far for asymmetric hydrosilylation.Io6 Thus, styrene is hydrosilylated with trichlorosilane 
and the palladium catalyst (96) to give trichloro- 1 -phenylethylsilane with moderately good asymmetric 
induction (Scheme 12). The absolute configuration and the optical purity of the product was determined 
by conversion into 1 -pheny le than~ l . ' ~~  

The transformation of conjugated dienes to allylsilanes can also be carried out with asymmetric induc- 
tion. The efficiency of the asymmetric synthesis for acyclic dienes is moderate, but for cyclic dienes it 
remains to be Nevertheless, these reactions provide us with a method for the preparation 
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I PPhl I '"" PPh2 

n n 
MDPP (93) NMDPP (94) (R)-(S)-PPFA (95) (R)-(S)-PPFA-Pd (96) 

[PdCI*(MDPP)21 87% 
[PdCIt(NMDPP)J 87% 

Scheme 12 

(R)-(S)-PPFA-Pd (96) >95% 

34% ee (S) 
22% ee ( R )  
52% ee ( S )  

of a chiral allylsilane (97; Scheme 13), which has been useful in the study of stereochemical aspects of 
the reactions of organosilicon compounds. 

96:6 
i i i  

SiMe3 
1 

(97) 64% ee 

I i i i  

Me3Si y" Ph 

30% ee 

<>+< SiMeClz 

22-25% ee 

i, (96), HSi(OEt),; ii, NEt,, EtOH; iii, MeMgBr 

Scheme 13 

Although asymmetric 1 ,4-reduction of conjugated enones is recorded,' the enantiomeric excess is not 
high (equation 58). I I 

i ,  i i  + HSiMe2Ph - 
16% ee 

i, [Rh{ (R)-PMePh(CH2Ph) I 2H2S2]+CI04-; ii, H2O 

Conjugate addition of a silylcuprate reagent (34) to the a,@-unsaturated acid amide or ester of a perti- 
nent chiral amine or alcohol, respectively, is an alternative route to p-silyl amides and esters. Conjugate 
addition of a cuprate reagent to a p-silyl acrylamide also gives a chiral p-silyl amide. The diastereomeric 
excess of the newly produced chiral center is fairly high, as summarized in Scheme I4.Il2 
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Me OH Me OH I 

I P h v N p P h  
i, ii, iii 

Ph 9 4 
60% PhMezSi 0 
76% de 0 :  

77% 
88% de 

-' n 
0 PhMe2ST 0 

3 ph3C0 ' ''"'1, iv ph,CO/"'"'# 

P h M e Z S i w N  

Ph 0 
3 92% - 

PhMe2Si ?-f 0 0  92% de 

i, BunLi; ii, TiCI,; iii, (PhMezSi)2CuLi2CN (34); iv, PhMgBr, CuBr*MezS 

Scheme 14 

3.12.8 SYNTHETIC EXTENSION AND APPLICATION 

The addition of Si and H across a .rr-bond is formally a reduction, since Si is more electropositive than 
carbon. However. unambiguous reduction is only complete when the silicon is replaced by hydrogen. 
This is easily possible by the protodesilylation of allylsilanes and vinylsilanes. 

3.12.8.1 Reaction of Vinylsilanes with Electrophiles 

The C - S i  bond of vinylsilanes is transformed to C-H by hydrogen iodide with retention of configu- 
ration (Scheme 15).] The proton attaches itself to the carbon which has the silyl group, because the re- 
sulting carbonium ion is stabilized by the silyl group (p-effect). The silyl group is then attacked by a 
nucleophile to give the alkene. A silicon-bridged carbonium ion (98) is sometimes assumed to explain 
the stereochemical outcome (equation 59).' l 3  The overall reaction is thus unambiguously reduction of 
the triple bond to a double bond, but the reaction scheme is applicable to various other electrophiles.' l4 

/'si + E+ - LSi - 4-E 
-I. 

Scheme 15 

r 1 

Bromine and chlorine react with vinylsilanes to afford vinyl bromide and chloride with net inversion 
of configuration. Addition of these halogens proceeds with anti stereochemistry. Elimination of halo- 
silane in the presence of a nucleophile like F- or RO- also is assumed to take place in an anri manner 
(Scheme 16). The same transformation using iodine is applicable only to 1,2-dialkylvinylsilanes.' l5  The 
process is a reliable method for the preparation of vinyl halides of defined configuration. The reactions 
are not, overall, reductions, and they are included here only to emphasize the usefulness of the products 
of hydrosilylation. 

The reactions of vinylsilanes with carbon electrophiles is discussed in Volumes 24. 
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SiMe3 
/=\ Me3Si H KF, DMSO 

* Br - 
67% 

~ r r t ( l l ~ r  

Br2 
Me@ 

SiMe3 95% H SiMe3 

Scheme 16 

3.12.8.2 Coupling Reactions of Vinylsilanes with Organic Halides 

In the presence of a fluoride ion generating reagent such as tris(diethy1amino)sulfonium difluorotri- 
methylsilicate (TASF, 99) and a palladium catalyst, vinyltrimethylsilane couples with vinyl and aryl 
i0dides.l I 6  For substituted vinylsilanes, the fluorodimethylsilyl group is particularly effective in the 
coupling reaction, which takes place with retention of configuration of both substrates (Scheme 17). 
Silicon-based C-C bond formation is as useful as that which employs organoboronsI1' for the synthesis 
of stereo-defined conjugated dienes. 

SiMe2F 
1 111 3 

SiMezF 
\ 

i, [ { (ally1)PdCl t2], P(OEt),, THF, (99); ii, [ { (ally1)PdCl t 2 ] ,  THF, (99). (E)-I-iodo-1 -octene; 
iii, [ [ (allyl)PdC1)2], THF, (99). (Z)-I-iodo-1-octene; iv, [Pd(PPh3)4], DMF, (99). (E)-I-iodo-I-octene; 

v, [Pd(PPh3)4], DMF, (99), (Z)-1-iodo-I-octene 

Scheme 17 

3.12.8.3 Reaction of Allylsilanes with Electrophiles 

Allylsilanes are easily protodesilylated, completing the reduction process. In the presence of Lewis 
acids, allylsilanes also react with electrophiles like aldehydes, ketones and acid halides through an SE~' 
mechanism involving anti stereochemistry. These reactions are extensively discussed in Volumes 2-4. 

3.12.8.4 Aldol Reactions 

Enol silyl ethers undergo aldol reactions with aldehydes, acetals and their equivalents with the aid of a 
Lewis acid catalyst. These reactions are discussed in Volumes 2 4 .  Enol silyl ethers prepared by hydro- 
silylation of cY,P-unsaturated ketones with a rhodium catalyst can be used for aldol reactions with alde- 
hydes or ketones in situ under neutral conditions (equation 60).'Ix 
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3.12.8.5 Synthetic Reactions of Pentafluorosilicates 

Trichlorosilanes are readily transformed to the pentafluorosilicate compounds (100) and (101) by re- 
action with excess potassium fluoride. The C-Si bond of the hexavalent organosilicon species is con- 
verted into a C-X (X = halogen or heteroatom like hydroxy and alkoxy) or a C - C  bond. Thus, through 
the hydrosilylation reaction net transformations of alkenes and alkynes to halides, ethers and alcohols, as 
well as the construction of carbon frameworks, is easily achieved (Scheme 18).119 

+ HSiC13 - - c 

K2[n-C8H 17SiF5] 

r 1 

K2 
SiF5 

L J 

r 1 

J n-C6H I3 siF5 

K2 I 

K2 [ Ph 4SiF5] 

r _I 

K2 l&SiFsl 

i 

99% 
- n-C8H17Br 

I1 

76% c1 

iii 

56% 
L n-C6H13 +OMe 

71% 

V - 
51% 

vi 
c 

vi 
c 

i, NBS; ii, CuC12; iii, MeOH, Cu(OAc),; iv, CH2=CHCH2CI, Pd(OAc),; 
v,  PhI, P ~ ( O A C ) ~ ,  PPh3, NEt3; vi, MCPBA 

Scheme 18 
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3.12.8.6 Oxidative Transformation of C C i  Bonds 

Modification of the last reaction in the previous section has led to a new version of the C-Si to C - 4  
transformation that is highly versatile in organic synthesis. Hydrosilylation of alkenes or alkynes with a 
hydrosilane of type HSiRnXrn (R = organic group, X = H, F, C1, R'O, R12N), followed by oxidation with 
30% hydrogen peroxide in the presence of a base such as KF, potassium hydroxide or potassium hy- 
drogencarbonate, leads to alcohols, ketones and acetals. lZo Typical examples are summarized in Scheme 
19. This transformation is applicable to intramolecular hydrosilylation, which allows us to introduce con- 
tiguous chiral centers in a predictable manner, starting with a properly substituted alkenol, e.g. (102) and 
(103), as shown in Scheme 20.IZ1 

SiMe(0Et)z i i  - 
Ph Ph 73% Ph 

~ q J + z ( ( $  SiMe(0Et)z 0 

iii /i 
SiMe(0Et)z 0 

i,  HSiMe(OEt),, HzRCI,; ii, 30% H202, KHC03; iii, MCPBA 

Scheme 19 

... 
* I  

i, ii  

76% OH OH OBn 
OH 

(102) 2,3-threo >lo: 1; 3,4-erythro 7: 1 
I 

i. ii, iii r(r 
- / ___c 

___) 

&OBn 73% Bu'MeZSiO OH OH OBn 
Bu'MeZSiO OH 

(103) 
i, (HMe2Si),NH, r.t. to 60 "C; ii, HzPtC1,*6H20 (0.1 mol %), 60 "C; iii, HzOz, KF, KHCO3, MeOH-THF, r.t. 

Scheme 20 

3.12.8.7 Hydrosilylation in the Presence of CO 

The mechanism of hydrosilylation on a transition metal catalyst involves an intermediate with a car- 
bon-transition metal bond. Carbon monoxide, if present, inserts into the carbon-metal bond to give an 
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acyl metal complex, which can undergo enolization and silylation. A one-carbon extended aldehyde enol 
silyl ether is produced, useful for further synthetic transformations. Dicobalt octacarbonyl is the best-stu- 
died catalyst (Scheme 21).122 A ruthenium cluster catalyst exhibits similar reactivity (equation 61),' I d  but 
rhodium carbonyl catalyzes the reaction only of alkynes to afford a,P-unsaturated aldehydes containing 
a p-silyl group (equation 62).123 

i 
c 

80% yield 

T+ MeEtSiO MeEtzSiO 

16 16 43 25 

i, HSiEt,Me, CO, [Co,(CO),], 140 O C  

Scheme 21 

29% 21% 

88: 12 
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4.1.1 INTRODUCTION AND SCOPE OF THE REVIEW 

The reduction of saturated alkyl halides to alkanes, as represented in equation ( l ) ,  is the most fun- 
damental reaction of reductive dehalogenations of organic halides. The importance of these reductions 
has stimulated considerable investigation, and a number of successful approaches have been reported 
hitherto. Numerous reducing agents or reagent systems are available and many of them have been ap- 
plied to practical organic synthesis with notable success. 

reducing agent 
R-X R-H ( 1 )  

R = alkyl group; X = F, CI, Br, I 
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In 1980, Pinder presented an excellent review dealing with the hydrogenolysis of organic halides.' 
Many other reviews2-12 are also available, although they are not devoted to reductive dehalogenation but 
deal with it as part of the broader topic of reduction. 

This chapter surveys the reduction of saturated alkyl halides to alkanes. Reductive p-eliminations of 
vicinal dihalides to alkenes are also described briefly. Reduction of vinyl and aryl halides is covered in 
this volume, Chapter 4.5; hydrogenolysis of allyl and benzyl halides is covered in this volume, Chapter 
4.7, and reduction of a-halo-substituted carbonyl compounds C X - C O  to carbonyl compounds CH-CO 
is covered in this volume, Chapter 4.8. 

This subject matter will be treated from the aspect of the type of reagent. Emphasis is made on chemo- 
selective dehalogenation, since the replacement of a halogen atom by hydrogen must often be accom- 
plished in complex molecules containing other functional groups. Reagents and reducing conditions 
capable of effecting reductive dehalogenations are illustrated by many examples, including practical ap- 
plications. The mechanisms of the reductions are also discussed briefly in some sections. 

4.1.2 GENERAL OBSERVATIONS 

The order of ease of reductive dehalogenation of organic halides in the same type of structural envi- 
ronment is: I > Br > CI >> F. This order is parallel with the dissociation energy of carbon-halogen bonds 
(H3C-I: 234 kJ mol-I; HsC-Br: 293 kJ mol-'; H3C-CI: 351 kJ mol-'; H3C-F: 452 kJ mol-') and is 
generally observed in the reduction of alkyl  halide^.^ Consequently, selective reduction of di- or poly- 
halides containing different halogen atoms is possible. Fluorides are often removed only with difficulty 
and examples of such reductions are comparatively limited. 

The reactivities of primary, secondary and tertiary halides are largely dependent on the reagents em- 
ployed. The ring size of halogenated cycloalkanes and the steric environment also influence the rate of 
reduction. In general, when the reduction proceeds through an sN2 type of reaction, primary halides are 
most easily reduced. On the other hand, when the reduction proceeds through an sN1 process or involves 
free radicals as intermediates, the order of reduction falls in the expected sequence: tertiary > secondary 
> primary. 

4.1.3 CATALYTIC HYDROGENOLYSIS 

Organic halides are known to be subject to hydrogenolysis in the presence of a catalyst, such as Pd/C 
or Raney nickel. This catalytic hydrogenolysis is one of the more convenient ways of removing halogens 
under mild conditions and numerous examples have been reported. Several reviews dealing with this 
subject have been p u b l i ~ h e d . ~ . ~ ? ~  

Catalytic hydrogenolysis is often inhibited by the release of hydrogen halide produced during the re- 
action, since both hydrogen ions and halide ions are known to deactivate the catalysts. Hydrogen ions ex- 
hibit a particularly strong inhibiting effect, and, therefore, the hydrogenolysis of organic halides is 
usually carried out in the presence of 1 mol or more of a base. The added base is to neutralize the acid 
and to maintain the catalytic metal in a low valency or nucleophilic state. Sodium, potassium, calcium 
and barium hydroxides are generally employed, while sodium acetate, an amine or ammonia are often 
used for base-labile compounds. 

The rate of catalytic hydrogenolysis depends significantly on the structure and halogen involved. 
Among the types of halides, alkyl halides are much less readily hydrogenolyzed than aryl, vinyl, benzyl 
and allyl halides (see this volume, Chapters 4.5 and 4.7). Generally, the order of ease of dehalogenation 
of alkyl halides is I > Br - CI >> F and tertiary > secondary > primary halides. Alkyl fluorides are very 
difficult to reduce to the corresponding hydrocarbons by conventional catalytic hydrogenation proce- 
dures. 

Among many catalysts, Pd/C is less susceptible to the poisoning effect of halide ions; hence, this cata- 
lyst is preferred by most investigators. Platinum and rhodium are not effective for catalytic dehalogena- 
tions. Schemes I and 2 illustrate representative Pd/C catalyzed hydrogenolyses of an alkyl iodide and an 
a1 ky 1 bromide. I 3 9 l 4  

Raney nickel possesses remarkable hydrogenolysis ability, but the catalyst is readily deactivated by the 
halide ion released. Therefore, massive amounts of the catalyst are usually required to obtain satisfactory 
results. An example showing the reduction of a primary and a secondary alkyl chloride is shown in 
Scheme 3.Is 
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4.1.4 REDUCTION WITH METALS OR LOW-VALENT METAL SALTS 

4.1.4.1 Reductions with Metals (Dissolving Metal Method) 

Organic halides are reduced by reaction with a metal in the presence or absence of a proton donor. The 
metals commonly used are the alkali metals (Li, Na, K, Na-K alloy), alkaline earths (Mg, Ca, Ba) and 
other metals (Zn, Fe, 

A classical method using Na- or Li-liquid ammonia (Birch reduction conditions) is effective for re- 
ductive dehalogenations of aryl and vinylic halides, but it is not always successfully applied to alkyl 
halides, although cyclopropyl halides and bridgehead halogens are  exception^.'^,^^ Under such condi- 
tions, the reactions are often accompanied by side reactions, such as elimination, the Wurtz coupling re- 
action, cyclization and reduction of carbonyl compounds. An example, a synthesis of pentaprismane (I), 
is shown in Scheme 4.” 

A currently employed method for dehalogenation of alkyl halides is to use a Li- or Na-alcohol reagent 
system.18-20 This method is effective not only for simple alkyl halides but also for the reduction of a 
halogen atom attached to a bridgehead. Carbon-carbon unsaturated bonds are not affected under the con- 
ditions, as shown in Scheme 5.18 

Alkyl halides are reduced with zinc powder in alcoholic potassium hydroxide” or in the presence of a 
catalytic amount of nickel ~ h l o r i d e . ~ ~ , ~ ~  The former method is employed for the monoreduction of gemi- 
nal dihalocyclopropyl methyl ketones.21 

Reduction of alkyl fluorides, which is difficult using conventional dissolving metal methods, can be 
accomplished using a potassiumxrown ether reagent ~ystem.’~ Potassium metal dissolves in toluene or 
diethylene glycol dimethyl ether (diglyme) in the prksence of dicyclohexyl- 18-crown-6 to form a blue- 
black solution. The resultant reagent exhibits powerful reducing ability, higher than sodium naph- 
thalene;25 unactivated primary, secondary and tertiary alkyl fluorides are reduced at room temperature by 
this reagent to the corresponding alkanes in high yields, as exemplified in Scheme 6.24 
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4.1.4.2 Reduction with Low-valent Metal Salts 

4.1.4.2.1 Chromium(I0 salts 

Chromium(I1) salts, such as Cr(OAc)z, CrC12, Cr(C104)2 and CrS04 are used for reductive dehalogena- 
tion. The reactions are usually carried out in dimethylfomamide (DMF) or dimethyl sulfoxide (DMSO). 
Addition of ethylenediamine or ethanolamine as a chelating agent enhances remarkably the reducing 
a b i l i t ~ . ~ ~ . ~ '  Generally, the ease of hydrogenolysis is I > Br > CI and tertiary > secondary > primary 
halides. Reduction with Cr" involves a radical process, which in some cases is accompanied by side re- 
actions, such as rearrangement and dimerization. Use of a hydrogen atom donor, such as a thiol, is effec- 
tive for suppressing such side  reaction^.^^,^^ Chemoselective dehalogenation with Cr" is possible, as 
exemplified in Scheme 7.28 
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Cr(OAc),, Bu"SH, DMSO, r.t. 

84% 

Scheme 7 

An electrochemical reduction procedure using a chromium(I1) salt as the catalyst is effective for the 
dehalogenation of f3-hydroxy halides.30 This procedure is a convenient entry to deoxynucleosides, as 
shown in Scheme 8. 

Pt electrode, cat. Cr(C104),, NH2CH2CH2NH2 

Bu'SH, DMF 
95% 

HO Br HO 
Scheme 8 

4.1.4.2.2 Samarium(II) iodide 

Divalent samarium is known to reduce alkyl  halide^.^'.^* However, reductions of iodides and bromides 
in tetrahydrofuran (THF) require a long reaction time and chlorides are not reduced even at refluxing 
temperature. 

Addition of hexamethylphosphoramide (HMPA) to SmI2 in THF results in the formation of a purple 
solution of an HMPA complex. The complex exhibits remarkably enhanced reducing power, as shown in 
equation (2).33 Thus, bromides and iodides are very rapidly reduced at room temperature to the corre- 
sponding alkanes in essentially quantitative yields; ester functions remain intact under these conditions. 
Chlorides are reduced at refluxing temperature, while fluorides are inert under the conditions. 

2 SmI, 
R-X - R-H 

THF/HMPA, r.t. to 65 "C, 100% 
(2) 

X = CI, Br, I 

4.1.4.2.3 Other low-valent metal salts 

Some other low-valent metal species have proved effective in hydrogenolysis of alkyl halides. Nickel 
tetracarbonyl in THF reductively converts polyhalomethyl groups into di- or mono-halomethyls in good 
yields.34 An ionic vanadium carbonyl hydride, I (qS-CsHs)V(CO)3H]-, is capable of reducing alkyl bro- 
mides, but not  chloride^.^^ Monoreduction of geminal dibromocyclopropanes proceeds in essentially 
quantitative yields under these conditions. The titanium(II1) chloride/magnesium,"6 titanocene dichloride 
[~qs-CsHs~~TiCl~l/magnesium37 and titanocene dichloride/isopropylmagnesium bromide3# reagent sys- 
tems exhibit relatively high activity toward alkyl halides, but the reaction with halocycloalkanes tends to 
provide significant amounts of alkenes. 

Reductions of vicinal dibromides have been extensively studied, using new reagents or reagent sys- 
tems which involve low-valent metal species, such as [(qs-CsH~)Cr(N0)2]2,39 iron-graphite,4' T iCl r  
LiAIH4 or TiC14-LiAIH4,4' VC13-LiAIH4,42 Zn-TiCkj3 Zn-[(r1s-CsHs)zTiC12]~ and CrC13/LiAIH4.4s 
These reagents promote reductive p-elimination to afford the corresponding alkenes in good to excellent 
yields. In most cases, the reactions proceed through predominant anti elimination and the corresponding (a- and (E)-alkenes are obtained with high isomeric purity. A representative example is shown in 
Scheme 9."3 



798 Reduction of C-X to C 4  

* PrnHBu" 

* prn" 

Zn, cat. TiCI4 

THF, 0 "C, 3 h 
89% 

Pr" 

Br H H  
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4.1.5 REDUCTION WITH METAL HYDRIDES 

4.1.5.1 Tributyltin Hydride 

Tributyltin hydride (Bu"3SnH) is an extremely versatile reagent for replacing halogen atoms in organic 
molecules by hydrogen  atom^.^^^ Iodides and bromides tend to react spontaneously with this reagent in 
the absence of a solvent, but usually radical initiators, such as 2,2'-azobisisobutyronitrile (AIBN) or UV 
irradiation, are used as well as thermal initiation. Chlorides require heating or catalysis by a free radical 
source. Alkyl fluorides are practically unreactive. Recently, it has been reported that the use of tri- 
ethylborane as a catalyst significantly accelerates the reduction; alkyl iodides and bromides are reduced 
even at -78 0C.46 

As free radicals are involved as intermediates in tin hydride reductions, the nature of the organic group 
strongly influences the rate of reductions. The order of facility of dehalogenation is tertiary > secondary 
> primary. Bridgehead halides are also reduced by B U " ~ S ~ H . ~ ~ - ~ ~  Stepwise reductions of trihalomethyl 
groups and geminal dihalides, including geminal dihalocyclopropanes, are p o s ~ i b l e , ~ ' - ~ ~  as exemplified 
in Scheme 

H 

R I N H ~  - CHCI, 

75-98% 

H 
I 

R '  = PhSO,, PhCH,C02, EtCO,, HCO; R2 = Me or Et 

i ,  Bun3SnH, C6H6, 80 OC, 6-8 h; i i ,  2 Bun3SnH, AIBN, C6H6, 8-10 h 

Scheme 10 

Vicinal dichlorides react with 2 equiv. of Bu"3SnH to give the corresponding saturated hydrocarbons 
in essentially quantitative yields, whereas vicinal dibromides lead to alkenes in high ~ ie lds .5~  

A major side reaction encountered in these dehalogenations is intramolecular radical cyclization in 
systems having unsaturated moieties; cyclization to form five- or six-membered ring systems is frequent- 
ly observed (see Volume 4, Chapter 4.2). 

I t  is emphasized that the BuSSnH reductions are highly chemoselective. Thus, a variety of other func- 
tional groups, such as alcohol, alkene, alkyne, ketone, nitrile, nitro groups, ester, epoxide, and even per- 
oxides6 and nitrate esters7 are tolerated. The method using Bu"3SnH is, therefore, extremely useful for 
dehalohydrogenolysis in complex molecules having other sensitive functionalities. Several representative 
examples employed in the synthesis of natural products are illustrated in Schemes 1 1-15.57-61 

The method can be applied to the synthesis of d e ~ t e r i u m - ~ * - ~ ~  or tr i t i~m-labeled~~ compounds by using 
Bu"3SnD or Bu"3SnT. The former reagent (Bu"3SnD) is commercially available (Aldrich) and the latter 
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Scheme 11 
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i,  NBS, Etz 0-MeCN (5:1), -1 10 "C, 4 h; ii, Bun3SnH, AIBN, C6H6, reflux, 2 h 

Scheme 12 

I 1  
c 

85% 

i ,  NBS, Bu'OK, -20 OC, 2 h, then r.t., 48 h; ii, Bun3SnH, C6H6, 90 "C, 10 h; ii i ,  conc. HC1, reflux, 10 h 

Scheme 13 
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O X 0  

i ii 

O X 0  

iii 

98% 

oxo 
i, PhHgCBr3, C6H6, reflux, 52 h; ii, Bun3SnH, 25 "C, 41 h; iii, MeONa/MeOH, rat., 1 min 

Scheme 14 

Scheme 15 

(Bun3SnT) is prepared by the reaction of Bu"3SnLi with tritiated water or by the reaction of Bu"3SnC1 
with tritiated sodium b~rohydr ide .~~ Representative preparations of labeled compounds with a high de- 
gree of stereoselectivity are shown in Schemes 16 and 17.62,65 

Because organotin hydrides are in general highly toxic, some modifications of the reagents have been 
devised. The NaBH4-Bun3SnC1 system, where BuSSnCl is used as the catalyst, is e f f e ~ t i v e , ~ " ~  and im- 
mobilization of organotin hydrides or dihydrides on reticulated polystyrene,68 alumina or silica gel69 is 
another approach. The organic products are not contaminated with organotin residues and the reagents 
are regenerated with NaBH4 or LiAlH4. 

COzH 

i ii 

72% 90% HO 
H H OH 

i, Bun3SnH, AIBN, toluene, reflux, 2 h; ii, KOH, MeOH-H20, r.t., 24 h 

Scheme 16 
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4.1.5.2 Copper Hydrides 

Various copper hydrides, such as ~ L ~ A I H ( O M ~ ) ~ . C U I , ~ ~  LiCuH(n-C4H9)?' (KCUH~) , , ,~~  Li,,CuH,,+I 
( n  = 1-5)73 are known to reduce alkyl halides under mild conditions. Among these, the reagent prepared 
from LiAlH(OMe)3 and CUI reveals unique reactivity. It reduces bromides and chlorides at room tem- 
perature in THF in excellent yields. It is interesting to note that the reduction of both exo- and endo-2- 
bromonorbomane proceeds with 100% retention, whereas the corresponding phenyl methanesulfonates 
undergo complete inversion of stereochemistry, as shown in Scheme 18?O The results suggest that the 
copper hydride reagent may attack the bromides from the front side to form copper complexes which, in 
turn, undergo ligand reorganization and finally release the deuterated products. 

LiA1D(OMe)3-CuI 

H 

LiA1D(OMe)3-CuI 

Br D 

H H 
Scheme 18 

OTs 

4.1.5.3 Other Metal Hydride Reagents 

4.1.5.3.1 Organosilane hydrides 

Organosilane hydrides are generally inert toward alkyl halides, while they exhibit potential reducing 
ability when mixed with a catalytic amount (5  mol %) of aluminum chloride.74 For instance, bromocy- 
clohexane is reduced to cyclohexane in 90% yield by treatment with Et3SiH/AIC13 at 0 4 0  'C; however, 
bromocycloheptane under similar conditions is converted to a 60:40 mixture of cycloheptane and 
methylcyclohexane in 65% combined yield.74 

Recently, Chatgilialoglu et al. have reported that tris(trimethylsily1)silane is like organotin hydrides in 
being capable of reducing organic halides (equation 3).75 The data available so far are still limited, but it 
seems that this reagent rivals tributyltin hydride and is more acceptable from an ecological and toxico- 
logical perspective. 

(Me,Si),SiH 

hv or (PhCO,), 
R-X - R-H 

X = C1, Br, I 

(3) 
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4.1 53.2 Complex reducing agents (CRA) 

Sodium hydride itself exhibits only weak reducing ability, but it becomes highly reactive when 
coupled with sodium alkoxide and transition metal salts. The reagent system designated by Caubkre et al. 
as 'complex reducing agents (CRA)' can be used for reductive dehalogenation of organic halides.I0 

Among various CRAs, NaH-t-pentyl-ONa-Ni(OAc)2 (NiCRA) and NaH-f-pentyl-ONa-ZnC12 
(ZnCRA) possess particularly notable reducing ability toward alkyl halides.76 With NiCRA, the general 
reactivity follows the trend RI > RBr > RCl and primary > secondary > tertiary. ZnCRA reduces only 
primary halides, following the trend RI > RBr >> RCl. Elimination is not observed in the reduction of 6- 
halo ethers and a-halo acetals. 

4.1.6 REDUCTION WITH COMPLEX METAL HYDRIDES 

4.1.6.1 Reduction with LiAIH4 

Alkyl halides are reduced with LiAlH4 (LAH) to the corresponding saturated hydrocarbons in good to 
high yields. In view of its ready availability, convenient handling, and ease of removal after completion 
of reaction, LAH is attractive for the reduction of organic halides. The reduction is usually carried out in 
ethereal solvents. The classical method using slurries of LAH in ether is not always effective for the re- 
duction, because of its low solubility. Use of THF, dimethoxyethane (DME) or diglyme as the solvent is 
more effective; for instance, the reduction of n-octyl iodide is essentially complete in 0.25 h in these sol- 
vents, while the reduction in ether is sluggish, requiring 24 h for 90% c~mple t ion .~~  

For efficiency and reasons of economy THF is recommended. Representative dehalogenations in THF 
are shown in Table la7* Most alkyl halides are reduced at 25 "C to alkanes, except for bicyclic halides, 
such as exo-2-bromonorbornane. In most cases, the reaction exhibits the typical characteristics of an S N ~  
substitution reaction in the reactivity order I > Br > C1; primary > secondary > tertiary. In all cases, no al- 
kene, or only traces of it, is formed as a side product as a result of elimination. This method provides a 
convenient synthetic procedure for hydrodehalogenation of alkyl halides. 

Table 1 Reduction of Alkyl Halides with LAH in THF7* 

Alkyl halidea Temperature ("C) Time (h) Product Yield (%) 

1 -1odooctane 
1 -Bromooctane 
1 -Chlorooctane 
1 -Chlorooctane 
2-Bromooctane 
2-Bromooctane 
1 -Bromo-2-methylpentane 
Bromocyclopentane 
Iodocyclohexane 
Bromocyclohexane 
Bromocyclohexaneb 
Chlorocyclohexane 
Bromocy~loheptane~ 
exo-2-Brornonorbornane 

25 
25 
25 
65 
25 
65 
25 
25 
65 
25 
65 
25 
25 
25 

0.25 
0.5 
24 
4 
24 
24 
6 
24 
6 
24 
12 
24 
24 
24 

n-Octane 94 
n-Octane 96 
n-Octane 73 
n-Octane 94 
n-Octane 70 
n-Octane 97 
2-Methylpentane 92 
Cyclo entane 91 

Cyclohexane 5 
Cyclohexane 96 
Cyclohexane Trace 
C ycloheptane 94 
Norbomane 3 

CycloEexane 93 

"Unless otherwise stated, the concentrations of the alkyl halide and LAH are 0.25 M. bl .O M LAH. '0.5 M LAH. 

The mechanism of LAH reduction of alkyl halides has been investigated by several research groups. 
Ashby and his coworkers have extensively studied the mechanism using cyclizable probes, hydrogen 
donor trapping agents and optically active alkyl  halide^.^'^^ Their exhaustive investigations have led to 
the following conclusion: alkyl chlorides are reduced entirely by an S N ~  pathway. In the case of bro- 
mides, it appears that SN2 and a single electron transer (SET) are in competition, with the S N ~  process 
being strongly favored. For alkyl iodides it appears that SET is the major reaction pathway. On the other 
hand, Newcomb et al. have recently claimed that SET is not an important process for LAH reduction of 
unhindered primary halides, including  iodide^.*^*^^ The mechanism of LAH reduction of cyclopropyl 
bromides has also been studied. These reductions are believed to proceed predominantly through an SET 
p r o c e ~ s . ~ ~ ~ ~ ~  
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4.1.6.2 Lithium Aluminum Hydride-Metal Salt Systems 

Ashby et al. have studied reductive dehalogenation by the combined use of LAH and first row transi- 
tion metal halides (Co", Ni", Fe", Felt', Mn", Tit1' and V1t1).88.89 Table 2 shows that CoC12, NiC12 and 
Tic13 notably elevate the reducing ability of LAH, and the added salts need only be present in catalytic 
amounts (10 mol %). Among them, the reagent system LAH-NiC12 shows the highest reactivity; that is, 
primary, secondary and cyclic halides (I, Br, C1) are reduced in essentially quantitative yield at room 
temperature. 

Table 2 Reduction of Alkyl Halides by LAH-Transition Metal Chlorides at Room Temperature in THFB9 

Alkyl halide Transition metal chloridea Time (h) Product Yield (%) 

1 -Chlorodecane 

1 -Fluorodecane 

Bromocyclohexane 

Chlorocyclohexane 

None 
FeCI3 
CoC12 (10 mol %) 
NiCL (10 mol %) 
Tic13 (10 mol %) 
None 
FeC12 
CoCl2 (10 mol %) 
NE12 (10 mol %) 
TiCh (10 mol %) 
None 
FeC12 
COClZ 
NiCl2 
Tic13 
None 
coc12 
CoC12 (1 0 mol %) 
NiCL 
NiCl; (10 mol %) 
Tic13 
Tic13 (10 mol %) 

24 n-Decane 
n-Decane 
n-Decane 
n-Decane 
n-Decane 

24 n-Decane 
n-Decane 
n-Decane 
n-Decane 
n-Decane 

24 Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 

24 Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 

68 
100 
100 
100 
100 

0 
16 
10 
7 
9 
0 

97 
99 
99 

100 
0 

92 
3 

95 
5 

95 
95 

'Molar ratio of LAH to rransition metal chloride is 1 :  1, except when noted. 

It has been reported that the LAH-AgC104 (1 %) system also exhibits enhanced reactivity toward 
halides.g0 The reagent system is effective for such substrates as geminal dihalocyclopropanes, which ex- 
hibit poor S N ~  reactivity. 

The combination of LAH with Lewis acid has a powerful reducing ability. The use of aluminum 
chloride9' or cerium chloride92 under more drastic conditions enables primary alkyl fluorides to be con- 
verted to the corresponding saturated hydrocarbons in good to excellent yields. 

4.1.6.3 Sodium Borohydride 

Sodium borohydride, a representative borohydride reagent, behaves as an effective source of nucleo- 
philic hydride in an aprotic polar solvent, such as DMSO, sulfolane, HMPA, DMF or diglyme, and is 
used for the reduction of alkyl  halide^.^^^^^ As shown in Table 3, primary and secondary iodides, bro- 
mides and chlorides are converted to hydrocarbons at temperatures between 25 and 100 "C using sodium 
borohydride. Vicinal dihalides, such as 1,2-dibromooctane, are smoothly converted to the corresponding 
saturated hydrocarbons, in contrast to the reductions using LiAIH4 or low-valent metal salts, which pre- 
dominantly afford a1 kene s. 

Sodium borohydride reduction offers a significant advantage in synthetic applications. The method 
allows the reductive removal of halides selectively without affecting other functional groups, such as 
ester, carboxylic acid, nitrile and sulfone. A typical chemoselective dehalogenation is illustrated in 
Scheme 19.95 

Some alkyl halides (primary I, Br, C1 and secondary Br) are reduced by NaBH4 under phase-transfer 
conditions, as shown in equation (4).96 This reaction is carried out by the addition of a concentrated 
aqueous solution of NaBH4 to a stirred solution of substrate and catalyst in a suitable solvent, such as 
toluene. Yields are nearly quantitative in most cases, although an excess of sodium borohydride is 
required. 
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Table 3 Reduction of Alkyl Halides with NaB& in Polar Aprotic Solventsq3 

Alkyl halide Molar ratio Solvent Temperature Time Product Yield 
(NaBHdhalide) ('(2) (h) (%) 

1 -1ododecane 
1-Iododecane 
1 -1odododecane 
1-Iodooctane 
1-Bromodecane 
1 -Bromododecane 
1 -Bromododecane 
1 -Bromododecane 
o-Bromoundecanoic 
1 -Chlorododecane 
1 -Chlorododecane 
2-Iodooctane 
2-Iodooctane 
2-Bromododecane 

2 DMSO 85 0.25 Decane 
2 Sulfolane 100 0.25 Decane 
1 HMPA 25 0.025 Dodecane 

45 1 Octane 
85 1.5 Decane 2 

1 HMPA 25 0.022 Docecane 
2 DMSO 85 1.5 Dodecane 
2 Sulfolane 100 1.5 Dodecane 

2 DMSO 85 4 Dodecane 
2 Sulfolane 100 6 Dodecane 
3 DMSO 85 1 Octane 
3 Sulfolane 100 1 Octane 
3 DMSO 85 18 Dodecane 

5.3 ;&&$e 

acid 2 DMSO 25 2.5 Undecanoic 

93 
93 
a7 
91 
94 
73 
95 
96 

acid 98 
91 
85 
82 
81 
86 

2-Bromododecane 3 Sulfolane 100 18 Dodecane 69 
2-Chlorodecane 3 DMSO 85 18 Decane 68 
Ethyl 5-bromovalerate 4 HMPA 25 0.5 Ethyl valerate 85 
Styrene dibromide 4 DMSO 85 1.5 Ethylbenzene 65 
St rene dibromide 4 Sulfolane 100 1.5 Ethylbenzene 64 
1 3-Dibromooctane 4 HMPA 70 2 Octane 84 

AcO A@ NaBH4, 75% DMSO c Acr@ 
r.t., overnight 

Scheme 19 

CN 

Br 

aq. NaBH, 

R-X - R-H 

cat. Q'Halo-, heat, solvent 

(4) 

R = alkyl group; X = C1, Br, I; Q = (alkyl),N, (alkyl),P 

4.1.6.4 Lithium Triethylborohydride 

Triethylborohydride (LiEt3BH) is the most powerful nucleophilic reducing agent for the reduction of 
alkyl  halide^?^*^* This reagent is far more powerful and cleaner than lithium aluminum hydride and li- 
thium borohydride, as indicated in Figure 1.98 The replacement of three of the four hydrogen atoms in 
LiBH4 by ethyl groups enhances the nucleophilicity by a factor of 10 OOO. This enhanced nucleophilicity 
arises from the electron-donating effect of the three ethyl groups. 

Representative reductions of alkyl halides with LiBEt3H are shown in Table 4. Most alkyl halides, in- 
cluding chlorides, are reduced under mild conditions in essentially quantitative yields. Even hindered 
alkyl halides, such as neopentyl bromide and em-norbomyl bromide, undergo facile reduction to the 
corresponding alkanes in more than 96% yield with this reagent. 
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0 6 12 18 24 
Time (h) 

Figure 1 Rates of reduction of n-octyl chloride (0.25 M) with representative complex metal hydrides (0.5 M) in 
THF at 25 "C (reproduced from ref. 98 by permission from S. Krishnamurthy and H. C. Brown) 

Table 4 Reduction of Alkyl Halides with Lithium Triethylborohydride in THP* 

Alkyl halide' Temperature ('C) Time (h) Products (96) 
RX RH Other 

1 -1odooctane 25 
1 -Bromooctane 25 
1 -Chlorooctane 25 
IChlorooctane 25 
1 -Bromo-2-methylpentane 25 
Neopentyl bromide 25 
Neopentyl bromide 65 
2-Bromooctane 25 
2-Bromo-2-methylpentane 25 
Iodocyclohexane 25 
Bromocyclohexane 25 
Bromoc yclohexane 65 
Chlorocyclohexane 25 
Chlorocyclohexane 65 
Bromocyclo ntane 25 
Bromoc y cloEptane 25 
Bromoc clooctane 25 
em-Norkmy 1 bromide 25 
em-Norbomyl bromide 65 
em-Norbornyl bromide 65 

0.02 
0.03 

1 
3 

0.08 
24 
3 
3 

24 
12 
24 
6 

24 
48 

1 
3 

24 
24 
12 
72 

9 

14 
5 

8 

34 
4 

99 
58 

84 
40 
4 

100 
100 
91 

100 
98 
86 
% 
98 

e2 
92 
64 
88 

1 
34 
99 
99 
95 
12 
59 
% 

84, alkenes 
2. alkene 

2, alkene 

a In all cases solutions arc 0.25 M in alkyl halide and 0.5 M in LiEtlBH. 

This reagent is conveniently prepared by the reaction of triethylborane with lithium hydride in THF.% 
The THF solution (1 .O M) is commercially available from Aldrich under the name of 'Super-Hydride'. 

A corresponding deuterated derivative is conveniently prepared from lithium deuteride in quantitative 
yield; the reagent 'Super-Deuteride' is also commercially available from Aldrich. The ready availability 
of this reagent offers a simple means of introducing deuterium into the system with stereochemical inver- 
sion at the center undergoing substitution. An example is shown in Scheme 20. 

LiEt,BD, THF, 65 "C ABr 96% 
Scheme 20 

D 
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The reduction of alkyl halides by LiEt3BH exhibits typical sN2 characteristics, but it has been sug- 
gested by Ashby et al. that the reductions of secondary alkyl iodides and bromides proceed in part by an 
SET pathway.99 

4.1.6.5 Other Borohydrides and Related Reagents 

Cyanoborohydride and its modified reagents have been used for reductive dehalogenations. Thus, the 
combination of sodium or tetrabutylammonium cyanoborohydride, sodium or potassium 9-cyano-9- 
hydro-9-borabicyclo[3.3. llnonanate [9-BBNCN] (2) or polymeric cyanoborane (3) in HMPA furnishes 
an efficient and mild system for the reduction of alkyl halides.'@' The reagents are selective in that other 
functional groups, including ester, carboxylic acid, amide, cyano, alkene, nitro, sulfone, ketone, aldehyde 
and epoxide, are essentially inert under the reduction conditions; thus, the reduction procedure is attrac- 
tive for synthetic schemes which demand minimum damage to sensitive portions of the molecule. 

H,-,CN 
B 

A zinc-modified cyanoborohydride reagent, prepared in situ by the reaction of sodium borohydride 
with zinc chloride in ether, reduces tertiary halides in high yields, whereas primary and secondary 
halides remain intact.I0' Similar reactivity is observed with lithium 9,9-di-n-butyl-9-borabicyclo[3.3. I]- 
nonanate (4), as shown in equation (5).Io2 

hexane 
( 5 )  

Yoon and Kim have prepared potassium triphenylborohydride (KPhnBH) and examined the reducing 
ability toward alkyl halides.lo3 n-Octyl iodide is reduced within 1 h at 0 "C, whereas n-octyl bromide 
takes 24 h for complete reduction. Secondary bromides are inert under these conditions. 

4.1.7 MISCELLANEOUS REDUCTION PROCEDURES 

Some anionic species have been examined for the reduction of organic halides. Among these are 
(Me0)2PK,IM Ph2PK,Io5 K(Et0)2P(0)H,106.107 NaTeH,Io8 Bun3SnLilw and MeSOCH2Na,' l o  which have 
been examined for selective reduction of alkyl halides. These reagents possess a strong nucleophilic 
characteristic and are not always suitable for the reduction of simple alkyl halides, but they are suited to 
selective monoreduction of geminal dihalocyclopropanes (equation 6). Table 5 summarizes various 
methods of monoreduction, including the representative ones mentioned in the previous sections. 

( C H S  X (6) 

Phosphorus reagents, particularly (Me0)zPK and Ph2PK, provide a high yield of monoreduction with 
excellent stereoselectivity, which is in contrast to other methods, such as LAH reduction. 

Reductive elimination of 1,2-dibrornoalkanes has been studied by many investigators using sodium 
d i ~ u l f i d e , l ~ ~ - ~ ~ ~  poly(styrylmethylthi01),'*~ methyl- or phenyl-~elenolate,'~~ bis(2-thieny1)ditel- 
l~r ide/NaBH4, '~~ sodium tell~ride/rongalite'~~ and trimethylstannylsodium. 128 Among these, sodium sul- 
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Table 5 Monoreduction of Cyclopropyl Geminal Dihalides 

Reagent or method Solvent 

n = 4 ,  X = Br (MeOkPK Liquid NH3 
(MeOhPK DMSO 
HP(O)(OEt)z/Et3N 
NaHTe EtOH 
MeSOCH2Na DMSO 
MeMgBR THF 
LAH EtzO 
LAH/AgC104 EtiO 
NaAlH~(OCHzCHz0Me)z CaH6 
NaBHa DMF 
CrSO4‘ DMF 
Cr(OAck DMSO 
n-BusSnH 
Hg cathode MeOH/HzO 

n = 6, X = Br (MeOhPK Liquid NH3 
HP(0MOEtkMEti 

EtOH 
DMSO 
THF 
DMSO 

Bu”3SnH 
Bun3SnH/Et3B PhMe 
CrSO4 DMF 
Zn AcOH 
Hg cathode 

LAHIh v 
n = 4, X = C1 PhZPK 

Bu”3SnH 
Hg cathode 

MeOH 
DMSO 
THF 

MeOH/HCl 

Yield (%) exo:endo ReJ 

100 100:0 
97 99: 1 
83 17533 _ _  
55 241% 
72 99-90:1-10 
72 21:73 
73 25:75 
67 
65 
79 
25 
82 
82 

80-90 
82 
74 
59 
71 
75 
90 
84 
84 
32 
95 

80-90 
88 
93 
83 

80-90 

7:93 
74:26 
36:64 
0: loo 
9:91 

29:7 1 
16:84 

100:0 
22:78 
33:67 
9 5 5  
17:83 
36:64 

18:82 
0 loo 
0: 100 

0:100 
1 0 9 0  

94:6 
28:72 
36:M 
0 loo 

104 
104 
106 
108 
110 
111 
112 

113 
114 
115 
116 
117 
118 
104 
106 
108 
110 

114 
1 I7 
46 
115 
119 
118 
105 
120 
117 
118 

90 

90 

fide provides high yields of the corresponding alkenes. The reductions are simply camed out in DMF or 
phase-transfer conditions. This method compares favorably with the methods using Zn-TiC1443 and elec- 
trochemical r ed~c t i0n . l~~  
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4.2.1 INTRODUCTION 

This chapter will deal with reductive processes which, either directly or following appropriate derivat- 
ization, replace hydroxy and amino groups attached to saturated carbon with hydrogen, as indicated in 
equation (1). Such processes are usually referred to as deoxygenations and reductive deaminations. In 
general, we will not deal with functional group removal from allylic or benzylic carbon, except where 
the behavior of these systems is of particular relevance to the fully saturated case; the same remarks 
apply to processes which proceed through carbonyl compounds or imines, since the reduction of C=X 
to CH2 is covered in detail in Chapters 1.13 and 1.14 of this volume. 

In the context of total synthesis, the reduction in the level of functionalization implicit in these pro- 
cesses is not always at variance with synthetic objectives, a simple example being the aldol condensa- 
tion-deoxygenation sequence of Scheme 1, which could replace a (frequently more difficult) direct 
enolate alkylation. The conversion of readily available, polyfunctionalized materials such as carbohy- 
drates into specifically deoxygenated or deaminated derivatives provides a variety of chiral synthons for 
the assembly of more complex substances. 

The second, major use for deoxygenations and reductive deaminations is the modification of complex 
natural products, and the need to achieve regio- and chemo-selectivity in such processes has provided 
significant impetus to the search for novel methods which carry out these transformations under mild 
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conditions. Such alteration of natural products is important both for structure elucidations and correla- 
tions, and for the exploration of biological structure-activity relationships. For example, therapeutic ad- 
vantage may be gained by removing a functional group which is not essential to intrinsic activity, but 
which is a site for metabolic inactivation. 

Chemically, methods for deoxygenation and reductive deamination have seen additions in the last two 
decades which depart from those traditional approaches using hydride reduction of activated alcohols 
and diazene generation from aliphatic amines. New methods for amine activation, new complex hydrides 
and, in particular, methods using electron transfer and free radical processes have greatly expanded the 
range of substrate molecules which can be subject to efficient functional group removal. 

In the following sections, the advantages and disadvantages of each method will be illustrated by perti- 
nent examples. The various techniques for removing hydroxy or amino are arranged according to the 
basic mechanistic process involved in the key step. 

4.2.2 DEOXYGENATION OF ALCOHOLS AND THEIR DERIVATIVES 

4.2.2.1 Hydride Reduction Methods 

The LAH reduction of tosylates' is generally useful for primary and some unhindered secondary alco- 
hols. The relatively indiscriminate reactivity of LAH towards many other functional groups means that 
these must be protected, as exemplified by the synthesis of the 6-deoxygalactose derivative (2) shown in 
equation (2). Primary tosylates are also reduced by NaBH4 in dipolar, aprotic and cyclodode- 
cy1 tosylate was reduced s10wly.~ Mesylates were also reduced: NaBH4 in DMSO converted (3) to (4) 
without significant reduction or cleavage of the secondary  sulfonate^.^ The reduction of RCH20Ts also 
took place with NaBH3CN in HMPA; although the reactions were slow, these conditions did permit the 
survival of nitriles, esters and aryl ketones.6 More activated sulfonates such as triflates would presum- 
ably react more rapidly with NaBH3CN. For primary alcohols, conversion to the bromo or iodo com- 
pound should also be considered, since this affords a number of choices (hydride, electron transfer or 
stannane) for the subsequent reduction step (see Chapter 4.1, this volume). 

0 LiAIH,, Et20, 25 "C 
c 

<o 

57% 

<o 

PhCOHN ABn 
(3) R = OMS 
(4) R = H 

When secondary sulfonates are treated with LAH, competing reactions frequently occur. For poly- 
oxygenated, carbohydrate-derived substrates, complexation of the reagent, inductive deactivation and 
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lone pair-nucleophile repulsion all can cause severe retardation of the desired sN2 process, and S-0 
scission to the parent alcohol is the usual In cyclohexanes, elimination may be the dominant 
process when the tosylate is axial and/or the P-H is activated, an extreme case being that shown in equa- 
tion (3). 

In a study of the reduction of primary neopentyl and cycloalkyl mesylates and tosylates, two groups8 
showed that LiBEt3H in THF is superior to LAH and L-selectride in both rate and selectivity for reduc- 
tion versus elimination, While cyclohexyl tosylate still gave 20% alkene, elimination was not seen for 
the cyclo-pentyl, -heptyl and -octyl esters. The lower rate for neopentyl systems was used to advantage in 
the selective reduction of (5) to (6) at 25 'C. In a more complex system? LiBEt3H reduction of (7; R2 = 
OMS, OTs) regenerated the alcohol (7; R2 = OH), whereas the more hindered 2-propanesulfonate (8) af- 
forded the deoxy compound (9). Methods for preparing other hindered sulfonates (ROS02Bu' and 
ROS02CPh2CF3) have been described,IO but their behavior towards LAH and other hydrides remains to 
be systematically explored. 

n 

R 

(5) R = OTs 
(6) R = H 

(7) R' = H, R2 = OH 
(8) R' = H, R2 = OSOZPri 
(9) R' = RZ = H 

Chemoselective reagents of the general type Li(CuHR) were developed by Masamune et a1.l1 for re- 
ducing halides and sulfonates. A reagent prepared from CUI and 2LiAlH(OMe)3 in THF reduced several 
mesylates efficiently in a net sN2 process, and the related reagent LiCuHBu" converted mesylate (10) to 
(11) without reducing the ester. Under the same conditions, these reagents reduced ketones and sub- 
strates susceptible to conjugate addition. 

As might be anticipated, attempts to apply sulfonate-hydride processes to tertiary alcohols lead to 
elimination and rearrangement reactions. However, the relative ease of carbonium ion formation from 
these systems permits the use of 'ionic hydrogenations'12 in which an alcohol (or ether, alkene or ester) 
is reacted with a protic or Lewis acid (usually CF3C02H) in the presence of a mild, acid-stable hydride 
donor such as Et3SiH. Although most frequently used for benzylic alcohols, some aliphatic cases have 
been studied and examples are the efficient conversion of (12) to (13) and of (14) to (15) in Et3SiH- 
CF3C02H. 2-Octanol was reduced to octane with BF~Et3s iH . l~  The stereochemical course of these re- 
actions is known for some alkene reductions, and would presumably follow a similar course for tertiary 
alcohol or ether precursors. The methylcholestene (16) gave mostly the equatorial product (17),14 but 
mixtures were obtained from 1,2-dimethylcycloalkenes. These reactions are subject to rearrangement of 
the carbonium ion prior to hydride capture: 5-cholestene gave an isomer mixture derived by prior back- 

C02Et H H 

(10) R =OMS (12) R = OH (14) 
(11) R = H (13) R = H 

(15) 
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0 + 0- + W P h  (4) 

OH LiAIH,-AICI, 

Ph Ph ph Bu2O,8OoC 
66% 

50% 25% 25% 

bone rearrangement to (18), and the obtention of the all-trans product (15) from cis-cis-trans (14) was a 
consequence of complete 1,2-hydride shift before red~cti0n.l~ For the same reason, reduction of 
saturated secondary and tertiary alcohols by LAH-AlC13 mixtures corresponding to ‘C12AlH’ frequently 
produced alkenes and rearranged materials in addition to the simple deoxy compound, as shown in equa- 
tion (4).15 

The reduction of 1,2diols and their derivatives by hydride or other methods often constitutes a special 
case. The following guidelines may be useful, and will be exemplified in later sections. For 1,2-diols 
with a primary center as the target for reduction, selective activation (a bulky reagent such as mesitylene- 
sulfonyl chloride16 may be advantageous) can be followed by hydride reduction, which may proceed via 
the epoxide if the second hydroxy is not blocked. In carbohydrates, reduction of bis-secondary 1,2-disul- 
fonates frequently occurs via S - 4  cleavage, epoxide formation and 1 ,Zdiaxial opening (see Chapter 
4.4, this volume). Removal of both hydroxy groups is commonly carried out through the corresponding 
alkene, but can also be done directly with certain photoreduction and free radical methods; the latter pro- 
vide the methods of choice for monodeoxygenation of diols at the more substituted center. 

4.2.2.2 Catalytic Hydrogenolysis 

Despite the haptophilic behavior of the hydroxy group towards both heterogeneous and homogeneous 
noble metal catalyst systems,I7 a C - O H  bond unactivated by adjacent alkenic or aromatic groups (see 
Chapter 4.7) is quite resistant to hydrogenolysis, and forcing conditions are usually required. 

In a series of papers,I8 Adkins and coworkers reported hydrogenolysis of alcohols over CuCrOz, BaO- 
CuCrO2 and Ni catalysts. At the elevated temperatures and pressures needed to induce reduction, cleav- 
age of C - C  bonds also took place via dehydrogenation-decarbonylation and retroaldol processes. For 
simple systems, primary alcohols were converted to the next lower hydrocarbon (equation 5 ) ,  whereas 2- 
octanol and cyclohexanol were simply deoxygenated. Similar results were obtained with NiO-Al203 
~ata1ysts.I~ Rearrangement of branched compounds was avoided using co-Ah03, but only partial con- 
version was seen under very forcing conditions.20 

Ni, H2 

150 OC, 1500 psi 
R”OH - R-H ( 5 )  

Some selectivity for monodeoxygenation of glycols was obtained over Ni or CuCrOz, and depended 
upon the separation of the hydroxy groups: under conditions which did not affect the 1,4-diol, cyclohex- 
ane- 1,3-diol gave cyclohexanol. The examples of equations (6) and (7) show that there was some selec- 
tivity for removing primary hydroxy groups. 

Ni, H2 

L o H  200Oc.2500psi - + /\/\OH (6)  

82% 

77 % 23% 
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Ni, H, 
HO"('OH - A O H  

OH 200 "C, 2500 psi 
(7) 

85% 

The more facile reductionz1 of tertiary alcohols and esters and of secondary tosylates over Pt in HOAc 
or CF3COzH was ascribed to alkene formation prior to reduction. The deoxygenation of tertiary alcohols 
with Raney nickel in refluxing toluenez2 also proceeds through the alkenes; these conditions also effected 
the transformation shown in equation (5 ) .  

The two-step sequence shown in Scheme 2 has been used to deoxygenate a variety of monohydric, 
acyclic  alcohol^?^ Reaction of the alcohol with DCC (other carbodiimides gave less satisfactory results 
in the reductive step) catalyzed by CuCl gave the 0-alkyl-N,"-dicyclohexylisourea, which was hydroge- 
nated over Pd-C in EtOAc to the deoxy compound. Excellent yields were obtained (Table l )  for pri- 
mary, secondary and tertiary acyclic systems with reduction times of 2-30 h, the tertiary case being the 
most reactive. However, this method was not useful for most cycloalkanols, the reductive step being ex- 
tremely slow. The 0-isobornyl derivative (19) was reduced readily, but with rearrangement, giving endo- 
isocamphane (20). 

H 

Scheme 2 

Table 1 Formation and Hydrogenation of 0-AkyI-Nfl '-dicyclohexylisoureas 23 

Alcohol Isourea, yield (%la Hydrocarbon, yield (%)b 

Octan- 1-01 93 97 (81) 
Octan-2-01 94 98 - ~ ...~. - .~ 

OCttUl-4-Ol 
Tetradecanol 
2-Pheny lethanol 
2-Methy lheptan-2-01 

93 
93 
94 
C 

97 
96 (76) 

91 
94 

'Isolated yield, 0.10 mol scale. 'Determined by GLC; overall yields in parentheses represent examples in which the intermediate 
isourea was not isolated. 'Not cited. 

I 

4.2.2.3 Electron Transfer Reductions 

When a carboxylic, phosphoric or sulfonic ester (or thioester) of an aliphatic alcohol is made to accept 
electrons, several reaction pathways are available to the resulting radical anion, as shown in Scheme 3. 

The desirable fragmentation (A) to give the alkyl radical represents a viable method for overall de- 
oxygenation, providing that alternative processes involving 0-X fission (B), or H-abstraction (C) or net 
two-electron reduction (D; the Bouveault-Blanc reduction of esters, for example) followed by 0-X 
fission, can be minimized. Conditions have been established which cause (A) to be the dominant process 
for X = C, P and S; this section will compare the merits of these processes for alcohol deoxygenation. 
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Y 
RO - X  

R1 

1 e- 

Y- 

R' 
RO -X* 

Re + O=X'  
R' 

e-; H+ 
or H-abstraction 

1 

RH 

Y 
*X 

R '  

/ 
+ RO- 

H+ \ 
Y* 

R1 
RO-X-H 

- 
I H+ 

RO-X'-H 

Scheme 3 

From the viewpoint of experimental conditions, three methods have been used to supply the solvated 
electrons required: dissolving metals, electrochemistry and photochemistry. Several groups have ex- 
plored the reduction of esters by dissolving metals, and this proves to be a general method for deoxyge- 
nating tertiary and hindered secondary alcohols. For primary and unhindered secondary systems, 
substantial amounts of alcohol tend to be regenerated, although this can be minimized by using esters of 
bulky carboxylic acids. Reductions of the esters of 3P,6P,Sa-~holestanediol illustrate salient points.24 
The diacetate (21) with Li-EtNH2 or Li-NH2CHzCHfiH2 gave the 6-deoxy compound (22) and diol 
(23) in 1.3:l ratio, improved to 2:l by using K-Bu'NHz and 18-crown-6. When the pivalate (24) was 
similarly reduced, the RH:ROH ratio was 8.8: 1. Compelling evidence for a carbon radical intermediate 
was provided by the cyclosteroid example shown in equation (8), and is consistent with the very efficient 

A 
OAc 85% 15% 

(21) R' = R2 = OAC 
(22) R1 = OH, R2 = H 
(23) R' = R2 = OH 
(24) R1 = R2 = 02CBu' 

(25) R' = OAc, R2 = Me 
(26) R1 = Me, RZ = OAc 
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deoxygenationzs of tertiary acetates (25) and (26) by Na-HMPA-Bu'OH. Similar reductions have been 
effected with Na-K alloy in THF in the presence of (M~OCHZCHZOCHZCHZO)~N?~ avoiding side re- 
actions associated with cleavage of 18-crown-6. 

Several methods are available which minimize the 0-X cleavage process,z7 of which the most 
general was developed by Ireland and coworkers.z8 A wide variety of alkyl and cycloalkyl N,N,N'JV'-te- 
tramethylphosphorodiamidates were cleanly deoxygenated (Scheme 4) with essentially no regeneration 
of the starting alcohol. Examples are the conversion of (27) to (28) and of cholesterol to cholest-5-ene, 
with near-quantitative yields in the reduction step. For tertiary alcohols, the 0,O-diethylphosphates were 
satisfactory, as in the conversion of (29) to adamantane. Metal-amine reductions of NJV-dimethylthio- 
 carbamate^?^ NJV-dirnethyls~lfamates~~ and triflates3 have also been reported; in some carbohydrate 
examples, equatorially disposed P-hydroxy groups survived without alkene formation, but this was not 
generally the case for these reactions proceeding via carbanionic intermediates. 

Li, Et", 
0 

Bu"Li II 

R- OH R O ' F N M e 2  - R-H 
CIPO(NMe,), NMez THF/B u'OH 

Scheme 4 

(27) R = OH 
(28) R = H 

(29) (30) 

Mesylates, which tend to undergo 0-S scission with dissolving metals, were reduced electrochemi- 
cally in DMF. Yields of 70-85% were reported3z under conditions which left esters, nitriles and epoxides 
unchanged. The conversion of (30) to (31) again indicated a carbanionic intermediate. 

Photochemical methods have been used for deoxygenation under milder conditions. Photolysis of ace- 
tates at 254 nm in 955  HMPA-H2O was generally useful for molecules which did not contain chromo- 
phoric groups, and removed primary, secondary and tertiary  oxygen^.^^ Pivalates were generally supenor 
to acetates, as exemplified by the formation of deoxy compound (32) in 65% yield from (33) and in 75% 
yield from (34). Homolytic scission from the radical anion followed by H-atom abstraction is clearly in- 
volved; metal-amine reduction of (35) did not give (32), but led to complete ring scission via elimination 
from C-2. In appropriate cases, interfering chromophores could be modified by protection: deoxygena- 
tion of testosterone acetate was achieved by photoreduction of ketal (36) to (37) in HMPA-Hz0, fol- 
lowed by acid hydrolysis to (38) in 60% overall yield. In all of these direct photoreductions of acetates, 
pivalates or triflates, the use of HMPA-Hz0 was essential for deoxygenation. 

(32) R = H 
(33) R = OAc 

(34) R = OZCBU' 
(35)R =OPO(NMe2)z 

(36) R = OAc 
(37) R = H 

For substrates with UV-absorbing functional groups, an interesting photosensitized ester deoxygena- 
tion has been described.34 Irradiation (Pyrex) of an EtOH-H20 solution of the m-trifluorobenzoyl deriva- 
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tive (39) containing N-methylcarbazole (MCZ) as the sensitizer gave 91% of (40) with recovery of MCZ 
and m-CF3C6H4C02H. This process was specific for secondary alcohols and did not proceed through car- 
banionic intermediates: the adenosine triester (41; A = adenine) was converted cleanly to the 2',3'-dide- 
oxy compound (42) with no 2',3'-alkene. A radical process was confirmed by incorporation of deuterium 
from CDsCDzOH, but not from bo. This method would seem to be particularly useful for vicinal dide- 
oxygenation, the more so since thiocarbonyl-stannane methods are not satisfactory for this transforma- 
tion. In a further simplification the unsubstituted benzoate (43; U = uracil), which was a poor substrate 
when irradiated with MCZ alone, was efficiently converted to (44) in the presence of Mg(C104)~. 

R R  

(39) R = O2CC6H4-m-CF3 (41) R = 02CAr (43) R = OZCPh 
(40) R = H (42) R = H 

[Ar = C6H4-rn-CF3] 
(44) R = H 

4.2.2.4 Stannane Reduction of 0-Thiocarbonyl Derivatives 

The free radical deoxygenation of secondary alcohols35 by the reaction of various 0-thiocarbonyl deri- 
vatives with tri-n-butylstannane (BusSnH) shown in equation (9) was the prototype for several modifica- 
tions and related processes which, taken as a whole, permit the deoxygenation of most types of alcohols 
and the monodeoxygenation of 1,2 and 1,3-diols. In these two-step processes, the initial derivatization in- 
volves either basic or near-neutral conditions and the reductive step occurs in neutral, aprotic solvents at 
80-1 60 'C. These processes are limited only by those side-reactions (intramolecular cyclizations or frag- 
mentations) of carbon radicals which can successfully compete with H-abstraction from an efficient 
donor (R3SnH), and frequently provide the method of choice for deoxygenation in polyfunctionalized 
systems bearing groups sensitive to hydride or dissolving metal reagents. These methods have been re- 
viewed in brieP6 and in and are included in general reviews of carbon radical chemistrys7 and 
synthetic uses of B u ~ S ~ H . ~ ~  

* R'\ (9)  
Bu3SnH 

toluene, reflux FHZ 
R1\ 

R2' 

CHO(C=S)X 
R2 

Scheme 5 shows the reactions that occur when a thioester or similar substrate (45) interacts with 
Bu3SnH under free-radical conditions. After initial addition (which may be reversible) to afford the stabi- 
lized intermediate radical (46), the desired fragmentation (A) will take place with an ease which depends 
to some extent on the nature of X (in ROCSX), but is more determined by the temperature, and by the 
nature of R. Steric compression about the C-0 region encourages the fragmentation without seriously 
affecting the addition step, making these methods very useful for hindered systems. After fragmentation, 
the major fate of the alkyl radical is H-abstraction (C) to give the deoxy compound (49) and the chain 
carrier (Bu3Sn.); a less common occurrence is (D), where capture of R by the substrate rather than 
BusSnH results in overall conversion to the isomeric S-thioester. More frequent (but usually quite minor) 
side-reactions arise from abstraction prior to fragmentation (B) and ultimately produce the starting alco- 
hol (52) or the ether (53), depending upon the particular substrate. An alternative possibility involving 
SH2 attack on the singly bonded sulfur exists for dithiocarbonates (xanthates) and was proposed on the 
basis of ESR (electron spin resonance) measurements, which indicated some production of ROCS. from 
ROCSzMe at low  temperature^.^^ Under typical deoxygenation conditions, however, experiments using 
dithiocarbonates with S-substituents with different steric and electronic characteristics indicated that the 
addition of Bu3Sn. to C = S  is the important initial step.'''' The presence of EtsB allowed some deoxyge- 
nations to proceed at ambient temperature,'" but the mechanistic processes involved were not estab- 
lished. 

For a given secondary alcohol, the choice of thiocarbonyl derivative is predicated more by structural 
features (steric hindrance, other functional groups) present in the alcohol than by the actual reductive 
step. Barton and M~Combie"~ reported comparable results for S-methyldithiocarbonyl (MDC), thioben- 
zoyl (TB) and imidazole- 1-thiocarbonyl (ITC) derivatives, and typical preparations of these are shown in 
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SSnBu3 

X 
RO +H 

(51) 

SSnBu3 

X 
R* + 0% 

(47) (48) 

Scheme 5 

equations (lo)-( 12). The ITC derivatives were recommended by Rasmussen et al.42 for carbohydrates, 
and phenoxythiocarbonyl (PTC) derivatives prepared as shown in equation (1 3) were introduced by 
Robins et al!3 for nucleoside deoxygenation. 

NaH, cat. imidazole; 
(10) 

HO & CS,,MeI 92% MeSCSO 

(54) (55) 

PhCSO p h T ?  HO (11) 
ph"o*oMe + PhCSO 0~~ 

i, ii 

(56) (57) 86% (58) 14% 

i, PhCCI=NMe2+CI-, Py; i i ,  HZS, Py, 25 "C 

Table 2, which compares syntheses of the protected 3-deoxyglucose (32) and of cholest-5-ene (631, 
shows that all of the thiocarbonyl derivatives gave good to excellent yields. In general, the MDC and 
PTC derivatives gave rise to the smallest amounts of by-product, which in the case of the TB and ITC 
derivatives was mostly the starting alcohol. Although TB derivatives required gradual addition to 
Bu3SnH solution, and occasionally gave rise to significant amounts of the benzyl ether,44 the preparative 
route shown in equation (1 1) does have one special characteristic: since the prethiolysis intermediate 
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OH HO 

(like the reagent, PhCCI=NMe2+Cl-) is charged, only a single hydroxy in a poly01 is functionalized 
under mild  condition^.^' For example, (64) gave only monoester (65); to obtain the bis-TB derivative 
(66), it was necessary to subject isolated (65) to a second sequence. 

Table 2 Tri-n-butylstannane Reduction of 0-Thiocarbonyl Derivatives of Cholesterol (A) and 
1,2,5,6-Di-O-ispropylidene D-glucofuranose (B) in Toluene 

Alcohol Derivative Temperature ("C) Time (h) Yield (%)' Ref. 

A PhCSa*b 110 2 73 35 
A MeSCSb 110 7 78 35 
A ImCSb 110 6 74 35,42 
A PhOCSc 110 7 85 43 
B MeSCSb 110 18 85 35 
B ImCSb 110 6 74 42 
B PhOCS 80 3 85 43 

~~ 

'Thioester added over 0.5-1 h. bNo initiator added. '0.2 equiv. BU'ZOZ added. '0.2 equiv. AIBN added. 'Isolated yield. 

( 6 4 ) ~ '  = R * = H  
(65) R' = H, R2 = CSPh 
(66) R' = R2 = CSPh 

Secondary hydroxy groups have been removed from a wide range of polyfunctionalized molecules27 
using these processes, which tolerate the presence of esters, ketones, alcohols, C-F bonds, protected 
amines and alkenes, providing the latter are not situated so as to encourage cyclization of the intermedi- 
ate radical. The aminoglycoside antibiotics provide some elaborate examples: the protected kanamycin 
(67) was converted to MDC derivative (68) and thence to deoxy compound (69) in 59% overall yield, 
and other secondary positions in related systems were deoxygenated via S-phenyldithiocarbonyl deriva- 
tives prepared from the alcohol and PhSCSCI-py~idine.~~ The reductions of lanosterol thioesterss5 and of 
the hirsutene intermediate (70) to (71)46 exemplify deoxygenations at neopentyl centers. As previously 
noted?' inclusion of EtsB in these reactions permits secondary deoxygenations to be run at ambient tem- 
perature, which may be advantageous for thermally labile materials. 

Monodeoxygenation of 1,2- and 1,3-diols 'was achieved4' via their cyclic thiocarbonates, prepared 
from the diol and N,N'-thiocarbonyldiimidazole, by reaction with BusSnH-AIBN followed by alkaline 
hydrolysis (presumably, F- would also be effective for the cleavage step). Equation (14) shows this pro- 
cess applied to synthesis of a derivative (73) of 5-deoxyglucose. Exclusive secondary deoxygenation is 
expected on the basis of radical stability; in contrast, the derivative (72) was readily converted by an 
ionic process to an intermediate suitable for 6-deoxygenation, since treatment with KI gave (74) quanti- 
tatively. 
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(67)R = O H  
(68) R = OCSSMe 
(69) R = H 

S 

Me0 

o-?, 
(74) 

i, Bu3SnH, cat. AIBN, 
toluene, 110 "C 

w 

ii, NaOH-H20 
57% 

H H  

(70) R = OCSSMe 
(71) R = H 

Ho%o M e 0  

(73) 

H 

(75) R', R2 = 4 C S O -  
(76) R' = H, R2 = OH 

82 1 

Radical stability also accounts for efficient deoxygenation at the tertiary center in the conversion of 
(75) to (76) in a synthesis of although a concentration dependent competition between ter- 
tiary versus secondary reduction was reported for some branched carbohydrate deri~atives.4~ When the 
starting diol contains two secondary centers, mixtures frequently result, as shown in equation (15). 

HO ph50% (15) "".:% S bo OMe 90% - ph50% OMe + HO OMe 

i, Bu3SnH 

ii, NaOH-H,O 

67 % 33% 

Because the lower degree of stabilization of primary radicals retards the fragmentation (process (A) in 
Scheme 5 ) ,  the standard procedure was inefficient for 0-thiocarbonyl derivatives of primary alcohols, 
but was rendered acceptable by running the reductive step at 150 0C.50 Conversion of methylhederagenin 
(77) to monoxanthate (78) followed by heating with BusSnH in p-cymene gave methyl oleanolate (79) in 
5 1 % overall yield. 

Radical deoxygenation of an isolated tertiary hydroxy, desirable if involvement of adjacent stereocen- 
ters (in alkene formation or rearrangements) has to be avoided, presented problems in derivatization. 
Scheme 6 shows an inventive solution5' in which the alcohol (80) was converted to imidate (81). Choice 
of this electron-rich aromatic system secured smooth thiolysis to (82), which was efficiently deoxyge- 
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(77) R = OH 
(78) R = OCSSMe 
(79) R = H 

R" 

nated by Bu3SnH (secondary thioformates, although easily prepared, are not satisfactory deoxygenation 
substrates in most systems). 

90% 

Bu3SnH 

C17H35 xois PhH.85"C C17H35 

Scheme 6 

All of the foregoing reactions, together with those described in Sections 4.2.2.5 and 4.2.3.3, which pro- 
ceed via homolytic C-0 or C-N scission, are subject to side reactions (which may become the domi- 
nant process) characteristic of carbon-centered free radicals. If the P-carbon bears a group which can 
yield a relatively stable radical, then alkene formation is the result (Scheme 7). 

RCSO Dl 

X = N02, SPh, SOzPh, C1 

Scheme 7 

This process occurs for X = 0 only in two special cases, which have been developed into synthetic 
methods for alkenes and allylic alcohols. Reaction of BusSnH with 1,Zbis-MDC derivatives gave al- 
kenes from diols52 in a process which was independent of the geometry of the starting diol. Examples are 
the conversions of (84) to (85) and of (86) to (87). 

MeSCSO, 
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Ph Ph 

The formation of alkenes from TB or MDC derivatives of P-hydroxy sulfides and sulfones53 is also a 
useful procedure. When the 1.4-bis-MDC derivative (88) was reacted with Bu3SnH, the tetrahydrothio- 
phene (89) was pr~duced?~ presumably by the process shown in Scheme 8. The first intramolecular step 
is related to the attack on C = S  by a carbon radical in the reactions of 1,2-bis-TB derivatives with 
BusSnH (equation 16).35 

S 

Scheme 8 

' S  

Alkene formation also took place upon attempted deoxygenation of ITC derivatives of 2,3-epoxy alco- 
h o l ~ . ~ ~  This radical-based alternative to the Wharton rearrangement is shown in equation (17), and is 
analogous to the rearrangement of cyclopropylcarbinyl radicals. 

Finally, we note that interception of the carbon radical by a proximate C=C or C e C  system, which 
has received much attention in recent years as a useful synthetic tool?7*56 can be a problem when simple 
deoxygenation is desired at a center five or six atoms removed from the multiple bond. The efficient, 
planned cyc l i~a t ion~~  of (90) to (91) also represents an unsuccessful deoxygenation of a secondary alco- 
hol! The initial adduct radicals (to C d )  have also been trapped in intramolecular reactions.58 
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4.2.2.5 Stannane and Silane Reduction of Esters and Carbonates 

From a study of various substrates, Khoo and Lee5g concluded that direct reduction of 0-benzoates by 
BusSnH is satisfactory for benzylic or allylic alcohols, but is not preparatively useful for saturated sys- 
tems, as shown by the examples of equations (18) and (19). The mechanism probably involves direct at- 
tack of Bu3Sn. on the ethereal oxygen, and is facilitated by electron-withdrawing groups; reduction of 
PhCH20COCF3 was some four times faster than reduction of PhCH20COPh. 

0 1  Bu,SnH (neat) 0 
+ n-C4Hlo + startingmaterial (18) 

Ph Et 130 "C, 44 h, hv * 

29% not 68 % 
measured 

Bu3SnH (neat) 

130 'C, 6 h, Bd202 
- ph-ph + starting material (19) 

Ph KoR, 
78% 16% 

A more useful process was found in the reduction of methyloxalates of secondary and tertiary alco- 
hols.60 One advantage of this method is the high reactivity of the derivatizing reagents [MeOCOCOCl or 
(COC1)2], which react easily with hindered alcohols. In the gibberellin series, (92) could not be con- 
verted to a phenoxythiocarbonyl derivative but was deoxygenated in 65% yield to (93) via (94). The final 
step in the synthesis6' of bilabolide acetate (95) involved a similar reduction of (96) at high dilution in 
toluene, and gave a 2: 1 mixture of deoxy compound and starting alcohol. 

0 OAc 

R 
, , , ! + ! I -  

(92) R = OH 
(93) R = H 
(94) R = 02CC02Me 

0 
(95) R = H 
(96) R = OzCCOzMe 

R' &OMe 

I OBn R2 

(97) R' = Ac, R = O2CPh 
(98) R' = 02CPh, RZ = AC 

(100) R' = H, RZ = AC 

(99) R' = AC, R~ = H 

The reduction of a-ketobenzoates by B u ~ S ~ H ~ ~  constitutes a special case, probably involving addition 
of the stannyl radical to the ester carbonyl. Reductions of isomerically pure (97) and (98) gave the same 
4: 1 ratio of the epimeric products (99) and (100). 

Simple acetates were reduced at 140 'C with an excess of either Ph3SiH or p-HPhzSiGH9iPhzH and 
substantial amounts of free radical initiator, necessary to offset dimerization of the chain-carrying silyl 
radicals. Good yields were obtained (Table 3) for a number of nonfunctionalized primary, secondary and 
tertiary Esters lacking any strongly absorbing chromophore, when photolyzed with HSiCb, 
gave a mixture of ether and deoxy compound.64 
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Table 3 Reduction of Acetates to Alkanes with Ar3SiH and B u ' ~ O ~ ~ ~  

Ester Methoh Yield ( %)b 

C-C IZHZ~OAC 

PhCHzCMe2OAc 

Cholestery 1-OAc 

~I-CIZHZSOAC 

A 
B 
A 
A 
B 
A 

89 
82 
71 
95 
67 
59 

'Method A: 1.3 mmol of ester, 2 mmol of p-C&(SiPhzH)z and 1.3 m o l  of Bu1202 were reacted for 15 h at 140 'C. Method B: as 
in A, but 5.2 mmol of PhJSiH were used in place of the disilane. bIsolated yield of hydrocarbon. 

Finally, there are several methods for alcohol deoxygenation which depend upon generating the corre- 
sponding alkoxycarbonyl radical, as shown in Scheme 9. Decarboxylation (A) must frequently compete 
with direct quenching (B), but the decarbonylation (C) is not significant. 

MH 

- R-H 

/ 

B 
M* derivatization R- OH 

RO* 

Scheme 9 

Early studies65 of the ROCOCl-Bu3SnH reaction at 30-80 "C indicated that the decarboxylation step 
was dominant only for stabilized educt radicals such as PhCH2.. By using higher temperatures and a less 
efficient H-donor (Prn3SiH), good yields of RH were obtained from simple primary and secondary chlo- 
roformates, but cholesterol was deoxygenated in only 25% yield.66 The high affinity of tin-centered radi- 
cals for Sell was used to good advantage in reduction of steroidal Se-phenylselenocarbonates, as shown 
in Scheme 10. The corresponding formate and small amounts of the alcohol were side products; as indi- 
cated for the reduction of (101) shown in equation (20), lower reaction temperatures gave increasing 
amounts of the formate.67 

i, COCI,-THF 0 Bu,SnH 
R-OH * II R-H 

Scheme 10 

Since tertiary chloroformates are difficult to prepare and are unstable above 0 'C, they are not suitable 
substrates for the foregoing processes. Tertiary alcohols were deoxygenated efficiently6* via the chloro- 
glyoxylates through in situ generation of the corresponding thiohydroxamate in the presence of a hin- 
dered thiol (Scheme 11). Using Me3CSH in place of Et3CSH gave slightly lower yields with 
corresponding formation of the oxalate thioester, as exemplified by the reduction of (102) via chlorog- 
lyoxylate (103): with MeXSH, a 2.5: 1 mixture of (104) and (105) was obtained, whereas Et3CSH gave a 
high yield of deoxy compound (104). To avoid acid-catalyzed skeletal rearrangement when the process 
was applied to (106), the chloroglyoxylate was prepared from the TMS ether (107). The product (108) 
was the result of radical quenching from the less hindered side. Applied to a typical secondary alcohol, 
this reaction gave comparable amounts of deoxy compound and formate even at 178 'C, indicating step- 
wise loss of C02 from the initial radical. 
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144 "C (xylene) : 73% 
110 "C (toluene) : 39% 
80 "C (benzene) : 5% 

+ 
0 

I HO 
OAH 

16% 

42% 
76% 

11% 
14% 
9% 

4& 
, s, cat. DMAP 

0-Nd qcl * R'-H R'-OH - R'O 
(COCI), 

0 Et,CSH, C6H6, reflux 
70-8 1 % overall 

Scheme 11 

(106) R1 = OH, R2 = Me 
(107) R 1  = OSiMe3, R2 = Me 
(108) R '  = Me, R2 = H 

(102) X = OH 
(103) X = 0,CCOCl 
(104) X = H 
(105) X = 02CCOSBu' 

4.2.3 REDUCTIVE DEAMINATION OF AMINES AND THEIR DERIVATIVES 

4.2.3.1 Hydride and Hydrogenolysis Methods 

Because of the lower electronegativity of nitrogen relative to oxygen, and the lower acidity of, for 
example, PhS02NH2 compared with PhSO2OH, activation of an amine to an extent sufficient to allow an 
sN2 displacement which breaks the C-N bond is more difficult than the analogous process for an alco- 
hol. In fact, this process is possible only for primary amines, where double activation or conversion to a 
heterocyclic quaternary system is possible. Simple quaternary salts are susceptible to sN2 reactions with 
strong nucleophiles, but this is not generally a useful deamination method since attack on the least hin- 
dered center will take place (equation 21).69 Systems with additional activation are exceptions: Mannich 
bases were reduced, in some cases with NaBH4, and more generally by quaternization followed by treat- 
ment with NaBHCN, as shown in equation (22).'O 
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R '  R' 
)-NMe2 + MeNu 

Nu- )-AMe3 - 
R2' R2' 

OH OH 
i, Me2S04 

v ii, NaBH3CN, HMPA, 
I 

CO2Et 
2 h, 70 "C 

91% 
1 
C02Et 

NJV-Disulfonimides, RN(S02R')2, have been advanced as amine derivatives suitable for sN2 pro- 
cesses, at least in those cases where R is a primary radical. N-( 1 -Decyl)-N,N-di(p-to1uene)sulfonimide 
(109) was reduced efficiently to decane by NaBH4 in HMPA at 175 "C but the cyclododecyl analog 
(110) gave desulfonylation to (111). N,N-Di(trifluoromethane)sulfonimides (triflimides) such as (112), 
prepared from the trifluoromethanesulfonamide with NaH-(CF3S02)20, are more susceptible to sN2 re- 
actions with soft nucleophiles, but also eliminate readily: attempted preparation of ButN(S02CF3)2 gave 
isobutene even at -78 'C. The reactions of triflimides with nucleophiles including NaBH4 have been re- 
viewed." 

'M.,N SO2R 

(109) R = p-MeC6H4 
(112) R = CF, 

(110) R = Ts 
(111) R = H 

Katritzky and coworkers have extensively developed the activation of amines by reaction with pyry- 
lium salts to provide N-alkyl (or N-aryl) pyridinium compounds.72 When buttressing substituents were 
present to discourage attack on the pyridine ring, the N-alkyl substituent was subject to displacement and 
elimination processes. In general, primary alkyl substituents reacted with most nucleophiles in a normal 
sN2 process as shown in Scheme 12, whereas competition between substitution and elimination took 
place with the secondary analogs, with elimination dominating the reactions starting from cycloalkyl- 
amines. 

\ R  
Scheme 12 

Direct reductive cleavage of these pyridinium salts was not possible since hydride reagents attacked 
the ring to give 1,2- or 1,4-dihydropyridines; with suitable substitution patterns, however, these species 
could be used to achieve overall reductive deamination of RCH2NH2 to RCH3. In the first process,73 
shown in Scheme 13, amines were converted to 2,3,5,6-tetraphenylpyridinium salts (113), which were 
reduced to the 1.4-dihydro compounds (114). Pyrolysis of these materials at 180-200 "C then liberated 
the hydrocarbon: n-octane was obtained in 61% overall yield from 1-aminooctane. For aliphatic amines, 
less satisfactory results were obtained upon heating the 1,2-dihydropyridines derived from 2,4,6-triphe- 
nylpyridinium salts, although this was an efficient process for allylic and benzylic amines.74 The second 
method also relies upon the formation of 1,4-dihydropyridines such as (113, prepared from the amine by 
treatment with the salt (116) followed by NaBH4. On heating at 100-140 "C with DBN, the correspond- 
ing alkane was formed in good yield.75 Cyclohexylamine reacted with (116) to give cyclohexene at room 
temperature. 
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+ R-Me 
Ph Ph Ph Ph 

R 
(114) 

Scheme 13 

Completely saturated quaternary ammonium salts, in contrast with those derived from allylic or 
benzylic amines, are unaffected by catalytic reduction and by mild reducing agents including Na-Hg in 
protic solvents. More vigorous reduction with Na in hot dioxane or NH3 (liq.) led to cleavage and elimi- 
nation to mixtures of alkane and alkene, but little discrimination was seen for cleavage of N-R versus 
N-Me in RNMe3+, except when the alkyl group was tertiary.76 Amines of general structure RNMez or 
RNHMe, in which the group R bears a P-hydrogen, are most simply converted to RH via the correspond- 
ing alkene, prepared by elimination from the quaternary salt or N-oxide, as described in Chapters 5.1 and 
5.4, Volume 6. 

4.2.3.2 Deamination via Diazenes and Related Species 

Given the high bond energy of molecular N2, monoalkyl diazenes (diimides) are potentially attractive 
intermediates for reductive deamination of primary amines. Although RN-NH species are moderately 
stable in dilute, neutral solutions, they decompose quite readily to give predominantly the alkane by one 
of two mechanisms, shown in Scheme 14: in neutral solution, a bimolecular process believed to involve 
triplet pairs and caged radical species occurs, whereas in base the diazene anion loses N2 to give the 
corresponding carbanion. These processes have been discussed in some and the stereochemical 
consequences of having a chiral center at the C-N bond have been examined for a tertiary, benzylic 
case.78 

The success of the Wolff-Kishner and related C E O  to CH2 transformations (see Chapter 1.14, this 
volume) attests to the efficiency of the diazene decomposition route; applied to the reductive deamina- 
tion of primary amines, this requires methods which transform RNH2 into RN-NH, which corresponds 
to an amination-xidation sequence. Several one- or two-step processes have been described which carry 
out this transformation. Treatment of amino acids in alkaline solution with excess hydroxylamine-0-sul- 
fonic acid (HOS) gave moderate yields of deamination as exemplified by the dipeptide case 
shown in equation (23). 

In a related process, HOS in large excess reacted with sulfonamides in hot aqueous alkali to give al- 
kanesFO presumably by the process shown in Scheme 15. Yields were generally high when corrected for 
unchanged sulfonamide, but conversions were quite low even when a large excess of HOS was added in 
several portions: with 2&25 equiv. of reagent, N-cyclohexylbenzenesulfonamide gave 70% cyclohexane 
at 20% conversion. Although not reported, the use of more recently developed aminating agents such as 
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N: 

J \ R* + N2 

Scheme 14 

51% 

0-mesitylenesulfon ylh ydrox y laming' or 0-diphenylphosphinylhydroxylamine82 might permit these pro- 
cesses to be carried out under nonaqueous conditions. 

Difluoramine (HNF2) has also been used to convert amines to hydro~arbons,8~ according to the pm- 
cess shown in equation (24). No additional base was included, so an excess of the amine was necessary. 
Yields of 4&77% based on HNF2 were obtained for simple aliphatic amines. Under these conditions, 
free radical decomposition of the diazene was probably involved, since a cyclopropylcarbinylaine gave 
a rearranged product. This ring opening was not detected in the Wolff-Kishner reduction of the corre- 
sponding ketone (equations 25 and 26). When an allylic amine was treated with HNFz, deamination with 
clean double bond transposition occurred by intramolecular H-transfer in the diazene intermediate (equa- 
tion 27). 

"2 

wo N2H4'K0HD (>7 
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Finally, we note that deamination could in principle be achieved by generating an aliphatic diazonium 
ion in the presence of a hydride source; this could lead to an alkane either via the diazene, or by sN2 at- 
tack with loss of N2. Protonating an aliphatic diazo compound, or treating an 1'-alkyl, N3-aryltriazene 
with protic or Lewis acid in the presence of a suitable reducing agent (NaBHCN, NaBH(OAc)3 or 
R3SiH) might achieve this transformation. 

4.2.3.3 Reduction of Isonitriles and Related Compounds 

To an even greater extent than was the case for deoxygenation, the introduction of dissolving metal 
and free radical reduction processes for suitable amine derivatives has greatly expanded the range of sub- 
strates which can be subjected to efficient reactions, and primary amino groups can now be reductively 
removed from molecules containing a variety of other functional groups. For amines, in contrast to alco- 
hols, the choice of derivative is much more limited since the driving force obtained in going from C-N 
to C-N (or from N-X to N=X) is not generally sufficient to induce fragmentation from radical or 
anion radical intermediates; however, highly stable RCN or CN- fragments are readily ejected upon suit- 
able reduction of isonitriles, which (as such, or generated in situ) are now the substrates of choice for re- 
ductive deaminations. Isonitriles are readily prepared from primary amines in excellent yield by 
formylation (with EtOCHO or HCOOAc), followed by dehydration with TsC1-py, COClyR3N or simi- 
lar reagents.84 

Table 4 Metal-Ammonia Reduction of Isonitriles to Hydrocarbonss5 

R in RNC Metal a Yield of RH (%) 

Me3C Na 93b 

C-C6H I I Na 9 3 b  
C-CtiHI I Ca 9 9  

C-C~HI I Li 96b 

n-C I 2H25 Na 

'2 g equiv of metal were used. bDetennined by quantitative IR. 'Isolated yield. 

Ugi and Bodesheimss first reported the efficient reduction of isonitriles to hydrocarbons by Na, Li or 
Ca in liquid ammonia: some results are shown in Table 4. Reduction of c -C~HI  INC was also reported in 
a study of the metal-amine reduction of nitriles,86 and the mechanism of isonitrile reduction was exam- 
ined by Niznik and Walborsky8' who showed that acyclic, chiral isonitriles gave racemic products. In the 
reduction of 1,l -diphenyl-2-isocyano-2-methylcyclopropane, those rearrangement and coupling pro- 
cesses which dominated the reduction with Na-NH3 or metals dispersed in DME were largely sup- 
pressed in favor of normal deamination when the reductant was Na-naphthalenide in DME. It seems 
likely that, depending upon the particular isonitrile and the conditions, these reductions may proceed 
either by fragmentation of the radical anion (to R. + CN-), or by addition of a second electron to this 
species with explusion of the carbanion. Whichever is the case, a carbanion is the ultimate source of RH 
in the reduction of RNC, and hence fragmentation by p-elimination of a leaving group may occur, as in 
the related cases of dissolving metal deoxygenation. 

-Bu3SnCN BusSnH 
R 

R-NC - Bu3Sn* *N7 c R. - RH 
SnBul 

Scheme 16 

The Bu3SnH decyanation of isonitriles (Scheme 16) was first reported by Saegusa,88 and was de- 
veloped as a general, mild method for reductive deamination by Barton and coworkers who initially 
showed that a variety of isonitriles, isothiocyanates and isoselenocyanates reacted with Bu3SnH under 
the usual free radical conditions (reflux in benzene, toluene or xylene with catalytic AIBN) to give good 
yields of the corresponding hydro~arbon.~~ In concert with the normal order of radical stability, primary 
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alkaneisonitriles required higher reaction temperatures, whereas a tertiary example was reduced at 50 'C 
(Table 5 ) .  

Table 5 Reduction of Isonitriles and Isothiocyanates with Bu~SIIH~~ 

RNCX Solvent a Temperature ('C) Yield of RH (a) 
n-C 1 8H37NC 
EtOzCCHZNHCOCHzNC 
3-Isocvanoc holestane 
3-Isothioc anatocholestane 
n-CnHsdMezNC 
meso-PhCH(NC)CH(NC)Ph 
(f)-PhCH(NC)CH(NC)Ph 

Xylene 
Benzene 
Toluene 
Toluene 
Benzene 
Benzene 
Benzene 

145 
80 

110 
110 
50 
80 
80 

8lC 
71 
56 
83 
91 
56* 
53d 

'RNCX in the solvent containing AIBN (0.054.2 equiv.) was added to Bu3SnH (1.7-5.0 equiv. in solvent) at the indicated 
temperature. bIsolated yield. 'Obtained in 73% yield with Bu3GeH in place of BuJnH. dYield of PhCHZCHzPh; stilbene was not 
produced. 

The isonitrile (117), isothiocyanate (118) and isoselenocyanate (119) gave equally high yields of the 
deamino compound (120), and IR monitoring showed that (117) was the intermediate in  both of the he- 
terocumulene reductions; potential advantages for RNCS over RNC lie in the somewnat better stability 
(e.g. to acids) and the fact that isothiocyanates may be obtained by one-step processes .(CSC12-NaOH, 
N,"-thiocarbonyldiimidazole or CSyDCC) from the amine. The lack of stilbene formation in the reduc- 
tions of the isomeric 1 ,Zdiisocyano- 1 ,a-diphenylethanes indicates that P-isocyanoalkyl radicals are not 
prone to fragmentation. Alkene formation was observed from the altrose derivative (121), presumably 
through initial attack at the isonitrile residue. As usual, other &oxy substituents which did not give stabi- 
lized radical fragments were not eliminated: reduction of (122) and (123) proceeded without alkene for- 
mation. 

P h T ?  

R'''" R2 OMe 
H 

(117) R = NC 
(118) R = NCS 
(119) R = NCSe 
(120) R = H 

(121) R' = NC, R2 = OCSSMe 
(122) R' = NC, R2 = OH 
(123) R' = NC, R2 = OMS 

In addition to the foregoing steroidal and carbohydrate-derived examples, reductive decyanation has 
been applied to other areas of natural product chemistry, including the controlled deamination of the 
aminoglycoside antibiotic fragment neamine (124).90 In addition to the glycylglycine example in Table 
5 ,  other amino acids were deaminated: tryptophan ester (125) was converted through (126) and (127) to 
the indolepropanoate (128) in 53% overall yield?' The deamination was also used in a synthesis of 6p- 
substituted penicillanic acid derivatives, as shown in Scheme 17.92 

C02Me 
I 

(125) R = NH2 
(126) R = NHCHO 
(127) R = NC 
(128) R = H 
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Scheme 17 
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4.3.1 REDUCTION OF SULFUR-CARBON BONDS 

4.3.1.1 Introduction 

Organic sulfur chemistry is a powerful tool in organic synthesis because of the unique properties of 
sulfur, derivatives of which are reactive and versatile synthons. However, these useful properties would 
be of no use if it were not possible to remove sulfur from the final product. Fortunately reductive cleav- 
age of a C-S bond is often easy and constitutes the ‘last step’ of many syntheses. This formal hydro- 
genolysis, called desulfurization (but spelled in several different ways), may be performed by numerous 
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reagents and procedures. As usual if different systems are proposed, it means that no one is a panacea, 
and that they all have their drawbacks. This situation must be accepted. Indeed the diversity of molecules 
is such that it is impossible to find a unique reagent having all the virtues (inexpensive, catalytic, easily 
handled, chemo- and stereo-selective.. .) that an organic chemist wants. So the best we can hope is that 
reagents will be complementary. 

4.3.1.2 Raney Nickel and Nickel(0) Complexes 

Desulfurization of organic compounds with Raney nickel is an old reaction' with widespread applica- 
tion.'q2 Raney Ni exists in several forms, called W-1 to W-8,1b,lc and differing in the procedures for their 
preparation. The properties (reactivity, stability, etc.) vary from one form to another and with aging. 
Thus when no information is given about a Raney Ni used, it may be hard to reproduce the reaction. Al- 
though sometimes called a catalyst, it is always used in large or very large excess. Raney Ni is some- 
times symbolized as Ni(H) or erroneously Ni(H2). These misleading formulae do not mean that hydrogen 
is used during the reaction but that hydrogen is included in reagents which have not been degassed. A 
large number of the properties and drawbacks of Raney Ni have been established for a long time.1,2 
These reagents are well known to desulfurize every substrate containing carbon-sulfur bonds, and yields 
may vary from low to excellent. The main drawbacks are related to their handling and chemical re- 
activities. Thus the disadvantages of Raney Ni lie in its preparation, the unpredictable deactivation on 
aging and the difficulty in determining accurately the weight of Ni used because of the necessity of keep- 
ing the pyrophoric solid wet. On the other hand, the main limitations of Raney Ni are the lack of stere- 
oselectivity and the reduction or hydrogenolysis of other functional groups, such as unsaturated C==C 
groups, nitro and carbonyl groups. Oxidations (e.g. alcohol dehydrogenations) as well as rearrangements 
or condensations may also be observed. A number of side reactions may be diminished and sometimes 
suppressed by using deactivated Raney Ni. Concerning the mechanism of desulfurization with Raney Ni 
it appears that the hydrogen atom replacing the sulfur generally comes from hydrogen included in the re- 
agent, although the solvent may also play a part in the reductions. Radical mechanisms intervene during 
reductive desulfurizations, and racemizations are observed with chiral substrates. However, reductive 
cleavage of optically active sulfones was found to take place without racemization. 

More recent publications confirm or complete the above picture of the scope and limitations. Thus, 
hindered glycols were obtained by reductive desulfurization of tetrahydrothiophenes (equation 1 )? 

EtOH, reflux 
90% 

Interesting chemoselectivity of Raney Ni is illustrated by the desulfurization in good yield (with few 
exceptions) of the functional sulfides (1): (2)? (3),6 (4)' and (5).* 

I 

Buts Y1 Y kBu kSPh ~ s , , , , ,  yQ SMe 

COMe Y = H, COMe 
SPh - Ph 

CN Y = C02Me, CN, 

(1) (2) (3) (4) (5) 

The lower reactivity of Raney Ni towards sulfones allows the chemoselective desulfurization of (4) 
with Raney W-2, but an appreciable amount of reduction of keto groups was observed.8 Raney Ni W-2 
also tolerates  sulfonamide^;^ in this work an ionic mechanism was suggested in order to explain the sub- 
stitution reaction observed. Lactones,loa-Iob keto lactones,lk and unsaturated lactoneslOa*lOd were tol- 
erated during the desulfurization of sulfide or dithioketal'& groups, but deactivated (e.g.  by acetone) 
Raney Ni was generally used. In contrast, carbon-halide bonds are cleaved where the desulfurization is 
stereoselective only because the product is the thermodynamically more stable cis-lactone (equa- 
tion 2). IOe,10f 
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EtOWEt,O Raney Ni - &o 
H 
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(2) 

25 
[a] =+68.5' [a] =-16.0' 

From comparative studies, it appears that a number of C=C double bonds are tolerated only when 
Raney Ni has been deactivated.Ioa,'Od It has been claimed" that desulfurization of thiophenes could lead 
to acceptable yields of unsaturated products, but this result seems to be due to steric hindrance in the un- 
saturation formed. Curiously it has been found that Raney Ni desulfurization of unsaturated lithium thio- 
lates resulting from Li-EtNHz desuIfurization (vide infra) takes place easily, while direct reduction of the 
starting heterocycles is unsatisfactory (Scheme l).l2 

55-70% 

i ,  Li-Et",, -78 'C; ii, deactivated Raney Ni, E tOH reflux 

Scheme 1 

Finally, it has been possible to preserve C 4  double bonds during desulfurization of vinyl sulfides 
(50 to >99%),13a-13c and alkenes can be reduced simultaneously with desulfurization, causing the satura- 
tion of vinyl  sulfide^.'^ 

Although less commonly used, Raney Ni cleavage of the C-S bond of sulfoxides and sulfones is also 
of interest. For example, the removal of sulfoxides is one of the steps in the synthesis of ~piroketals l~~ 
and of tetrahydrofuran derivatives (Scheme 2).15b Exceptionally, the desulfurization is not accompanied 
by the hydrogenolysis of a benzyl ether group. 

Bno& 03,NaBH4, Bmso EtOH RaneyNi reflux - Bw 
0 '* 

F O Z  
HO - "OH Ho''2 .OH 260% 

Scheme 2 

In contrast, the unexpected hydrogenolysis of a tertiary alcohol was observed during the desulfuriza- 
tion either of 1,3-dithiane derivatives or of their monosulfoxides, as exemplified in Scheme 3.16 It is in- 
triguing that even deactivated W-2 Raney Ni did not improve the result, but a low temperature did allow 
convenient desulfurization with a minimum amount of side product. 

The removal of sulfoxide" or sulfone'8 groups from molecules containing chiral alcohols is not al- 
ways accompanied by racemization, indicating that oxidation of alcohols by Raney Nil may be avoided. 
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A 

Bu: 

Raney Ni W-2 deactivated or not, 25 'C, EtOH 
Raney Ni W-2 freshly prepared, 0 O C ,  EtOH 

80% 
96.7% 

Scheme 3 

20% 
3.1% 

Desulfurization of thioesters can be used in the synthesis of ethersIg and particularly of crown 
ethers,lgb although yields are rather low (equation 3). 

0 fO \ Raney Ni, Et20 

We can conclude that Raney Ni continues to be useful in synthesis, but it must be kept in mind that, 
besides the side reactions it gives, the main drawback is the need to use a large excess of a hazardous re- 
agent. 

Desulfurization with Raney Ni is always performed under heterogeneous conditions using Ni metal as 
reagent. It was guessed that a soluble nickel(0) species might be more efficient. Moreover, such studies 
were expected to give information about the mechanism of desulfurization. That nickel(0) species can in- 
sert into C-S bonds by oxidative addition has been established by isolation of the corresponding com- 
plexesFO On the other hand, [(bipy)Ni(COD)] in small excess (2 mol equiv.) efficiently desulfurizes 
sulfur-containing heterocycles.2' The mechanism proposed is given in Scheme 4. 

I 
E = bond, 0, NH, S Ni 

path b I 
Scheme 4 

In Scheme 4, path (a) is dominant. In path (b), the hydrogen comes from the solvent (THF). We shall 
see later that path (b) may be favored by the presence of a complex hydride.21a*2'c Synthetic application 
of this desulfurization remains to be demonstrated. It may be that the drawbacks in the preparation of the 
very sensitive starting complex could be avoided by using one of the better known procedures for the 
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generation of nickel(0) species in situ.22 Finally, nickel(0) species have been proposed as intermediates 
in the eliminative desulfurization of 1.2-di~ulfones.~~ 

4.3.13 Hydrides or Organometallics Combined with Transition Metal Salts or  their Complexes 

Among the drawbacks of Raney Ni are its highly pyrophoric nature, the loss of activity on storage and 
the difficulty of knowing the amount of Ni used. One way to avoid these disadvantages would be to 
generate Ni in situ from a known amount of one of its salts. This is possible by reacting a Ni salt with 
NaBH4; the black reagent thus obtained looks like a metal, often behaves like a metal, but is not a metal: 
it is a Ni boride.24 Use of different metal salts has led to the preparation of a number of metal borides,24 
and the reaction has been extended by using lithium aluminum hydride, thus allowing the preparation of 
metal a lumin ide~ .~~  Metal borides and aluminides are well known as desulfurizing  reagent^?^^^^.^^ 

Among metal borides, Ni boride is the one most often used in desulfurizations. Always used in large 
(and often very large) excess, it may be prepared before use or preferably generated in situ in the 
presence of the substrate to be desulfurized. The solvent may be water, and EtOH alone, or added to 
ethers such as THF. in a number of cases NaBH4 is used in even larger excess than the Ni salt. Gener- 
ation in situ allows for more efficient desulfurizations." However, hydrogen is generated in the presence 
both of the substrate and of Ni boride, which is a hydrogenation cataly~t.2~ Finally Ni boride is less reac- 
tive than Raney Ni,13a425 and does not desulfurize Due to its lower reactivity, Ni boride is 
more apt to give chemoselective desulfurizations, but is not devoid of side reductions. For example, dur- 
ing the desulfurization of thioalkyl, aryl or heteroaryl ethers, a benzylamino group was not hydrogeno- 
lyzed but a carbonyl group was reduced.26a 

The desulfurizations illustrated in Scheme 5 show that Ni boride may tolerate hindered  alkene^,'^^.^^^ 
alcohols27a (without oxidoreduction), ketones26b,28 and esters.*' However, under certain conditions, 

R 
OH 

R C02Et 
OH 

Ni boride + * + Same ratio 
H2 

61-94% 

R C02Et 
R J302Et OH OH 

0 0 0 

* P h J P h  
Ni boride 

EtOH, reflux 
61% / 

- p h \ r P h  
Ni boride 

SPh PhS SPh EtOH, reflux 
71% 

\ Ni boride (large excess) / 

0 SMe VMe Ni boride 
R' - R' 

I 
R2 EtOH, r.t. 

4046% 

I 
R2 

Scheme 5 
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reduction of alkenes may take place along with the  desulfurization^.'^^*^^ The use of a hydrogen atmos- 
phere improved the procedure. 

A number of metal salts or complexes have been combined with NaBH4. Although some results are 
obtained with Co boride, none of the systems used are as efficient as Ni An interesting excep- 
tion is [Pd(PPh3)4] or, better, [PdClz(DPPP)] combined with NaBH4, which allows the reductive desul- 
furization of allyl sulfones.30 Based on the concept that allyl sulfones undergo substitution by 
nucleophiles in the presence of palladium(0) complexes this procedure can use the Pd reagents in cata- 
lytic amounts, and replacement of NaBH4 by LiHBEt3 seems to improve the procedure (Scheme 6).30b 

NaBH, R' R3 

R2+OH 
(5.5 mol equiv.) 

[Pd(PPh&] (5 mol %) 

R2*oH R' Ts 

R 72-9 1 % R 

R' Ts LiHBEt, R2 

R2 R3 R2 R3 + R' LR3 + R2 
(2  mol equiv.) 

[PdC12(DPPP)] (5 mol %) 
77-100% 

84 to >99% 0-1 1% 0-16% 

Scheme 6 

Note that, while the palladium(0)-containing reagent was of limited application but did not cause 
isomerization, the palladium(I1)-containing reagent, although more versatile, did cause isomerization. 
LiHBEt3-[Pd(PPh3)4] desulfurized allyl thiophenyl ethers, but migrations and (E)l(Z)-isomerizations 
were also ~bserved.~ '  LiHBEt3 or NaHBEt3 have also been used to generate Fe- or Co-containing re- 
agents which desulfurize thiols.32 

Reagents of potential interest were also obtained from LAH. The most often used contain Ni or Cu. 
Thus homogeneous desulfurizations are performed with [(Cp2NiAlHz)-Li+]2 prepared from [CpzNi] and 
LAH in THF.33 The ratio of reagent to substrate varies from 1: 1 with thiols to 2: 1 with sulfides, sulfox- 
ides or sulfones and to 8:l with thioketals. Yields, although often moderate, may reach 80%. a-Acyl- 
substituted, benzyl and aryl C-S bonds are rather easily cleaved, while isolated tetrahedral carbon C-S 
bonds require more vigorous conditions. It seems that alkenes, methoxy and carbonyl groups as well as 
esters are tolerated. It is claimed that C-halogen bonds were tolerated, but the examples given are insuf- 
ficient for a firm conclusion. Nitro groups, conjugated alkenes and terminal alkynes are reduced. A few 
examples are given in Scheme 7. 

The reaction of [(bipy)Ni(COD)] in THF with LAH led to [(bipy)NiAlHz]Li-nTHF, a rather efficient 
desulfurization agent.21a,21c,34 During reactions such as the ones given in Scheme 4, the presence of the 
hydride favored path b. Some of the other reagents prepared in the same way and containing different 
metal species34 deserve to be studied further. 

LAHXuCh used in moderate to large excess desulfurizes sulfides and dithioketals in good to very 
good yields (55-87%)?s but with allyl sulfides, migration of the double bond occurs. Finally vinyl phe- 
nyl sulfones are reductively cleaved in good yields (65%) without reduction of C = C  bonds even by an 
excess of reagent.36 

Completely different in nature are those curious but efficient reducing agents called 'Metal Complex 
Reducing Agents' (MCRA),37 very easily prepared from NaH, a sodium alkoxide and a metal salt. 
NiCRA-bipy and NiCRA (prepared from NaH, t-CsHI IOH and Ni(0Ac)z with or without bipy, respec- 
tively), are not very sensitive and are easily handled. Used in moderate to large excess, they desulfurize 
alkyl and aryl sulfides, sulfur-containing heterocycles, sulfoxides, sulfones and dithioketals. Under ap- 
propriate conditions, dithioketals are selectively transformed into sulfides.38 So far it has been estab- 
lished that these reagents tolerate ketones, esters, and, to some extent, alkenes. The reactivity of MCRAs 
is illustrated in Scheme 8. 

Desulfurizations of unsaturated sulfur-containing substrates are often accompanied by reductions, mi- 
grations or isomerizations, and reagents devoid of these drawbacks are in keen demand. One candidate is 
a suitable Grignard reagent in the presence of Ni complexes. Thus, Pr'MgBr (in excess) in the presence 
of a catalytic amount of [(Ph3P)2NiClz] stereospecifically desulfurized phenyl thiovinyl substrates in ac- 
ceptable to good yields,39 and acetals, ethers, aromatic systems and isolated alkenes appear to be tol- 
erated. The same kind of reductions were performed with aryl thiomethyl and ethyl thiovinyl ethers 
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Scheme 7 
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Scheme 8 
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using Pr'MgBr or c -C~HI  1MgBr and NiC12-PPhs in Cd-16-Et20?0 However, a change in the nature of the 
ligand may lead to substitution instead of desulfurization, since substitution of thioalkyl groups by Grig- 
nard reagents in the presence of Ni complexes is a well-known synthetic r eac t i~n .~ ,~ '  Vinyl sulfones are 
also desulfurized by BuMgCl in the presence of transition metal complexes either as such or in the 
presence of DABCO, Bu3P or Ph3P.42a42d The most efficient systems contain Ni or Pd and the reagents 
tolerate isolated alkenes."2b The behavior of polyenyl substrates may be more 

4.3.1.4 Metals and Amalgams 

Electropositive metals have been widely used to cleave C P  bonds. Alkali metals are the most com- 
monly used, but Mg, Ca and Zn are also included in a number of procedures. Alkali metals (Li holds the 
prominent place) are the most widely used to desulfurize sulfides, sulfoxides, sulfones, dithioketals etc., 
and a large amount of information may be obtained from reviews devoted either to reduction by alkali 
metals43 or to sulfur chemistry.2a-2e.44 Before briefly commenting on the scope and limitations of these 
reductions, it must be emphasized that single electron transfer (SET) takes place during these desulfuri- 
zations, which are generally performed in the presence of an excess of a reducing agent. Thus functional 
groups sensitive to SET may be reduced. However, advantage may be taken of this side reaction, to per- 
form selective desulfurization of a-sulfurated carbonyl substrates (Scheme 9). 

0 0' 

n = & 2  

Scheme 9 

SET cleavage of C P  bonds is accompanied by eliminations (which are often the only reactions ob- 
served) when a good leaving group is present at the vicinal position (Scheme 10). 

11,111, 

R-XO), SET Jk or 

,,,,f!.+ 

Scheme 10 

Li, Na and K in hydrocarbons, ethereal solvents, HMPA or DMA have been used to desulfurize sul- 
f i d e ~ ? ~ ~ , ~ ~ ~ , ~ ~  but applications are limited to simple sulfides, and particularly to aryl alkyl sulfides. Since 
these desulfurizations were performed without protic solvent, the organometallics formed may react fur- 
ther and particularly with the solvent. Thus low temperatures were recommended. Potassium graphite 
(C8K) in excess in ether was also proposed for the desulfurization of allyl or vinyl sulfones, but this re- 
agent is not free of  disadvantage^.^^ 

The SET ability of alkali metals may be improved by the presence of aromatic compounds such as 
naphthalene or its derivatives. Thus a number of desulfurizations of s ~ l f i d e s ~ + " " " ' , ~ ~ , ~ ~  or dithioke- 
tals44a*44bv47 have been performed (generally at low temperature in order to diminish side reactions) with 
Li in the presence of a catalytic amount of naphthalene, or with an excess of lithium naphthalenide or 
lithium 1 -(dimethylamino)naphthalenide (LDMAN; Scheme 1 1)$7 Note that l-dimethylaminonaph- 
thalene may be easily removed from the reaction product during the work-up. These desulfurizations tol- 
erate ethers45 and nitriles4 but do not respect 

Use of excess alkali metal in liquid ammonia or an amine (generally EtNHz or ethylenediamine, EDA) 
is also a widespread procedure used to desulfurize sulfides, dithioketals and ~ ~ l f o n e ~ . ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  From the 
numerous works published, a number of interesting features emerge. Thus desulfurization of sulfides in 
liquid NH3-THF tolerates esters and ketones? while Li-EtNH2 cleaves the C-S bonds of unsaturated 
substrates without side reactions (Scheme 1 ) . l 2  Sodium in liquid ammonia was found to be a better 

ketones, esters and a few other  structure^.^ 
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Scheme 11 

reagent than Raney Ni, Ni boride or Bu3SnH (vide infra) to desulfurize sulfides in the deoxysugar 
series."8 Recently, a careful study of the desulfurization of diary1 sulfides has shown that the reductions 
depend upon the structure (polycondensed or not) of the substrate.49 

Unsaturated sulfones were desulfurized by Li-Et"z without isomerization (Scheme 12)?O3 I while 
other procedures were unsucces~ful.~~ Isomerization was observed with the same reagent during the de- 
sulfurization of allyl and vinyl 

Li-EtNH2 

0 "C, 77% 

SOzAr 

Li-Et", 
c 

-78 "C 
92-98% 

Scheme 12 

Further examples are the ready reductive desulfurizations of a-keto sulfones by Li in liquid "3- 
THF?2 of hydroxy a-keto sulfones by Li-EDA-THF,53 of a$-unsaturated-y-sulfonyl ketones by Li in 
liquid "3, and of chiral hydroxy sulfones by Li-EDA.55 

Although little used, Mg in MeOH easily desulfurizes sulfones and 1, l  -disulfonylated  substrate^.^^ De- 
sulfurization by Ca in liquid NH3 has also been used to reduce mono- and di-thi~ketals~' and a-ethoxy- 
carbonyl sulfones.51 Zn-AcOH desulfurizes a-thioalkyl, sulfoxy or sulfonyl as well as 
y-sulfonyl-cu,P-unsaturated ketones, in good  yield^?^ but this procedure does not tolerate acid labile 
functional groups. This disadvantage has been circumvented by using Zn in excess in the presence of 
Me3SiCl?9a and still more efficiently using NHCl in THF-Hz0 (Scheme 1 3).s9b*59c 

Zn-NHKl desulfurizes sulfides more slowly than sulfoxides, and a-phenyl sulfides of purely aliphatic 
esters are hardly desulfurized. Lactones and esters are not hydrolyzed, and a$-unsaturated ketones are 
tolerated as well as alkenes, with which no migrations are observed. 

Sodium amalgam [Na(Hg)] used in excess in alcohols, is well known to desulfurize sulfides, sulfox- 
ides, and, above all, sulfones,28-2c,2e~2f,60,61 but a number of side reactions can occur. It was found62 that 
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S(O), 
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Scheme 13 

6% Na(Hg) used in excess with Na2HP04 in MeOH was particularly efficient, and presented fewer draw- 
backs. It was possible to perform reductive desulfonylations of sulfones in the presence of alkyl phenyl 
~ulfides.6~ This procedure tolerates ethers, a trimethylsilyl esters?'.63 isolated 
d o ~ b l e ~ ~ , ~ ~ v ~ ~ , ~ ~  and triple65 bonds, ke t a l~ ,6~9~~  amides67 and lactones.68 A few examples are given in 
Scheme 14. 

However, this procedure also has a number of drawbacks. A large quantity of Hg must be used. More- 
over, alkenic bonds are reduced during the desulfurization of conjugated dienyl vinyl sulfonespZc and p- 
eliminations take place in the presence of good vicinal leaving groups.69 

Since the pioneering work?0 where Al(Hg) in large excess was shown to desulfurize sulfoxides, sul- 
fones and sulfonamides under mild conditions, this reagent has been widely used.2a-2c*2e,44b It is prepared 
by immersing aluminum foil in 2% aqueous HgC12, and is often used in THF-Hz0. Efficient in the de- 
sulfurization of a-keto7* and alko~ycarbonyl~~ sulfoxides, it has been used for removing chiral sulfox- 
ides used in asymmetric synthesis. Al(Hg) also desulfurizes a -pheny l th i~~~  or sulfonyl  ketone^?^*^^ and 
allows the monodesulfonylation of 1 ,I-disulfonyl substrates.42c A few examples are given in Scheme 15. 

Al(Hg) reduces the carbon-halogen bondIof but tolerates a trifluoromethyl group72p and isolated al- 
k e n e ~ ? ~ ~ . ~ ~ + ~ ~  thus allowing the desulfonylation of vinyl ~ u l f o n e s , ~ ~ - ~ ~  in a reaction which seems to be 
~tereoselective.~~ However, the procedure is not free of drawbacks, since epimerization is observed in the 
desulfurization of a-thiophenyl ketones.73 During the desulfurization of functional a-sulfonyl ketones, 
reduction of nitro groups and, surprisingly, of the keto group, was observed.76 Desulfurizations of con- 
jugated dienyl vinyl sulfones are accompanied, as with Na(Hg), by the complete reduction of the alkene 
unit bearing the sulfonyl 
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4.3.1.5 Tin Hydrides 

Tin hydrides, generally BusSnH (TBTH) or Ph3SnH (TPTH) (which may be more efficient), usually 
used in hot toluene or benzene in the presence of AIBN, cleave C-S bonds by a radical mechanism. Be- 
cause the C-S bond is not very reactive, reactions performed without AIBN are ineffective. Extensive 
reviews on tin hydride properties77 have been published. Information about their use in desulfurizations 
may also be obtained from other  review^.^^,^^,^* Evaluation of TBTH in the desulfurization of sulfides 
has led to a number of important c~nc lus ions .~~  Thus, the mechanism of desulfurization is that shown in 
Scheme 16. 

The reaction is of interest only when one of the alkyl groups of the starting sulfide gives stabilized 
radicals. Moreover, the C-S bond of the thioalkyltin intermediate is much more reactive, and, as a con- 



846 Reduction of C-X to C-H 

Bu3SnH 
AIBN 

Bu3Sn* 
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R. + Bu3SnH - RH + Bu3Sn* 

Scheme 16 

sequence, selectivity in desulfurization of unsymmetrical sulfides is not possible. Finally, allyl sulfides 
may react in an SH or SH’ sense, leading to reduced or stannylated derivatives. Note that SH’ reductive 
stannylation of allyl- or propargyl-sulfurated substrates is a well-known reaction.80 

Desulfurization of sulfides (or thiols) by TBTH-AIBN tolerates nitriles, esters, ethers$8,81 
lactones,Iofv8* p-lactamsg3 and isolated  alkene^.^^.^^ In contrast, halides are reduced and the stereochem- 
istry of the starting sulfides is not conserved. Yields of these desulfurizations vary considerably, and p- 
eliminations may occur with vicinally substituted compounds. Some examples of TBTH desulfurizations 
are given in Scheme 17. 

HS q 80% * p 
R = H  

low yield 

b 

97% 0 AN- 

.Oa;QlO ,\#“ 70% C Bu’‘‘‘’&o \\\I+‘ + B u , D o  

c1 
Desulfurization with Bu3SnH-AIBN in C6H6 or PhMe 

Scheme 17 

Benzothiazolyl alkyl sulfides, prepared from the corresponding alcohols, are easily desulfurized (87- 
99%) by TBTH-AIBN.84 This reaction constitutes a good indirect deoxygenation of alcohols. Desulfuri- 
zation of dithioketals may be controlled. Thus 1,3-dithiolanes with 1 mol equiv. of TBTH lead to P-alkyl 
(or p-aryl) thiols (-82%). while 4 mol equiv. of TBTH leads to the completely desulfurized deriva- 

Desulfurization of heterocyclic thiones is also performed with this reagent.86 In passing, it should 
be noted that generation of radicals from C-S bonds and tin hydrides in the presence of radical initiators 
is of large synthetic i n t e r e ~ t . ~ ~ . ~ ~  
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4.3.1.6 Miscellaneous Desulfurizations 

The lack of stereoselectivity of the above reagents in a number of reductions of vinyl sulfurated sub- 
strates led to a search for new procedures. Thus the problem of stereoselective reduction of vinyl sul- 
fones was solved in many cases by using sodium dithionite?2c@ This mild desulfurization proceeds by 
anionic addition-elimination,88d is highly stereoselective, but not devoid of side reactions!2c,88b 

In the special case of aryl alkyl sulfides, desulfurization may be performed by sN2 reactions with nu- 
cleophiles such as RS-, RSe-, and sometimes RO- or R1R2N-.43b,43c*89 l ,2-Eliminations, where the 
thioaryl group is the leaving group, have also been used?3c 

Nucleophilic attack on the sulfur atom of sulfides by RS- in aprotic or protic solvents may constitute a 
mild procedure.2b BuLi is also a good reagent for attacking one of the sulfur atoms of 2.2-diaryl- 1.3-di- 
thiolanes and -dithianes, leading to the corresponding thioalkyl sulfides.g0 In the same way, Bu3SnLi eas- 
ily desulfurizes sulfides and d i t h i ~ k e t a l s . ~ ~ . ~ ~  Desulfurization of allenyl sulfoxides occurs by attack on 
sulfur with MeLi?2 Mild desulfurizations of a-keto sulfoxides and a$-unsaturated-y-sulfonyl ketones 
are obtained with M ~ ~ C U L ~ . ~ ~ , ~ ~  Recently SET from Smh was successfully used to desulfurize a-phe- 
nylthio and phenylsulfoxy ketones.93 

Although of little synthetic interest at the present time, mention must be made of desulfurizations by 
transition metal carbonyls. Thus thiols and/or sulfides are desulfurized by complexes such as [MO(CO)6], 
[Fe3(C0)12], [coZ(Co)S] and [ O S ~ ( C O ) ~ ~ ] . ~  Coupling desulfurizations of dithioketals have been 
performed with [w(co)6] or [Mo(CO)~]?~ and a recent review96 gives further information about the 
hydrodesulfurization of thiophenes. 

4.3.2 REDUCTION OF SELENIUM-CARBON BONDS 

4.3.2.1 Introduction 

In many respects selenium is like sulfur. Its derivatives are malodorous and they are often considered 
to be more toxic. The organic chemistry of selenium is younger than the chemistry of sulfur, and reports 
where reductive cleavage of C-Se is used as a 'last step' always deal with substrates containing non- 
oxygenated selenium. 

With selenium, there are only a few hundred references to reductive deselenation compared with sev- 
eral thousands for the reductive cleavage of the C C  bond. Since the chemistries of selenium and sulfur 
are so similar, it is not surprising that the main deselenation procedures were borrowed from the desul- 
furization procedures. However, from the practical point of view, appreciable differences will be en- 
countered due to the weaker C-Se bond and to the greater sensitivity of Se towards nucleophilic attack. 

43.2.2 Raney Nickel 

Reviews devoted to Se chemistry97 or Raney nickelIb show that these are efficient reagents in reduc- 
tive deselenations. Of course the advantages and drawbacks encountered with desulfurizations (see Sec- 
tion 4.3.1.2) must also be taken into consideration with deselenations. Raney Ni, often freshly prepared, 
is generally used in excess in solvents such as EtOH, ether, THF or DME, and under conditions milder 
than those for desulfurizations. From the numerous works published, it appears that the procedure tol- 
erates alkyl and aryl ethers?8*wJ02 ketals,lmaJmb ketones,ImbJol esters,lO' lactones10b*102 and sulfon- 
amide~ .~  A few representative examples are given in Scheme 18. 

Among the drawbacks of using Raney Ni are the handling of large amounts of a hazardous reagent, 
and the lack of chemoselectivity against reducible functions such as unsaturation, allylic and benzylic 
oxygens, 1,3-dithianes, etc. Moreover, depending upon the chemical grade of Raney Ni or of the details 
of its preparation, yields may vary from excellent to very poor. Note, for example, that lactones, which 
are expected to be tolerated by Raney Ni, may be damaged by basic impurities remaining from the prep- 
aration of the reagent.Iob Finally it appears that deselenations can proceed, at least in part, via an alkene, 
due to the formal elimination of RSeH.97d If the carbon atom adjacent to the carbon carrying the Se is a 
chiral center, the stereochemistry is lost. Note that some of these drawbacks may sometimes be used in 
synthesis: Raney Ni and H2 (under pressure) can simultaneously perform deselenation, saturation of an 
alkene, and debenzylation of a benzyl ester?8 
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4.3.2.3 Metal Borides 

While numerous systems containing hydrides, or organometallics combined with transition metal deri- 
vatives, have been used in desulfurizations (see Section 4.4.1.3), deselenations have been performed only 
with Ni boride.97f From a recent careful study,lo3 the following main features emerge: (i) the reaction is 
best performed in THF-MeOH; (ii) NaBH4 must be taken in excess relative to the substrate (the ratio 
substratexeagent depends on the structure of the substrate); (iii) to be efficient, NaBH4 must be added to 
a mixture of the substrate and the Ni salt (no deselenation took place by addition of the substrate to a pre- 
formed Ni boride); (iv) hydrogen incorporated into the substrate originated from the MeOH and the 
NaBH4, but not from THF (this result ruled out a radical mechanism); and (v) the deselenation applies to 
saturated or vinyl selenides, as well as to diselenoketals, and yields vary, with few exceptions, from good 
to very good. This procedure tolerates alkyl chlorides (but not alkyl iodides), nitriles, esters,Io3 amides,lW 
sulfonamides? sulfides and sulfones (an interesting property for selective deselenations) but not sulfinate 
esters.lo3 Moderately hindered alkenes were t ~ l e r a t e d , ~ ~ ~ J ~ ~  but less-hindered systems were reduced. 
Ketones were more or less tolerated, but the easily reduced ones may lead to the formation of appreci- 
able amounts of alcohols. lo3 Moreover, P-selenoketones can give p-elimination, and the usual complica- 
tions were observed when the selenide group was vicinal to a good leaving group.Io3 Allyl selenides 
were deselenated by LiHBEt3-[Pd(PPh3)4] (cat.) in excellent yield (82%) but with migration and (@/(a- 
isomerization of the double bonds3' 

4.3.2.4 Alkali Metals 

The two main systems of this kind used in the deselenation of selenides and diselenoketals are Li- 
EtNH297b.97c-97c,97f and Na in liquid NH3.10b.99 Na in HMPA or DMA has also been used with some spe- 
cial aryl alkyl selenides.43c This procedure does not deserve special comment since, broadly speaking, 
the behavior of the reagents towards selenated substrates was very similar to that observed with sulfur- 
containing substrates (see Section 4.3.1.4). As expected from the difference of bond energies, C-Se 
bonds are more easily cleaved than C-S bonds. However, few selective deselenations have been per- 
formed in the presence of sulfur groups. C-0 bonds vicinal to C-Se bonds are, of course, removed 
with alkene formation, and this property has found interesting  application^.^^^,^^ 
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4.3.2.5 Tin Hydrides 

The reductive cleavage of the C-Se bonds of selenides and diselenoketals by TBTH or TF" is a 
widespread deselenation method mentioned in numerous r e ~ i e ~ ~ . ~ ~ , ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ - ~ ~ ~ + ~ ~  A radical mechanism 
is involved with both hydrides, which are used in refluxing benzene or toluene. TPTH is generally more 
suitable than TBTH, and freshly distilled TPTH allows shorter reaction times. AIBN is used as a radical 
initiator with both hydrides, but an interesting point is that deselenation with TPTH can be performed in 
refluxing toluene without AIBN?7d*107 making this already mild deselenation still more chemoselective, 
particularly with sulfur-containing substrates. Using appropriate conditions, deselenations may be per- 
formed without the reduction or hydrogenolysis of isolated alkenes (even ~ n h i n d e r e d ) ? ~ ~ * ~ * * l ~ ~ * ~ ~ ~ , ~ ~  al- 
~ o h o l s ~ ~ ~ J ~ ~  (even allylic108), ethers (even benzylI'l), s ~ l f i d e s ? ~ . ~ ~ ~  di thi~ketals?~~ ketones,l I 3  
e ~ t e r ~ ? ~ ~ , ~ ~ J ~ ~ , ~  l 3  lactones,10b.97dJ02J I 2  p-lactamsIw and car barn ate^.^^^.^'^ A few exam- 
ples are given in Scheme 19. 
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7 8 4 8 %  OH 

RI + ~2 
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BnO 
BnO 

OR 90-95% OR 
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PhSe & 0 

77% 

toluene, reflux 
PhSe 71% 

Scheme 19 

These deselenations do not tolerate halides, which are generally reduced. Among the drawbacks in ad- 
dition to side reactions inevitable with radical intermediates, the use of an excess of an expensive reagent 
and a high reaction temperature may make the procedure less useful, especially with sensitive substrates. 
Note that the generation of radicals using deselenation by tin hydrides is also very useful in organic syn- 
the~is.8~ 

4.3.2.6 Miscellaneous Deselenations 

Only one kind of deselenation deserves to be mentioned in the present section and deals with the use 
of nucleophiles. Since selenium is much more sensitive to nucleophilic attack than sulfur, it reacts easily 
with strong nucleophileshases. This property may be a drawback, but is also a useful tool with which to 
generate organometallics. The main reagents encountered in these deselenations are B u L ~ ~ ~ ~ , ~ ~ ~ * ~ ~ ~ * ~ ~ ~ , ~  l 6  
and PhSeLiP3cv97bq' I 7  although others have been used. 

Deselenations with organolithium reagents have been successfully performed on mono-, 1,l -di- or 
1,l.l-tri-selenides, generally in ethereal solvents such as THF, at more or less low temperature. Of 
course the deselenated products are obtained after hydrolysis, and yields vary from moderate to very 
good. One of the main drawbacks with organolithiums is their reactivity towards several functional 
groups. 
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Note that the relative insensitivity of sulfur toward nucleophilic attack allows the selective deselena- 
tion of thioselenoketals.118 On the other hand, ketones are tolerated by PhSeLi, a useful property for che- 
moselective deselenations of a-phenylseleno ketones (Scheme 20).' l 9  

0 OLi 0 

+ PhSeSePh 

Scheme 20 

4.3.3 REDUCTION OF MERCURY-CARBON BONDS 

Methods which realize mercury-hydrogen exchange in organomercurials include homolytic decompo- 
sition in solvents capable of hydrogen atom transfer, protonolysis by protonic acids and reduction. 

The former cannot be considered a good synthetic method because a mixture of reaction products is 
usually obtained. The protonolysis of organomercury compounds has been extensively studied from a 
mechanistic standpoint but has found little synthetic utility except for isotopic labelling of organic mol- 
ecules. Reduction is the most useful method for the demercuration of organomercury compounds, par- 
ticularly of solvomercurials in the solvomercuration-demercuration reaction, and a lot of reductants are 
used for this purpose. 

The present review considers recent advances in mercury-hydrogen interchange by protonolysis and 
reducing agents, and especially metal hydride demercuration. 

4.3.3.1 Protonolysis 

The protic cleavage of the carbon-metal a-bond ranks among the simplest of all electrophilic substitu- 
tion processes. As organomercurials are readily prepared in high purity, can be manipulated with ease 
and are monomeric in solution, most mechanistic studies of the protonolysis of carbon-metal a-bonds 
have focused on the protic cleavage of organomercurials. Reviews120 and a book121 have been published 
on this subject. 

The cleavage of diphenylmercury in acetic acid with perchloric acid, and the reaction of dialkylrner- 
cury with mercury nitrate, may be considered as exhibiting the pure SE2 mechanism, where an attack of 
the electrophile at the metal-bonded C-atom is the rate-determining step.120a 

The coordination of the nucleophilic part Nu of the acid NuH with the mercury atom can occur and 
may be responsible for a four-center transition state (Scheme 21). 

R "-Hg -x 
R + Hg.X R-Hg-X 

4 
H-CI 

;J< j I I 
H......CI H CI 

RHgX + HCI - 
Scheme 21 

However, intramolecular nucleophilic participation by the conjugate base during protonolysis of a 
C-Hg bond is questionable. A study of the acidolysis of the carbon-mercury bond in unsymmetrical di- 
alkylrnercurials rather suggests that the reaction proceeds via a three-center transition state.122 In any 
case, substantial kinetic and stereochemical evidence has led to the idea that reaction occurs by a con- 
certed, front side attack with a transition state that involves a pentacoordinate carbon center. 1 2 1  In some 
cases unimolecular mechanisms, S E ~  , also have been observed.120a*122 

The importance of organomercurials in organic synthesis is due in large part to the valuable solvomer- 
curation-demercuration reaction. As the reaction of proton acids with solvomercurated products derived 
from alkenes leads back to the 

However, the protonolysis of alkenylmercurials derived from the solvomercuration of alkynes is 
known as a method for preparing stereoisomerically pure alkenes. Acidic deuterolysis provides also a 
convenient route to labelled organic substrates. For instance, in a study on the regio- and stereo-selectiv- 
ity of the acetoxymercuration of alkynes, protodemercuration with acetic acid of a 3: 1 mixture of the vi- 

protonolysis has in this procedure little synthetic utility. 
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nylmercury compounds (6) and (7) occurred almost quantitatively to give a 3:l mixture of the corre- 
sponding esters (8) and (9)  (equation 4),124 and other examples of protodemercuration occurring with 
retention of configuration are 

Ph 

AcO ClHg reflux AcO 
- >-, + P h y O A '  (4) 

PhwHgCl + Ph*OAc AcOH 

2 h  

(6) (7) (8) (9) 

(6):(7) = 3:l (8):(9) = 3:1 

However, the alkenylmercury acetate (10) undergoes mercury-hydrogen exchange with HC1 with in- 
version. A mercurinium ion intermediate has been proposed, where the vicinal phenyl groups provide the 
driving force for isomerization (Scheme 22).'26 

HC1 Ph H XPh * 
Ph 

AcO HgOAc CH2C'2 AcO HgCl 

(10) 

Ph Ph, H 
I s :  + 

~ ~ 0 6 p h  HgCl + >-\ 
Hg AcO Ph 
c1 

Scheme 22 

Acidic deuterolysis and protonolysis have also been used for clarification of the placement of the mer- 
cury atoms'*' after the mercuration step, in particular for porphyrin derivatives.IZ8 

Protodemercuration as the second step of intramolecular C-vinylation induced by mercury(I1) salts has 
been recently described: examples are in equations (5) '29 and (6).I3O A large enhancement of the hydro- 
lysis rate was observed when NaI was added to the acid solution.129b This effect can be attributed to 
halide-catalyzed protodemercuration, an established method for cleavage of arylmercurials.'31 

Me3SiO 

i, HgCI2/CHzCIz/HMDS 
- 0  u ii, HCI (DCI), NaI 

H 

ii, NaCl 

Pr" 

4.3.3.2 Metal Hydride Demercuration 

The reduction of organomercurials by sodium borohydride has been widely studied and the noncage 
free radical chain mechanism indicated in Scheme 23 is generally a ~ c e p t e d . ' ~ ~ , ' ~ ~  

However, recent findings of Singh and Khanna on the LAH reduction of organomercury(I1) halides 
suggested an electron transfer mechanism of the S R N ~  type, involving attack of R. on the metal hydride 
(Scheme 24).134 In other respects, LAH has been relatively little used as a reducing reagent for demercur- 
ation in the last decade.'3s 
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Scheme 23 

AIH3.- + RHgX * AlH3 + Re + Hg + X- 
Scheme 24 

A similar process was questioned by Russell and Guo for the reduction of organomercury(I1) halides 
with NaBH4. Although alkyl radicals can abstract a hydrogen atom from NaBb ,  hydrogen abstraction 
from BH4- occurs more slowly than abstraction from MeOH/NaOH, or from RHgH, and much less read- 
ily than attack upon AlH4-. These results confirm that the reduction of alkylmercury(I1) halides with 
NaBH4 in MeOH/NaOH proceeds via hydrogen abstraction by the alkyl radical from RHgH and not 
from NaBH4.136 

Rearrangements of the initially formed radicals frequently occur. For instance, the reduction of 5- 
hexenylmercury(I1) bromide with NaBH4 or NaBD4 affords 1 -hexene and methylcyclopentane, the two 
expected products of the 5-hexenyl radical. 133a The intermediate radicals derived from 2,2,2-triphenyl- 
ethylmercury(I1) chloride137 and 2,2-dimethyl-2-phenylethylmercury(II) chloride have been trapped by 
oxygen to give the expected products, accompanied by side products arising from radical rearrange- 
m e n t ~ . ~ ~ ~  Trapping of the radicals generated in the metal hydride reduction has also been achieved with 
alkenes to give coupled products. Some examples of this strategy are given in Scheme 25.139 0 - 0'" NaBH(OMe)3 OMe 

t 

HgCl p c N  

Scheme 25 

Stereochemical studies have brought an important contribution to the radical mechanism of the boro- 
hydride reduction of organomer~urials . '~~~ A recent 2H NMR study of the reduction of norbomyl-type 
mercurials with NaBD4 confirmed the previous finding of Gray and Jacksoni40 about the composition of 
the product mixture. The major components were clearly nortricyclanol and anti-7-norbomeol. 2H NMR 
data provided accurate measures of the preferred directions of deuterium abstraction by the radical inter- 
mediate. l 4  

Reduction with NaBD4 of exo- and endo-norbornylmercury(I1) bromide provides mostly exo- 
[2-2H 11norbornane.I~~~ The loss of stereochemistry could also be observed in the sodium borohydride re- 
duction of cis- and truns-4-methylcyclohexylmercury(II) bromide, which yielded essentially the same 
mixture of cis- and ~uns-4-methyl[ 1 -2H l]cyclohexane (Scheme 26).l4] These reductions are thus stere- 
oselective, but not stereospecific. 

The stereoselectivities in the cleavage of the C-Hg bond with NaBH4 depend upon the nature of the 
radical intermediates and the reaction conditions, Recent attempts to find optimal conditions for this 
stereoselective cleavage have been published. i42 The principle is given in Scheme 27 for the oxymercur- 
ation4emercuration of a,@-unsaturated esters, generating two asymmetric centers in the 3-alkoxy-2- 
alkyl ester. 
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It has been suggested that radical intermediates such as (14) are involved in the NaBH4 cleavage, and 
that they produce the threo isomers selectively from the cyclic ethers (13), whereas no stereoselectivity 
occurs with the radicals derived from the tiglic acid adducts (12).143 

*C02H 

H HgOAc 

Other factors affecting the diastereoselectivity in the metal hydride demercuration of a-mercury(I1) 
carbonyl compounds have also been identified, which include the nature of the solvent, the amount of 
hydride used, the mode of addition, the nature of the hydride source and the ligand on mercury. The 
rationalization of these results is difficult.142b 

A frequent problem associated with oxymercuration-demercuration is reverse deoxymercuration, 
which can occur during the reduction step.144 Brown's method of using a basic homogeneous medium is 
often used to minimize deoxymer~uration.'~~ The structure of the organomercurial is also important and 
affects the choice of hydride, sodium trimethoxyborohydride being preferred to NaBH4 for P-alkoxy- 
substituted organomercury(I1) compounds. 146 

Another example is mercurilactonization, which proceeds with good stereocontrol in the formation of 
both y- and &lactones, but suffers from elimination during the reductive demercuration. An exploration 
of a number of reagents and conditions, including NaBH4 and various pHs, hydrogen over Wilkinson's 
catalyst, BusSnH and Na2S, indicates that reductive elimination is minimized in alkali borohydride, 
although it cannot be avoided entirely (Scheme 28).147 

In contrast, NaBH4/NaOH must be avoided in the demercuration of organomercurials obtained by al- 
koxymercuration of vinyl ethers bearing conjugated electron-withdrawing groups, because of substantial 
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reductive elimination. However, demercuration in simple vinyl ethers can be accomplished with this re- 
agent (Scheme 29).148 

Scheme 29 

The products obtained from the oxymercuration-demercuration of akenylacetates under standard con- 
ditions (NaBHdNaOH 3 M) are diols. However, the yields are significantly lower than with methoxy- 
and hydroxy-alkenes because of competitive deoxymer~urat ion.~~~ Increasing the amount of base results 
in major increases in the yield of hydrated products. A less basic procedure has been developed, which 
allows for the survival of the acetate group. 

Phase transfer reagents sometimes avoid deoxymercuration during the reduction step, as with the pro- 
ducts (18) to (20) from hydroxymerc~ration,~~~ arnidomerc~ration~~~ and from spiroacetals. 152 

'&&$+,, AcOHg a ClHg NHgC' 
C02Bn BnO 

HgCl 
(18) 73% (19) 93% (20) >go% 

Phase transfer catalysis often avoids other side reactions. For instance, the reaction of organomercu- 
rials (21) with NaBH4 in the standard conditions leads to symmetrical organomercurials (22) whereas 
Lattes's phase transfer conditions give 2-alkenyl-pyrrolidines (23) and -piperidines (24) in 35-90% 
 yield^.'^^^^^^ 

In the reaction between peroxymercurials and sodium borohydride,lS5 epoxide formation and de- 
oxymercuration compete with hydrogenodemercuration (Scheme 30). Except for the synthesis of r-butyl 
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NaBH4 
standard conditions 

C;JkRl I - 2 

R3 HgCl R2 R3 ~1 ~2 

(21) (22) 

n = 3 1 Lattes's conditions 

I 

R3 

exo-2-norbornyl peroxide and the t-butyl peroxy derivative of styrene, the peroxymercuration and boro- 
hydride reduction of nonterminal alkenes is not an attractive method.155 

R3 
R2 

OOBd 

y-scission R& R3 
R2 

0 

RIJ NaBH4 
R3 - 

OOBu' NaOH R2 
OOBut 

Scheme 30 

It has also been reported that cycloperoxymercurials15~160 give by-products when submitted to hydro- 
genodemercuration with NaBH4. The amount of by-product is dependent on the structure of the per- 
oxymercurials. Cycloperoxymercurials containing endocyclic mercurio substituents have a strong 
tendency to deoxymercuriate and poor yields of peroxides are obtained, the major products being unsatu- 
rated alcohols (Scheme 3 1).156 

46% 28% 4% 

Scheme 31 

On the other hand, cycloperoxymercurials which contain exocyclic mercurio substituents are reduced, 
via an exocyclic P-peroxy radical, and give a mixture of the cyclic peroxide resulting from H-atom ab- 
straction and the epoxy alcohol resulting from S H ~  radical attack on the peroxide bond (Scheme 32).15' 

The relative amounts of peroxide and epoxy alcohol are dependent on the structure of the intermediate 
radical. It has been suggested that the critical steric condition for the reaction is the dihedral angle 
about the 0-C bond between the attacking radical and the leaving oxygen. When the peroxide bond and 
the radical center are colinear, which can be realized for a six-membered ring, maximum S H ~  reaction oc- 
curs. For the analogous radical derived from a five-membered ring the 0-C dihedral angle has a maxi- 
mum of approximately 165' in the most favourable conformation for Sd attack, and the amount of epoxy 
alcohol (Sd product) is substantially less than for the six-membered radical. No reaction is possible 
from endocyclic radicals because they cannot assume the required conformation to give internal radical 
attack. These conclusions are consistent with the observation that reduction of peroxymercurials derived 
from methyl oleate gives no epoxy alcohols, but peroxymercurials derived from methyl linoleate give 
mixtures of unsaturated epoxides and epoxy alcohols as major reaction products.'58 
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NaBH4 4 Re 

-RH,Hg 0-0 0-0 0-0 

Yield (%) 

n Peroxide Epoxy alcohol 

1 75 25 
2 e10 90 
3 100 0 

Scheme 32 

A number of demercurations of RHgX or RHgOR' use t r i b ~ t y l t i n , ' ~ ~ , ' ~ ~ ~  or triphenyltin hydride,I6I but 
complete removal of tin residues can sometimes be difficult: NaBH4 reduction is then preferred.152 De- 
oxymercuration has also been observed during demercuration. 147 The presence of anhydrous sodium ace- 
tate avoided this side reaction with Ph3SnH,16' and the use of tributyltin hydride instead of 
NaBH4DJaOH in the demercuration of peroxymercurials led to much improved yields of peroxides 
(Scheme 33).Is5 

X X 
Perox yrnercurial 
(X = HgBr) 

Peroxide yields (X = H) (%) 

^/" QOOBu' (?-OOBu' 
OOBu' OOBu' 

X X 

Bu3SnH 63 
NaBHflaOH 0 

24 59 
0 2 

61 
13 

Scheme 33 

That epoxides are formed as by-products supports the assumption of P-peroxyalkyl radicals as inter- 
mediates, and tributyltin hydride itself will be the principal hydrogen donor. A mechanism has been sug- 
gestedlsS which involves a hitherto unreported sH2 displacement of alkylmercury by tributyltin, but 
another radical mechanism has also been proposed.162 

Although p-elimination of the mercury group and formation of side products can occur during the re- 
duction of organomercurials, sodium borohydride remains the most important reducing reagent for this 
purpose. Numerous papers over the past 10 years mention slight modifications in the experimental sec- 
tions. These include: (i) the hydroxymercurationdemercuration, without internal cyclization, of iridoid 
g l~cos ides , l~~  alkyl-substituted cycloa1kenes,Iw methylenecycloalkanes,16s bicyclooctene, trimethylene- 
norbornene and related cycl~propanel~~ and vinylcyclopropanes,'68 alkenyl~ilanes, '~~ and, 
with internal cyclization, of alkenylphen~lsl~~ and alkenyl alcohols;17' (ii) the alkoxymercuration- 
demercuration, without internal cyclization, of 1 -octene in aqueous sodium dode~ylsulfate, '~~ of the di- 
hydropyran group in a total synthesis of (-)-spe~ionin, '~~ and, with internal cyclization, of a cyclobutene 
double bond in a synthesis of (f)-lineatin:'74 (iii) the aminomercuration-demercuration, without internal 
cyclization, of alkenes,'75 a$-unsaturated terminal alkynes,'77 and e n y n e ~ , ' ~ ~  and, with 
internal cyclization, of allylamines, dialkylamines, 1,4- and 1,5-he~adiene,l~~ l,5-cyclooctadiene,~80 a 
butenyl-substituted P-lactam,181 and a butenyl-substituted aminodioxolane;'82 (iv) the amido- 
mercuration-demercuration, without internal cyclization, of alkenes,ls3 and, with internal cyclization, of 
alkenyl~arbamates,~~~ (hydroxyalkenyl)~arbamates,~~~ and substituted acrylanilides;186 (v) the sulfon- 
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amidomercuration of alkenes or dienes,187 and the phosphoramidomercuration of alkenes;lB8 and (vi) the 
mercury(I1)-induced cyclization4emercuration as a chemical mimic of terpenoid biosynthesis of poly- 
e n e ~ , ' ~ ~  for transannular cyclization of cyc lad iene~ '~~ or cy~latrienes,'~' and for [3,3] sigmatropic rear- 
rangements of dienes.'92 

4.3.3.3 Miscellaneous Methods 

In the past 10 years other reductants of the C-Hg bond have been used, mainly thiols and sodium 
amalgam. Reduction with hydrogen sulfide,193 sodium di th i~ni te , '~~   metal^,'^^.^^^ alcohols,196 alkaline 
aqueous bases,19' aromatic amines,198 Wilkinson's catalyst'43 and electrochemical reductions1* have 
also been described. Organomercurials react with thiols by free radical substitutions with an S H ~  mech- 
anism (Scheme 34).200 The reaction between PhSH and A5-hexenylmercury chloride initiated by light or 
AIBN gives a mixture of 1 -hexene and methylcyclopentane.20' 

PhS- + RHgCl - Rfig(PhS)CI 

RI-ig(PhS)CI - R* + PhSHgCl 

R* + PhSH - RH + PhS. 

Scheme 34 

Hydrogenolytic cleavages using H2S-pyridine, NazS-aqueous NaOH, NazS-pH3 buffer, NazS- 
MeCN, Na2CS3, sodium amalgam (and NaBH4)'43 have also been studied with the mercurial precursors 
(13) of the Prelog-Djerassi lactone and with the mercurials (12) derived from a,P-unsaturated 
Excellent yields are obtained in reduced products but with variable stereoselectivities. On the basis of the 
stereochemical results the same radical intermediate (14) is suggested in the hydrogen sulfide-pyridine 
cleavage as in the NaBH4 reduction of cyclic mercurial ethers which produce the threo isomer selective- 

In the case of mercurated tiglic acid adducts (12), the erythro product is obtained with aqueous Na2S, 
and an ionic mechanism has been proposed with an intermediate carboxylate enolate (25).'43 Sodium tri- 
thi~carbonate '~~ and, especially, 1,3-propanedithi01'~~~ exhibit a preference for retention of configuration 
leading to the erythro isomer. Such sulfur-containing reagents are probably capable of intramolecular hy- 
drogen atom delivery as illustrated schematically in (26), and they also promote demercuration by an 
ionic mechanism. 

l Y  * 

However, a limitation in the use of certain thiol reagents, as for most reagents used for demercuration, 
can be their propensity to undergo elimination with reversion to the starting material. Sodium sulfide, for 
example, cannot be used in the reduction step of the mercurilactonization (Scheme 28),14' and the 
presence of a base (NaHC03 or Et3N) is necessary in the 1,3-propanedithiol reduction of mer~ur i a1s . l~~~  
In other cases, thiol reagents (Na2CS3) succeed where NaBH4 induces substantial elimination (Scheme 
29).'48 

The sodium amalgam cleavage of alkylmercurials involves an ionic mechanism.2M The stereochemical 
course of the replacement of mercury by deuterium in a range of organomercury halides or acetates em- 
ploying 1-2% sodium amalgam/D20/NaOH has been investigated by 2H NMR spectroscopy. The results 
confirm that sodium amalgam reductions are completely stereospecific with retention at carbon. No rear- 
rangement was observed in the rearrangement prone nortricyclyl-norbornenyl pair (equation 7),14' al- 
though inversion of configuration in the demercuration of the vinylmercurial derived from the 
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acetoxymercuration of diphenylacetylene has been described.'26 Sodium amalgam has also been used for 
reducing the amidomercurial derived from methyl undecylenate.203 

- 
*'O& HgCl Na-Hg 

D,O/NaOD 
(7 )  

The overall replacement of mercury by hydrogen can be achieved by metal/mercury exchange, e.g. 
Li/Hg in an aprotic medium195 and then hydrolysis, or Zn/Hg in acetic acid.*26 The dilithioalkene (30) 
prepared by Li/Hg exchange195 can be obtained free of lithium amalgam if the bromomercury compound 
(29) is used, and not allowed to react with lithium powder but with t-butyllithium in cyclopentane 
(Scheme 35). 

(27) R = H, X = C1 

(28) R = But, X = C1 
(29) R = H, X = Br 

R m H g X  
HgX 

* 

Li 
(28) or (29) 

-LiX, -Li-Hg Li  D 
(30) 

-2 BuliHg~ 2 Bu'Li 

2 Bu'Li HgBu' 
(29) - 

Scheme 35 

A novel electron transfer free radical mechanism has been elucidated for sodium naphthalenide in- 
duced demercuration.2" A new reductant for the cleavage of the C-Hg bond, N-benzyl- 1,4-dihydro- 
nicotinamide (BNAH), has also been proposed; it reduces alkylmercury(I1) acetates via an electron 
transfer chain substitution mechanism.205 

4.3.4 REDUCTION OF PHOSPHORUS-CARBON BONDS 

Reduction of the phosphorus-carbon bond is generally achieved with the aim of preparing new phos- 
phorus compounds, and not with the object of preparing reduced carbon compounds. It is a striking dif- 
ference from mercury-carbon bond cleavage, which is usually carried out in order to prepare carbon 
compounds. 

4.3.4.1 Reduction of Tervalent Organophosphorus Compounds 

The cleavage of the C-Pl'l bond can be achieved by alkali metals (Li, Na, K), transition metal com- 
plexes, organometallics (RLi, Ndnaphthalene) and by photolysis.2M 

For instance, it is well established that the P-C bond of tertiary phosphines, having at least one aro- 
matic group, can be cleaved by an alkali metal (LiRHF or "3, Na or Wdioxan, NH3 or diglyme) to the 
corresponding phosphide anion, which can then be alkylated with electrophiles to give substituted ter- 
tiary phosphines. It can also give the secondary phosphine upon treatment with water or an 
On the basis of reaction rates of various aromatic tertiary phosphines with potassium in dioxan the fol- 
lowing cleavage series has been proposed:208 a-naphthyl > phenyl > p-tolyl> 2,5-dimethylphenyl> ethyl 
> cyclohexyl. 

The selective reductive cleavage of the P-C bond between phosphorus and a phenyl group is a slow 
reaction especially for large scale preparations.209 Recent findings report that ultrasonic irradiation accel- 
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erates the reduction of phenylphosphines with metallic lithium, and provides a clean source of phosphide 
anions.2'0 

Whereas diphosphines RPhP(CH2)nPPhR (n = 2-6) have been prepared from the reduction of the 
corresponding tertiary diphosphines Ph9(CH2)nPPh2, CH2-P cleavage is observed for n = 1 .211  Sodium 
naphthalenide has also been used as a selective reagent for the reductive cleavage of one aryl-phospho- 
rus bond in these tertiary diphosphines.212 Similarly, the synthesis of compounds derived from phospho- 
lyl anions relies upon a phosphorus-phenylphosphole bond cleavage by alkali metals or sodium 
naphthalenide (Scheme 36).2'3 

+ PhLi] --.-- Feel, 

I 
Li I THF Ph 

2 

+ Ph-Ph 

L ' 2  

Scheme 36 

Recently it has become clear that tertiary phosphine-metal complexes are reactive and liable to under- 
go carbon-phosphorus bond scission. The reaction between the C-P'I' bond and the transition metal to 
which the tertiary phosphine is bound has profound implications on homogeneous catalysis, particularly 
on the mode of homogeneous catalyst deactivation in hydroformylation (Rh- and Co-catalyzed) and vari- 
ous other hydrogenation/dehydrogenation reactions, including asymmetric hydr~genation.~'~ 

An interesting example, observed by Nishiguchi and coworkers, is the extensive hydrogenolysis of 
PPh3 coordinated to various transition metals. When [RuH2(PPh3)4], [RhH(PPh3)4], [RuCMPPh3)31 and 
[RhCl(PPh3)3] were heated at 140 'C for 1 h in pyrrolidine, a solvent which shows the highest hydrogen- 
donating ability in this reaction, the triphenylphosphine ligands were hydrogenolyzed almost completely 
to benzene. Radical inhibitors did not retard the reaction and radical initiators did not speed up the re- 
action, indicating that the hydrogenolysis did not proceed by a radical process.215 

A plausible mechanism was reported for the catalytic formation of benzene resulting from phospho- 
rus-carbon bond cleavage which occurs during propylene hydroformylation catalyzed by triphenylphos- 
phine-substituted rhodium carbonyls under higher H2 partial pressures (Scheme 37).216 

PhH H 

L,,RII'-H 
H 

L,,Rh;- H 
PPh2 

Ph Rn C3H6 
/ 

L,,Rh,- Pr 
PPh2 

p Ph 
H2 L , R ~  

Scheme 37 

Alkyllithiums also induce C-Dlll cleavage. In the reaction of (31) with MeLi, P-C cleavage occurs 
to give PhzPMe and the corresponding allenyllithium, which is converted into tris(dipheny1phosphine)- 
allene (32) upon hydrolysis.217 

Reactions of the paramagnetic pentacoordinate [TaBn(PhPMe2)2] adduct with methyl- or butyl- 
lithium (or with the proton sponge 1,8-bis(dimethylamino)naphthalene) lead to methyltantalum(1V) deri- 
vatives as a result of P-Me bond cleavage. The cleavage of the P-Me bond rather than the 
phosphorus-aryl bond is unprecedented.218 
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Ph2P PPh2 
H+ )=.d Ph2P F - < ~ ~ ~ ~  MeLi Ph2P 

Ph2P PPh2 Ph2P Li Ph2P 
+ PPh2Me - - 

(31) (32) 

4.3.4.2 Reduction of Tetravalent Organophosphorus Compounds 

The procedures to break the C-P'" bond are rather limited. The main methods are alkaline hydrolysis 
and LAH reduction of phosphonium salts. Electrochemical reductions can also be used for this purpose. 

The alkaline cleavage of quaternary phosphonium salts is a well-documented reaction, which repre- 
sents one of the most important methods for preparing phosphine oxides. Hydrocarbons are the other 
products of this reaction (equation 8).219 

R R 

R R 

A 
R-;P+-R OH- - R{P=O + R-H (8) 

Numerous data2199220 illustrate a third order rate dependence for this type of reaction, first order with 
respect to the phosphonium ion concentration and second order with respect to hydroxide ion concentra- 
tion. The influence of the solvent has been studied.221 Optically active benzylethylmethylphenylphospho- 
nium hydroxide was shown to decompose stereospecifically with inversion to produce optically active 
ethylmethylphenylphosphine oxide.222 On the basis of these findings, the mechanism generally admitted 
is indicated in Scheme 38. 

The order of ease of displacement of groups from the phosphonium salts is allyl, benzyl > phenyl > 
methyl > 2-phenylethyl > ethyl, higher The usefulness of this method for the preparation of 
various alkyldiphenylphosphine oxides from the available triphenylphosphine is particularly noteworthy. 
In contrast, the preparative value of this method is diminished in cases where the carbanions correspond- 
ing to the leaving groups on the phosphorus have approximately the same stability. In some cases the re- 
action is used to prepare the carbon compound (equations 9 to 14).223 

(ref.223b) (IO) 
0' 

PhjPO + 
0' 

* B u ~ P O  + F +C6H13 (ref. 2234 ( 1  1) 
X- NaOH 

B u ~ P  

(Z): (E)  = 6:94 (Z): (E)  = 100: 1 
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"'3 'lo,- NaOH POPhz - d + PhH (ref. 223d) (12) 
THF/H,O 

+ Ph3PO (ref. 223e) (13) 
k S E t  ~- OH-- MSEt 

+ 
Ph3P SEt H SEt 

0 
I1 

Ph2P (ref. 2230 (14) NaOH PPh2 

0 

For cyclic derivatives, ring size is an important factor in reaction rate and stereo~pecificity.~~~ Alkali 
hydroxide induced decompositions of chiral [R*R2R3R4P]+OH- have also been found to occur with reten- 
tion, inversion or racemization, depending both on the nature of R" and on the reaction conditions.225 

Interesting effects on the rate and the regioselectivity of the alkaline cleavage of quaternary phospho- 
nium salts are observed when an 0- or p-methoxy- or 0- or p-dimethylamino-phenyl group is present in 
the molecule. For example, phosphonium bromide (33) undergoes alkaline cleavage in 1 : 1 dioxane- 
water to give NJV-dimethylaniline (96.5 %), benzene (3.5 %) and benzyldiphenylphosphine oxide (96 %) 
IO3 times more rapidly at 38 'C than phosphonium bromide (M), which gives only toluene as the hydro- 
carbon product (Scheme 39).226 

Br- 0 + Ph-POPhZ 

(33) 

Ph \ p, Ph a +- Ph Br- + PhMe 
Me2N 

POPh2 (34) 
Scheme 39 

In the base hydrolysis of the unsymmetrical fluoromethylene bisphosphonium salt (35) the regio- 
selectivity of C-P bond cleavage can be accounted for by the susceptibility of the phosphonium center 
to nucleophilic attack by hydroxide ion and not by the relative stability of the newly formed fluoro- 
methylene ylide (Scheme 40).*27 

+ 
P ~ , P = O  + Bu3P-7 

F 
62% 
+ 

Bu3P=O + P h 3 P i  
F 

28% 
(35) 

Scheme 40 
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In some cases, decomposition of phosphonium salts which have a phenyl group or a negative substi- 
tuent Z in a P-position to the phosphorus atom can occur via elimination reactions. According to the na- 
ture of Z, tertiary phosphines (Z = Ph, CN; equation 15)219 or vinylphosphonium salts (Z = OPh, OAc, 
OH, Br; equation 16) are obtained. In the latter case, the vinylphosphonium salts cannot be isolated from 
the aqueous medium because they add water very easily, but trapping with methanol reveals their 
presence.Z28 

+ 
R3P\/\,Z O H  R3P + p z  + H 2 0  (15) 

(Z = Ph, CN) 

+ O H  + + 
P h 3 P w ~  Br- [ Ph3P+ Br-] - P h 3 P O O M e  Br- (16) 

MeOH 

(Z = OAc, OPh, OH, Br) 

Ureidomethylphosphonium salts, which contain a hydrogen substituent on N-1, follow a p-elimination 
pathway similar to the one indicated in equation (15) giving the tertiary phosphine, but if the N-1 posi- 
tion is blocked by a methyl group the reaction follows the SNP pathway giving the tertiary phosphine 
oxide (Scheme 41).229 

R = CH2-NH-CONR'R2 

Scheme 41 

Certain vinylphosphonium salts substituted by an electron-withdrawing group (Z = C H d H 2 ,  Ph, 
PhCO, RCO) react with aqueous bases to give phosphine oxides resulting from an anionotropic migra- 
tion of a phenyl group from phosphorus to the a-carbon (SNpmig) (Scheme 42).230 

Ph 

I 0 

!-- Ph3P=0 + bz 
Scheme 42 
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Basic hydrolysis of phosphonium salts has been studied in phase transfer conditions. The results indi- 
cate that a heterogeneous medium (HzO/CH2Clz) speeds up the hydrolysis (up to 83 % yield after 15 h at 
20 'C in CHzClzMzO, 2% yield without CHzClz). As a consequence the degradation of phosphonium 
salts in basic heterogeneous media has to be taken into account when using these reagents as phase trans- 
fer catalysts.231 Micellar effects on competitive hydrolysis and hydration of vinylphosphonium salts also 
have been observed.232 

Lithium aluminum hydride is the second method which is used to cleave the C-P'" bond. The mech- 
anism of attack at phosphorus by hydride is similar to the attack of hydroxide ion, with subsequent or 
simultaneous expulsion of the group which gives the most stable anion. Thus the preferential removal of 
benzyl groups, one at a time, is observed. 1,2-Vinylene- and 1,4-butadienylene-bis(phosphonium) salts 
react with LAH to give selective cleavage of the unsaturated bridge between the two phosphorus 

Cyclic phosphonium salts with a benzyl group attached to the phosphorus are cleaved in good 
yield to the corresponding cyclic phosphines by use of LAH.234 Cleavage with total sN2' attack occurs 
with allylic phosphonium salts. Of particular interest is the fact that a triphenylphosphonium salt with a 
y-position extremely crowded gives exclusively the y-hydrogenolysis product (Scheme 43).235 

+ LiAlH4 
c (D)H P P h A P P h 3  Br- 

or LiAIDl Ph 

LiAIH4 
+ 

Br- h 

Ph ? Ph PPh3 or LiAID, 

Scheme 43 

Metals such as Na or alkali metal amalgams can also be used in the cleavage of the C-PIV bond.236 In 
the latter case, reductive cleavage of achiral and optically active quaternary phosphonium salts succeeds 
in high yields with retention of configuration.237 

4.3.4.3 Reduction of Pentavalent Organophosphorus Compounds 

This short review is limited to the reduction of pentavalent organophosphorus compounds with coordi- 
nation number four. 

Various methods or reagents have been used in the last decade to reduce a C-Pv bond into a C-H 
bond and the following methods are reported: alkaline hydrolysis, nucleophile-induced cleavage by alco- 
holates, metal hydrides and metal naphthalenides, metals, thermolysis and photolysis. 

Alkaline hydrolysis of ylides is a general method which achieves the C-P/C-H exchange. Protona- 
tion of ylides affords a phosphonium hydroxide, which can react with a second OH- ion and then decom- 
pose into hydrocarbon and phosphine oxide. Among the four ligands of the ylide, the ligand that is the 
most electronegative or the best stabilized as an anion is the best leaving group (equation 17).238 

Reductions of certain (acylalky1idene)phosphoranes with Zn-HOAc and conversion of (acylalkoxycar- 
bonylmethy1ene)phosphoranes to p-keto esters by a thermolysis route have been reported, but gave poor 
results with (acylethoxycarbonylmethy1ene)phosphoranes. The desired reductive removal of triphe- 
nylphosphine may be achieved in this case with excess AI-Hg in wet THF, with periodic addition of 
acids (equation 1 8).239 

PPh3 
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Hydrolysis of alkyl-substituted phosphine oxides is generally difficult, heating with solid sodium or 
potassium hydroxide is needed in order to break the P - 4  bond. Hydrolysis of phosphonates and phos- 
phinates occurs with P - 0  cleavage in preference to P - C  cleavage. Exceptions have been reported with 
several aromatic phosphine oxides containing p- and o-nitrobenzyl groups and other stabilized sys- 

Perfluorinated phosphine oxides can also be hydrolyzed to the phosphinic and phosphonic 
acids."' 

In a dibenzophosphepin, the degree of exocyclic versus endocyclic C-P bond rupture of (36) can be 
correlated with the relative apicophilicity of the nucleophile. Assuming a trigonal bipyramidal intermedi- 
ate or transition state in these reactions, relatively highly apicophilic nucleophiles (such as H-) give ring 
cleavage, whereas poorly apicophilic nucleophiles (such as OH-) lead to exocyclic C-P bond rupture 
(Scheme 44).242 

Scheme 44 

Rearrangement can occur during this type of reaction: the N-t-butyl-a-chlorophosphonoamidates (37a) 
and (37b) react with methanolic benzyltrimethylammonium methoxide to give, respectively, the products 
(38; R = Me) and (39  R = Ph) (Scheme 45).243 
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(38) R = Me (39) R = Ph 
Scheme 45 

Allylphosphine oxides may be used to make allyl alcohols by the reductive removal of the PhzPO 
group with LAH. The reaction involves transposition of the double bond (equation 19).235*244 
Li(But0)3AlH breaks selectively the C-P phosphonate bond, and this reagent is chemoselective and can 
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be used in the presence of keto or ester carbonyl groups. Reduction of the same types of compounds with 
NaBb/EtOH gives the P-hydroxyphosphonates and does not cleave the C-P bond (equation 20).245 

The use of the 1-naphthylmethyl moiety as a P-H protecting group in the synthesis of a phosphino 
macrocycle has been described; the protecting group is removed from the phosphine sulfide by treatment 
with excess potassium naphthalenide (equation 2 l).246 

Ph’ 

potassium 
naphthalenide 

- Ph’ 
THF 

Nph = naphthyl 

Thermolysis is a method that can sometimes be used to cleave the C-PV bond, particularly in phos- 
phole chemistry. For instance, an optimized phosphole-phosphorin conversion procedure has been de- 
scribed for preparing the first known 2-(2’-pyridy1)phosphorin from l -phenyl-3,4-dimethylpho~phole.~~~ 
The nickel is not only used as a desulfurizing reagent but also as a catalyst for the cleavage of the phos- 
phorus-phenyl bond.248 Photolysis has also been reported for C-Pv bond cleavage. Thus p-nitrophe- 
nylmethylphosphonic acid undergoes easy photochemical P - C  bond cleavage in alkaline ethanol 
solution resulting in p-nitrotoluene, orthophosphate and ethyl phosphate.249 
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4.4.1 INTRODUCTION 

Two types of reductions of epoxides, reduction giving alcohols and deoxygenation to alkenes, are dealt 
with in this chapter, because of their wide applicability in organic synthesis.' These reactions provide ac- 
cess to alcohols and to alkenes when combined with appropriate methods for the synthesis of the starting 
epoxides, but the two-step conversion of alkenes to alcohols via epoxides is the more important. 

4.4.2 REDUCTION OF EPOXIDES TO ALCOHOLS 

Three major types of reagents, metal hydrides, dissolving metals and hydrogen, have been used to re- 
duce epoxides to alcohols. To be useful as a synthetic transformation the reductive ring opening of epox- 
ides should be regioselective and compatible with other functional groups existing in the same molecule. 
In this section the emphasis will be on illustrating such selectivity. 
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4.4.2.1 Metal Hydrides 

For more than 40 years LAH (lithium aluminum hydride, LiA1H4)2*3 has been the most widely em- 
ployed reagent for reducing epoxides to the corresponding alcohols. Although only 0.25 equiv. of LAH 
is stoichiometrically necessary, a slight excess of LAH is generally used. Both the reactivity and regio- 
selectivity are highly dependent on the substitution pattern of the epoxides. The reduction of the more- 
substituted epoxides4 and of cycloalkene oxides in medium-sized rings (from eight to eleven membered)5 
requires higher temperatures and longer reaction times. The yields and product ratio of the reduction of 
some representative alkyl- and aryl-substituted epoxides with LAH are shown in Table 1. The opening of 
the epoxy ring generally takes place at the less-substituted carbon! For P-methylstyrene oxide, only the 
trans isomer is reduced primarily by benzylic a t t a ~ k . ~  The cis isomer and other aryl-substituted epoxides 
undergo ring opening predominantly at the carbon away from the phenyl group. The vinyl group in a 1- 
methyl- 1 -vinyl-substituted epoxide* does not affect the normal regioselectivity that gives the more-sub- 
stituted alcohol. However, a steroidal diene monoepoxide undergoes conjugate reduction with lithium 
aluminum deuteride (equation l).9 

Table 1 Reduction of Epoxides with LiAIH4 

Epoxide Yield (%) Products ratio Ref 

-77 
R 

0 
R = M e  
R = PhCH2 
R = Ph 

R 

R +  
0 

R = R ' =  Me 
R = R = P h  
R = CH2=CH, R = Me 

P h - g R .  

b R '  
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R = Me, R = H 

R 
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The reduction of cyclohexene oxides having substituents at various positions has been studied both be- 
cause of synthetic and mechanistic interest."-18 As for alkyl-substituted epoxides, the regioselectivity of 
ring opening of cyclohexene oxides depends on the substitution pattern. In some cases9-12 inversion of 
configuration of the hydroxy group appears to have taken place in the minor products. Some results with 
rather good regioselectivity are shown in equations (2)-(4). 

LiAlH, ~ O O H  + a + 00, (2) Do Et20 OH 

99.4:0.57:0.06 

9 0  10 

In contrast to the low selectivity for a simple P-hydroxycyclohexene oxide (equation 5),15 high regio- 
selectivities are observed for similar steroidal epoxides (equations 6 and 7).I6,l7 bo LiAIH4 - &- + 6 

OH 
60:40 

a? LiAIH, 

THF, 0 O C  HO 
OH HO 99% 

Ho & 0""' = H o &  OH 
(7) 

A dramatic reverse in selectivity was observed for 2-substituted cyclohexene oxide by simply chang- 
ing the ?-butyl group to a TMS or trimethylgermyl group,14 as depicted in equation (8). Regiocontrol by 
the TMS group is further demonstrated in the corresponding cyclopentene and cycloheptene oxides.I9 

R = CMe3 0:loo 
R = %Me3 99: 1 
R = GeMe3 96:4 
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However, this substituent effect does not apply to 3-substituted cyclohexene  oxide^,'^ where a mixture of 
isomers is obtained both for the f-butyl- and TMS-substituted epoxides (equation 9).20 Po LiAIH4 - o,, + yy"" '"OH 

R R R R 

R = CMe3 
R = SiMe3 

1:82: 17 
0:83:17 

For epoxy-protected ketones, highly regioselective ring opening leading to p-keto alcohols was at- 
In the reduction of a diepoxide, 1,4-diol derivatives were predominantly obtained tained (equation 

(equation 1 1).22 

n 
LiAIH4 0 

n 
0 

n=0, 60 1,2 6 l E h  * 6 OH 

Reductions with LAH are frequently applied to natural product synthesis to yield the more-substituted 
alcohols. Some recent examples are given in equations (12) and (1 3).23924 In the nucleoside synthesis,23 
the adenosine group can tolerate the reduction conditions. 

LiAIH4 ?5 
- 

THF, 20 "C 
61% 

0 OH 

LiAIH4 

THF, 67 'C 
c & 0 H 

Sodium borohydride (NaBHd), a relatively mild reducing agent, reduces epoxides only s l ~ g g i s h l y ~ ~ - ~ ~  
except for nitro  epoxide^.^' In the mixed solvent t-butyl alcohol and methanol, sodium borohydride can 
reduce aryl-substituted epoxides, terminal epoxides and cyclohexene oxide, to the corresponding alco- 
h o l ~ . ~ ~ * ~ ~  The regiochemistry of this reaction is nearly the same as that with LAH. For example the reduc- 
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tion of styrene oxide with potassium borohydride gives only the a-phenethyl alcohol, although the yield 
is low (equation 14). 

- phY 
KBH, 

MeOH/Bu‘OH OH 
(14) 

18% 

Because of the low reactivity of sodium borohydride, functional groups such as carbamonyl, carbonyl, 
nitro and cyano groups, which are generally reduced with LAH, can tolerate the reaction conditions?8 
For example, it has been used for the selective reduction of an epoxy group in an w-cyano epoxide (equa- 
tion 15).29 

2-Phenylpropene oxide is selectively reduced in the presence of trans-stilbene oxide even with an ex- 
cess amount of sodium borohydride (equation 16),28 and a similar system using lithium borohydride 
(LiBh) also shows selective reduction of a styrene oxide in the presence of a benzamide.’O 

Ph NaBH4 Ph 
* phx + h\ (16) 5 7 t h  0 0 Ph MeOHBu‘OH OH 0 Ph 

The effect of additives and of modified aluminum and borohydrides has been extensively examined in 
efforts to enhance reactivity and improve selectivity. The system of LAH and aluminum chloride was 
early applied to achieving opposite regio~electivity.~ For example, the reduction of styrene oxide with 
this system takes place at the benzylic position to give P-phenethyl alcohol as the major product? and 
the same effect is observed with 1,4-dialkylcyclohexene oxide (equation 17).14 

R = M e  
R = Bu‘ 

6 5 9 3 . 5  
2.3:97.7 

In addition to reversing the regiocontrol, the addition of aluminum chloride also enhances the re- 
activity of LAH towards tetrasubstituted epoxides, as shown in Table 2. The regioselectivity in the case 
of unsymmetrically substituted epoxides is not always high.31*32 Moreover, this enhanced reactivity en- 
ables cycloalkene oxides in medium-sized rings to be reduced to the corresponding alcohols ~moothly?~ 
although a 3: 1 ratio of LAH to aluminum chloride is essential for this reaction. Higher proportions of the 
latter give rise to by-products, whereas lower proportions decrease the reactivity. This system appears to 
be economically advantageous compared with the reductions using lithium triethylborohydride 
(LiBHEt3) to be described later. 

Another modified metal hydride, lithium triethylborohydride,34 the so-called ‘superhydride’, has been 
introduced as a powerful reducing agent especially suitable for trisubstituted, tetrasubstituted and bicy- 
clic epoxides (Table 3). With trisubstituted epoxides the regiochemistry is completely controlled to give 
only tertiary alcohols. No skeletal rearrangement is observed for benzonorbornadiene oxide. 

Furthermore, ‘superhydride’ is used as an alternative to LAH in the reduction of carbohydrate epox- 
ides (equation 18)?5 In this example, the C-0 bond away from the hydroxy group is selectively 
cleaved, but a tosyloxy group is also reduced in epoxides having a hydroxy group protected with tosyl. A 
kinetic study of reductions with ‘superhydride’ has been reported.36 

Although diborane (BH3)2 reduces epoxides, it usually gives a mixture of products in addition to the 
usual a l ~ o h o l s . ~ ~ . ~ ~  The reduction of styrene oxide derivatives with diborane has been studied in order to 
develop a new route to 1,3-diols from epoxides (equation 19)!O a$-Unsaturated epoxides4’ undergo 
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Table 2 Reduction of Tetrasubstituted Epoxides with LiAIH4/AIC13a 

Substrate Reaction time (h) Yield (%) Product(s) ratio 

ao 4 94 aoH 
8 93 

'">.7( R O  

R = M e  
R = Ph 

4 
6 

7525 

R OH HO 
97 8:92 
96 17:83 

a Ref. 32. 

Table 3 Reduction of Epoxides with LiEt3BH' 

Epoxide Time Temperature ("C) Yield (%) Product 

> 5min 

&J0 3-6h 

25 

25 

65 

65 

100 
T H  

a Ref. 34. 

-q HO 

LiEt,BH 

OH 

conjugate reduction with diborane to give (a-allylic alcohols selectively (equation 20), and the selectiv- 
ity of this reaction does not appear to depend on the substitution pattern of the epoxides. 

The reverse selectivity has been described with diborane/boron trifluoride?8 sodium borohydride/dibo- 
rane:2 sodium borohydride/trichl~rotrispyridine-rhodium~~ lithium 9,9-di-n-butyI-9-borabicyclo- 
[3.3.1 Inonanate (for structure, see Table 4),44 sodium cyanoborohydride/boron trifl~oride$~ and 
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phh/ P B2H6 PhpoH + P h V O H  + php (19) 
0 [OI OH OH 

100% 
24:53:23 

66% \=/OH 

dib~rane/morpholine?~ Representative results are summarized in Table 4. Although the regioselective 
ring opening of aryl-substituted epoxides leading to the less-substituted alcohol can be achieved by some 
reagents, only the sodium cyanoborohydride/boron trifluoride system is highly efficient for the conver- 
sion of monosubstituted epoxides to primary alcohols. 

Table 4 Regiochemistry of Ring Opening of Epoxides with Borohydride Derivatives 

Epoxide Reagent a Yield (%) Product ratio Ref. 

R 

b 
0 

R = Et 
R = n-CgHl7 

R = Ph 
R = C10H21 

Ph 

R % 7  0 

R=Me 

R = Ph 

A 
B 
C 
D 
B 
C 
E 

D 
B 
C 
D 
B 

A 
C 
E 

95 
100 
83 
98 

100 
79 

100 

100 
86 
94 
95 
94 

100 
87 
94 

Ry + R7 
OH OH 

1oo:o 
93:7 
11239 

100:o 
1 :99 
3:97 

1oo:o 

Ph 

”>( R + h 
OH R OH 

0: loo 
2:98 
1 :99 
0:loo 

17:83 8 + & O H  

26:74 
3:97 

11:89 

42 
44 
45 
37 
44 
45 
46 

37 
44 
45 
37 
44 

42 
45 
46 

‘A, NaBH&H6; B, lithium 9,9-di-n-butyl-9-nonabicyclo[3.3.l]nonane, see below; C, NaBH3CN/BF3; D, NaBH@F3: 
E, NaBH4/morpholine, (BuNO)/BF3. 

Bu,-,Bu 

ALi+ (B) 

The reduction of carbohydrate epoxides has also been examined with the sodium borohydride/dibo- 
rane ~ystem.4~ As shown in Table 5 ,  the corresponding alcohols are obtained in good yields, although the 
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regiochemistry of ring opening appears to be much affected by steric and polar factors. It should be noted 
that arylsulfonyloxy and ketal groups remain intact, whereas they are reduced by LAH. 

Table 5 Reduction of Carbohydrate Epoxides with NaBH@H3a 
~ ~~~~ ~ ~ 

Epoxide Yield (%) Product ratio 

RO 

a M e  

0 

0 OTs 

RO 

80b @ + Ro@oMe 
OMe 

9 4 6  

40 

90 

Rou 
OH 

("p" 
HO OTs 

The system of sodium hydride, sodium alkoxide and metal salts developed by Caubtre and his cowor- 
kers can selectively reduce epoxides to alcohols (Table 6).48 The regiochemistry of ring opening is con- 

Table 6 Reduction of Epoxides with NaH/CsHI 10Na/MXna 

Epoxide M in MX,, Yield (%) Product ratio 

Zn 87 
Ni 95 

R 

R = CgH13, R' = H Zn 99 
Ni 99 

R = Ph, R = H Zn 96 
Ni 96 

R = Ph. R' = Me Zn 95 
Ni 93 

Ph 

1oo:o 
10:90 

1oo:o 

1oo:o 

1oo:o 

3070 

0: 100 

0:loo 

OH OH 

Zn 95 1oo:o 
Ni 95 35:65 

a Ref. 48. 
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trolled using either the Zn or the Ni salt. Thus, with zinc chloride, styrene oxide is converted to cx-phen- 
ethyl alcohol, whereas the use of nickel chloride results in the selective formation of P-phenethyl 
alcohol. 

The selective conversion of epoxy alcohols to 1,3-diols has been studied using Red-A1 (sodium bis(2- 
methoxyethoxy)aluminum hydride, [(MeOCH2CH20);AlH2]Na) because of the recent dramatic progress 
in the asymmetric synthesis of epoxy alcohols. Although Red-A1 has been used as a reducing agent for 
epoxides since 1971,"9 attention had not been paid until three groups independently reported the reduc- 
tion of epoxy alcohols to 1,3-diol derivatives in 1982 (Table 7).5s52 According to Kishi and his co- 
worker,52 the selectivity of the reduction with Red-A1 was improved by lowering the temperature to -20 
"C. In some cases the use of THF as a solvent is also critical in enhancing the regio~electivity.~~ For phe- 
nyl-substituted epoxy alcohols, DME is superior to THF.54 As an exceptional case a 1,Zdialkyl-1-hy- 
droxymethyl-substituted epoxide undergoes ring opening at the carbon away from the hydroxy group to 
give a 1,2-diol (equation 21). 

Table 7 Reduction of Epoxy Alcohols 

Epoxide Reagent a Yield (%) Ratio of 1.3- and 12-diols ReJ 

R = Bu" 
R = n-heptyl 

R = n-decyl 

R = BnOCH2CH2 

BnovoH 0 

ph T O H  

Ph T O H  

-OH 

A 
B 
C 
A 
B 
C 
B 
D 

C 

C 
D 

A 

C 

B 
C 

B 

97 1:150 
90 loo: 1 
94 4: 1 
93 1:145 
95 1oo:l 
77 5: 1 

150: 1 
1:13 

95 

76 

95 
96 

100: 1 

>20: 1 
1:8 

1:54 

49 
53 
53 
54 
53 
53 
52 
52 

51 

52 
52 

53 

22: 1 54 

1oo:l 53 
1 :6.8 55 

12:l 50 

0 

A. Ti(OPi)&iBHd; B, Red-AI; C, LiAIH4; D, DIBAL-H. 

Red-AI 

'+OH 70% OH OH OH 
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The reverse regiocontrol, giving 1,2-diols, is observed with DIBAL-H (diisobutylaluminum hy- 
dride).51 The remarkable effect of titanium tetraisopropoxide as an additive to lithium borohydride has 
also been reported.s5 In this reaction benzene is a better solvent than THF, probably because a Ti com- 
plex using both oxygens in epoxy alcohols is formed in benzene before the hydride attack. Other metal 
hydrides used include sodium hydrogen telluride (NaHTe)56 and an ate complex derived from DIBAL-H 
and b~tyllithium,5~ both of which reduce epoxides to alcohols, although they have been tested with only 
a small number of examples.56 In the former case the reaction may proceed via a 2-hydroxyalkyltellurol 
intermediate. 

4.4.2.2 Dissolving Metals 

Lithium and sodium in amine solvents are well known as dissolving metals capable of reducing epox- 
ides to alcohols, but they have not been used as frequently as metal hydrides. In contrast to LAH, lithium 
in eth~lenediamine,~~ and sodium in liquid ammonias9 reduce bicyclic epoxides within 2 h to give alco- 
hols without rearrangement, as indicated in Table 8. However, the reaction conditions must be rigorously 
controlled, otherwise the reaction is accompanied by rearrangement, as observed for tricyclic epox- 
ides.60.61 The reduction of norbomene oxide using lithium and lithium chloride in THF followed by a hy- 
drolytic work-up gives the exo-alcohol.62 Functional groups such as ~ a r b o n y l , ~ . ~ ’  
e tho~ycarbonyl~~ and remain intact under these conditions. The ring opening of epoxides pre- 
dominantly takes place at the less-substituted to give the more-substituted alcohols, except for 
aryl-substituted epoxides.58 The epoxy ring in an alkynic epoxide can be reduced selectively upon suc- 
cessive treatment with methyllithium and lithium in ammonia (equation 22).66 

Table 8 Reduction of Epoxides with a Dissolving Metala 

Epoxide Metal Yield (%) Product Ref. 

Li 
Na 
Ca 

86 
82 
99 

58 
59 
71 

R t-/ R = E t  
0 R = B u  

Ph 

Li 
Ca 

82 
100 

58 
71 OH 

Ph 
Ph& 

0 
Na 89 59 

d Li 
Ca 

93 
97 

58 
71 

OEt W O E t  OH Na 46 59 

0 @ Of,, Li 53 64 

a Ethylenediamine or liquid ammonia was used as a solvent. 
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70:30 

As dissolving metals, a l ~ m i n u m , 6 ~ - ~ ~  calcium,71 and z i n ~ ~ ~ , ~ ~ v ~ ~  have also been used. In the case of 
aluminum, water can be used as a s o l ~ e n t . ~ ~ ~ ~ ~  Calcium7' can reduce epoxides in ethylenediamine in the 
presence of white sand to give similar results to those for lithium. This reagent is particularly suitable 
from the economical and safety point of view for large-scale reduction. Noteworthy is the regio- 
selectivity using the zinc/trimethylchlorosilane system followed by a hydrolytic w o r k - ~ p , ~ ~ , ~ ~  as shown 
in Table 9. Alkyl-substituted epoxides73 undergo ring opening predominantly at the more-substituted 
carbon to yield primary alcohols. 

Table 9 Reduction of Epoxides with Zn/Me3SiCla 

Epoxide Yield (%) Product ratio Ref. 

oo 
R 
I 7  
0 

R = n-CgH19 
R 

R=CSHII 

n 

n yjo 

98 

96 

97 

97 

93 

0"" 
+ RY 

OH 
40H 

69:3 1 

73 

73 

66:34 

n 
o&oH 21 

n 
21 

a The alcohols were obtained after the hydrolytic work-up. 

For epoxy acetals, a complete reverse in regioselectivity is attained with the zinc/trimethylchlorosilane 
system as compared with LAH (equation 

4.4.23 Hydrogenolysis 

Hydrogenolysis of epoxides to yield alcohols has been much reported in the patent literature, because 
of its importance as an industrial process, but studies on reactivity and selectivity have not been done 
systematically. The selectivity is highly dependent on the substituents, as in the case of reduction using 
metal hydrides. As a metal catalyst, Raney Ni was intensively examined in the early It usually 
requires high pressures (ca. 100 atm) and temperatures (100 T ) ,  as shown in Table 10. Alcohols, ben- 
zene, THF and even water have been used as solvents. Accordingly, a hydroxy group in the epoxides re- 
mains intact, and hydrocarbons are formed only as by-products. In some cases by-product formation can 
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be suppressed by adding sodium hydroxide or triethylamine. Ring opening of epoxides takes place exclu- 
sively at the more-substituted carbon atoms. Other nickel catalysts include nickel borate80 and nickel- 
phosphine,8' which convert terminal epoxides into primary and secondary alcohols in a ratio of more 
than 85 to 15 (equation 23). 

Table 10 Raney-Nickel Catalyzed Hydrogenolysis of Epoxides 

Epoxide Conditions Yield (%) Product ratio Re& 

80 "C, 120 atm 

U 
25 "C, 1 atm 
25 "C, 1 atm, NaOH 

0 

16:8 1 :3 

Ph Ph Ph 

100 
100 

30: 1 159 
5:93:2 

13 
73 

88 H O Y o H  OH 76 

OH 
BzO BzO 

R = C8H17 24 atm 85 
24 atm, EtqN 89 

4654 
1oo:o 

78 
78 

Ni borate, 150 "C, 2 h 
Ni-P, 150-190 "C, 3 h 

98% 
91% 

Catalysts based on palladium, such as 10% palladium on c h a r ~ o a l , ~ ~ ~ ~ ~  have also been used frequently. 
In these cases ketones derived from isomerization of the epoxides are often obtained as by-products. As 
shown in Table 1 1, both product- and regio-selectivities are highly dependent on the configuration of the 
starting epoxides. Geneste et suggested that the selectivity may be controlled at the stage of the ap- 
proach of epoxides to catalyst. 

It is noteworthy that the epoxy ring is selectively reduced to a hydroxy group in the nitrosugar epox- 
ides, with regioselectivity controlled by the nitro group (equation 24).86 

Palladium on barium sulfate has been used in the hydrogenolysis of epoxides in natural product syn- 
thesis.87 The reaction in equation (25) illustrates its high level of functional group compatibility. 

A platinum-based catalyst, such as Adams' catalyst, is an alternative to nickel and palladium, and is 
more active.88 For example, when the reaction in equation (24) is camed out in the presence of a plati- 
nium catalyst, the nitro group is also reduced.86 The hydrogenolysis of 2-butene oxide and propylene 
oxide proceeds at a slightly lower temperature than when using and for propylene oxide the 
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Table 11 Pd/C-Catalyzed Hydrogenolysis of Epoxidesa 

883 

Epoxide Yield (%) 
~ ~~ 

Product ratio 

c3 But 
98 0 But 

OH 

2:20:2.5:75.5 

OH 

+ 0 + qoH 
But But 

18:6:76 

& +  8 + &OH 

5:32.5: 19:43.5 

a Ref. 84. 

H, ( 1 . 1  atm) 10% Pd/C ph e%&OMe (24) 
I &90 min, 190 OC 

MeOH-dioxane 
OzN 0 0zN OH 

- /  \ ‘ ‘ i * i ~ ~  (25) 
/ 

OH 0 OH OH 0 OH 

H,, PdDaSO, 

EtOH, N(CHZCH~OH)~ \ 
25 OC, 1.5 h 

regioselectivity is reversed with platinium, giving 2-propanol pred~minantly.~~ Only a few studies on the 
mechanism of hydrogenolysis have been reported.% 

4.4.2.4 Miscellaneous 

have been re- 
ported to be useful. With chromium(I1) acetate, a steroid epoxy ketone is efficiently converted to a p-hy- 
droxy ketone (equation 26). 

Samarium iodide is a reagent capable of highly selective reduction of epoxy ketones and esters to the 
corresponding alcohols (Table 12). Diene monoepoxides are converted with high regio- and stereo-selec- 
tivity to the (E)-allylic alcohols, and the reaction can be carried out at -90 ‘C under neutral conditions. 
As a result functional groups such as alkoxycarbonyl, carbonyl and cyano survive. 

Low-valent metal salts, such as chromium(I1) a ~ e t a t e ~ l , ~ ~  and samarium 
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Cr(OAc),, CO, 

0 @OAC rs . ,  1 h o&oAc (26) * 

0 OH 

Table 12 Reduction of Epoxy Ketones, Esters and Vinyl Epoxides with SmI2 

Epoxide Yield (%) Product ratio Ret 

0 
I1 

0 bo 
O R  

Y = COzEt, R = H 
Y = COzEt, R = Me 

Y = CO2Et 

Y = COSEt 
Y = SO2Ph 
Y = PO(OEt)2 
Y = H  
Y=Me 
Y = SPh 

82 

79 

0 

&OH 

HO k0 
77 
75 

68 
OH 

>200: 1 

y-xYY 
80 
82 
84 
69 
42 
54 

93 

93 

94 

95 

94 

Although electrochemical reduction96 and enzymic reduction9’ of epoxides to alcohols have been re- 
ported, little information is available about their characteristic features. 

4.4.3 DEOXYGENATION OF EPOXIDES 

Deoxygenation of epoxides to  alkene^',^^^^ is occasionally an important process in the synthesis of 
complex molecules, and a number of reagents for this transformation have been developed. Convention- 
ally, multistep deoxygenation using hydrogen bromide and zinc in acetic acid has been used.lm-lol How- 
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ever, this system is not highly selective. As a result much effort has been devoted to improving the yield 
and the stereoselectivity of the reaction. In this section various kinds of reagents capable of one-step de- 
oxygenation will be dealt with in the following order: (i) phosphorus reagents; (ii) silicon reagents; (iii) 
selenium and tellurium reagents; (iv) low-valent metals; (v) metal carbonyls; and (vi) miscellaneous. 
Two- or multi-step deoxygenation of epoxides to alkenes98 will be mentioned only briefly in this section 
since the one-step process is generally superior. Deoxygenation giving a saturated carbon-carbon bond 
will not be included, because the process is synthetically less important. 

4.43.1 Phosphorus Reagents 

In 1955 Wittig et al. found that triphenylphosphine could induce the deoxygenation of epoxides at 200 
'C.Io2 Mechanistically, this process probably involves anti opening of the epoxide followed by syn elimi- 
nation of tiphenylphosphine oxide from a betaine intermediate. Accordingly, the reaction proceeds with 
inversion of stereochemistry, which means that trans-epoxides give cis-alkenes. The systems of bis(di- 
methy1amino)phosphorous acidib~tyllithium,'~~ and lithium diphenylphosphidelM have been examined 

Table 13 Deoxygenation of Epoxides with Phosphorus Reagents 

Epoxide Reagent a Yield (%) Product ratio Ref 

R' A7 0 

R =Ph, R' = cyclopropyl 
R 

tn 
0 R' 

A 60 
B 95 
C 95 
C 42 

B 

A 
C 

A 
C 

B 

54 

99 
94 

95 
93 

95 

0 
R = CH2CH2CH(Me)CH2CH20Me A 99 

R 

R' 
+ 

R R R' 
* + w  

R' 
1oo:o 
>98:2 

R R R' 
L i + w  

R' 
0:loo 
0:loo 

105 
106 
108 
106 

106 

105 
108 

105 
108 

106 

105 
108 R = CH2CH2CH(Me)CH2CH20COH C 98 

a A, ( P h O h p M e  I-; B, PzI4; C, Ph3PHIPh3P12. 
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at lower temperature. The reaction with both systems proceeds with more than 96% inversion at room 
temperature, although the yield of the product with MezNP(O)H/butyllithium is not so high. With PhzPLi 
the alkenes were obtained quantitatively from the corresponding epoxides. However, the reaction is high- 
ly affected by the steric circumstance around the epoxides. Furthermore, because PhzPLi is a strong base, 
functional groups sensitive to base have to be protected. 

For deoxygenation of epoxides with retention of stereochemistry (trans-epoxides giving trans-alkenes) 
meth yltriphenoxyphosphonium iodideboron trifluoride etherate, IO6 diphosphorous t e t r a i ~ d i d e , ' ~ ~ , ~ ~ '  and 

triphenylphosphine hydriodide/triphenylphosphine diiodidelo8 have been introduced. The reaction with 
these systems generally proceeds below room temperature in high yield (Table 13). For terminal epox- 
ides a slightly higher temperature (gentle reflux of dichloromethane) is needed. Because of the mild re- 
action conditions functional groups, such as alkoxycarbonyl and carbonyl groups, remain intact. In all 
cases the reaction begins with anti opening of the epoxides, followed by anti elimination, leading overall 
to retention of configuration. Both trans- and cis-alkenes have been made from a trans-epoxide by using 
either PhzPLi or Ph3PI2 (equation 27).IW Trisubstituted steroidal epoxides are converted to the corre- 
sponding alkenes with the uiphenylphosphine/iodine system.lt0 

/\(T'R c \=, +LR 
R 0 

pZ14 80% >99:c1 
Ph3PI/MeI 77% <1:>99 

4.4.3.2 Silicon and Tin Reagents 

Trialkylsilyl metals, such as trimethylsilylpotassium,* I I dimethylphenylsilyllithium,l I 2  and dimethyl- 
phenylsilyldiethylaluminurn,l l3 have been known to induce deoxygenation of epoxides. The reaction 
with TMSK and PhMezSiLi proceeds with inversion of stereochemistry (Table 14) whereas 
PhMezSiAlEt~ shows complete retention in the case of trans-stilbene oxide and cinnamyl alcohol epox- 
ide. 

Table 14 Deoxygenation of Epoxides with Silicon and Tin Reagents 

Epoxide Reagent a Yield (%) Product ratio ReJ 

R 

A 
B 
C 
C 

A 
B 
C 
C 

93 
83 
80 
88 

R R R' 
* + w  

R' 
<1:99 
<1:99 
99: 1 
99: 1 

R R R' 
L + w  

\ 

R' 
75 >92:8 
83 >99: 1 
67 1 :99 
65 1 :99 

111 
112 
113 
1 I3 

111 
112 
113 
1 I3 

a A, Me3SiK; B, MeZPhSiLi; C, (Bu"jSnAIMe3)- Li+ 

It should be noted that the ate complex (PhMezSiAlMe3)Li shows selectivity opposite to that of 
PhMezSiAlEtz, deoxygenation proceeding with inversion, as in equation (28). The reaction with a similar 
ate complex (Bun3SnAIMes)Li, however, proceeds with retention of Stereochemistry (Table 14). It is 
noteworthy that the hydroxy group in allylic alcohol epoxides does not affect the reaction using 
(Bun3SnA1Mes)Li, which probably involves a P-oxytin intermediate.It3 
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Ph 25 OC, 18 h ph 
Ph T O B n  + (Me2PhSiA1Me3)-Li+ 

72% - \=ioBn+ d - O B n  

4.4.33 Selenium and Tellurium Reagents 

sodium 0,O-diethyl phosphorotelluronate,' 
lenocarboxamide,' I 9  have all been reported as reagents capable of one-step deoxygenation of epoxides. 

Triphenylphosphine selenide,' j4  potassium selenocyanate, ' I5 3-methyl-2-selenoxobenzothiazole ( l ) , I  I6 
0,O-dialkylphosphoroselenoic acid salts1I8 and benzenese- 

Me 

The reaction with (1) and (EtO)zP(O)TeNa proceeds at below rcom temperatures under acidic cond- 
tions, whereas the reaction with PhPSe is carried out using a slightly alkaline solution. For cycloalkene 
oxides, except for cyclohexene oxide, the reaction is sluggish. In all cases the stereochemistry of the pro- 
duct is retained, The reactions proceed via episelenium or epitellurium intermediates followed by extru- 
sion of selenium or tellurium, although the reaction pathways to these intermediates are not the same. For 
example, the reaction with KSeCN may form a cyclic intermediate after nucleophilic anti opening of the 
epoxide (equation 29), followed by anti attack of selenium, forming an episelenium intermediate (equa- 
tion 30). 

N- 

With sodium 0,O-dialkyl phosphorotelluronate, terminal epoxides are converted to alkenes very 
quickly, and cis-epoxides are reduced more easily than rrans-epoxides (equation 3 1). The corresponding 
selenoate reagent has been applied to sugar epoxide deoxygenation (equation 32). 

R 

h R  + (EtO)*-P-TeLi 58.6% 
0 0 

R = P r "  

0 
I I  c 

R R R 

k R  + b R +  k R  (31) 
0 0 

80:9: 1 1 

@-Hydroxy selenides prepared by the reaction of epoxides with selenophenol and methanol are con- 
verted to alkenes upon treatment with thionyl chloride/triethylamine in methylene chloride (equations 33 
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and 34).I2O The overall transformation is formally a deoxygenation of an epoxide. This method is par- 
ticularly suitable for the formation of tri- and tetra-substituted alkenes. 

0 

2ph SOCI,/Et,N 

CH,CI, 

(33) 

(34) 

4.43.4 Low-valent Metals 

The study of lower valent tungsten halides by Sharpless et al. in 1972l2I was the first systematic study 
of low-valent metals as deoxygenating reagents, although some studies on low-valent chromium'22 and 
the zinc-copper couple123 had appeared in the earlier literature. The tungsten reagents were prepared 
from tungsten hexachloride in three ways: (i) with butyllithium; (ii) with a lithium dispersion; and (iii) 
with lithium iodide (equations 35-37). In each case the ratio of wc16 to lithium reagent is important. 

THF 
Wcl6 + BunLi D WCl@unLi (35) 

THF 
WCI6 + Li dispersion - WCl&i (36) 

I30 "C 

in vacuo, no solvent 
wc16 + LiI - WCl&iI (37) 

For isomeric cyclododecene oxides124 all these tungsten reagents show high reactivity and selectivity 
(greater than 95% yield, with more than 95% retention), but only the reagent prepared by reaction of 
wc16 with three equimolar amounts of lithium iodide could convert cis-4-octene oxide to the cis-alkene 
with high stereoselectivity (equation 38). The reagent of equation (35) has been used for deoxygenation 
in natural product synthesis (equation 39).'25 

WCl&iI R R 
D J + 5 

R 0 2 h, r.1. 
81% 

R = P S  93:7 
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Iron trichloride/tungsten hexachloride,IZ6 titanium tri~hloride/LAH~~' and WC16/LAH128 have also 
been examined, and show similar results to the Sharpless systems mentioned above. In these cases the 
stereochemical course is not determined by the kind of reagent; instead, trans-alkenes are predominantly 
formed from both cis- and rrans-epoxides (equations 40 and 41). 

FeCI3/Bu"Li 8 1 % 94:6 

WCl&AIH, 84% 99: 1 

Ph Ph Ph 
* + +  w 

0 Ph 

WCl&u"Li 86% 89:11 

WCl&iAIH4 84% 96:4 

Metallocene dichlorides catalyze the deoxygenation of epoxides with sodium amalgam,'29 but the 
stereoselectivity is not high. However, when magnesium is employed as a reductant in combination with 
titanocene dichloride,130 even trisubstituted epoxides are efficiently converted to alkenes (equation 42). 
With this reagent, trans-epoxides are deoxygenated to trans-alkenes with 100% selectivity, whereas cis- 
epoxides give cis-alkenes with ca. 80% selectivity. Furthermore, functional groups such as carbonyl 
groups, alkenes, ethers and acetals remain intact under these conditions. 

Epoxides undergo deoxygenation upon treatment with vanadium or molybdenum acetylacetonate com- 
plexes, although their stereoselectivity is When the molybdenum(V1) oxo complex 
MoO(S2CNEt2)2 is employed, the deoxygenation proceeds with retention of configuration. For example, 
cis-2-butene oxide is converted to cis-2-butene at 130 'C in 83% yield.132 

An alkylmanganese complex133 has been examined; reduction of aryl-substituted epoxides and cy- 
cloalkene oxides gives the corresponding alkenes in good yield with retention of stereochemistry (equa- 
tion 43). 

c (43) Ph Ph Ph -3OoC, 1 h wph + BulMnLi L + \ /  
Ph 

10:90 

Samarium iodide has also been used for reducing epoxides to alkenes. Compared with other low-val- 
ent metal systems this reagent requires prolonged reaction time at room temperature, but the stereoselec- 
tivity, with cis-epoxides giving cis-alkenes, is high.134 

have been studied for deoxyge- 
nation of epoxides. Limonene oxide is converted in high yield to the corresponding alkene upon treat- 
ment with lithium and biphenyl in DME (equation 44).137 

Metal atoms such as lithium,135 and first row transition metal 

biphenyl 
DME, 153 "C, 4 h 

A A 
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4.4.3.5 Metal Carbonyls 

Sodium (cyclopentadienyl)dicarbonylferrate,'38 dicobaltoctacarbonyl,139 and iron penta~arbonyl '~~ 
have been reported to deoxygenate epoxides efficiently to the corresponding alkenes. The reaction with 
(cyclopentadieny1)dicarbonylferrate proceeds with inversion of stereochemistry, whereas Fe(CO)5 shows 
low stereoselectivity. Both COZ(CO)S and Fe(CO)5 are applicable to epoxides having carbonyl groups 
(equations 45 and 46). 

CO,(CO), Rt7j R r . t . ,18h * RqR + "yR (45) 

100% 
0 

R = C02Me 99: 1 

82% AcO' 

The reaction with (cyclopentadieny1)dicarbonylferrate can be directed to give either trans- or cis-al- 
kenes simply by changing the reaction conditions. Thus, reaction with cis-stilbene oxide followed by 
treatment with sodium iodide in acetone gives cis-stilbene, whereas only trans-stilbene is obtained when 
the reaction is prepared at room temperature and is heated under reflux in THF (equation 47). Although 
deoxygenation of terminal epoxides proceeds very rapidly, internal epoxides require longer times. Con- 
sequently, as in equation (48), selective reduction of diepoxides can be carried out. 

Ph 
c Ph + \=\ (47) 

Ph ~ Ph NaFeCP(CO)2 ph 
LJ 

0 Ph 
NaI, acetone; 82% 1oO:o 
THF, 67 'C; 96% 0: loo 

i, NaFeCp(CO)* 

i i ,  NaI, acetone 

4.4.3.6 Miscellaneous 

Vapor-deposited carbon atoms have been known to reduce epoxides to alkenes but with low stereose- 
lectivity,14' whereas chemically generated carbon atoms, by thermal decomposition of 5-tetrazolediazo- 
nium chloride (2), deoxygenate cis- and trans-Zbutene oxide with a high degree of retention of 
stereochemi~try.'~~ 

c1- , I  

N = N  

Carbenes or carbenoids have also been reported to deoxygenate epoxides. To generate these species, 
dimethyl diazomalonatehhodium(I1) acetate143 and 9-diazofluorene'" have been employed; both re- 
agents show high stereoselectivity. For example, cis-2-butene oxide is converted to cis-alkene with more 
than 93% retention under irradiation (350 nm) using 9-diazofluorene, and functional groups, such as car- 
bonyl, can survive using diazomalonate and rhodium(I1) acetate (equation 49). 

Trifluoroacetyl iodide, generated in situ from trifluoroacetic anhydride and sodium iodide, deoxyge- 
nates e p 0 ~ i d e s . l ~ ~  The reaction begins by anti opening of the epoxide, followed by the formation of an 
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(49) 

iodonium ion intermediate and subsequent deiodonation to give alkenes. Because of the mild reaction 
conditions, this reagent has been used for the reduction of compounds having various functional groups 
(equation 50).146 

0 0 

Deoxygenation via iodohydrin intermediates using chlorosilane/sodium iodide147 and p-toluenesul- 
fonic acid/sodium iodide148 has also been reported. In a natural product synthesis,'49 an epoxide has been 
deoxygenated with a large excess of triethylsilane at 300 'C for 30 h (equation 5 1). 
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4.5.1 HYDROGENOLYSIS OF THE CARBON-HALOGEN BOND IN VINYL HALIDES 

Unlike most reductions of organic compounds, hydrogenolysis of the bond between trigonal carbon 
and a halogen does not possess many synthetic applications. Who would be interested in converting, for 
example, laboriously prepared iodobenzene to benzene by replacing iodine by hydrogen? However, the 
knowledge of reaction conditions for hydrogenolysis of halogen compounds is frequently useful for pre- 
venting such a reaction during reductions of other functions in an organic molecule. 

Compared with alkyl halides, of which the fluorides practically do not undergo hydrogenolysis,' vinyl 
halides are hydrogenolyzed more readily, sometimes even in preference to reduction of double  bonds*^^*^ 
and aldehyde groups.s The ease of replacement of halogens by hydrogen parallels the strength of the 
carbon-halogen bonds, although halogens with a higher bond dissociation energy may, on occasion, be 
hydrogenolyzed preferentially.6~~ 

R95 
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4.5.1.1 Hydrogenolysis of Vinylic Fluorides 

Hydrogenolysis of vinylic fluorides is hardly ever done with the aim of removing fluorine from a mol- 
ecule. Rather, it occurs as a usually undesirable side reaction, accompanying reductions of other func- 
tions in fluorinated compounds.8-" It frequently takes place during catalytic hydrogenation of 
fluorinated alkenes. A clear-cut saturation of the double bonds in polyfluorinated alkenes is rare and 
usually requires mild reaction  condition^,'^-^^ and hydrogenolysis of fluorine without reduction of the 
double bond in catalytic hydrogenation is unknown. Numerous examples are quoted in the review lit- 
erature,'Os" and a few samples are shown in Table 1. 

Table 1 Hydrogenation and Hydrogenolysis of Polyfluoroalkenes 

Starting Reaction conditions Product of hydrogenation Product of hydrogenolysis Rej 
fluoroalkene (yield %) (yield %) 

CF-CFz Hfld, 20 'C CHFzCHFz (96) CHFzCHzF (-) 12,13 
Hmi ,  90-100 "C (66) (14) 

H2/Ni, 1OO'C (10) (75) 

H m i  (pumice), 25 'C, 1 atm F (67) F (22) 
F (4ub 

(CF3)zCI;CFz Hfld, 20 'C (CF3)zCHCHFz (95) (CF3)zCHMe (--) 12,13 1 ,(F Hfld Hfld/A1~03,40 (pumice), 45 "C, 'C, 1 atm 1 atm F--f-[l (i!$$ F h  &;a l 5  

F F  F (21) Ni (Raney), 60 'C, autoclave F 

The balance (4%) is rruns- 1,2,3,3,4,4-hexafluorocyclobutane. %e balance (36%) is I ,  1,2,2-tetrafluorocycIobutane. 

Catalytic hydrogenation of fluoro- and difluoro-cis- and trans-butenedioic acids and their esters fre- 
quently affords products only of hydrogenolysis, especially when platinum oxide (Adams' catalyst) is 
used. Hydrogenolysis is favored in polar solvents, and is found to be more effective when rhodium or 
nickel rather than palladium are used as the catalysts (Table 2). Hydrogenolysis takes place prior to the 
saturation of the double bonds: fluoro- and 2,3-difluoro-succinic acids do not suffer any loss of fluorine 
under the same reaction conditions.8 

Table 2 Catalytic Hydrogenation of Difluoromaleic Acid 

Catalyst Solvent Temperature Yield of Yield of Yield of 
("0 HOzCCHFCHFCOzH H02CCHFCH2COdf H02CCH2CH2C02H 

(%) (%) (%) 

10% Pd (C) Et20 -70 
10% Pd (C) Et20 25 
10% Pd(C) H20 25 
5%Rh(C) H20 25 

37 
19 

41 
70 
67 
11 

3a 
11  
33 
89 

' 19% remained unreacted. 

Complete hydrogenolysis of fluorine is observed in unsaturated fluorinated amino acids9 and their 
derivatives.16 y-Amino-a-fluorocrotonic acid and 5-amino-2-fluoro-2-hexenedioic acid afford, on hy- 
drogenation over platinum oxide, y-aminobutyric and a-aminoadipic acid, respectively. The same com- 
pounds are obtained on treatment of the above fluoroamino acids with hydriodic acid and red 
phosph~rus.~ Fluorine is also replaced by hydrogen in trans-a-fluorostilbene, which on catalytic hy- 
drogenation over palladium gives bibenzyl (equation l),I7 and in difluorostilbene, which on heating with 
sodium affords the same product.1s 

i, X = H, 48% phHph x 
F or ii, X = F , 8 1 %  Ph*Ph 

i ,  H2/10% Pd(C), CaC03, EtOH, r.t., 2.5 atm, 5 h; ii, Na, MeOH, heat, 5 min 

Vinylic fluorine in heavily fluorinated alkenes is readily replaced by hydrogen in reductions with 
lithium aluminum hydride and sodium borohydride. The isomeric 1 -phenylpentafluoropropenes are 
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reduced by lithium aluminum hydride regio- and stereo-specifically to tri- and tetra-fluoropropenes. 
(equations 2 and 3).19 

-15 to-10 "C Ph 

>--\ 
(2) 

Ph LiAIH, 7 F C F ~  

glyme 1 0-30 "C ph* 
F HF CF3 

95% 
CF3 

LiAlH,, glyme, -20 to -15 "C 

* phYcF3 (3) phHcF3 F F  84.2% F 

Hexafluorocyclobutene is reduced with lithium aluminum hydride in ether at -78 'C to 3,3,4,4-tetra- 
fluorocyclobutene in 37% yield.*O 1,3,3,4,4-Pentafluorocyclobutene and 1,3,3,4,4,5,5-heptafluoro- 
cyclopentene on treatment with lithium aluminum hydride or sodium borohydride afford 
3,3,4,4-tetrafluorocyclobutene and 3,3,4,4,5,5-hexafluorocyclopentene, respectively (equation 4).' 

i, LiAlH,, Et20, 0 "C; ii, NaBH,, diglyme, 0 OC 

In 1 -chloroperfluorocyclopentene, fluorine is replaced by hydrogen in preference to chlorine in reduc- 
tions with complex hydrides (equation 5).6 

NaBH,, diglyme, 0 "C - F ~ C I  

88% F 

In 1 -chloro-2-hydroperfluorocycloalkenes, a direct nucleophilic attack by hydrides substitutes hy- 
drogen for chlorine giving (l), whereas allylic displacement (SN2') replaces fluorine and forms (2) (equa- 
tion 6 and Table 3)? 

F 

F Fg 
F+ CI 

LiA1H4 
(1) 

c1 
F 

F 
F 
(2) 

4.5.1.2 Hydrogenolysis of Vinylic Chlorides 

Like vinyl fluorides, vinyl chlorides suffer hydrogenolysis during catalytic hydrogenation. Rhodium is 
claimed to effect addition of hydrogen rather than hydrogenolysis of vinylic chlorides. However, hy- 
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Table 3 Reduction of 1-Chloro-2-hydropeffluorocycloalkenes with Complex Hydrides (equation 6)' 

Products in equation (6)  Yield of(1) (%) Yield of ( 2 )  (%J 

n = 2  

n = 3  

LiAlI-b, EtzO, 0 'C 
NaBb, dig1 me, 0 "C 
LiAlh, E d ,  0 'C 
NaBH4, diglyme, 0 'C 

24 
60 

8 
8 

40 
12 
88 
40 

drogenation of both cis- and truns-l,3-dichloropropene over 5% rhodium on alumina in cyclohexane at 
100 'C and 4 8 4 9  atm (1 atm = 101 325 Pa) gives only 4347% of 1,3-dichloropropane, and 31-34% of 
1 -chloropropane, resulting from replacement of vinylic chlorine by hydrogen prior to the saturation of 
the double bond.21 Hydrogenation of 2-chloroheptene over Raney nickel in methanol in the presence of 1 
equiv. of potassium hydroxide at room temperature and atmospheric pressure affords heptane in 85% 
yield.22 Under similar conditions, but in the presence of 3 equiv. of potassium hydroxide, 1,1,5-trichloro- 
1-pentene yields 72% of pentane, resulting from hydrogenolysis of both vinylic chlorine and that bonded 
to tetrahedral carbon.22 Alkynic chlorine is hydrogenolyzed in the presence of 1 equiv. of potassium hy- 
droxide, 1 -chloro-1 -hexyne giving hexane in 85% yield.22 

Selective replacement of the vinylic chlorines takes place in the hydrogenation of chlorinated norbor- 
nenes (equations 7 and 8), which suffer saturation of the double bonds as well as hydrogenolysis of the 
~hlor ines?*~~ 2 i , X = H , 8 2 %  

or ii, X = OMe, 93% 
CI c1 

i, H2/Raney Ni, KOH, r.t.; ii, H2/5% Pd(C), EtOH, Et,N 

c1 & c1 OAc -8 H,/Pd(C), r.t., 1 atm 

33% 
(82% based on starting C1 

material consumed) OAc 

(7) 

In hexachlorocyclopentadiene, all the chlorines are hydrogenolyzed and both double bonds saturated 

Vinylic chlorine is replaced by hydrogen in l-chloro-3,4dihydro-2-naphthaldehyde during catalytic 
in vapor phase hydrogenation over palladium on silica at 330 'C, giving cyclopentane in 82% yield.' 

hydrogenation, which saturates the double bond, but leaves the aldehyde group intact (equation 9).5 
C1 

&/5% Pd(C) - WCH0 (9) 
NaOH, HzO, MeOH, 

5 W O  "C, 1 A 3 . 5  atm, 3.5 h 
84% 

Selective hydrogenolysis of chlorine in preference to fluorine occurs during catalytic hydrogenation of 
chlorotrifluoroethylene. In addition to trifluoroethylene, trifluoroethane is formed by reduction of the 
double bond (equation 10).3J3 

F F  F F F 

H2/5% Pd(C), 130-135 "C, 10 s 85% 15% 
H2/Pd, 20 "C, 1 atm 60% 25% 

Replacement by hydrogen of vinylic chlorine without reduction of the double bond can be accorn- 
plished by complex hydrides. The efficacy of lithium aluminum hydride is increased by titanium tetra- 
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chloride, Thus a-chloro-trans-stilbene (3) gives 98% of trans-stilbene (4) with only 1% of bibenzyl 
(equation 1 

Ph 2 LiAIH4, TiCI4 Ph 

c1 
c + P h e P h  (11) 

Ph THF, reflux, 3 h Ph 
>-\ 

(3) (4) 98% 1% 

In 1 chloro-2-hydropeffluorocyclobutene and cyclopentene, direct reaction of hydride substitutes hy- 
drogen for chlorine (l), while allylic reduction leads to replacement of fluorine (2) (equation 6, Table 

Reduction with metals such as sodium, lithium and zinc leaves the double bonds intact, with rare ex- 
cept ion~?~ In (3, both allylic and vinylic chlorine atoms are replaced by hydrogen using sodium or li- 
thium in t-butyl While sodium does not reduce the double bond, lithium affords a mixture of 
(6) and (7) (equation 12).27 

3).7 

MeOVOMe 

CI % CI 

Na, Bu'OH, THF. reflux, 8 h 

62.8% / 
112) 

MeoVoMe A (6)42% + 

(7) 22% 

In contrast, zinc in acetic acid replaces only one of the bridge chlorines in (8) leaving vinylic and 
allylic chlorines as well as the double bond i n t a ~ t . 2 ~ ~ ~ ~  Similar results are obtained using chromium(I1) 
acetate (equation 13).25 

CI & c1 OAc CI x CI OAc 

(8) Zn, AcOH, reflux, 4.5 h 70% 
78% C~(OAC)~,  AcOH, reflux, 16 h 

+ 

C1 
/ 

CI x CI OAc 

9% 
18% 

Zinc in acetic acid hydrogenolyzes vinylic chlorine in phenyl (a-P-chlorostyryl sulfone (equation 
14).28 

PhOzS Zn, AcOH, reflux, 16 h ph02s - (14) 
CI Ph 86% Ph 

4.5.1.3 Hydrogenolysis of Vinylic Bromides 

Vinylic bromine can be replaced fairly easily without reduction of the double bond. This is a charac- 
teristic difference from hydrogenolysis of vinylic chlorine and especially fluorine. Catalytic hydrogena- 
tion of ethyl a-methyl-P-bromocrotonate resulted in replacement of bromine and formation of ethyl 
a-methylcrotonate (equation 1 5).2 In 14-bromocodeinone (9). replacement of bromine occurs with a 
double bond shift to give neopinone (10; equation 16)." 

H2/Pd(BaS0,), E1,N, EIOH, r.t., 1 atm C02Et MCozE' 71% - 4  (15) 
Br 
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H2/10% Pd(C) 
CHCI, MeOH, 25 "C, 1 atrn 

81% - 
0 

(10) 
Me0 & (9) 0 M e 0  

Homogeneous catalytic hydrogenation over tetrakis(tripheny1phosphine)palladium using hydrogen or 
sodium formate as hydrogen donors converts P-bromostyrene to styrene in 37% and 35% yields respec- 
tively (the other products being polymers).29 

Electrolytic replacement of vinylic bromine by hydrogen in (E)-bromostilbene is complicated by the 
formation of diphenylacetylene in addition to trans- and a small amount of ~is-sti lbene.~~ 

An interesting hydrogenolysis of bromine is observed when 2-bromocycloalken-2-ones are treated 
with diethyl phosphite and triethylamine. The predominant products are 3-cycloalkenones with only 
minor amounts of 2-cycloalkenones (equation 17).31 

0 

HP(OEt), , Et,N, r.t., 15 h bBr " 

63% 3% 

4.5.1.4 Hydrogenolysis of Vinylic Iodides 

Very scanty documentation is available on replacement of vinylic iodine by hydrogen. Treatment of 
iodotrifluoroethylene with sodium borohydride in diethylene glycol and water or alcohol affords trifluo- 
roethylene in 73% yield. In the case of chlorotrifluoroethylene and bromotrifluoroethylene no hydro- 
genolysis, but saturation of the double bond results under identical conditions (equation 1 8).32 

F 
9 F b F  + Fw (18) 

NaBH4, H20, diglyme, 0-5 O C  

F X  F 
X 

FH 
x = c1 86% 6% 
X = Br 94% 3% 
X = I  - 73% 

1-Chloro-2-iodotetrafluorocyclobutene and 1-chloro-2-iodohexafluorocyclopentene treated with so- 
dium aluminum hydride in diglyme by addition of the compounds to the reagent give, after decomposi- 
tion of the intermediate complex with deuterium oxide, 1 -chloro-2-deuteriotetrafluorocyclobutene in 
38% yield, and 1 -chloro-2-deuteriohexafluorocyclopentene in 43% yield, respectively (equation 19).33 
The iodine in iodoalkene (11) is replaced by hydrogen on refluxing with zinc and hydrochloric acid to 
give iodine-free alkene (12; equation 20).34 

* (19) 
i, NaAIH,, diglyme, <IO O C ;  ii, D20 

43% D 

c13c + Zn, dil. HCI, reflux, 3 h c13c 

4 CF3 63% CF3 
(11) (12) 
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4.5.2 HYDROGENOLYSIS OF THE TRIGONAL CARBON-HALOGEN BOND IN 
ARYL HALIDES 

Replacement of aromatic halogens by hydrogen can be accomplished by catalytic hydrogenation and 
by reduction with complex hydrides, with sodium, with zinc, and with inorganic and organic reducing 
agents. 

4.5.2.1 General 

Hydrogenolysis of aromatic halides using catalytic hydrogenation takes place easily with rates of re- 
placement of halogen decreasing in the order I > Br > C1 > F. For example, replacement of chlorine in 
preference to fluorine takes place in chlorofluoropyridines (equation 2 l).35 

F 

(21) 
F F 61% - F Fb F 

* F g  + 

F h C l  H2/10% Pd/C, 250 O C ,  1 atrn 

The same order of ease of replacement applies to reduction of aryl halides with lithium aluminum hy- 
dride36.37 and with zinc (equations 22 and 23).38 

+ bF4 (22) 
F G C I  LiAIH,, Et20, reflux, 53 h 

F F  F F  F F  
o :m: p 

25: 5:70 

ZdAcOH, reflux, 2 h 

84% 

F F  F F  

Replacement of fluorine in preference to chlorine is observed in chlorofluoropyridines, where lithium 
aluminum hydride replaces the fluorines in the a- and y-positions of lower electron density faster than 
the chlorine in the P-position (equation 24).39 

F 

* 

LiAIH,, Et,O, reflux, 30 rnin 

F F 

Another regioselective hydrogenolysis of fluorine with hydrides takes place in perfluorotoluene:" and 
electrolytically in pentafluorobenzoic acid (equations 25 and 26)$' 

F 

FQCF3 46.9% * & ( 2 5 )  
LiAIH,, Et,O, reflux, 85 h 

F F  F F  

Because of the different rates of hydrogenolysis, aryl halides containing different halogens can be re- 
duced selectively. 1 -Bromo-2-chlorobenzene is reduced to chlorobenzene in 96% yield on treatment for 
2 h at room temperature with 'a complex reducing agent' prepared from nickel(I1) chloride, sodium hy- 
dride and t-pentyl 1 -Bromo-4-chlorobenzene is converted to chlorobenzene on treatment with 
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electrolysis, 20% HzS04, -1.2 V, Hg cathode * ' G C 0 2 H  (26) 
75% 

F F  F F  

triphenyltin hyd~ide."~ and 4-bromo-2-chlorophenol to 2-chlorophenol on treatment with ethanethiol and 
aluminum chloride (equation 27).44 

Br OH &OH (27) 
EtSH, AICl3, CH2CI2, r.t., 48 h 

61% 

The reverse order of replacement of halogens, i.e. preferential substitution of chlorine rather than of 
bromine by hydrogen in bromochloro compounds, is possible if chlorine is activated by its position in the 
molecule. For example, 5-bromo-6-chloro-2,4-dimethylpyrimidine, in which chlorine is rendered labile 
by its a-position to one of the ring nitrogens, is reduced to 5-bromo-2,4-dimethylpyrimidine by refluxing 
with p-toluenesulfonylhydrazine in chloroform (equation 28).45 

c1 

- N  4- (28) 
TsNHNH,, CHCI3, reflux, 12 h 

84% PN 
Substitution of halogen by hydrogen in aryl halides can take place without, or with only partial, reduc- 

and even readily reducible nitro g r o ~ p s ~ ~ , ~ '  tion of carbonxarbon double bonds.46 aldehvdes.46 
. I  

present in the molecule (equations 29-32). 
C02Me 

HCOzH, Et,N, Pd(C), 100 OC - 
X 

1.5 h X=CI 
X = Br 7.0 h 

4 
CHO 

I 

X 
4-Br H,/Pd(PPh,),, AcOK, DMF, 100 "C, 3 h 
2-Br HCO2H, Et,N/5% Pd(C), 50 OC, 2 h 

C02Me C02Me 
I I 

22% 
93% 

6 
76% 
44% 

2-Br HC02H. Et,N/F'd(OAc),, 2P(o-T01)3,50 O C ,  2 h 43% 

55% 
- 

- 8% 
10% 10% 

HCOzH, Et,N, 5% Pd(C), HCO,H, Et,N, 6 (31) 
5% Pd/BaS04, 50 "C, 20 h 

53% 

100 "C, 23.5 h 

80% 

CI Br 
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XY >NO2 / - 
X 
2-c1 HZ/Pd(PPh3)4, AcOK, DMF, 100 "C, 6 h 67% - 

2-Br H2/Pd(PPh3),, AcOK, DMF, 100 "C, 6 h 80% - 

4-C1 HCOzH, Et,N, 5% Pd(C), 100 OC, 1 h 90% 
2-Br HCO,H, Et3N, 5% Pd(C), 50 "C, 48 h 78% 8% 

- 

4.5.2.2 Hydrogenolysis of Aryl Fluorides 

Substitution of hydrogen for fluorine in compounds containing single fluorine atoms linked to aro- 
matic rings occurs during catalytic hydrogenation of p-fluorobenzoic acid, which gives benzoic acid and 
cyclohexanecarboxylic acid on treatment with hydrogen over platinum black$* and in hydrogenation of 
p-fluorophenylacetic acid, which affords ethyl cyclohexylacetate on heating with hydrogen, ethanol and 
Raney nickel (yields of these experiments were not quoted) (equation 33).49 

'+(-'O2H -< 200 OC 

F 4 3 7 c 0 2 E t  (33) 

165 atm 

Raney Ni, EtOH 

160 atm 
3.5 h 

Hydrogenation of (13) over palladium black yields mainly (14) with only partial hydrogenolysis of flu- 
orine to give (15; equation 34).5O 

F 9 COMe H2Pd black, AcOH, H2S04 / F+pt + 
p t  (34) 

OZN H2N H2N 

(13) (14) 80% (15) 20% 

Reduction of p-fluoroacetophenone with Raney alloys in 5% sodium hydroxide gives 1 -phenylethanol 

Raney alloy, 5% NaOH, 50 "C, 2 h 

Ni-AI 86% 

in high yields (equation 35).5' 

- moH (35) F 0 COMe 

CU-AI 93% 

Catalytic hydrogenation of pentafluoropyridine (16) gives a mixture of the tetrafluoropyridines (17)- 
(19), with reduction taking place most easily at the 4-position and to only a trace extent at the 3-position 
(equation 36)?5 

F 'AF H,Pd(C),32O0C 'nF + F h F  + F A  

F N F  
(36) \ 

F N F  \ \ \ 
F N F  F N  

(16) (17) 30% (18) 5% (19) trace 

Single fluorine atoms in aromatic fluoro compounds such as p-fluorotoluene and p-fluoroanisole are 
replaced by hydrogen using lithium aluminum hydride in the presence of di-t-butyl peroxide under ir- 
radiation (equation 37).52 
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LiAIH4, THF, (Bu‘O),?, hv, 1.9 h 

R = Me 90% 
R = O M e  93% 

(37) 

Hydrogenolysis of polyfluoro and perfluoro aromatics by lithium aluminum hydride has already been 
shown in equations (24) and (25). Additional examples are replacement of fluorine by hydrogen in 
pentafluorobenzene, where the predominant product is 1,2,4.5-tetrafluorobenzene (20). resulting from 
the reduction by lithium aluminum hydride para to the hydrogen (equation 38),53 and replacement of flu- 
orine in the @-position in 1,2,3,4-tetrafluoronaphthalene (equation 39).54 

F 

LiAIH,, reflux, 53% EtzO * \ /  + F V  -t F d  (38) 

F F  F F 

F a  

F F  
(20) 72% 6% 2% 

F F 
I 

F 

LiAIH4, THF, reflux, 144 h Q$ \ ’F 88% 

F F 

(39) 

Removal of fluorine from 1-fluoronaphthalene is accomplished by treatment with ethanethiol and 
aluminum chloride at room temperature (equation 40).55 

(40) 
EtSH, AICI,, CH,CI,, r.t., 7 h 

87% 

Further examples of hydrogenolysis of aryl fluorides can be found in the review literature.IO*’ I 

4.5.2.3 Hydrogenolysis of Aryl Chlorides 

A general method for replacement of aromatic chlorine by hydrogen is catalytic hydrogenation over 
palladium on carbon,56 calcium carbonate57a or silica over platinum oxide (Adams’ catalyst),56 
and over Raney n i ~ k e l . ~ ~ , ~ ~  Platinized charcoal is inhibited by some halogen corn pound^.^^ Reductions, 
especially those using Raney nickel, have to be carried out in the presence of alcoholic potassium hy- 
droxide to neutralize hydrogen chloride resulting from the hydrogen~lys is .~~ .~~ In dichlorides with equiv- 
alent chlorine atoms, partial or total hydrogenolysis can be accomplished, depending upon whether 1 or 2 
equiv. of the base are used.59 
In catalytic hydrogenation, chlorine is replaced by hydrogen in chlorinated aromatic hydrocarbons 

(equations 4 1 and 42),57 phenols (equation 43),60 amines (equation 44)?6 carboxylic acids (equation 
45)?6-59 and nitro compounds (equation 46).46g47 Hydrogenolysis of chlorine in chloronitro compounds 
takes precedence over reduction of nitro g r o ~ p s ? ~ , ~ ~  provided that contact with the halogen-free product 
is not too long?6 The reaction is achieved using palladium on carbon46 or tetrakis(tripheny1phos- 

Raney Ni, KOH 
MeOH. r.t., 30 min 

Raney Ni, 2 KOH 
MeOH. r.t., 15 min 

C1 (41) Q -  50% 

32% \ 
\NaHzP04, Pd(C), H,O, THFf 

90% 
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phine)palladi~m$~ Hydrogen donors such as sodium hypophosphite,61 ethanol62 or ammonium formatem 
can be employed in catalytic hydrogen transfer. 

-w (42) 
i, 90%, ii, 63% 

or iii, 30% 
C1 

CI c1 CI CI 

i, H2/Pd(Si02), 330 "C, 6 h; ii, H2/Ni(A1203); iii, H2/Fe(Si02) 

HCOZNHfld(C), MeOH, r.t., 10 min 

C I G O H  100% 

C1 

i, 90% or ii c ON,, 
i, Raney Ni, KOH, MeOH, r.t., 70 min; ii, H2/Pd(C), KOH, MeOH, r i . ,  1 1 min 

c 
i, 85% or ii 

C 1 0  CO2H 

i, Raney Ni, 2 KOH, MeOH, r.t., 5 h; ii, H2/Pd(C), 95% EtOH 

CI 

In the reduction of p-chlorocinnamic acid with an excess of sodium hypophosphite and palladium 
(equation 47), the double bond is saturated and the hydrogenolysis of chlorine occurs. With one equiv- 
alent of the hypophosphite, only saturation of the double bond takes place, and p-chlorohydrocinnamic 
acid is obtained after 1.5 h.6' 

Pd(C), NaH,PO, (3 equiv.), 
H,O, THF, Na,C03, 50 "C, 24 h 

70% -CO,H (47) 

In aromatic heterocycles, chlorine is replaced by hydrogen in catalytic vapor phase hydrogenation over 
palladium on charcoal at 280 'C. 3,5-Dichlorouifluoropyridine affords 2,4,6-trifluoropyridine in 75% 
yield.3s 

Chlorine in 2-chlorolepidine (21) is very reactive, since the compound can be considered an imide 
chloride. It is readily replaced by hydrogen to form lepidine (22; equation 48).63 Similarly (23) is con- 
verted to (24) on catalytic hydrogenation (equation 49).62 The above reductions may be applied to many 
six-membered aromatic heterocycles containing chlorine on the carbon next to nitrogen; thus pyridones, 
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quinolones and related compounds can be converted to their parent heterocycles by way of their a-chloro 
compounds. 

N C N  53% - qNH2 (49) 

"2 Hz/5% Pd(C). KOH, EtOH, r.t., 1 atm 

NCN 
"2 "2 

(23) (24) 

High yields of 1-phenylethanol are obtained on heating chlorinated acetophenones at 50 'C with 
Raney nickel or Raney copper alloys in 5% sodium hydroxide (equation 50). Copper alloy is somewhat 
less efficient, as in some cases the hydrogenolysis of chlorine is in~omplete.~' 

5% NaOH, 50 'C 
CI 0 COMe 

Ni-A1 alloy 88% 
Cu-AI alloy 44% 

- 
56% 

Examples of hydrogenolysis of aryl chlorides by lithium aluminum hydride are rare. Chlorobenzene is 
reduced to benzene only in a low but chloronaphthalene gives a good yield of naphthalene with 
lithium aluminum hydride in the presence of either di-t-butyl peroxide52 or titanium tetrachloride (equa- 
tion 5 

CI 

i, 96% or ii, 83% 

i, LiAlH,, (Bu'Oh, hv, r.t., 2 h; ii, 2 LiAlH,, TiCl,, THF, reflux, 3 h 

Zinc dust in the presence of nickel chloride, triphenylphosphine and sodium iodide as a catalyst re- 
duces chlorobenzene in methanol after 20 h at 60 "C to benzene in 99% yield, andp-chloroanisole to ani- 
sole in dimethylformamide/water in 88-97% yields.64 The yields are considerably lower without sodium 
iodide (equation 52).@ 

Zn, NiCI,, Ph3P, NaI 

(52) 
DMF/HzO (25:1), 70 "C, 2 h 

97% 
c1 e OMe 

A similar effect on aryl halides is produced by using a suspension of zinc dust, nickel chloride and so- 
dium iodide in moist hexamethylphosphoramide at 60 'C under ultrasound ~onica t ion .~~ Chlorobenzene 
is thus converted to benzene in 64-93% yields.65 

Chlorine in position 2 in 2-chloro4,6-dimethylpyrimidine is replaced by hydrogen on heating for 10 
min at 100-110 'C with azeotropic (57%) hydriodic acid, giving a 78% yield of 4,6-dimethylpyri- 
midine.66 

Hydrogenolysis of aryl chlorides can also be achieved by treatment with triethylsilane in the presence 
of palladium,67 and by reduction with isopropyl alcohol under UV irradiation (equation 53).68 

CI 

i, Pr'OH, hv, 12 h; 72% 

i i ,  Et,SiH, 10% Pd(C), hv. 7 min 
78% 

(53) 

4.5.2.4 Hydrogenolysis of Aryl Bromides 

Substitution of hydrogen for bromine is easier and faster than for chlorine. In catalytic hydrogenation, 
10% palladium on carbon is a more active catalyst than platinum oxide, and this in turn is better than 
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10% platinum on  arbo on.^^.^^ A palladium complex with triphenylphosphine and Raney nickel in the 
presence of potassium hydroxide is equally suitable for the hydrogenolysis (Table 4).29*70 Instead of hy- 
drogen, hydrogen donors such as formic acid (equation 54)7' and triethylammonium formate46 are em- 
ployed in the presence of 10% palladium on ~ a r b o n ~ . ~ '  or palladium diacetate complexed with 
phosphines>6 

Table 4 Examples of Reduction of Bromobenzene to Benzene 

Reaction conditions Yield (%) Ref. 

Hfld (CaC03), 10% KOH, EtOH, r.t. 
H7/1O% Pd K). MeOH. r.t.. 5 h 

99 

HcO2wlO% Pd (C). Dh,' reflux, 3 h 
HCOzH, Et,N/T'd(OAck + [P(OC7H7)31z1 50 'C, 
LiAIHA. THF. 25 'C. 24 h 
LiAlb;  THF; 65 '(2; 6 h 
NaAIH2(0CH2CH20Me)2, xylene, 100-1 15 'C, 
Zn, NiClZ, NaI, H20, HMPA, 60 'C, ultrasound 
ZnBr2, K, THF, reflux 4 h; diglyme, reflux 8 h 
PhsSnH, =flux 
Et$3iH/lO% Pd (C), 4 min 
MezCHOH, hu, r.t. 

4.5 

I h  

h 
85-90 

92 
95 
100 
53 
81 
83 

60-75 
79 
72 

38 
56 
71 
46 
36 
36 
72 
65 
73 
43 
67 
68 

Br 

HCOzH, 10% Pd(C), DMF, =flux, 3 h 

81% 
(54) 

Bromoanilines are reduced to anilines by hydrogenation over Raney nickel (equation 55),59 and p-bro- 
moacetophenone is converted to 1-phenylethanol on heating at 50 'C with Raney alloys in 5% sodium 
hydroxide. The best yields are obtained using copper-aluminum alloy (89-91%)." 

(55)  
H2/Raney Ni, KOH, MeOH, r.t., 1 am 

o-Br 
rn-Br 
p-Br 

Time (min) Yield (S) 
45 90 
50 91 
60 85 

Reduction of aryl bromides with lithium aluminum hydride takes place in tetrahydrofuran solutions at 
room temperature?6 It has also been performed with better results in the presence of di-r-butyl peroxide 
under UV irradiationS2 or in the presence of titanium tetrachloride (equations 56 and 57).26 Reduction of 
bromobenzene with sodium bis(methoxyethoxy)aluminum hydride (Red-Al, Vitride) at 100-1 15 "C 
gives benzene in 53% yield (Table 4).72 

Br i, 21% or ii, 96% 

i, LiAIH4, THF, 25 OC, 24 h ii, LiAlH4, THF, (BU'O)~, hv, r.t. 

i, 95% or ii, 98% 

i,  LiAIH4, (BU'O)~, THF, hv, r.t., 2.3 h; ii, LiAIH,, TiC14, THF, reflux, 3 h 

(57) 

Replacement of bromine in aryl bromides by hydrogen using zinc takes place at higher temperatures. 
Bromobenzene gives benzene by refluxing in diglyme with zinc, generated in situ from anhydrous zinc 
bromide and potassium in tetrahydrofuran (Table 4).73 Zinc powder in boiling acetic acid reduces penta- 
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fluorobromobenzene to pentafluorobenzene in 84% yield after refluxing for 2 h. Iron filings and alumi- 
num flake do not react.38 

Under rather complex conditions, bromobenzene is reduced to benzene by heating with zinc powder 
and nickel chloride in dimethylformamide or hexamethylphosphoramide containing small amounts of 
water (Table 4).65 

A regioselective substitution by hydrogen of the more reactive bromine atoms in the a-positions on the 
thiophene ring converts 2,3,5-tribromothiophene to 3-bromothiophene by refluxing with zinc powder in 
acetic acid (equation 58).74 

Br 89-90% * 6' (58)  
Zn, AcOH, reflux, 4 h 

Metal salts such as chromium(I1) chloride (CrC12) complexed with ethylenediamine reduce a-bromo- 
naphthalene in dimethylformamide at room temperature in 93-98% ~ ie ld .7~  

A selective reducing agent for replacement of halogens by hydrogen, triphenylstannane (triphenyltin 
hydride), reduces aryl bromides to arenes in high yields (Table 4).43 Triethylsilane (triethylsilicon hy- 
dride) converts bromobenzene to benzene in the presence of 10% palladium on carbon in 79% yield 
(Table 4),a7 

A strongly reducing mixture is prepared by treatment of nickel@) chloride and t-pentyl alcohol with 
sodium hydride. In dimethoxyethane, o-bromochlorobenzene is selectively reduced to chlorobenzene in 
96% yield after 2 h at 20 0C.42 

Isopropyl alcohol under UV irradiation converts bromobenzene to benzene in 72% yield (Table 4).68 
Similar replacement of bromine by hydrogen is accomplished by treatment of aryl bromides dissolved in 
dichloromethane with a mixture of ethanethiol and anhydrous aluminum ~ h l o r i d e . ~ . ~ ~  This hard acid- 
soft base combination reacts with polycyclic aromatic halides55 and halogenated phenols4 by an addi- 
tion-elimination mechanism, leading to an aryl ethyl sulfide through a radical anion intermediate. This is 
converted by another molecule of ethanethiol to the debrominated arene and diethyl di~ulfide.5~ 1-Bro- 
monaphthalene is thus transformed into naphthalene (equation 59), 2,4,6-tribromophenol into phenol 
(equation 60), and bromochlorophenols into chlorophenols in 6 1-9 1 % yields.'"' 

Br HSEt 

AICI,,EtS~ 3 ___c -HBr (59) 
\ / \ -AICI, 

H xlC13 

In 5-bromouracil having no substituents on N- 1, bromine is replaced by hydrogen on heating at 180 'C 
with l-benzyl-l,4-dihydronicotinamide. Thus (25) yields (26), (27) and (28) (equation 61).76 

4.5.2.5 Hydrogenolysis of Aryl Iodides 

As might be expected, substitution of iodine by hydrogen in aryl iodides is easier than in aryl bro- 
mides. This is evident in selective reduction of chloroiodo aromatics (equation 62),36.52 and especially 
bromoiodo aromatics (equation 63),77 and also in the selective reduction of iodonitro aromatics to nitro 
aromatics (equations 64 and 65).78 



Reduction of Vinyl Halides to Alkenes and Aryl Halides to Arenes 909 

Bn - N q  0 0 0 

- CONH, ?.,Me + c N , M e  + B n f N , M e  

(61) 
I 180 OC, 3 h - ' N A O  I ' N A O  I ' N A O  I 

H H Bn H 
(25) (26) 54% (27) 10% (28) 19% 

- i, 95% or ii, %% 

i, LiAlH,, THF, 25 "C; ii, LiAIH,, ( B U ' ~ ) ~ ,  THF, hv, 42 min 

- O B r  + 0 (63) 

85% 12% 

NaBH&p,TiCI,, DMF, 70 "C, 24 h 
I o B r  

d N O 2  95% (88% pure D) * d N 0 2  (64) 
NaBH,, DMSO, D,O, 18-27 "C. 15 rnin 

, IUI(P~,P)~CI, MeCN, r.t., 3 h 

100% * O N 0 2  (65) 

Reduction of aryl iodides has been accomplished by catalytic hydrogenation using hydrogen or hy- 
drogen donors over palladium71 or Raney nickel catalysts (equation 66),59 by reduction with complex hy- 
drides (equations 62-64),36.52,77,78 with metals65 and their compounds,79 with hydrogen iodide,66 and with 
organic compounds (equations 65 and 67).44,79q80 Table 5 shows reaction conditions for reduction of 
iodobenzene to benzene. 

I @ H,/Raney Ni, KOH, 95% MeOH, r.t., 13 h * @ 
(66) 

OH OH 

0- 

P-  

Time (min) Yield (%) 
9 87 

10 82 
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Table 5 Examples of Reduction of Iodobenzene to Benzene 

Reaction conditions Yield (%) Ref. 

H2Pd (CaCO3), KOH, EtOH, r.t. 100 57 
HC02H/10% Pd (C), DMF,  flux 3 h 90-95 71 
LiAlh, THF, 25 'C, 24 h 83 36 
NaBH&pzTiCl2, DMF, 70 'C, 9 h 98 77 
Zn, NiC12, NaI, HzO, HMPA, 60 "C, ultrasound, 4 h 65 
Fe(CO)s, KzCO~, CO, MeOH, 60 "C, 48 h 88 79 

92 

4.53 HYDROGENOLYSIS OF TRIGONAL CARBON-OXYGEN BONDS 

Hydrogenolysis of the carbon-xygen bond in alcohols, enols and phenols is relatively difficult, re- 
gardless of type. 

4.5.3.1 Hydrogenolysis of Enols 

In derivatives of enols, cleavage of the trigonal carbon to oxygen bond has been accomplished by cata- 
lytic hydrogenation and by sodium. Examples are substitution of the trifluoromethanesulfonyloxy 
(triflyloxy) group by hydrogen in steroidal enol triflates by catalytic hydrogenation (equation 68),8' and 
by catalytic transfer of hydrogen using tributylammonium formate and palladium (equation 69),82 and 
formation of cyclohexene in the Birch reduction of 1 methoxy- 1,4-~yclohexadiene with sodium in liquid 
amm0nia.~3 

, OTf 

TfO JLL 
HC02H/(Ph,P),Pd(OAc), 
DMF, B u ~ N .  60 OC, I h 

77% 

TfO 

A more comprehensive discussion of the reduction of enol derivatives can be found in Chapter 4.6, 
this volume. 

4.53.2 Hydrogenolysis of Phenols and Their Derivatives 

Replacement of a free hydroxy group in phenols by hydrogen is impractical. It takes place only under 
very energetic conditions, for example on distillation with zinc dust, or by heating with dry lithium 
aluminum hydride at 350 'Ca4 Such drastic procedures are certainly not suited for compounds carrying 
sensitive functional groups. Substitution of hydroxy by hydrogen in polycyclic aromatic hydroxy com- 
pounds is achieved by extended refluxing with azeotropic (57%) hydriodic acid in acetic acid (equation 
70).85 The same limitation to polycyclic phenols is valid for a very gentle method of hydrogenolysis 
using an excess of a mixture of ethanethiol with anhydrous aluminum chloride (equation 70).55 

Though direct hydrogenolysis of free phenols seems hardly feasible, this does not apply to derivatives 
of phenols such as their ethers, esters, sulfonyl esters, arylisoureas and aryloxytetrazoles. Some phenol 
ethers are hydrogenolyzed by heating with sodium in ethanol. Pyrogallol trimethyl ether ( 1,2,3-trimeth- 
oxybenzene) loses the central methoxy group, yielding the dimethyl ether of resorcinol (equation 7 1).86 

The two reducing agents used for hydrogenolysis of polycyclic phenols, i t .  hydriodic acid and ethane- 
thiol with aluminum chloride, are also applicable to polycyclic phenol ethers. Thus 7-methoxybenz[a]an- 
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i, 52% or i i ,  76% 

i, 57% HI, P, AcOH, reflux, 15 h; ii, 2.5 equiv. AICI3, 5 equiv. EtSH, CH2CI2, r.t., 5 h 

OMe OMe 
Na. EtOH, heat 

91 1 

(70) 

, \ 

OMe OMe 

thracene is transformed in 95% yield into benz[a]anthracene on refluxing for 15 h with 57% hydriodic 
acid and acetic acid,S5 and 9-methoxy- and 9-ethoxy-phenanthrene are converted to phenanthrene on 
treatment with ethanethiol and aluminum chloride (equation 72).55 

i, 2.5 equiv. AICI,, 5 equiv. EtSH, CH2C12, ret. 

Hydriodic acid reduces some esters of polycyclic phenols. 7-Acetoxybenz[a]anthracene and 7,12- 
diacetoxybenz[a]anthracene are converted to benz[a]anthracene on refluxing with hydriodic acid and 
acetic acid (equation 73).85 On the other hand, 9-acetoxyphenanthrene is not reduced, but hydrolyzed to 
9-hydrox~phenanthrene.~~ 

OAc 

i 

99% 

i 

100% 
@$ \ / (73) 

OAc 
i, 57% HI, AcOH, reflux, 15 h 

A more general method for hydrogenolysis of aryl-oxygen bonds is reduction of aryl tnfluorometh- 
anesulfonates (triflates). The cleavage can be effected by catalytic hydrogen transfer using triethylam- 
monium f o ~ t n a t e ~ ~ * ~ ~  or sodium borohydrideE8 as hydrogen donors, and palladium complexes as catalysts. 
This method is applicable not only to triflates of condensed aromatic phenols, but also to phenyl triflates. 
The hydrogenolysis of the triflate group occurs in preference to reduction of reducible groups present in 
the molecule such as nitroE7 and cyano (equations 74-76).88 

(74) 
i, 98%, i i ,  81% or iii ,  91% 

i, (TfO-a) HC02H, Et3N, DMF, P~(OAC)~,  Ph3P, 65 "C, 12 h; ii, (TfO-a) NaBH4, (Ph3P)dPd. Ph,P, 
THF, 62 "C, 15 h: iii, (TfO-p) HC02H, Et3N, DMF, P~(OAC)~. Ph3P, 60 "C, 1 h 

Other aryl fluoroalkanesulfonates besides trifluoromethanesulfonyl esters of phenols can be reduced to 
arenes. Moreover, the preparation of such esters and their reduction may be carried out 'in one pot'. A 
mixture of rn-methoxyphenol, perfluorooctanesulfonyl fluoride, triethylamine, dimethylformamide, for- 
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i, 69% or ii, 81% 
TfO 0 CN (75) 

i, HCO,H, Et3N, DMF, Pd(OAc),, Ph3P, 65 "C, 12 h; ii, NaBH4, (Ph3P),Pd, Ph3P, THF, 62 "C, 2 h 

(76) 
HCO,H, Pd(OAc),, Ph3P, Et3N, THF, 75 "C, 30 rnin 

79% 
OTf 

mic acid and bis(tripheny1phosphine)palladium dichloride heated at 80 "C for 8 h affords a 70% yield of 
anisole.89 

Several derivatives of phenols have been found to be especially suited for hydrogenolysis by catalytic 
hydrogenation. Phenol ethers prepared by the reaction of phenols with 1-phenyl-5-chlorotetrazole or with 
2-chlorobenzoxazole are hydrogenolyzed over 5% palladium on carbon or over platinum oxide, but not 
over Raney nickel. The hydrogenations are run at 35 "C in benzene, ethanol or tetrahydrofuran, and give 
3549% yields of the corresponding  hydrocarbon^.^^ The reaction sequence is exemplified by conversion 
of phenylphenols to biphenyls (equation 77). 

iii 0-Ph; 98% 
P-Ph; 93% 1 p-Ph, 16 h; 75% 

Ph 
iv 

N 
0-Ph, 8 h; 82% 
p-Ph, 7 h;78% 

i, Me2C0, K@3, i 'kc\ reflux, overnight; ii, H2/5% Pd(C), C6H6, 35 "c;, iii, Me,CO, 0: 
N -  

K2C03, cl+ N, reflux, overnight; iv, H2/5% Pd(C), C6H6, 35 "C 
N - N  

Ph 

In this way, guaiacol affords an 86% yield of anisole, thymol a 72% yield of p-cymene, 1- and 2-naph- 
tho1 50% and 65% yields of naphthalene respectively, and p-chlorophenol a 70% yield of benzene with 
simultaneous hydrogenolysis of chlorine.90 

Other derivatives of phenols liable to hydrogenolysis are alkylated arylisoureas: 0-aryl-N,N-dialkyl- 
isoureas9' and 0-aryl-NJV'-dialkylisoureas?2 Both derivatives suffer easy hydrogenolysis by catalytic 
hydrogenation under very mild reaction conditions (equation 78).91,92 

Conversion of phenols to aryl cyanates is carried out by adding equivalent amounts of the phenol and 
triethylamine dissolved in ether to a stirred solution of cyanogen bromide in the same solvent at -10 "C, 
filtering triethylamine hydrobromide after 50 min, and evaporating the solvent in vacuo at room tempera- 
t ~ r e . ~ '  Aryl cyanates are transformed to 0-aryl-N,N-diethylisoureas by adding to their suspensions in dry 
ether with stirring at 0-20 'C a solution of diethylamine in ether, and by evaporating the ether after 15- 
60 min at room temperature in vacuo. Hydrogenolysis is then best effected in ethanol over 5% palladium 
on carbon at 20 or 45 "C at atmospheric pressure. Yields of hydrogenations are usually 95100% (78- 
97% overall based on phenols). ortho-Substituted derivatives are hydrogenolyzed more slowly than para 
and meta analogs. p-Chlorophenol and p-nitrophenol are in this way converied into benzene and aniline 
in 88% and 52% overall yields, respectively. Under the conditions used, chlorine is hydrogenolyzed, and 
the nitro group is reduced to the amino group.91 
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i i  

913 

95% 

i 
Ph-OH 

79% NHC6HI I 
i i i  I 

Ph/ CN 

iv 88% 1 
P h A 0 y N H  V c 

i. C6HIlN=C=NC6Hll, 70 OC, 24 h; ii, H2/5% Pd(C), EtOAc, 20 "C, 1 h; iii, BCN,  Et3N, 
Et20, -10 OC, 1 h; iv, Et,"; v, H2/5% Pd(C), EtOH, 20 "C, 8 h 

0-Aryl-NNdicyclohexylisoureas are synthesized by stirring mixtures of phenols with 2-3 mol equiv. 
of dicyclohexylcarbodiimide at 45-100 'C for 1-3 d. Hydrogenations are accomplished in isopropyl al- 
cohol or ethyl acetate at 20 'C and atmospheric pressure using 2 W 3 0 0  mg of 5% palladium on carbon 
or on calcium carbonate per 0.02 mol of the phenol. The hydrogenolysis can also be effected with the 
crude mixture of the 0-arylisoureas and the unreacted carbodiimide using as much hydrogen as needed 
for hydrogenation of the excess carbodiimide. 

Table 6 shows results of hydrogenolysis of phenols by all four methods described above. 

Table 6 Comparison of Results of Hydrogenolysis of Phenols after their Conversion to 5-Aryloxy-l- 
phenyltetrazoles (A), 2-Aryloxybenzoxazoles (B), O-Aryl-NN-'diethylisoureas (C), and 0-Aryl-Nfl- 

dicvclohexvlisoureas (D) 9(1-92 

Phenol Product Method A' Method Bb Method Method Dd 
yield (%) yield (%) yield (%) yield (%) 

Q 

OH 
I 

44 

81 

64 

75 

86 85 

96 78 

92 44 

90 70 

88 76 

45.4 HYDROGENOLYSIS OF TRIGONAL CARBON-SULFUR BONDS 

Hydrogenolysis of vinyl sulfides,26 vinyl sulfoxides93 and vinyl sulfonesw is rare, and may be accom- 
panied by saturation of the double bond.26 Thus vinylic sulfide (29) gives only 5% of 19-diphenyl-2- 
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pentene, and 80% of 1,5-diphenylpentane on reduction with lithium aluminum hydride in the presence of 
titanium tetrachloride (equation 79).26 

2 (2 LiAIH,, TiCI,) 
Ph- ' Ph + Ph-Ph (79) 

Ph &ph THF,reflux,3h - 5% 80% 
(29) 

Vinylic sulfoxide (30) is desulfurized to (31) with t-butyllithium (equation 80)?3 and sulfone (32) af- 
fords triphenylethylene on reduction with aluminum amalgam or lithium aluminum hydride (equation 
81).94 

BulLi, C,H,, 

MeOH, Et,O, -78 "C 

(30) (31) 72% 

0 

Ph' Bu' 
I t  

(80) 

92-95% 

Ph 
ph& S02ph i ,  85%, ii, 40% or iii, 65% 

Ph$ 
Ph Ph 

(32) 
i, AIHg,, 10% H 2 0  in THF, reflux, 3 h; ii, LiAIH,, Et20, reflux; iii, LiAIH4-CuC12 (1:2) 

Hydrogenolysis of compounds with sulfur atoms attached to aromatic rings such as benzenethiols, and 
aryl sulfides, disulfides, sulfoxides and sulfones takes place on refluxing with Raney nickel or nickel 
boride. Sulfur combines with nickel, and hydrogen replaces the sulfur-containing group. 

Raney nickel is a stronger desulfurizing agent than nickel boride. On the other hand nickel boride, pre- 
pared from nickel(I1) chloride and sodium borohydride, is more selective since it does not desulfurize 
aromatic sulfones. An example of such selectivity is desulfurization of p-phenylsulfonylphenyl p-tolyl 
sulfide (33), which affords diphenyl sulfone in 91% yield and toluene in 84% yield. In contrast, Raney 
nickel desulfurizes both the sulfide and the sulfone giving a mixture of benzene and toluene (equation 
82).95 

o,\ 00 

* osyJ +o, NaBH,, NiC1y6H20 
o,\ /p 

/ EtOH, reflux, 7 h osnsn / / / Raney Ni (W-2) 

EtOH, reflux, 7 h 

84% 91% 

(82) (33) 
100% 

As is evident from Table 7, nickel boride does not give as high yields as Raney nickel. However, it of- 
fers certain advantages over the latter. In addition to higher selectivity, its preparation is faster and more 
simple than that of Raney nickel, it allows for better dosage, and is not pyr~phor ic .~~ 

1 -Naphthyl phenyl sulfide is desulfurized to naphthalene on refluxing with lithium aluminum hydride 
and titanium tetrachloride,26 and 1 -naphthyl ethyl sulfide and I -naphthyl isopropyl sulfide are converted 
to naphthalene on treatment with ethanethiol and anhydrous aluminum chloride (equation 83).55 
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Table 7 Desulfurization of Aromatic Sulfur Compounds by Nickel Boride and Raney Nickel95 

Compound % Yield of toluene with 
Nickel boride Raney nickel 

0 SH 

L 

60 

37 

12 

91 

85 

86 

80 100 

0 88 
L 

SR 
I 

(83) 
5 EtSH, 2.5 AICI,, CH,Cl,, r.t. 

R = Et 
R = Pr 
R = Ph (8 LiAIH4, 4 TiC14, THF, reflux) 

Time (h) Yield (%) 
5.5 89 

10 91 
3 56 

4.5.5 HYDROGENOLYSIS OF TRIGONAL CARBON-NITROGEN BONDS 

4.5.5.1 Hydrogenolysis of Enamines 

Substitution of hydrogen for amino or alkylated amino groups is very rare. One example is hydrogeno- 
lysis of enamines. Reduction of enamines with complex hydrides, particularly with sodium cyanoboro- 
hydride, results in saturation of the double bond and conversion to amines. On the other hand, treatment 
of enamines with chloroalanes and especially alanes results in the cleavage of the carbon-nitrogen bond 
and formation of the corresponding alkene and amine; some examples are shown in Table 8?6 The cleav- 
age proper takes place by an addition-elimination mechanism in which the first step is addition of the 
alane across the double bond, yielding an aminoalkylalane. Whereas hydrolysis of the addition product 
with water would give the saturated amine, heating it in refluxing solvents results in elimination of ami- 
noalane to afford an alkene (equation 84).96 

c 0 + HzAI-N 3 (84) 
AIH, (LiAIH4 + AICI,) 

Et,O, reflux, 45 h 80% 
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Table 8 Examples of Reduction of Pyrrolidine Enamines96 
~ 

Enamine Alane Alkene Yield (%) Amine Yield (a) 

Pr" 
I 

C N 9  
C N O  

AIHC12 
AIH2CI 
A I H ~  

AIHC12 
AIH2CI 
AIH3 

AlH3 

AIHCl2 
AIHzC1 
AlH3 

AIH3 

AlH3 

66 
56 

?,'Et 13 

27 
MeCH=CHEt 35 

81 
I 

19 
EtCH=CHPf' 30 

85 

92 

Pr" 
I 

CN-O 

78 
56 
9 

5 

22 
15 CN-O 13 

75 
75 
80 

4.5.5.2 Hydrogenolysis of Aromatic Amines 

One-step replacement of an aromatic amino group by hydrogen is impractical. Exceptionally, hydro- 
genolysis took place when p-toluidine was treated with solid lithium aluminum hydride at approximately 
350 "C. Toluene was obtained in 17% yield.84 

Equally unusual is hydrogenolysis of a bond between an aromatic ring and a quaternary amino group. 
Phenyltrialkylammonium iodides are reductively cleaved to benzene and trialkylamines by electrolysis 
(equation 85).97 

+ Na2C03, H20, Pb cathode, 30 A, 2.5 h 
Ph -NMe3 I- C6H6 + Me3NeHCI (85) 

75% 77% 

4.5.5.3 Hydrogenolysis of Arenediazonium Salts 

A general method of replacement of the primary aromatic amino group by hydrogen is reduction of 
aromatic diazonium salts, prepared by diazotization, typically by treatment of the primary amine or its 
salts with sodium or potassium nitrite in strongly acidic aqueous media. Conversion to the diazonium 
salts may also be accomplished in nonaqueous media using acetic or using alkyl nitrites (equation 
86).99 Most diazonium salts decompose at temperatures above 0-5 'C. Only certain salts such as naph- 
thalene-l,5-~ulfonates,~~ tetrafluoroborate~~~~-~~~ and hexafluoropho~phates~~J~~ are stable .at room 
temperature. 

Reduction of diazonium salts resulting in replacement of the diazonium group by hydrogen has been 
known for 125 years, and has been carried out using sodium stannite,"O hypophosphor- 
ous acid,'I1Vii2 formaldehyde,II3 zinc,ioo and other reagents.Ii4 In addition to these classical reagents, re- 
viewed in an article in Organic Reactions,l14 several new reducing agents have been developed: 
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NaN02.3 HCI, H,O 

7\ 
x = c1 

NaN02, H2SO4, AcOH X = HS04 / x- 

potassium ferr~cyanide,"~ tin in hydrochloric acid,' 1 6 3 1 1 7  sodium borohydride,Io2 triethyl~ilane,'~~ tribu- 
tylstannane (tributyltin hydride),Io3 and a roster of organic compounds which provide hydrogen for com- 
binations with the aryl cations''''' or 

The mechanism of displacement of the diazonium group by hydrogen depends on the chemical nature 
of the diazonium compound, the reducing agents and the reaction conditions. Electron-withdrawing 
groups in the aromatic ring generally facilitate the rep1a~ement.l'~ 

In appropriately polar solvents, diazonium salts decompose to nitrogen and aryl cations, and formation 
of arenes may take place by transfer of hydrogen from the reducing agent or from the solvent. Depending 
on reaction conditions, an ionic mechanism (equation 87),lI9 or a radical mechanism (equation 88)'07 
may be operating, and experimental evidence is claimed for both. However, the radical mechanism 
seems to have more support. 

formed by decomposition of the diazonium salts. 

+ NaBF4 
ArNEN BF4- - Ar' + N, + BF4- - ArH + BH3BF3 + NaF 

r\ 
O Y O  

I + Ph n 
Y O  BF4- 

ArNEN BF4- - Ar' + N, + B F C  - ArH + 0 

Ph 

+ cu+ 
ArNrN X- - Are + X- + N, + Cu2+ 

In reduction of arenediazonium fluoroborate with tributylstannane, formation of the arene takes place 
not only by hydrogen atom abstraction from the stannane, but also by reaction of the radical intermediate 
with the solvent. Reduction of 4-methoxybenzenediazonium fluoroborate with tributyltin deuteride in te- 
trahydrofuran or acetonitrile affords not only deuterated but also deuterium-free arenes (equation 89). 
There are also small amounts of biphenyl by-products.lo3 

+ 
ArNrN BF4- + Bu3SnD - ArN=ND + BF3 + Bu3SnF (89) 

3840% I Bu,SnD, MeCN 

4042% 
ArH ArD + N, 

I 
AP 

Finally, hydrogen transfer can occur intramolecularly, as in the reduction of arenediazonium fluoro- 
borates with formamide. The intramolecular transfer has been proven by reaction with C-deuterated for- 
mamide, which introduced deuterium in place of the diazonium group (equation 90).'01 

Sodium stannite converts (34) to (35). Both the diazonium salt and the sodium stannite are prepared in 
siru (equation 91)."0 

Tin metal in the presence of aqueous hydrochloric acid in a mixture of dichloromethane and 
polyethylene glycol replaces the diazonium group with hydrogen in 38-76% isolated yields (equation 
92).ll6.ll7 
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SnCI,, NaOH, ice 

73% 
Br 

(34) 

Br 
(35) 

Sn, 3 M HCI (3 equiv.) 
0 "C to r.t., 3 h 

HO(CH,CH,O),H 
72% 

The most specific reagent for replacement of a diazonium group by hydrogen is hypophosphorous 
acid."lJl2 It is commercially available, it works at room temperature, and it is especially selective: it 
does not reduce any of the common functional groups present in diazonium salts. The reductive removal 
of the amino group can be camed out in one pot using a large excess (5-15 mol) of aqueous hypophos- 
phorous acid after diazotization (equation 93).I14 Both diazotization and reduction may be carried out in 
hypophosphorous acid. Under such conditions, an amino group linked to the aromatic ring is replaced by 
hydrogen, while aliphatic amino groups are left intact (equation 94).11 I 

i, NaNO,, HCl, H20, cooling 

(93) 
ii, H3P02. 0 "C, few days 

67% 

i ,  50% H3P02 (15 mol), NaN02, 5 OC, 45 min 

Yield( %) 
m-, n = 1 87 

70 m-, n = 2 
84 p - ,  n = 1 

p - ,  n = 2 71 

H2N(CH2), /DNH2 ii, r.t,, 4 h 

Historically, the first replacement of a diazonium group by hydrogen was accomplished with alco- 
hols.lW Of these, ethanol is the best, while methanol tends to convert diazonium compounds to aryl 
methyl ethers.Ii4 The hydrogen atom replacing the diazonium group comes from the alcohol, which is 
converted to the corresponding aldehyde. The reaction is catalyzed by UV irradiationlo8 and by copper(1) 
oxide. 106~107 Copper(1) oxide alone reduces the diazonium compounds, but in poor yields. IO7 The reaction 
can be camed out in aqueous medialo8 or in organic  solvent^.^^,^^^ 

Hydrogen donors other than alcohols have been used for replacement of the diazonium group by hy- 
drogen; these include acetone,Io8 te t rahydrof~ran?~J~~ dioxane,lZ0 dioxolane,IZ0 ethylene glycol di- 
methyl ether,120 hexamethylphosphoramide (HMPA)IZ1 and other compounds. 12* 

Very often, the replacement of a diazonium group by hydrogen is carried out using stable crystalline 
diazonium salts, such as the 1,5-naphthalenedi~ulfonates,'~ 2-naphthol- 1 -sulfonates, loo tetrafluorobor- 

I s  hexafluorophosphateslw and mercury bromides?2 
Diazonium tetrafluoroborates are reduced with potassium ferrocyanide at rates depending strongly on 

substituents in the benzene rings. Relative rates of reduction of p-nitrobenzenediazonium, benzenediazo- 
nium and p-methoxybenzenediazonium fluoroborates have been found to be 3062: 1:0.003 1, showing a 
span of six orders of magnitude, electron-withdrawing substituents increasing, and electron-releasing 
groups decreasing the rates.115 
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A useful addition to the roster of reducing agents capable of replacement of diazonium groups by hy- 
drogen in good yields is sodium borohydride. It is applied to dry diazonium fluoroborates in suspension 
in methanol or in solution in dimethylfomamide (equation 95).'02 

(95) 
NaBH,, MeOH, cooling 

68% 

Another hydride used successfully for the same purpose is tributylstannane (tributyltin hydride) in 
ether, tetrahydrofuran or a~etoni t r i le . '~~ Triethylsilane acts similarly, but more slowly and more selec- 
tively: it does not reduce nitro groups (equation 96).lo3 

(96) 
i, 94%. ii, 71% or iii, 90% 

M e O e N :  BF4- 

i, Bu3SnH, THF, rat., 50 min; ii, Bu3SnH, MeCN, ret., 1.5 h; iii, Et,SiH, MeCN, r.t., overnight 

Other hydrogen donors which have been applied to the reduction of diazonium fluoroborates are 
formamide'O1 and N-benzyl- 1,4-dihydronicotinamide (equation 97)."* 

DMF, Et3N,.r.t., 45 min 

Like diazonium fluoroborates, diazonium fluorophosphates decompose under anhydrous conditions in 
tetramethylurea to give the parent compounds. The reaction is carried out by adding dry diazonium salts 
to tetramethylurea at room temperature. The reaction is exothermic, but in some cases warming to 65 'C 
is desirable (equation 98).'04 

An unexpected displacement of a diazonium group in diazotized aminonaphthalenes by hydrogen was 
discovered when diazonium mercury(I1) bromides, prepared by treatment of diazonium bromides with 
mercury(I1) bromide, were stirred at room temperature for 10-20 min in hexamethylphosphoramide 
(HMPA) (equation 99).I2l 

i, HMPA, r.t., IS20 min 

Examples of replacement of diazonium groups by hydrogen by means of various reducing agents are 
shown in Table 9. 
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4.6.1 INTRODUCTION 

The carbon-carbon wbond plays a central role in synthesis, not only in its own right as a functional 
group present in many target molecules, but also as a synthetic intermediate through which an extraordi- 
nary number of important transformations are accomplished. In fact, nearly two complete volumes of 
‘Comprehensive Organic Synthesis’ are devoted to alkene reactions, many of which require stereo- or 
regio-isomerically homogeneous starting materials if they are to be useful. This chapter examines one of 
the more important general routes to this fundamentally important functional group, the transformation 
of ketones into alkenes. 

Although there are a few methods for carrying out this reductive process in a single step, it is rarely 
conducted by such direct methods. In the vast majority of cases, two-step procedures are employed. The 

923 
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ketone can be first converted into a vinyl-heteroatom derivative (e.g. a vinyl phosphate) or a substituted 
hydrazone, followed by reductive cleavage or elimination, respectively. Alternatively, the transformation 
can be accomplished by reduction of the ketone followed by elimination; however, since both ketone re- 
ductions and elimination reactions are covered elsewhere in this series, this chapter will focus on the for- 
mer methods. 

4.6.2 DIRECT METHODS 

There are few reports of the direct conversion of ketones into alkenes. Phiel has reported the conver- 
sion of pentan-2-one into pent-1-ene in the vapor phase over a supported MnO2 catalyst (Scheme l).l  No 
other examples were reported, so that that the generality of the selectivity in favor of the less substituted 
double bond is uncertain. 

Mn02, 550 "C 

62% 
+ /\/\\ 

Scheme 1 

2-Phenylacetophenone has been reduced to @)-stilbene using elemental sulfur in HMPA at elevated 
temperatures (Scheme 2).* Since (2)-stilbene is rapidly converted into the (E)-isomer under the reaction 
conditions, it is unclear whether (3-stilbene forms first and then isomerizes to the more stable (E) -  
isomer or whether (@-stilbene forms directly. These conditions were also found to convert 2-hydroxy-2- 
phenylacetophenone into (E)-stilbene. 

S,, HMPA, 205 "C 
Ph+Ph phj Ph 73% 

Scheme 2 

Finally, functionalized cyclohexanone derivatives have been converted into the corresponding cyclo- 
hexene products by zinc and trimethylsilyl chloride (Scheme 3).3 The reaction, which proceeds through 
an ylide-stabilized organozinc carbenoid intermediate rather than a silyl enol ether, shows a slight pref- 
erence for the formation of the more substituted double bond, and is compatible with acetoxy and ha- 
logen functional groups. Similar conditions have been employed to convert 3-keto steroids into the 
corresponding A*-derivatives regioselectively, as well as selectively reducing the 3-keto group of 3,6-, 
3,7-, 3.17-, 3,20-diketo steroids to the A2-products, leaving the other ketone group intact." 

Zn, Me,SiCI, 25 "C 

77 % 23% 

8- 81% 

Scheme 3 

4.6.3 REDUCTION AND SUBSEQUENT DEHYDRATION 

One of the most general reaction sequences for the transformation of ketones into alkenes is reduction 
of the ketone to the corresponding alcohol followed by dehydration. While this method has been widely 
used, it often suffers from a lack of both stereo- and regio-chemical control in the formation of the 
double bond. Since the reduction of ketones and the subsequent dehydration of the resultant alcohols are 
covered in depth in other sections (this volume, Chapter 1.1 and Volume 6, Chapter 5.1), we present here 
only a few representative examples and divert the reader to these other sections for a detailed analysis of 
this area. In the total synthesis of (+)-occidentalol (Scheme 4), 1,2-reduction of the enone moiety gave 
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the corresponding allylic alcohol, which was selectively dehydrated in the presence of a tertiary alcohol 
to give the diene system? Reduction of an enone and subsequent dehydration of the resulting allylic al- 
cohol was also employed in preparing the unsaturated decalin fragment of compactin (Scheme 4).6 In 
this instance, the resulting 1,3-diene arose from carbon-carbon double bond migration during the dehy- 
dration. Finally, Murae et al. have reduced and dehydrated a highly functionalized pyrone to the corre- 
sponding dihydropyran in the course of the formal total synthesis of bruceantin.' These representative 
examples illustrate that this methodology can be useful in complex molecules and that it is compatible 
with an array of functional groups, including amines, aryl and silyl ethers, tertiary alcohols, dithianes, es- 
ters and lactones. 

i, ii 

0 

(+)-Occidentalol 

i, LAH, Et20, 25 OC; ii, TsOH, PhH, 25 "C 

0 

i, NaBH4, CeCl,; ii, pyridinium p-toiuenesulfonate, CICH2CH2Cl, reflux 

AcO AcO 

0 

58% 
Bu'MezSiO 

i, NaBH4, EtOH-CH2CI2, 0 OC; ii, P0Cl3, pyridine, 100 O C  

Scheme 4 

Not surprisingly, if the ketone in the starting material is flanked by an unsaturated functional group 
(i.e. C02Me8 or N029*'0), dehydration gives exclusively the a$-unsaturated product (the P,y-unsaturated 
regioisomer is available via other methods, discussed below). While the methods described above in- 
volve direct dehydration of the alcohol, a number of reductiondehydration sequences have been con- 
ducted by initial reduction of the ketone and subsequent derivatization of the resultant alcohol (as the 
phenyl methanesulfonate, methyl p-toluenesulfonate, xanthate, acetate, methyl ether, etc.). This type of 
reduction4ehydration sequence is discussed in detail in Volume 6, Chapter 5.1. 

4.6.4 REDUCTIVE ELIMINATION OF a-SUBSTITUTED KETONES 

A variety of a-substituted ketones (a-halo, -hydroxy, methoxy and -amino) have been converted into 
alkenes by reductive elimination. Obviously, this approach, depends not only on the feasibility of a- 
functionalization but also on the ability to introduce the a-substituent regioselectively. a-Halo ketones, 
which are readily prepared from the starting ketone," have been subjected to reductive elimination con- 
ditions to afford the desired alkenic products. For example, in the preparation of (&)-eriolanin (Scheme 
5),12 the protected dihydroxy keto ester is treated sequentially with LDA and Br2 to afford the a-bromo 
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ketone. Selective ketone reduction to the halohydrin followed by zinc-induced elimination of HOBr af- 
fords the partially deprotected alkenic ester. Similar conditions have been employed in steroidal systems 
(Scheme 6).13 

Me02C 

ii, iii 
f 

(74% overall) 

i, LDA, Br,, NaHCO,; ii, NaBH4, EtOH; iii, Zn, EtOH 

Scheme 5 

-&  i, LiAIH, or NaBH, 

ii, Zn, EtOH, reflux HO 
H 

AcO 
0 

Scheme 6 

In 1913, Kishner observed in one instance that under standard Wolff-Kishner reduction conditions, 2- 
hydroxy-2,6-dimethyloctan-3-one underwent eliminative reduction upon treatment with hydrazine hy- 
drate and base at elevated temperatures to afford 2,6-dimethyloctan-2-ene (Scheme 7).14 This same 
reaction was later found to occur in the case of a-methoxy ketonesI5 and has since been referred to as the 
Kishner eliminative reduction. The reaction entails initial formation of the hydrazone and elimination of 
the a-substituent to afford the intermediate alkenyldiazene, which subsequently collapses to the desired 
alkene. Given the facile transformation of ketones into a-halo ketones,II these conditions have been used 
to introduce alkenes regioselectively in the 2a-halocholestan-3-one seriesI6 as shown in Scheme 8. 
Yields of 2-cholestene parallel the resistance of the a-halogen to undergo competitive elimination re- 
actions. 

Scheme 7 

X = F  71% X=Br 62% 
X=Cl 68% X = I  54% 

Scheme 8 

Similar conditions have also been employed in the reduction of a-tosyl ketones, but only low yields 
were rea1i~ed.I~ On the other hand, a wide variety of other a-substituents have been shown to undergo 
reductive elimination to afford good yields of the alkenic product (Scheme 9).17 The temperature at 
which the reaction occurs in these examples depends on the nature of the substituent and its ease of 
elimination. Kishner eliminative reduction conditions have also been applied to 2-azacycloalkanones, for 
which ring size determines the course of reaction.18 While 1 -azacyclohexan-3-ones give only the Wolff- 
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Kishner reduction product (azacyclohexanes), the seven-membered ring analogs afford the acyclic elimi- 
native reduction products (Scheme 10). This difference is presumably due to the greater ease with which 
the leaving group in the larger ring can follow an energetically favorable trajectory (Le. perpendicular to 
the incipient .rr-bond) during elimination. A wide variety of acyclic a-amino ketones have also been 
studied as substrates for the eliminative reduction pathway. The yield of alkene (versus the normal 
Wolff-Kishner reduction product) parallels the size of the a-amino substituent and hence the steric bulk 
around the C-N bond.18 

N2H4*H20, KOH, triethylene glycol 

120 "C 
0 

X =  0 / O 7  80% X =  

Scheme 9 

0 

L 78% 

H 
I 

no i 

N. 
Me 

Me 

i, N2H4*H20, KOH, triethylene glycol, 120 OC 

Scheme 10 

The most widely applied extension of the Kishner eliminative reduction methodology is the Wharton 
reaction,19 in which the hydrazone derivative of an a$-epoxy ketone undergoes elimination to generate 
an allylic alcohol (Scheme 11). Since the starting epoxy ketone is derived directly from the correspond- 
ing enone, this reaction sequence represents an overall transformation of enone into allylic alcohol in 
which oxygen undergoes a 1,3-transposition within a concomitant migration of the carbon-carbon 
double bond. 

Scheme 11 

This transformation has found extensive use in converting cyclopentenone and cyclohexenone ring 
systems to the rearranged allylic alcohols during the course of the total syntheses of natural products. In 
the preparation of (*)-quadrone (Scheme 12),2O the tricyclic enone was epoxidized and the resulting a#- 
epoxy ketone treated with hydrazine to afford the allylic alcohol. The cyclopropane-directed epoxidation 
shown in Scheme 13 gives an allylic alcohol that is taken on to (-)- and (+)-carenones.21 In the total syn- 
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thesis of (f)-a-costal (Scheme 14)?2 Liu and Wynn selectively epoxidized an enone carbon-carbon 
double bond in the presence of an isolated alkene in order to obtain a diene alcohol. Finally, the Wharton 
reaction has been employed, although with only modest success, in the preparation of 2,6-epoxy-I(2H)- 
benzoxocin sugars (Scheme 15).23 

i, Bu'OOH, NaOH, MeOH, 25 O C ;  ii, N2H4*Hz0, MeOH, AcOH 

Scheme 12 

__f 

85% 95% 

(-)-Canone 

i, 30% Hz02,  NaOH; ii, Me3SiCI, N,H4*H20, DMF 

Scheme 13 

0 

i ,  NzH4, AcOH; ii, CuC12, THF, H20, pH 7 

Scheme 14 

0 

i 

36% 
__f 

0 Q -8 10% 

OH 

i ,  NaOCl, dioxane; ii, N2H4. AcOH 

Scheme 15 

While it is not clear from these applications whether the Wharton reaction necessarily proceeds via 
trans diaxial epoxide opening, Ziegler et in synthetic studies towards quassinoids, have found that 
there is no such stereoelectronic requirement in a rigid trans-decalin ring system (Scheme 16). 

The Wharton reaction has also been applied to the conversion of exocyclic or,P-epoxy ketones to the 
corresponding exocyclic hydroxy methylene products (Scheme 17).25 Similar conditions transform exo- 
cyclic methyl ketones into the exocyclic ethylidene derivative (Scheme 1 8).26 Not unexpectedly, the (2)- 
alkene is isolated in only slightly higher yields than the (E)-isomer. 
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i, 30% H202; 6 M NaOH, 15 OC; ii, 95% N2H4, AcOH, MeOH 

Scheme 16 

i, 30% H202, 20% NaOH, MeOH; ii, N2H4, MeOH, 0 OC 

Scheme 17 

major minor 

Scheme 18 

There are a few applications of the Wharton reaction in acyclic systems. For example, treating an acy- 
clic or,P-epoxy ketone (Scheme 19) with hydrazine hydrate at 0 "C affords the expected product, but as a 
1 : l-(E):(Z) mixture.27 However, the major product (60%) in this particular case is the bicyclic alcohol 
that arises via cyclization of the intermediate vinyl radical (or anion) on the endocyclic carbon+arbon 
double bond. 

)c-.Il- N2H4*H20,MeOH + + @ 
/ / 

0 OC / 

20% 
Scheme 19 

20% 60% 

In isolated cases in which the Wharton reaction has failed, alternative strategies have been developed. 
For example, in a total synthesis of confertin,28 the starting enone (Scheme 20) was reduced to an allylic 
alcohol and subsequently epoxidized to afford the epoxy alcohol. Conversion to the phenyl methanesul- 
fonate followed by reduction gave the sought-after rearranged allylic alcohol. An attempted Whanon re- 
action in the total synthesis of P-2,7,1 l-cembratriene-4,6-diol (P-CBT; Scheme 21)29 also failed to give 
the desired allylic alcohol. In this case, initial epoxide formation was followed by reduction of the ketone 
(rather than treatment with hydrazine) and the resultant secondary alcohol was converted into the phenyl 
methanesulfonate. Reduction of the epoxy phenyl methanesulfonate then afforded the formal Wharton 
product in good yields. This adaptation also gives high yields in acyclic systems.30 

A final method of alkene formation from a-derivatized ketones entails formation of unsaturated tosyl- 
hydrazones from a,P-unsaturated ketones followed by conjugate reduction with sodium cyanoborohy- 
dride in acid media.3' This transformation, which proceeds with regioselective migration of the original 
double bond, has been applied to the synthesis of quassinoids by Ganem et al. (Scheme 22).32 A similar 
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- - Confertin 
'!#, 

',, 

B u'0 

75% overall 

Scheme 20 

OAC 5 

i, ii, iii ,  iv 
c -- P-CBT 

%%,/ 46% 

i, NaBH4, 0 "C; ii, MsCI, Et3N, 0 OC; iii, K2CO3,O O C ;  iv, Na/NH3, 4 0  "C 

Scheme 21 

reaction, with diborane as the reducing agent, has been employed in the conversion of A4-cholesten-3- 
one into Sa-cholest-3-ene and of cholestenone into ~holesta-3,5-diene.~~ 

0 

i ,  p-MeC,H4S02NHNH2; ii, NaCNBH3, HOAc, 68 "C 

Scheme 22 

4.6.5 REDUCTION OF VINYL-HETEROATOM DERIVATIVES 

4.6.5.1 Vinyl Esters 

One of the most useful methods for the transformation of ketones into alkenes is conversion of the ke- 
tone, via enolate formation, into a vinyl-OR derivative and subsequent reductive cleavage of the sp2- 
oxygen bond. Because there are a number of ways to generate either the kinetic or thermodynamic 
enolate selectively, this route offers one of the most important ways of introducing the alkenic double 
bond with excellent control of regioselectivity. 

4.6.5.1 .I Vinyl phosphates 

Within the general category of vinyl esters, the most widely used method for ketone to alkene transfor- 
mation involves the sequence ketone -) vinyl phosphate + alkene, which was originally developed in- 
dependently by F e t i ~ o n ~ ~  and by Ireland?5 Fetizon's procedure requires a-halogenation of the starting 
ketone and subsequent vinyl phosphate formation via a Perkow reaction with triethyl phosphite (Scheme 
23). In contrast, Ireland's method (Scheme 24)35 offers a direct route to vinyl phosphates via controlled 
enolate formation and trapping. More recently, Ireland has also employed vinyl NJVJV'JV'-tetramethyI- 
phosphorodiamidate rather than the original diethyl phosphates (Scheme 2% although it is 
not clear if this modification is superior to the original procedure. Besides reduction with Li or Na in an 



Reduction of Ketones to Alkenes 93 1 

amine solvent, vinyl phosphates have also been reduced to the alkene under aprotic conditions with acti- 
vated Ti.,’ These reduction conditions afford better yields of the alkene, and enones can be reduced to 
the corresponding diene without overreduction of the diene products. 

A2-Androsten- 17p-01 0 

i, Me3PhN+Br-; ii, (EtO),P (neat), A; iii, Li/”,, Bu‘OH 

Scheme 23 

n n n a i, ii iii 

i, Li/”,; ii, (EtO),POCl; iii, Li, Et”,, Bu‘OH 

Scheme 24 

0 
II 

i, ii iii 

90% 82% 

-- 

Me0 M e 0  

i, LDA; ii, (Me,N)2POCl, TMEDA; iii, Li/”, 

Scheme 25 

Despite these modifications, Ireland’s original method of both vinyl phosphate formation and reduc- 
tion remains the most popular. In studies on the cationic rearrangements of [4.3.2]propellanes, Smith et 
aL3* converted a tricyclic ketone, via the diethyl vinylphosphate derivative, into the corresponding al- 
kene (Scheme 26). In a similar manner, Kamata et ~ 2 1 . ~ ~  prepared AI1-  and A‘bteroids (Scheme 27) with 
excellent control of regiochemistry. As shown in this example, esters are susceptible to cleavage under 
the standard reduction conditions (Li, ”3, Bu’OH, -35 T), while acetals survive. 
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($Jd!D i, ii, iii 

i, LDA; ii, (EtO),POCl; iii, Li, Et", 

Scheme 26 

Me0 Me0 q$pz -Mea@ Me0 

0 
i, LDA, -78 "C; ii, (Et0)2POCl, -78 "C; iii, Li/NH3, Bu'OH, -35 "C 

Scheme 27 

Vinyl N,N,N',N'-tetramethylphosphorodiamidates have also been of value in the total syntheses of 
natural products, such as (f)-castelanolide (Scheme 28)40 and (f)-albene (Scheme 29).'" Acetals survive 
the reduction, but benzyl ethers are cleaved. 

i, i i ,  iii - & 
- - (f)-Castelanolide 

70% 

OMe 
; H  H : H  H 

OMe 

i, LiNPr',, TMEDA, -78 "C; ii, (Me,N),POCl, 0 "C; iii, Et",, Bu'OH 

Scheme 28 

i, LiNPr',, -78 "C; ii, (Me2N),POC1, HMPA, 0 "C; iii, Li, Et",, Bu'OH. 5 "C 

Scheme 29 

This methodology has also been applied to the conversion of alkyl esters into vinyl ethers4, with high 
stereoselectivity favoring the (a-isomer (Scheme 30). While standard Li/amine reduction conditions 
were not applicable, the enol phosphates could be reduced using triethylaluminum and tetrakis(tri- 
pheny1phosphine)palladium. 

In a related reaction, aryl phosphates (prepared from the corresponding phenols) have been reduced to 
the parent hydrocarbon with Li or Na in NH3."3 Yields are increased if electron-donating groups are pres- 
ent on the aromatic ring. While reduction of the aromatic ring itself can be avoided under these condi- 
tions, addition of an alcohol to the reducing medium results in isolation of the fully saturated 
cyclohexane analog. Ireland et ale4 have reported a similar reduction of a phenol to the arene with 
Li/"3 and ethanol. 
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~ o ~ c 5 H l  I 

66% 

94% 6% 
i, LiNPr',; ii, (EtO),POCI, HMPA; iii, Et3Al, Pd(PPh& 

Scheme 30 

4.6.5.13 Vinyl t r i m s  

While not receiving as much attention as vinyl phosphates, vinyl triflates have been successfully em- 
ployed as intermediates in the transformation of ketones into alkenes (Scheme 31). As in the case of 
vinyl phosphates, regioselective alkene formation ultimately results from kinetic or thermodynamic enol- 
ate generation (Scheme 32).45 

- - RI &R2 
R' 

Scheme 31 

OTf OTf 
i, ii (91%) or 

iii, ii (63%) 

reagents i, ii 95: 5 
reagents iii, ii 3:97 

i, LDA; ii, Tf2NPh; iii, Pri2NMgBr 

Scheme 32 

Vinyl triflates have been prepared from the starting ketones using 2,6-di-t- ,utyl-4-methylpyridine, .:i- 
flic sodium bicarbonate/triflic anhydride47 in the case of activated systems and lithium 
hexamethyldisilazide/Hh4PA/N-phenylt1iflimide~~~~* Once formed, vinyl triflates are readily reduced to 
the corresponding alkene with tributyltin hydride/tetrakis(triphenylphosphine)palladium(O) in the 
presence47 or absence of lithium chl0ride,4~ triethylsilicon hydride/tetrakis(triphenylphosphine)palla- 
dium(0)flithium or tri-n-butylamine/bis(triphenylphosphine)palladium acetate/fomic acid.49 
The latter conditions, in which the reducing species is proposed to be tri-n-butylammonium formate, are 
compatible with a wide range of functional groups, including ketones, esters, ethers and alcohols. Dolle 
et al. have utilized this methodology under conditions of thermodynamic control of enolization to con- 
vert an enone into a steroidal diene in the preparation of ergosterol @-isomers (Scheme 33).50 

i, ii 

80% 
___L 

BnO 

i, Tf20,2,6-di-f-butyl-4-methylpyridine; ii, Bu3N, HC02H, cat. P ~ ( O A C ) ~ ( P ~ ~ P ) ~ ,  DMF 

Scheme 33 

Similar to the reduction of aryl phosphates, phenols can be reduced to arenes via the corresponding 
aryl t r i f l a t e ~ ? ~ . ~ ~  The reducing systems employed are compatible with a wide array of functional groups, 



934 Reduction of C-X to C 4  

including ketones, ethers, sulfides, aryl ethers, nitro compounds, esters, amides, lactones and cyano 
groups. Finally, Subramanian et aLJ3 have employed the nonafluoro-n-butyl triflate derivative to effect 
the conversion of phenols into arenes. 

4.6.5.1.3 Vinyl acetates 

While not extensively explored, vinyl acetates have also been reduced to the corresponding alkenes 
with iron pentacarbonyl at elevated temperatures (Scheme 34).54 In addition, vinyl acetates have been 
subjected to hydroborati~n,~~ but elimination of the boronate ester in the intermediate and subsequent hy- 
droboration of the resulting alkene are so rapid that this method is not synthetically useful for ketone to 
alkene conversion. 

d 
-c 

35% fi 
M e 0  & M e 0  m 

Scheme 34 

4.6.5.2 Vinyl Ethers 

Although not as extensively employed as vinyl esters, vinyl ethers find occasional use as intermediates 
in the conversion of ketones into alkenes. Once again, vinyl ethers can be generated regioselectively by 
kinetic or thermodynamic enolate generation and, therefore, offer another route by which ketones can be 
regioselectively replaced by alkenic double bonds. 

4.6.5.2.1 Vinyl sulfides, selenides and sulfoxides 

Within the general class of vinyl ethers, vinyl sulfides are the most frequent choice for carrying out the 
transformation of ketones into alkenes, according to the synthetic sequence shown in Scheme 35. Vinyl 
sulfides are generally prepared from the corresponding ketones by either of two strategies. The first in- 
volves introduction of an a-alkylthiol group followed by formal dehydration (route A; Scheme 35). As 
indicated, regioselective introduction of the a-alkylthiol group is accomplished by kinetic or thermo- 
dynamic enolate generation and, therefore, allows for regioselective alkene formation. The second pro- 
cess (route B; Scheme 35) entails direct conversion of the ketone into a vinyl sulfide, in which the 
carbonyl oxygen is replaced by sulfur. 

A B 
Scheme 35 

As an example of the former method (route A; Scheme 3 3 ,  enolate formation in spirocyclobutanone 
systems followed by treatment with diphenyl disulfide affords the a-thiophenyl ketone; subsequent hy- 
dride reduction provides the a-hydroxythiane, which upon mesylation and base-induced elimination 
gives the vinyl sulfide in good yields.56 Alternatively, a-alkylthiol ketones, such as 2-S-methyl- 1 -tetra- 
lone can be converted into the corresponding tosylhydrazones, which undergo the Shapiro reaction (Sec- 
tion 4.6.5.4) to afford the target vinyl sulfide.57 In a related procedure, 4-methylcyclohexanone has been 
converted into 1 -S-methyl-5-methylcyclohexene in a one-pot sequence by initial tosylhydrazone forma- 
tion and subsequent sulfenylation of the dianion generated with Bu"Li. In situ Shapiro reaction of this in- 
termediate then affords the desired vinyl sulfide.58 Although this latter procedure provides an interesting 
method for 1,2-carbonyl transposition, it is obviously of little value for the ketone to alkene conversion 
because the same alkene would be formed in the direct Shapiro reaction of the starting ketone. 
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Employing the second general method (route B; Scheme 35), vinyl sulfide formation in acyclic sys- 
tems has been accomplished from ketones by initial thioacetal formation under acidic conditions with 
benzenethiol, followed by thiol elimination employing copper(1) t ~ i f l a t e . ~ ~  If acid sensitive products are 
generated, the elimination step can be conducted in the presence of 2,6-lutidine or Hunig's base. Finally, 
vinyl sulfides have been prepared from the starting ketone in a single step by treatment with benzenethiol 
and p-toluenesulfonic acid@ or with benzenethiol and P205 in methylene chloride.@ 

Vinyl sulfides have been reduced to the corresponding alkene with isopropylmagnesium bro- 
mide/nickel chloride/tn-n-octylphosphine6' or isopropylmagnesium bromide/tris(triphenylphosphine)- 
nickel chloride at elevated temperatures$* in which the reducing agent is postulated as 'NiH'. Raney 

and NiCldNaBH4 ('NiB')63 have also been found to reduce vinyl sulfides to alkenes; how- 
ever, 'NiH' and 'NiB' are usually the method of choice because of their functional group compatibility 
and their unreactivity towards isolated carbon-carbon double bonds. As an example of this methodology, 
Boar et have employed a vinyl sulfide intermediate in the conversion of 5a-lanost-8-en-3-one to 5a- 
lanosta-2,8-diene (Scheme 36). Since it is necessary to maintain an acidic reaction medium in order to 
avoid overreduction of the isolated alkenic double bond. boric acid is added. 

i, BnSH, BF3*Et20, AcOH; ii, NiCI,, NaBH,, H3BO3, EtOH, iii, Raney Ni 

Scheme 36 

Thioacetals, prepared from the corresponding ketones, have also been reduced to alkenes using 
'moderately active' Raney nickel as the desulfurization agent (Scheme 37).65 This form of Raney nickel 
does not reduce the newly formed alkene or react with other isolated carbon-carbon double bonds. Note 
that under these conditions the saturated hydrocarbon often observed in Raney nickel desulfurizationsM 
is not formed. Similar conditions have been used for the conversion of cyclodecanone to cy~lodecene.~' 
While thioacetals have also served as intermediates in the analogous conversion of enones into dienes, a 
mixture of diene products is obtained. For instance, dithiane generation from 17P-hydroxyd4-androsten- 
S-one, followed by desulfurization affords a 4: 1 mixture of 17P-hydro~y-A*~~-androstadiene and 17P-hy- 
dro~y-A~.~-androstadiene, re~pectively.~~ 

ii -0 HO""' H 

ii -0 HO""' H 

64% overall 
i ,  HSCH2CH2SH, BF3*Et20; ii, Raney Ni (moderately active) 

Scheme 37 

a-Acetoxy ketones have also been converted to alkenes through the intermediacy of a 1,Zdithiane 
derivative. In the transformation of pulchellin to pulchellon (Scheme 38), Inayama et ~ 1 . ~  treated the 
starting a-acetoxy ketone with 1,2-ethanedithiol to generate the diacetoxydithiane intermediate, which 
upon desulfurization with deactivated Raney nickel afforded the desired alkenic product. The lactam 
moiety of indanone undergoes a related reductive process, via the amide ketene thioacetal, to give indole 
(Scheme 39).68 

Vinyl selenides, which behave similarly to vinyl sulfides, have also been prepared from ketones and 
reduced to the alkenic product. By this route, 3P-hydroxypregn-5-en-20-one was converted into the exo- 
cyclic 17-ethylidene derivative (Scheme 40).69 Vinyl selenides have also been reduced with 'NIB' during 
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AcO H AcO H 
i i  - 

OAc OAc 

*'O& - - Pulchellon 

OAc 

i, HSCHzCHzSH, BF3*EtzO; ii, Raney Ni (deactivated), acetone, reflux 

Scheme 38 

H H H 

i, Lawesson's reagent; ii, MeI, K2C03; iii, Pr'MgBr, [(Ph3P)2NiCIz] 

Scheme 39 

the course of synthetic studies on the ergot alkaloids70 and in acyclic  system^.^' In the latter case, the re- 
duction proved to be nonstereospecific (Scheme 41). 

i, ii 

83% 
___c 

HO HO 

i, N2H4; ii, PhSeBr, t-butyltetramethylguanidine; iii, Na, EtOH 

Scheme 40 

* BuwBu + 

NiC12, NaBH4 

95% Ts Bu 

73% 27% 

Scheme 41 

In addition to vinyl sulfides and selenides, vinyl sulfoxides have been reduced to the corresponding al- 
kenes using t-butyllithium?* 

4.6.5.2.2 Silyl enol ethers 

Silyl enol ethers, which are readily generated regiospecifically from ketones, can also be reduced to al- 
kenes, particularly by h y d r o b ~ r a t i o n . ~ ~ - ~ ~  Hydroboration of silyl enol ethers results in the addition of 
boron to the P-carbon of the double bond to afford trans-P-trimethylsilyloxy organoboranes, which in 
cyclic systems undergo anti elimination in the presence of acid to give the alkenic product (Scheme 
42).74 A number of acids have been tested successfully, including carboxylic acids, BFyEt20 and 



Reduction of Ketones to Alkenes 937 

aqueous HCl. Since enolate formation can be conducted under kinetic or thermodynamic control, either 
alkene regioisomer is obtainable. In acyclic systems, the initially formed trans-P-trimethylsilyloxyor- 
ganoborane undergoes rapid syn elimination, even in the absence of acid, to afford the alkene product.76 
As a result, the (E>:@) ratio of the product follows directly from the stereochemistry of the starting enol 
ether (Scheme 43). 
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Scheme 43 

4.6.5.2.3 Alkyl enol ethers 

Only a few cases of the reduction of alkyl enol ethers to the corresponding alkene have been reported. 
a-Ethoxystyrene and related derivatives are reduced to alkenes by treatment with Grignard reagents.77 In 
addition, enol ethers of cyclohexanone derivatives have been cleaved to the cyclohexene products using 
either DIBAL at elevated  temperature^^^ or diboraneboron trifluoride etherate.79 By analogy to the hy- 
droboration of silyl enol ethers, this latter method involves formation of an intermediate P-ethoxy or- 
ganoborane which undergoes acid-catalyzed elimination to afford the alkene. 

4.6.5.3 Vinyl Halides 

Vinyl halides represent yet another important class of intermediates in the conversion of ketones to al- 
kenes. The most widely applied conditions for the conversion of ketones into vinyl halides are those de- 
veloped by Barton et a1.80 for the conversion of 3P-acetoxyandrost-5-ene- 17-one into 
3P-hydroxyandrosta-5,16-diene (Scheme 44). These conditions of vinyl halide formation and subsequent 
reduction have been useful in a number of steroid systems for the introduction of a A16-carbon-carbon 
double and have been shown to be compatible with such functional groups as alcohols, isolated 
double bonds and acetals. The scope of vinyl iodide formation from hydrazones has been studied by 
Ross and Stemhell,83 and recently the original reaction conditions were improved by using sterically 
hindered guanidine bases rather than triethylamine.g4-85 Haloalkenes have also been prepared from the 
corresponding ketones by treatment with iodoform and chromium chlorideg6 or with phosphorous penta- 
halides.87 

The reduction of vinyl halides most often is camed out via a metallation-protonation reaction. For in- 
stance, sodium in ethanol was employed by Barton et alSg0 for the reduction of a steroidal vinyl iodide 
(Scheme 44). A number of conditions for vinyl halide reduction to alkenes have been reported, repre- 
sentative examples of which include: vinyl chloride and bromide reduction in acyclic systems with 
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90% 

HO HO 

i, 64% N2H4. Et3N, A; ii, I*, Et3N; iii, Na, EtOH 

Scheme 44 

DIBAL-H/n-butyllithium,88 in cyclic and acyclic systems with iron pentacarb~nyl?~ in cyclodecanes 
with lithium dihydrodimethoxyaluminate(III)/copper(I) iodide,89 and in cyclohexane and cyclopentane 
systems with NaH/sodium t-butylpentyl/Ni(OAc)2.90 The monoreduction of 1,3-diketones can be carried 
out under similar conditions, as illustrated by the reaction of a substituted cyclohexane- 1,3-dione with 
oxalyl chloride9' to give the corresponding 1 -chlorocyclohexenone, which was subsequently reduced to 
the enone with zinc-silver couple (Scheme 45).92 Kropp et have reported the photolytic reduction of 
vinyl iodides in acyclic systems; however, when an a-hydrogen is present, formation of the diene pro- 
duct is a limiting side reaction (Scheme 46). For a more extensive discussion of vinyl halide reductions, 
see the preceding chapter in this volume. 

i. (COCI)2, CHCl,, 4 ii, Zn-Ag, MeOH, 25 O C  

Scheme 45 

hv (254 nm), C,H,, Ji-v 83% - 
59% 

Scheme 46 
41% 

4.6.5.4 Enamines 
Enamines represent a final class of vinyl-heteroatom derivatives that can be prepared from ketones 

and subsequently reduced to alkenes (Scheme 47). Since enamine formation is covered in depth else- 
where, this section will deal only with the reduction of enamines to alkenes. 

Scheme 47 
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Cyclic enamines have been reduced to alkenes with lithium aluminum hydride/aluminum chloride." 
The reducing efficiency of simple aluminum hydrides as well as chlorinated aluminum hydrides has been 
studied in detail, and AlH3 has been found to be the most effective for the conversion of cyclohex- 
enamines into cyclohexene (Scheme 48).95 
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P 

90-93% 0 
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AIHCI2 77% 23% 
AIH2Cl 83% 17% 
AlH3 84% 16% 

Scheme 48 

As with silyl and alkyl enol ethers, enamines react with boron hydrides to afford the corresponding 
simple alkenic products. In the case of cyclohexyl enamine, hydroboration gives the @-amino organobo- 
rane, which upon acid-induced anti elimination affords cyclohexene as the product.96 Similar conditions 
were employed by Friary et in the regioselective preparation of unsaturated proline derivatives 
(Scheme 49). Brown et ~ 1 . 9 ~  have shown that a single acyclic enamine geometric isomer can be reduced 
to either the (E)- or (a-alkene depending on the reducing species (Scheme 50): treatment of (E)- 1 -mor- 
pholino- 1 -phenyl- 1 -propene with borane methyl sulfide followed by methanolysis gives the P-aminobo- 
ronate ester, which upon peroxide oxidation undergoes syn elimination to afford (E)- 1 -phenyl- 1 -propene, 
while hydroboration with 9-BBN gives the trialkyl boronate, which on methanolysis undergoes anti 
elimination to give (a- 1 -phenyl- 1 -propene. 
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Scheme 50 

4.6.6 REDUCTIVE ELIMINATION OF HYDRAZONE DERIVATIVES 

In the early 1950s Bamford and Stevens reported a thermally induced reaction of ketone tosylhydra- 
zone monosodium salts that gives products derived either from carbene intermediates (aprotic condi- 
tions) or carbocations (protic conditions). Both reactions, which are illustrated in Scheme 5 1, can give 
alkenes as the major product, although the protic reaction is of marginal synthetic value because mix- 
tures of alkene regioisomers and rearrangement products are normally obtained. On the other hand, the 
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aprotic reaction does on occasion offer excellent regiochemical control in the preparation of alkenes, al- 
though it has found more widespread use in the synthesis of multicyclic, strained hydrocarbons. Both re- 
actions have been covered in previous reviews.99 Treating tosylhydrazones with alkyllithium bases 
results in a mechanistically different reaction that also provides alkenes, but via an alkenyllithium inter- 
mediate (Scheme 51). This process, commonly known as the Shapiro reaction, has been applied to the 
preparation of a large number of structurally diverse alkenes and is also the subject of earlier re- 
v i e w ~ . ~ ~ . ’ ~  The Shapiro reaction has itself been modified to allow trapping of the intermediate vinylli- 
thium with electrophiles; however, this aspect of arenesulfonylhydrazone chemistry, which is the subject 
of a recent comprehensive survey,lol is not within the scope of this section and is therefore excluded. Re- 
lated eliminations of a-heteroatom hydrazones are discussed above in Section 4.6.4. 
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L . I reaction 
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-ArSo2- -N2 * D l  reaction 
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Scheme 51 

4.6.6.1 Formation of Arenesulfonylhydrazones 

By far the most common sulfonylhydrazone derivatives reported to undergo the BamfordStevens or 
Shapiro reaction have been ketone tosyl- or trisyl-hydrazones (trisyl = triisopropylbenzenesulfonyl), al- 
though there are a few reports of the use of benzenesulfonylhydrazones or N-aminoaziridine-derived hy- 
drazones. In terms of availability and cost of precursors, tosylhydrazones, which are prepared from 
ketones and commercially available tosylhydrazine, are preferred. Equimolar amounts of the reactants 
are generally dissolved in methanol, ethanol or acetic acid, usually in the presence of an acidic catalyst, 
such as concentrated hydrochloric acid, and allowed to react at room temperature or somewhat above, 
and then stored in the cold, after which the crystalline tosylhydrazone can be isolated in good yield by 
filtration. Even hindered ketones, such as camphor, react smoothly at somewhat higher temperatures. 
Diethyl ether can also serve as the reaction solvent and reportedly is superior to alcohols.Io2 Although tri- 
sylhydrazones are prepared in an analogous manner (commonly in methanol, ethanol, acetonitrile or die- 
thyl ether), the starting trisylhydrazine is not currently commercially available; it must be prepared from 
the sulfonyl chloride and hydrazine hydrate.lo3 Even hindered ketones, such as camphor and diisopropyl 
ketone, undergo the reaction in good yield,Io3 although extraordinarily crowded ketones can be totally re- 
sistant to trisylhydrazone formation (Scheme 52).’04 Arenesulfonylhydrazones of aldehydes are prepared 
by the same general method, with minor  modification^.'^ The formation of @-keto ester tosylhydrazones 
has also been reported,lo5 as has a procedure for converting orthoesters into ester tosylhydrazonesIM and 
acyl halides into amide trisylhydrazones (‘trisylamidrazones’). 

Arenesulfonylhydrazones exist as mixtures of (E)-  and (Q-isomers, which usually cannot be physi- 
cally separated at ambient temperatures108g1w because the inversion barrier of the azomethine bond is too 
low, although spectroscopic methods can distinguish between the two isomers.IIO As expected, the 
(E):(Z) ratio for any given hydrazone is dependent upon the sizes of the groups attached to the azometh- 
ine carbon, with the less sterically crowded (E)-isomer usually predominating. 
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4.6.6.2 The Aprotic Bamford-Stevens Reaction 

The aprotic reaction is generally conducted on a preformed lithium, potassium or sodium salt. Since 
the N-H proton of arenesulfonylhydrazones is relatively acidic, deprotonation is readily achieved with 
relatively weak bases, such as LiH, KH or sodium methoxide. The salt is then heated (and sometimes ir- 
radiated, presumably encouraging more rapid breakdown of the diazoalkane intermediate to the carbene) 
to give the product. For aldehyde hydrazone salts, mixtures of alkenes and p-insertion products are 
usually observed (Scheme 53)."' On the other hand, the salts of most five- and six-membered ring hy- 
drazones give predominantly alkene products under these conditions (Scheme 54),11* while medium ring 
derivatives usually form bicyclic products via transannular carbene insertion.113 Likewise, bridged bicy- 
clic hydrazone salts give alkene productsl14 only if an appropriately positioned C-H bond is not present 
across the ring in the rigidly held boat (Scheme 55).Io3 
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Within the constraints imposed by the intermediacy of a carbene, the aprotic Bamford-Stevens re- 
action can provide good yields of alkene with occasional examples of excellent regiochemical control in 
specific cases. In general, the more highly substituted regioisomer predominates. For instance, thermal 
decomposition of the sodium salt of 2-methylcyclohexanone tosylhydrazone affords a 2: 1 mixture of 
methylcyclohexenes, favoring the 1-methyl isomer (Scheme 56).' l 5  A slight preference (2: 1) for the for- 
mation of the less substituted alkene regioisomer was observed in Paquette's synthesis of precapnella- 
diene,' l 6  an example that also illustrates that transannular insertion is not always the preferred pathway 
in medium rings. Although these marginal selectivities are typical, there are exceptions. Some steroidal 
tosylhydrazones, for example, have been shown to afford exclusively the A2 double bond isomer if the 
A/B ring juncture is trans, while the A3 isomer is formed from the A/B cis starting material (Scheme 
57). Sugar tosylhydrazone salts have been converted into unsaturated sugars in high yield (Scheme 
58),' with no competitive formation of the alternative bicyclic vinyl ether regioisomer. 
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The issue of stereoselectivity in acyclic systems has not been studied systematically, but a high degree 
of control is not expected. There is one report of the formation of an ethylideneazacyclohexane with ex- 
cellent control of stereoselectivity (Scheme 59).l19 No explanation for this dramatic selectivity was of- 
fered, nor is one readily apparent. Note also the strong preference for the formation of the more highly 
substituted regioisomer. 
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H H 
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i, TsNHNH,, AcOH; ii, NaOMe, diglyme, 150 "C 

Scheme 59 

4.6.6.3 The Protic Bamford-Stevens Reaction 

The protic reaction on occasion is a useful method of alkene formation, but is far from general because 
the cation intermediate tends to undergo rearrangements.120 Further, even for cases in which elimination 
to an alkene is the predominant pathway, the regioselectivity of the process is often mediocre. A key step 
in the synthesis of (+)-a-eudesmol and (-)-a-selinene exemplifies this point (Scheme 6O).I2' There are, 
however, isolated examples of excellent selectivity, such as the reaction of a 3-ketotetrahydrofuran tosyl- 
hydrazone salt to give the corresponding cyclic enol ether as the major product (Scheme 61),12, the intro- 
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duction of a A' double bond in a steroid skeleton,123 and the exclusive formation of the more highly sub- 
stituted alkene regioisomer in a terpenoid decalin ring system (Scheme 61).124 In some cases, it is the 
less substituted regioisomer that predominates, as illustrated by one step in the synthesis of azaprosta- 
glandin analogs (Scheme 62).'25 These examples clearly illustrate that predicting regioselectivities in the 
aprotic Bamford-Stevens reaction without extremely close precedent is treacherous. 
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i, TsNHNH,, TFA; ii, NaO(CH2),0Na, HO(CH,),OH, HMPA 

Scheme 62 

4.6.6.4 The Shapiro Reaction 

The Shapiro reaction is the most generally applicable of the three variations discussed in this section. 
In contrast to the Bamford-Stevens reaction, the Shapiro modification reliably affords alkenes without 
skeletal rearrangements or competing insertion reactions. Scheme 63 shows several representative exam- 
ples of typical Shapiro reactions that would give different results under Bamford-Stevens conditions. 
Most ketone tosyl- or trisyl-hydrazones with at least one a-proton undergo deprotonation with strong 
bases to give a dianion that decomposes in situ ultimately to the alkene product. A major advantage of 
the reaction of arenesulfonylhydrazones derived from unsymmetrical ketones is that the regiochemistry 
of the resultant alkene is highly predictable, almost always favoring the less substituted isomer, although 
arenesulfonylhydrazones of +unsaturated ketones are an occasional exception to this generalization. 
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Scheme 63 

4.6.6.4.1 Regioselectivity 

One of the most valuable attributes of arenesulfonylhydrazones as a source of vinyllithiums is that the 
reaction exhibits a strong preference for the formation of one of the two possible vinyllithium regio- 
isomers. In general, one may be confident that for unsymmetrically substituted ketone tosyl- or trisyl-hy- 
drazones, deprotonation of the monoanion will occur predominantly at the less substituted a-position, i.e. 
Me > CH2 > CH, to give, after elimination, the corresponding less substituted alkene product, which is 
generally favored over the more highly substituted regioisomer by ratios of 50: 1 or more (Scheme 63). 
There are very few exceptions to this generalization. In one bicyclic derivative the bridgehead methine 
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undergoes significant deprotonation to give the more highly substituted lithioalkene as a major by-prod- 
uct.126 Similarly, the trisylhydrazone of a P-keto acetal undergoes deprotonation at the more highly sub- 
stituted a-position, which in this case results in elimination of ethoxide followed by conjugate 
addition-elimination of the resultant monoanion to give a 1.2-pyrazole he te r~cycle . '~~  Other than such 
rare exceptions, the Shapiro reaction consistently gives good yields of the less substituted alkene regio- 
isomer and has been applied extensively in the synthesis of natural products, including approaches to 
aconitium alkaloids,I2* luciduline, 129 p - e l e m ~ l , ' ~ ~  co~tunol ide '~~ and ~ornpac t in , '~~  as well as a dodec- 
ahedrane intermediate (Scheme 64).'33 
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Generalizing about regioselectivity in a$-unsaturated systems is much less straightforward. There can 
be as many as three acidic sites that could undergo deprotonation and predicting apriori which might be 
preferred is difficult. There are instances of deprotonation at the least highly substituted of several posi- 
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tions and just as many counter  example^.'^^.'^^ Nonetheless, high levels of selectivity are often observed. 
For example, (+)-pulegone trisylhydrazone gives an excellent yield of the diene derived from deprotona- 
tion of the endocyclic a-methylene group in preference to either y-methyl substituent (Scheme 65).135 
Heathcock's compactin synthesis (Scheme 65)136 and van Tamelen's aphidicolin approach (Scheme 
65)137 both illustrate applications of this reaction in the terpene area. 
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In contrast to the high regioselectivity observed for most saturated ketone arenesulfonylhydrazones, 
differential substitution adjacent to equivalently substituted a-positions does not appear to afford good 
regiochemical control. For instance, 3-alkyl-,*03 3 ,4-d ia lk~l -*~~ and 3,5-dialkyl-cyclohexanone deriva- 
t i v e ~ ! ~ ~  exhibit virtually no regioselectivity. One 3-ketosteroid reportedly gives the A* regioi~omer, '~~ 
but the yield is only 50% and no mention is made of the A3 isomer. Finally, only meagre selectivity is 
observed in the reaction of 2-n-butyl-6-methylcyclohexanone tosylhydrazone. 1 4 '  These examples are 
summarized in Scheme 66. 'I>"""*' +."SO"; @ . H S 0 2 A r  

(-1:l) (3:2) ( 2 :  1) 

? (7:3) 

Scheme 66 
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Although the observed regiochemical preferences in dianion formation bear a strong resemblance to 
those of kinetic enolate formation, there are a few examples that dramatize the fact that the regio- 
selectivity cannot be understood exclusively on the basis of kinetically controlled deprotonation in the 
less substituted position. Specifically, the stereochemistry of the azomethine bond can come in to play as 
a ‘syn-directing effect’, known to occur in the deprotonation of other imine  derivative^.'^^ Of course, 
these two factors themselves are not independent, since the (E)-hydrazone isomer is usually present in 
large excess under most conditions (see examples above), so that deprotonation in the less sterically en- 
cumbered position is predicted by either rationale, rendering the point immaterial in most cases. How- 
ever, there are circumstances under which substantial deprotonation occurs at the more substituted 
position or, in a,@-unsaturated ketone arenesulfonylhydrazones, at a position otherwise not consistent 
with simple kinetically controlled deprotonation. For example, deprotonation regioselectivity for pu- 
legone tosylhydrazone is a function of the hydrazone stereochemistry, but this effect is observed only in 
TMEDA and not in benzene.Iw 

Similarly, for alkenes derived from saturated methyl ketones the regioselectivity is determined by 
starting hydrazone @):(a ratios in some solvents but not in others. Thus 2-octanone trisylhydrazone, 
which is an inseparable 8515 mixture of (E)- and (Q-isomers, gives an 8515 ratio of 1-octene:Zoctene 
if vinyllithium formation is carried out in THF, but a 98:2 ratio of the same products when 10% 
TMEDA-hexane is the solvent.*03 The implication of this observation is that in THF the regioselectivity 
is determined by azomethine stereochemistry but that in TMEDA-hexane it is not. Note, however, that 
in this case a syn-directing effect does not occur in TMEDA, whereas in the previous example it does. 
Thus more than 10 years after it was asserted that a ‘detailed explanation of the observed solvent depend- 
encies.. .await further studies owing to the complexities of the reaction system.. . .’,‘@ little headway has 
been made. 

In the case of Pdicarbonyl compounds, either regioisomer can be obtained, depending upon reaction 
conditions. Monotosylhydrazones of cyclic P-diketones give the a$-unsaturated ketone by treatment 
with potassium carbonate,143 while the reaction of @-keto esters with stronger base (LDA) gives P,y-un- 
saturated esters (Scheme 67).14 In the former example, only the more acidic a-proton is removed (in ad- 
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dition to the N-H), while LDA forms a trianion which preferentially eliminates in the opposite direc- 
tion. A similar result was reported by Evans et af., in a synthesis of juvabione (Scheme 68),'45 which 
made use of an N-aminoaziridine-derived hydrazone in place of the usual arenesulfonylhydrazone. The 
authors noted that such N-aminoaziridine derivatives are generally applicable to the Shapiro reaction, but 
no published study on the subject has appeared. 
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H 

Scheme 68 

4.6.6.4.2 Stereoselectivity 

The issue of stereoselectivity of alkene formation from acyclic tosyl- or trisyl-hydrazones has been ad- 
dressed in only a few cases. For straight chain ketones, there is a preference for cis-alkene formation (see 
Scheme 67). A few other examples appear to give lower ratios, which is surprising in view of several re- 
ports of highly cis selective reactions in which the vinyllithium intermediate was trapped with electro- 
philes.Iol Hydrocarbon branching in the a'-position degrades the stereoselectivity considerably (Scheme 
67). 

4.6.6.4.3 Limitations 

There are some notable limitations of the Shapiro reaction. Most prominently, aldehyde arenesulfo- 
nylhydrazones do not form alkenes, but instead suffer addition of the alkyllithium 'base' to the azometh- 
ine bond.'46 Several other specific types of hydrazone derivatives also fail to undergo alkene formation, 
proceeding instead through well-documented alternative pathways. For example, arenesulfonylhydra- 
zones with a leaving group in the a-position can suffer elimination at the monoanion stage, giving a tos- 
ylazoalkene as the major product.147 When the elimination step is the opening of an a$-oxirane ring, 
this process initiates the Eschenmoser fragmentation. 148,149 A related elimination has been observed in at- 
tempts to form a cyclic enol ether from the tosylhydrazone of a 3-ketotetrahydropyran (Scheme 69),I5O 
and some cyclic ether derivatives give allenes via a related elimination pathway.15' On the other hand, a 
polycyclic a-amino ketone was found not to undergo elimination of the amino group (presumably be- 
cause the conjugate base of the amine is a poorer leaving group), giving instead the expected allylic 
amine (Scheme 70).152 
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In contrast to these results, it has been demonstrated that a-(methy1thio)tosylhydrazone monoanions, 
formed by reaction of an initially formed dianion with dimethyl disulfide, undergo in situ dianion forma- 
tion rather than elimination, to give vinyl sulfides (Scheme 71).58 Since vinyl sulfides can be hydrolyzed 
to ketones, this sequence constitutes a very effective 1,2-carbonyl transposition. 

i, ii, iii c *  
i, TsNHNH2; ii, Bu"Li, TMEDA, -50 O C ;  iii, Me$ 

Scheme 71 

Finally, hindered arenesulfonylhydrazones can undergo addition of the alkyllithium rather than de- 
protonation, and, in fact, the normal Shapiro conditions generally do not give any alkene if an a-methine 
proton must be removed in the initial deprotonation step. Shapiro reported that the use of LDA over- 
comes the problem,153 but there are later examples in which this modification is ineffective. In one such 
case, lithium t-butylamide proved to be superior (Scheme 72)154 and in another it proved necessary to re- 
sort to the aforementioned N-aminoaziridine derivative in an aprotic Bamford-Stevens reaction, when 
the normal Shapiro and Bamford-Stevens conditions failed (Scheme 73).155 
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4.6.7 MISCELLANEOUS RELATED TRANSFORMATIONS 

4.6.7.1 Quinones to Arenes 

A variation of the ketone to alkene transformation is conversion of quinones into arenes, for which a 
number of reagent systems have been employed. Over a century ago, the reduction of polycyclic qui- 
nones to aromatic systems with phosphorous and hydroiodic acid at elevated temperatures was re- 
p01ted.I~~ These conditions, however, resulted in complex reaction mixtures consisting of phenols and 
polyhydrogenated products. More recently, Konieczny and Harvey'57 have reported the reduction of qui- 
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nones in the absence of phosphorous using hydroiodic acid in acetic acid, which alleviates the need for 
high temperatures and results in cleaner reactions and higher yields of the arene products (Scheme 74). 

57% HI, AcOH 

89% 

0 

57% HI, AcOH do / /  90% 

Scheme 74 

Other methods to reduce polycyclic quinones to arenes that have met with some success include 
SnC14/HC1,'s8 Zn/"3,159 Zn/pyridine/MeC0zH,'60 NaBH4/BF3.Et20,'6' and NaBH4 in MeOH.162 All of 
these methods are compatible with aryl halides and the latter two are also compatible with aryl ethers, 
anilines and phenols. 10-Arylmethylene-9-anthrones have also been reduced to anthracenes with dibo- 
rane (Scheme 75).163 

0 

65% ' Ph ' Ph 

Scheme 75 

The conversion of quinones to phenols and subsequently to arenes is an indirect alternative to this pro- 
cess and is covered in this volume, Chapter 4.5. 

4.6.7.2 Ketones and 1,2-Diketones to Alkynes 

Ketones and 1,2-diketones are readily converted into alkynes, which can subsequently be reduced to 
alkenes. Since there are a number of methods to reduce alkynes stereoselectively, this route offers a 
method of controlling the stereochemistry of acyclic alkenes derived from ketone starting materials. The 
most common approach for the ketone to alkyne transformation has been conversion of the starting ke- 
tone into a vicinal dichloride and subsequent bis elimination induced by strong base." 

Acetophenone derivatives have been converted into the corresponding alkynes employing Na"2 in 
NH316s or sodium as the base in the elimination step. Ferr~cenylalkynes~~~ have been pre- 
pared in a similar manner: treating acetylferrocene with POCh in DMF'68 results in the formation of the 
P-chloro aldehyde, which upon treatment with KOH in dioxane affords the ferrocenylalkyne in high 
yield. Alkynes have also been prepared from benzyl alkyl ketones by initial hydrazone formation and 
subsequent oxidation with mercury(1) triflu~roacetate.'~~ Ketones have also been converted into the 
corresponding vinyl halidei70 or vinyl phosphatei7' derivatives, according to the methods described in 
Section 4.6.5 of this chapter, and then subjected to elimination conditions to afford the target alkynes. 

Cyclooctanone has been converted into cyclooctyne by treatment with semicarbazide acetate, resulting 
in the formation of the semicarbazone, which was oxidized to the 1,2,3-~elenadiazole, and then pyro- 
lyzed over glass powder to give cyc l~octyne . '~~  

1,2-Diketones have also been converted into alkynes, most commonly through the bishydrazone deri- 
vatives. Originally, cyclodeca- 1,2-dione was converted into cyclodecyne by initial bishydrazone forma- 
tion and subsequent oxidation with mercury(I1) oxide (Scheme 76).173 More recently, cyclic 
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1,2-bishydrazones have been converted to the corresponding alkynes with P ~ ( O A C ) ~ ' ~ ~  or by irradiating 
an aqueous methanolic NaOH solution of the b i shydra~one .~~~  In acyclic systems 1 ,Zbishydrazones 
have been oxidized with Cu2C12 in pyridine or Cu(0Ac)z in the presence of 02 .176  Finally, substituted di- 
phenyl diketones (benzils) have been converted into 1 ,Zdiphenylalkynes (tolanes) upon heating in tri- 
ethyl ph0~phi te . I~~ L5 N2H4 * ""fjj"' HgO, KOH 

-Q 
36% overall 

Scheme 76 
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4.7.1 INTRODUCTION 

Hydrogenolysis to effect replacement of a group -XR attached to a benzylic or allylic center by its 
heteroatom (X), is widely used in organic synthesis, especially in protecting group strategies, most fre- 
quently involving replacement of one group XR, where X is 0, N or S (Scheme 1). In reviewing this area 
of chemistry we have dealt with the material in a functional, rather than an historical, approach, covering 
first the catalytic methods, then the hydride reducing reagents, followed by dissolving metal reductions. 
These three sections form the bulk of the review, with other methods, which are less widely employed, 
examined in less detail at the end. 

955 
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i 
Ar A XR 

or - 
XR 

Ar A XR 

ArMe + HXR 
or 

2HXR 

R A X R  

I 
XR 

+ 
HXR or 2HXR 

i ,  hydrogenolysis 

Scheme 1 

4.7.2 HYDROGENOLYSIS WITH PALLADIUM AND ITS DERIVATIVES AND WITH 
OTHER TRANSITION METAL CATALYSTS 

4.7.2.1 Hydrogenolysis over Palladium with Molecular Hydrogen 

Debenzylation by reductive cleavage over palladium metal catalysts with molecular hydrogen has 
been widely utilized for many decades. A comprehensive review’ of the early literature on hydrogeno- 
lysis of benzyl groups emphasized the main applications and described a number of preparative proce- 
dures which are still frequently used, along with a wider range of newer chemical and catalytic methods. 

The main interest in hydrogenolysis of benzyl derivatives stems from the use of the benzyl group as a 
protecting group for hydroxy, amino and carboxylic acids.’ Recovery of the transformed substrate rather 
than the toluene formed is usually more important. The disadvantages of the general method using sup- 
ported palladium metal and molecular hydrogen are mainly lack of regioselectivity, and overreductions, 
effects more frequently experienced with cleavage of allyl derivatives. For many conversions these defi- 
ciencies have been resolved by variations in the use of the catalyst (see later sections) and source of hy- 
drogen donor for both allyl and benzyl derivatives. Where regioselectivity, or stereospecificity, is not an 
important requirement, hydrogenolysis over palladium on charcoal (Pd/C, H2) remains a widely useful 
method. 

Primary? secondary3 and tertiary4 benzyl alcohols (equation 1) can be reduced to the corresponding 
toluene with Pd/Hz on a wide range of supports such as charcoal, BaS04, SrS04 and CaC03. Similar 
 cleavage^^.^ of C - O H  bonds in aromatic methanols are commonly achieved (equation 2). Concomitant 
reduction of ring substituents such as halogen, and nitrile can often be a problem. Allylic alcohols’ are 
more susceptible to saturation of the double bond. Indeed allylic unsaturation can be reduced without hy- 
drogenolysis in some cases. In many hydrogenolysis reactions the presence of an acid (<1%) enhances 
the reaction rate.I2 

I Br Br 

The ether and ester derivatives of benzyl alcohols are widely utilized as protecting groups.lV8 In the 
case of protected peptides hydrogenolysis often has advantages over hydrolysis. This conversion is use- 
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ful especially for ring opening of oxygen heterocycles (equation 3)9 where inversion of configuration can 
be achieved, but deprotection of benzyl ethers is the principal application. Other arylalkyl ethers are 
cleaved (equation 4), and acetals' derived from benzaldehyde are debenzylated. 

(3) 
- phuph 10% PdIC, HC104 

Many practical procedures have been described.' Primarily these are of use in peptide chemistry when 
deprotection of benzyloxycarbonyl (Z) derivatives is readily achieved with Pd/C and molecular hydro- 
gen (equation 5). A great variety of other types of transformation has been reported, e.g. equations 
(6H8). lo-' 

H,. WIC 0 R' - H ~ N @ ~ I \ ~ ~ ~ ~  + PhMe + C02 ( 5 )  
N C02H I &o&t O R H  I R R H  

H O  

D ph-'>N*Ph (8 )  
10% PdIC 

DABCO 

Ph 0 0  

I OK H 0 H 
X > N t p h  + H, 

0 

Simple primary and secondary benzylamines are generally resistant to hydrogenolysis over Pd/C, but 
helpful substituents (equation 9) or a different aromatic system (equation 10) do undergo cleavage. I 3 , l 4  
Related dibenzylamine cleavages have been studied,I5 and where one of the aryl groups is substituted 
cleavage occurs readily. Tertiary benzylamines are cleaved in high yield. A useful C-methylation of aro- 
matic rings via amino methylation exemplifies this usage (Scheme 2).16 Cleavage of allylamines under 
similar conditions has not found much usage. 

"-4 
0 
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f "Ph / 

10% Pd/C 

_c __c 

\ /  HO HO 

i, HCHO. piperidine; ii, H2, 1% Pd/SrC03 
Scheme 2 

Arylalkyl quaternary ammonium groups are generally cleaved more readily by chemical methods. Re- 
duction over Pd/C is used to advantage in obtaining a sample of desacetimido colchiceine (equation 11) 
from the natural product. 

Me0 

- Me0 (1 1) 

OMe Mea? 1 0  

q 3  + H2 

Pd(rn), 10% C 

NaOH, H,O 
77% 

Me0 

i o  
OH OH 

Catalyst poisoning by sulfur has discouraged development of procedures for cleavage of sulfides. De- 
sulfurization of highly activated allylic methyl sulfides can be effected by addition of lead to the palla- 
dium(0) catalyst.I8 In the presence of various tertiary amines satisfactory cleavage of several related allyl 
sulfides has been utilized (equation 12) using a modified Pd/CaC03 catalyst. 

Both benzyl and allyl halides are rapidly hydrogenolyzed. Cleavage can be achieved selectively in the 
presence of aryl and alkyl halides. Double bond isomerization can often prevent any stereoselectivity in 
allylic cleavages. 

4.7.2.2 Hydrogenolysis over Palladium with Other Hydride Sources 
Many of the difficulties experienced with heterogeneous Pd-catalyzed hydrogenolysis of benzyl 

groups have been overcome by deploying such alternatives to molecular hydrogen as cyclohexene and 
formate anion. A recent review of catalytic transfer hydrogenation describes the application to hydro- 
genolysis of benzyl and allyl  derivative^.'^ 

In particular the use of both cyclohexene and formates has gained wide acceptance for cleavage of 
benzyl, benzyloxycarbonyl (Z) or 4-methoxybenzyloxycarbonyl (PMZ) protected amino acids and pep- 
tides (Scheme 3).20 An extensive table listing conditions for debenzylation of over 70 protected amino 
acids or peptides has been prepared. l 9  Generally nonracemized products are obtained since transfer hy- 
drogenolysis with cyclohexene occurs usually under mild conditions of refluxing methanol or ethanol. 
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Cleavage is effected at lower temperatures using cyclohexadienes?' or more usually formic acid or for- 
mates when reaction times are often as low as 0.15 h.22 

H O  0 Meoao3 ."+/ - i M e O e  + co, + HIN,&./ 

R' R d- 
PMZ amino acid 

or peptide 

i, cyclohexene, ROH, 10% Pd/C, A 
Scheme 3 

Cleavage of N-(benzyloxycarbonyl) groups from methionine has been achieved. Using liquid ammo- 
nia solution also allowed deprotection of (S)-benzylcysteine and other methionine-containing peptides.23 
Simultaneous removal of t-butoxycarbonyl protection occurs to advantage when formic acid as donor is 
used to remove Z-groups. 

Similar utilization for cleavage of benzyl alcohols, ethers and esters has made this method the 
preferred one where regioselectivity is required, but for allylic cleavage double bond isomerization 
becomes a problem.z4 A number of benzylic ethers and alcohols (equation 13), and benzhydric ethers 
and acetals (equation 14) have been cleaved in relatively high yield using cyclohexene in the presence of 
AlC13.25 Mild conditions of cleavage are frequently required for debenzylation of carbohydrates and a 
number of protected carbohydrates have been cleaved with formic acid as donor (equation 15).26 

- + R"- OH 

PdIC, AICI,, 
R 

R 71-94% R' 
Ar f- OR"' 

PdIC, AICI,, R 
Ar+OR 

OR" 
(14) 

HCOzH 
2,3,4,6-Tetra-O-benzyl-a-D-glucopyranose - D-Glucose (15) 

PdIC 

Alcohols or phenolsz7 protected by benzyloxycarbonyl groups are very smoothly reduced over Pd/C 
using phosphinic acid or sodium phosphinate as hydrogen donor. Effective cleavage of an allylic t-amine 
has been demonstrated (equation 16) utilizing ammonium formate as donorF8 The lack of regiospeci- 
ficity could possibly be overcome by selective use of catalysts. For example, double bond migration can 
be influenced by Pd/Hg or PdPb catalysts.29 

The successful application of catalytic hydrogen transfer reduction to benzylic reductions has not been 
mirrored for allylic cleavage. Use of homogeneous or ligated palladium catalysts has however extended 
hydrogenolysis by transfer hydrogenation to allyl transformations. The extensive use of the electrophilic 
properties of T-allyl complexes in many synthetic strategies is widely doc~men ted .~~  Reduction of such 
(n-ally1)palladium intermediates with hydride from decarboxylated formate was shown to yield 1 -al- 
kenes (equation 17), where the hydride attack was preferentially on the more-substituted side of the T- 
allylic system. The conversion (equation 18) indicates the regioselectivity and use of allyl as a protecting 
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group. Isomeric allyl acetates or phenyl ethers were also selectively reduced (equation 17). Later work 
refined this method and showed that greater selectivity for 1-alkenes could be achieved using PBu"3 as li- 
gand.31 

Pd'PPh3- + (17) 
HC0,H 

96% 4% 

A greater selectivity toward formation of (m-2-alkenes from allylic acetates is achieved using 2-pro- 
panol as a hydrogen donor and Pdo/Sm12 as catalyst generated from PdClDPh3 (Scheme 4). In the for- 
mation of (&)-limonene from (-)-carvyl acetate, optical activity is lost by this method.32 Although very 
high yields are attainable, control of the regiochemistry and stereochemistry is variable.32 Conversion of 
allyl propionate, phenyl ether and other substituted allyl acetates to 1-alkenes with Pd(PPh3)4 and formic 
acid, occurs in only modest yield. Triallylamine yielded a mixture of products containing diallylamine 
and a l l~ la rn ine .~~ 

Pd', SmI, 

R   pro pa not 

I R = OAc (1) 93% (2) 7% 

I -" 

Scheme 4 

A study of the cross coupling of allylic electrophiles with organometallics provides a useful regio- and 
stereo-selective hydrogenolysis of allylic acetates, halides and t ~ s y l a t e s . ~ ~  The reaction of geranyl acetate 
with n-butylzinc chloride (Scheme 4) in the presence of Pd(PPh3)4 yielded a mixture of (E)/(Z)-isomers 
of 2,6-dimethyl-2,6-octadiene (96% yield). The presence of P-hydrogens on the alkylzinc and the size of 
the alkyl group, appear to be critical for regio- and stereo-selectivity. 

As a useful alternative source of H- various metal hydrides have been studied. Allylic acetates such as 
geranyl and cinnamyl are efficiently hydrogenolyzed with Pd(PPh3)4 and NaBH3CN.35 For many other 
examples of allylic acetate cleavage better regioselectivity was observed when NaBH4 was used, but 
very variable cisltruns isomer ratios were found. Conjugation of the allylic unsaturation to aromatic rings 
produces conjugated alkenes exclusively. Overall control of the 1 -ene/2-ene ratio was variable. 

Greater regioselectivity and control over @)/(a ratios of the alkene products can be obtained by utiliz- 
ing less labile leaving groups such as 4 P h ,  -SPh, -S02Ph, -SePh, 4 1  and -OSiMezBut, in con- 
junction with more powerful hydride donors. Of these the most effective appears to be the hindered 
hydride LiBHEt3.36 This achieves selectivity for 2-enes and retention of @)-geometry, and appears to at- 
tack rapidly at the less-hindered side of the .rr-allyl complex. NaBH3CN and ammonium formate control 
the product geometry less effectively. A useful alternative catalyst [PdCh(DPPP)] for regiospecific 
cleavage of allylic p-tolyl sulfones with LiBHEt3 (equation 19) illustrates the importance of the rr-allyl 
complex in controlling the ~pecif ic i ty .~~ 

I I  LiHBEt,, [PdC12(DPPP)I I 
-0 * -0 
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Steric control of the mechanism has been clearly demonstrated by the reduction of 3-tosyl- l-cyclohex- 
ane derivatives (Scheme 5) .  This control has been deployed in the synthesis of coenzyme Qlo. The wider 
use of these reductions has been studied and very high stereoselectivity is observed for hydrogenolysis of 
farnesyl derivatives, - C l , - O P h ,  -OSiMe2But, -SPh, -SOMe, -S02Me and +N(=CH2)Me. 

F 

LiHBEt, - qR' + qR1 / 
5 mol % [PdCI2(DPPP)] 

R2 R2 

R' = H, R2=  Bn 0 >99 
R' = Bn, RZ = H >99 0 

Scheme 5 

Increased chemoselectivity has been achieved by using Pdo and Pd" activation of the allylic centers, 
but many reagents such as the strong hydride donors are often incompatible with electrophilic groups 
such as ketones and aldehydes. Stereospecific reduction of the model compounds (3) and (4) in Scheme 
6 suggested that the hydride could be delivered by an internal transfer and thus need not have high nu- 
cleophilicity. Hydrogenolysis with such a hydride source as tributyltin hydride with free radical scaveng- 
ing fulfils this requirement. Its chemoselectivity is effectively demonstrated by the high yield 
transformations (equations 20 and 21). Some allylic amines can also be cleaved in moderate yields 
(equation 22).38 Substrates which possess a relatively acidic hydrogen CY to the allylic unit are incom- 
patible with the low basicity of BusSnH and undergo P-hydride elimination to yield the corresponding 
diene.39 Reduction of these allylic systems can be effected with polymethylhydrosiloxane (PMHS) as 
donor (equation 23),40 which has advantages such as stability, nontoxicity and lower cost compared to 
metal hydrides. In cleavages where the formation of the wallyl intermediate is slow, for example when 
the allyl unit is sterically crowded and competing reactions cause yield loss, PMHS is a more effective 
donor (Scheme 7). Both PdO and Pd" catalyst complexes can be used with PMHS. Michael acceptors are 
readily reduced by BusSnH but are unaffected by PMHS. The greater chemoselectivity of PMHS as a 
hydride donor is also demonstrated by the failure to reduce allylic acid chlorides which are sensitive to 
BusSnH. While greater chemoselectivity is an advantage of the use of either BusSnH or PMHS, less 
regioselectivity is observed than for the other hydrides described. 

(3) (4) 
i, NaBD,, Pd(PPh3)4 

Scheme 6 

OAc 

Bu3SnH, Pd(PPh,), 

/ \ / \ 
* (20) 

CHO CHO 

OAc 
I 
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Bu3SnH 

&CN Pd(PPh,), 
68% 

OAc 

86% 14% 

Bu3SnH, Pdo I 
no reaction 

Pdo, PHMS 

52% 

Scheme 7 

Cleavage of the allylic C-N bond over Pdo with hydrides has been reported only rarely. The unusual 
hydrogenolysis of allylic nitro compounds41 by Pdo-catalyzed hydride transfer (Scheme 8) could have 
more extensive use than the reported synthesis of homoallylic alcohols. Regioselectivity is dependent on 
the nature of the wallyl unit and on substitution as well as the nature of the hydride (equations 24-26). 
Good nucleophilic hydride sources such as NaBH4 with small ligands are utilized to obtain 2-alkenes 
regioselectively. High regioselectivity is also evident with a$-unsaturated ester reductions. 

Y = C02Me, CN, S02Ph 

i, HC02NH4, Pd'; i i ,  NaBH,, Pdo 

Scheme 8 

Pd(PPh,),, Bu"2nCI 

100% 
Ph 

CN C N  
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4.7.2.3 Hydrogenolysis over Other Transition Metal Catalysts 

Both palladium and platinum metals are widely used as hydrogenation catalysts. Although only palla- 
dium has found significant usage for benzylic and allylic cleavage of C-heteroatom bonds, catalyst poi- 
soning has discouraged its use for the cleavage of C-S bonds. Where deactivated catalysts have been 
required, both rhodium and rhenium metals or their ligated complexes have, however, been utilized as 
well as doped palladium. Desulfurization of benzylic and allylic compounds is readily achieved with Rho 

Regioselectivity is affected markedly by alkyl substituents on the alkenic bond of the sub- 
strate (equations 27 and 28). Terminal alkenes are often isomerized to inner alkenes and the stereochem- 
istry is uncontrolled. Benzylic thiols, sulfides and disulfides are cleaved in high yield to the hydrocarbon 
with molecular hydrogen over Rh(PPh3)SI or Rh(PPh3)2(CO)C1.43 Chemoselectivity is achieved more 
readily with these catalysts. 

[fiH(PPh3)41 

+ & t (27) 
85% \ /  \ 

75% 25% (E):@) = 1OO:O 

Copper chromite (CuCr204) has historically been widely used as a hydrogenation catalyst. Generally 
because of its low catalytic activity its chemoselectivity is useful, although it does require high tempera- 
ture and autoclave pressure conditions. It is effective for cleavage of benzylic alcohols,44 primary and 
secondary benzylic esters45 and Efficient cleavage of benzylamines has also been utilized (equa- 
tion 29).47 Other copper salts and copper alloys have found infrequent use. 

OH OH 

OMe OMe 

The wider utility of palladium metal catalysts and hydride cleavage of allylic systems has more or less 
replaced interest in using platinum-based catalysts such as Adams' catalyst. Where this has been used for 
conjugation-stabilized allylic centers good yields have been achieved.47 The use of platinum for de- 
benzylation at low H2 pressure is effective$* 

4.7.2.4 Hydrogenolysis over Raney Nickel 

Reduction of benzylic oxygen functional groups with Raney nickel has occasionally been reported, but 
there are very few examples in the recent literature. Hydrogenolysis over W-2 Raney nickel has been 
used to selectively remove benzyl ether protection in the presence of a 4-methoxybenzyl protecting 
group (equation 30).49 

OPr' OPr' 

?/ ' W-2 Raney Ni, EtOH, H, 

100% - U0' 
M e 0  M e 0  
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Benzylic halides have also been reduced to hydrocarbons by hydrogenolysis over Raney nickel (equa- 
tion 3 1).50 Benzylic amines have been cleaved by hydrogenolysis over Raney nickel (equation 32)51 or 
by treatment of a methiodide salt with basic Raney nickel (equation 33).52 

X P h  (31) 
Br xp:r Raney Ni, EtOH, NaOH, H2 

Ph 0 90% ph 0 

Raney Ni, NaOH P h T N M e 2  
(33) 

Ph- 100% 
Me' Me I- 

I Ph 

Raney nickel is most frequently used to reduce organic sulfur compounds, usually to  hydrocarbon^.^^ 
Many different types of organosulfur derivatives can be reduced in this way using various grades of 
Raney nickel, usually in alcoholic solvents. Thiols in general are readily reduced, but benzylic thiols 
with a-hydroxy groups form products from alternative reactions (equation 34).54 Benzylic alkyl and aryl 
sulfides are readily reduced to alkanes with Raney nickel in the presence of a variety of other functional 
groups (equations 35-39).55-59 When a sulfide is removed from an asymmetric center with Raney nickel 
stereochemical integrity is lost. However, in this instance, oxidation to the sulfone, followed by desul- 
furization, retained optical activity (equations 40 and 41).60 

Ni, Me2C0 
w P h y p h  + p h 7 p h  + ph/\/Ph (34) 

OH 0 
P h q  OH Ph 71% 

45% 31% 24% 

r? RaneyNi 1 /ph 'xph 0 Bn 82% - Bn 

MeS Raney Ni, EtOH 

)--- C02Et - Ph-COZEt 
100% Ph 

OMe OMe 

Raney Ni, EtOH 

Ph 

I I 
laa PhS 

(37) 

I V I G  Me 
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* bc1 (38) 
Raney Ni, Me2C0, EtOH 

93% c1 

Me@ D O M e  Raney Ni 
I * I 
I ms 

Raney Ni, EtOH 

93% X‘CONH2 - PhACONH2 
Ph 

PhS 
racemic 

Ph Raney Ni, EtOH 
%‘CONH2 

PhS02 100% 

(39) 

4.7.3 HYDROGENOLYSIS WITH HYDRIDE REDUCING AGENTS 

4.7.3.1 Lithium Aluminum Hydride 

On treatment with LAH, benzylic halides and related compounds are reduced to the corresponding hy- 
drocarbon (equations 42 and 43):’~~~ although in some cases coupled, dimeric products can also be ob- 
tained. Selectivity between halides is and in some examples LiH has been added to the 
reaction mixture.64 a‘‘ 

\ / 

ONMe2 LiAIH4, glyme 
* 

89% Ph 
(43) 

Reduction of allylically placed functional groups with LAH normally occurs via one of two mechan- 
isms: sN2 or S ~ r . 6 ~  In acyclic systems the mechanism followed depends on the nature of the leaving 
group. It has been shown (Table 1) that good leaving groups generally give unrearranged products ( S N ~ ) ,  
while poor leaving groups give rearranged products ( S N ~ ’ ) . ~ ~  The evidence suggests that reduction of tri- 
phenylphosphonium salts is a suitable method for the specific formation of sN2’ products, even when the 
structural features of the substrate favor an sN2 mechanism. 

The regio- and stereo-chemical outcome of reductions of cyclic allylic systems is controlled by more 
complex factors.65 Reduction of the allyl bromides (6) and (7) occurs exclusively by syn y-attack 
(Scheme 9):’ but other structural features influence the reaction. For example, where the allylic double 
bond is in a thermodynamically stable position, rearrangement does not normally occur.68 The reaction 
has also been studied in complex carbohydrate alkenes.69 

Reduction of allylic carbonyl derivatives usually leads to the corresponding allylic alcohol; however, 
in some cases, intermediate oxidation states can be obtained. Reduction of amide derivatives such as N- 
acylpyrazoles results in the formation of an aldehyde in good yield.’O 
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Table 1 Reduction of Allylic Functional Groups with LAH 

LiAIH, 
P h A X  - P h d  + Ph- 

(5) (5a) (5b) 

Ratio (Sa):(Sb) X Reaction time (h) Yield (%) 

Br c1 
Ts 
+SMeZBr 
+NEhBr 
+NBusBr 
P(O)(OEtk 
+PBu3Br 
+PPhsBr 

0.5 
0.5 
1 .o 
0.5 
0.5 
6.0 
0.5 
0.5 
0.5 

100 
78 
50 
90 
62 

2 
46 
90 
95 

100:0 
100:0 
1000 
90:10 
76:24 
76:24 
2: 98 
7:93 
0: 100 

Certain benzylic alcohols, ethers, acetals and thiols, which are normally resistant to reduction by LAH, 
can be reduced to the hydrocarbon when the substrate is activated with a Lewis acid. AICb has been 
most widely used in this role. Various acetals can also be reduced to ethers using the same reagent (equa- 
tion 44).71 A related procedure has been used to convert aldehydes into sulfides (equation 45).’* 

OEt 

A variety of other Lewis acids have been used in conjunction with LAH, including nickel, copper and 
titanium salts, the resulting reagents being used to reduce sulfides and benzyl ethers to hydrocarbons 
(equations 46-48).73-75 Addition of nickelocene to LAH produces a specific desulfurization reagent 
which does not reduce ketones and esters.76 

OA Ph OH 
LiAIH,, NiCI,, THF 

88% 

& LiAIH,, CuCI,, 

\ / 
(47) 
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n & / LiAIH,, 84% TIC],, 

\ 
(48) 

The enhanced reductive power of Lewis acid/LAH mixtures observed with benzyl substituents is re- 
flected in allyl compounds. Thus allyl methyl ethers are readily demethoxylated with LAHRiC14 (equa- 
tion 49),77 with complete rearrangement of the double bond and some (2)-selectivity. Allyl alcohols are 
reduced to alkenes with the same reagent or with LAH/AlC13 (equation 50).78 With both these reagents 
double bond migration was observed to varying degrees as well as diene formation. Primary allyl alco- 
hols have been reduced to alkenes with titanocene and LAH (equation 5 1).79 

LiAIH,, Ti& 

93% 
b Ph (49) 

(Z):(E) = 78:22 

LiAIHDiCI,, 65% 

85% 
(OH 

4.7.3.2 Derivatives of Lithium Aluminum Hydride 

Reduction of organic compounds in general with alkoxyaluminum hydrides has been reviewed.80 
Benzylic aldehydes, ketones and carboxylic acids are reduced to benzylic alcohols with 
NaAlH2(0C2H40Me)2. However this reagent can also be used to reduce the benzylic alcohol so formed 
to a hydrocarbon, particularly when there are electron-donating groups on the aromatic ring (equation 
52). It should be noted however that aromatic halides are unstable towards reduction under these condi- 
tions.81 DIBAL-H has also been used to reductively detosylate at the benzylic position (equation 53).82 

OH Na(OCHzCH20Me)zAIHz. PhH 
(52) 

HO HO 95% 

DIBAL-H, PhMe & OTs 7G-d s 
(53) 

4.7.3.3 Sodium Borohydride 

Some unusual benzylic functional groups can be reduced to hydrocarbons using NaBH4 alone in alco- 
hols (equation 54).83 Choice of solvent can be used to enhance (or reduce) the reductive power of 
NaBH4. Thus in DMSO (or sulfolane), NaBH4 effectively reduces primary, secondary and tertiary 
benzylic halides to alkanes, leaving nitro, ester and carboxylic acids untouched (equation 55).84 There 
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has also been one report of the reductive cleavage of a benzylic trichloromethyl group with NaBH4 in an- 
other rate-enhancing aprotic solvent, DMF (equation 56).85 

f Br 
NaBH,, DMSO, r.t. 

(55)  

Benzylic alcohols can be reduced with NaBH4 under acidic conditions using either mineral acid (equa- 
tion 57)86 or trifluoroacetic acid.87 These reactions involve formation and reduction of a benzylic carbo- 
nium ion. Similarly the Lewis acid AlCb can be used in place of a Brensted acid, reducing diaryl and 
aryl alkyl ketones and carbinols to hydrocarbons in excellent yield.88 Benzylic carbonium ions can also 
be trapped with NaBH4 after generation under solvolytic conditions. Thus a variety of aryl-, diaryl- and 
triaryl-methyl chlorides can be reduced in aqueous diglyme containing sodium hydroxide (equation 
58).89 

NaBH4, HCI, EtOH 

68% 
M e 0  

Me0 
M e 0  

M e 0  

(57) 

NaBH,, NaOH, diglyme 

86% 
* Ph- (58)  Ph 

Nickel boride has been used to reduce benzylic dithioacetals to sulfides or hydrocarbons (equation 
59).% More recently the reagent has been applied to the reduction of allylic functional groups. The re- 
agent effectively reduces allyl alcohols, acetates, trifluoroacetates and benzoates, but leaves methyl and 
benzyl ethers untouched and appears to lead to the thermodynamically more stable alkene (equation 
60).91*92 
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;Q NaBH.,, 60% NiCI, w 

(60) 
Me3SiO Me3SiO 

0 0 

4.7.3.4 Derivatives of Sodium Borohydride 

The reductive power of NaCNBH3 can be modified by the addition of Lewis acids in a similar manner 
to NaBH4 itself. Thus addition of ZnClz to NaCNBH3 produces a reagent which is stable in aqueous 
media and is capable of reducing a variety of benzylic and allylic functional groups to the corresponding 
hydrocarbon (equations 6 1-63).93 

Br 
NaCNBH,, ZnCI, & \ / 99% * 

NaCNBH,, ZnCl, 

- + 0" (63) 
NaCNBH,, ZnCI, 

\ 90% \ \ 

67% 33% 

0"'"' 
Zinc iodide can be used in a similar manner to the chloride in this type of reaction, but the reagent so 

formed has been examined in more detail and has been shown to reduce benzylic and allylic aldehydes, 
ketones and alcohols to hydrocarbons (equation 64)" The reagent is much more reactive than that 
formed between ZnI2 and NaBH4. The ZnIdNaCNBH3 reagent is, however, relatively unselective, at- 
tacking esters and nitro groups to some extent. Unactivated carbonyls are reduced to alcohols. 

(64) 
NaCNBH,, ZnI,, CH,Cl, 

70% 

MeS MeS 

NaCNBH3 can also be used in an important protecting group strategy to reductively cleave 4-methoxy- 
benzylidene acetals. As shown in Scheme 10, either 6-0- or 4-0-4-methoxy benzyl ethers can be ob- 
tained, depending on additive and s o l ~ e n t ? ~ . ~ ~  

4.7.3.5 Other Hydride Reducing Agents 

The reducing system produced from an organosilane and BF3 has been applied to both benzylic and 
allylic systems. Among the many different types of alcohol reduced to hydrocarbons by the reagent, the 
reduction of benzylic alcohols can be effected with various organosilanes as hydride donors (equation 
65)?' 

Radical reduction of allylic and benzylic functional groups with BusSnH and AIBN has been applied 
to benzylic nitro groups and benzylic and allylic sulfides, the former technique providing a high yielding 
chemoselective method of reducing secondary and tertiary benzylic nitro groups (equation 66)?* Unsym- 
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NaCNBH3 
TFA 

OH 

BnO OMe M e 0  

NaCNBH3, Me3SiCI M e 0  
MeCN 
76% 

Scheme 10 

metrical benzyl and allyl sulfides have also been reduced with B u ~ S ~ H . ~ ~  In the former case the en- 
hanced stability of benzylic radicals results in the formation of toluenes and tin sulfides (equation 67). In 
the latter case cleavage of the a l l y l 4  bond predominated over other reactions (equation 68) (with the 
exception of methylailyl sulfides). Some preference for reduction without rearrangement of the allyl sys- 
tem was detected. An allylic analog of the Barton-McCombie reaction has also been reported (equation 
69).'O0 

Bu3SnH:IN.PhH ~ 6 
\ \ 

CN CN 

Bu3SnH, AIBN, PhH dMe \ 100% * 

Bu3SnH, AIBN, PhH 

97% 

75% 25% 

Bu3SnH, AIBN, PhMe h 0 A S y S M e  68% 

0 

(66) 

(69) 
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4.7.4 DISSOLVING METAL REDUCTIONS 

4.7.4.1 Lithium and Sodium in Liquid Ammonia 

Lithium and sodium dissolved in liquid ammonia have been extensively employed in the reduction of 
benzylic hydroxyls, carbonyl compounds and acetals. These reductions have been reviewed.lol Over- 
reduction of benzyl alcohols by Li/”3 to 1,4-dihydro derivatives can be avoided using an ammonium 
chloride quench.Io2 Aryl halides are unstable under these conditions. 

Sodium in liquid ammonia, often with alcohols as cosolvents, provides a less vigorous reducing sys- 
tem for benzylic alcohols. Terminal and disubstituted alkenes are reduced by the LiL”3 system, while 
only terminal alkenes usually succumb to Na/”3, allowing benzylic alcohols containing unsaturation to 
be effectively reduced with the latter reagent.lol Benzylic ketals are readily reduced to hydrocarbons 
without overreduction using Na/”3/alcohol (equation 7O).lo3 Lithium in ammonia can lead to over- 
reduction. 

N 

Allylic alcohols are reduced with lithium or sodium in ammonia, or low molecular weight amines 
either with or without alcohols. The thermodynamically more stable product is often formed, leading 
to rearrangement in some cases (equation 71).’04 Methyl and cyclic ethers are similarly reduced (equa- 
tions 72 and 73),105,106 as are allylic acetates, halides and epoxides (equation 74 and 75).107.108 

Benzylic and allylic sulfides and sulfones are readily reduced to hydrocarbons using lithium or sodium 
in alcoholic solvents or in arnines.’OgJlo Allylic sulfones are reduced in a similar manner (Scheme 1 l),I*l 
either with or without migration of the double bond, depending on the reaction conditions used. 

Benzylic and allylic tertiary amines may be reduced to hydrocarbons using one of two methods. Oxi- 
dation to an amine oxide followed by reduction with lithium in liquid ammonia provides one of these 

A Li, Et“2, NH&I 
L LA 90% \-/OH 

(73) 

(74) 
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Li, NH3 

=OMe 
v 
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&OH Li, NH,, THF, NH4CI o& 

- 
67% 

OH / / 
"l*po 

0 

(75) 

OH 

0 3 " " '  

Li/",, Bu'OH 70% 7% 
Na/",, dibenzo-18-crown-6 75% 95% 

Scheme 11 

93% 
5% 

(equation 76)."* Alternatively, formation of a labile quaternary salt, followed by reduction and hydro- 
lysis, leads to secondary amine products (Scheme 12).l13 

(76) 

Me0 qy 7 Li, NH3, MeCH(OH)CH20Me 

Me0 M e 0  \ 

Meo)q Me0 

M e 0  
U 

60% 

U 
n 

0 0  
OTS 

Scheme 12 

. 

4.7.4.2 Other Metals 

Zinc metal and zinc amalgam have been widely used for the reduction of benzylic and allylic func- 
tional groups. Primary, secondary and tertiary benzylic alcohols are readily reduced by zinc amalgam or 
zinc dust under acidic conditions (equation 77). I l4 Other acid-stable functional groups are unaffected 
(e.g. a r y l 4 1 ,  aryl-OH, C a H ) .  The reaction can also be carried out under basic conditions (equation 
7 Q 1  l 5  Esters of benzyl alcohols are similarly cleaved under acidic or basic conditions without reduction 
of the resulting carboxylic acid (equation 79).' l6 
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&cl Zn-Hg, 86% HCl, EtOH 
(77) 

c1 c1 

Zn, CuS04, NaOH, HzO 

Zn, CuSO, 

88% 
* (79) 

Primary, secondary and tertiary benzylic halides are cleaved with zinc dust in acetic acid or under 
basic conditions (equations 80 and 81).117.118 Benzylic C-N bonds can also be cleaved (equation 82),li9 
with particular ease when quaternary ammonium salts are reduced (equation 83).120 There has also been 
a recent report of cyclopropane cleavage with zinc metal and zinc chloride (equation 84).'*' 

/ \  / \  

Zn, AcOH - 
c1 

Zn, EtCOzH 
c 

dNh \ Me 62% 

+ 
NMe3 I- 

%, Zn, AcOH 
D 

NH, 73% 

OH 
OH 0 OH 0 0 

\2/ 

\ 

(80) 

c1 

(83) 
" 2  

OH 
OH 0 OH 0 0 

COzEt 
C02Et Zn, ZnCI,. EtOH 

Ph 
phcoy Ph 80% 
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Allylic functional groups can be reduced with zinc metal (cf. equation 83). Alcohols, esters and 
strained rings are all cleaved under the usual conditions in good yield and with similar chemoselectivity 
to the benzylic situation (equations 85-87).122-124 Allylic sulfonate esters are similarly reduced (equation 
88). 125 

0 

Me0 0 OH 

0 @ / 

0 

78% 

Zn, HC02H 

81% 
- 

Zn, AcOH 

64% 
b 

OMe 0 OH 

NMe2 

C02H 

OMe 0 OH 

0 go / 

0 

-&I 
Zn, Ac20, AcOH 

90% 

H 
M e 0  

(87) 

4.7.5 ELECTROLYTIC REDUCTION PROCESSES 

Electrochemical hydrogenolysis of allylic and benzylic centers can be achieved, but application of this 
reduction has not been either widely used or acclaimed. It is less convenient experimentally than the 
comparable method using dissolving metals and control of selectivity is more difficult to achieve than 
with other methods. Only limited applications are found. Generally electroreduction is carried out using 
cathodes of metals of high overvoltage such as copper, cadmium, lead and mercury, with anodes of plati- 
num. 

Selective reduction of aromatic acids and their derivatives to aldehydes can be achieved electrochemi- 
cally.126 Reduction of the carbinolamines is observed, as in the formation of anilinomethylpyridine 
(Scheme 13) and 4-methylpyridine.127 Reductive cleavage of benzyl methyl ethers can be achieved lead- 
ing to hydrocarbons when the ring substituents are electron attracting.128 

A more useful application of the electron-attracting effect of aryl subtituents is found in the cleavage 
of 4-picolyl derivatives of protected cysteine and tyrosine in peptide synthesis (Scheme 14).129 Catalytic 
cleavage of these derivatives is usually unattractive for S-containing acids. Protecting groups removable 
also include 3- and 4-picolyl esters.130 

Esters of secondary benzyl alcohols can also be electrohydrogenolyzed (equation 89).I3I Electrolysis 
of resolved methyl O-benzoylatrolactate gave racemized 2-phenylpropionic acid. This result is in sharp 
contrast with the 77-92% inversion of configuration claimed for the electrochemical dechlorination in 
equation 
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CONHPh CH(0H)NHPh CH2NHPh CH2OH 

I -dl N I + b  N I + h  N I (I 
H H H H 

Q I 

H 
Scheme 13 

i, Hg, cathode, 0.25 M H2S04 

Scheme 14 

Hg. cathode 

R = C02H, C02Me 

* 2 0 2 H  

Hg cathode. 2e- 

c1 ?O2H 

975 

(89) 

(90) 

In contrast with other methods only infrequent use of electrohydrogenolysis of benzylic or allylic es- 
ters has been made in synthetic strategies. Control of the electrode potentials and electrolyte pH have 
been shown to be important and essential for chemoselectivity, and would need to be studied in many in- 
stances before a particular application was made. The instability of the product towards further electro- 
lysis often causes problems (however see equation (9 1) for a successful appl i~at ion) . '~~ 

Greater control over the product selectivity is observed when more. precise control of the cell condi- 
tions and process is used. Since in general the current distribution at the working electrode is not uniform 
and the effective potential is therefore not the same over the whole electrode, it is difficult to reduce se- 
lectively one of two electroactive groups when potentials differ by less than 0.15 V. 

One useful approach involves indirect electrochemical reduction using an electron transfer catalyst 
which is selected for inertness to any anion radicals or dianions present.IM Thus allylic sulfones (Scheme 
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electrohvdrogenolvsis 

C02H 

c 
chemical manipulation 

0 
CO2H 

64% 

15) are preparatively converted to the hydrocarbon without loss of the alkylsulfonyl group. Both sulfonyl 
groups are lost by direct electroreduction. 

R' 
i 

PhS02 SO2Ph 

R2 i i  

6 
R2 

I 
R2 + 

R' 

I 
R2 

<5 % 

R' = Me, R2 = H 
R' = Me, R2 = CH2CH = CMe2 

i, electrolysis with anthracene; ii, electrolysis without anthracene 

Scheme 15 

An alternative approach to the commonly utilized cleavage of allylic isoprenoid compounds (Scheme 
16) using attack of +2e- in place of H- at a PdO r-allyl complex also requires a catalyst addition.t35 Elec- 
trolysis of allylic acetates with Pb cathode and Pt anode in the presence of Pd(PPh3)4 in MeCN, gave 
moderate yields of the inner alkenes from both terminal and inner acetates (equations 92 and 93). Control 
of the regioselectivity was clearly dictated by the attack of H+ from the less-hindered side of the allylic 
carbanions. 

Electrolytic desulfurization of o-aminobenzyl sulfide, sulfoxide or sulfone illustrates carbon-sulfur 
bond cleavage. Careful control of the reaction conditions is important to achieve chemoselectivity 
(Scheme 17).t36 Trifluoromethyl substituents are not reduced under the conditions used (Cd sheet ca- 

iE+ OAc 

Pd%, 

Scheme 16 
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72% * 

977 

(93) 

thode and Pt-coated Ti anode), and surprisingly the 2-amino substituent did not interfere with cathodic 
discharge. An alternative cleavage of the chloroacetanilide of the sulfalimine salt obtained via Scheme 
17 by electrolysis over a Hg cathode in phosphate-buffered electrolyte, gave good yields of the corre- 
sponding toluene.*37 Some dehalogenation of the chloroacetyl group does occur, illustrating the diffi- 
culty of controlling chemoselectivity. 

NH2 R' 

R1 = alkyl; R2 = alkyl, aryl; R = CF,; n = 0-2 

i ,  electrolysis, Cd cathode, Pt anode 
0 

ii, Hg cathode, Pt anode 

Scheme 17 

4.7.6 BIOMIMETIC REDUCING AGENTS 

Attempts to mimic enzymatic reduction processes have been r e ~ 0 r t e d . I ~ ~  Of major interest has been 
the involvement of NAD(P)H in redox reactions. 139 The most investigated model compounds employed 
as donors are analogs or derivatives of 1,4-dihydronicotinamide. In the presence of a catalyst the hydro- 
genolysis of cinnamyl acetate (Scheme 18) is readily effected with N-propyl- 1,4-dihydronicotinamide. 
RhCl(PPh3)z appears to be more effective than PdCh(PPh3)2 or R~C12(PPh3)3.'~~ This reduction appears 
to have a complex mechanism as it is very sensitive to added salts such as LiC104, which is essential for 
a high conversion. Mg(C104)~ effectively prevents cleavage. The high yields are also dependent on the 
use of acetonitrile in the solvent. Although the chemoselectivity is high, ketones and esters being inert, 
the type of allylic structure that can be reduced appears to be restricted to compounds with allylic unsatu- 
ration conjugated to aryl rings. This requirement assists the formation of mainly 2-alkenes from acetates, 
chlorides and phenylsulfonyl derivatives. N-Phenyl- 1,4-dihydronicotinamide (BNAH) has also been 
utilized in a visible light catalyzed reduction of sulfonate esters of methyl mandelate (Scheme 19).14' A 
number of functional groups, including keto, nitro and ester groups, were unaffected. These conversions 
are accelerated by addition of photosensitizers such as tris(bipy)ruthenium(II) dichloride or tetraphe- 
nylporphine. 

CONH2 
i 

98% 
Ph- i- ph- Ph -0Ac + 

N 
Pr" < I  % 

i, RhCI(PPh3)3, LiC104, MeCN, dark 

Scheme 18 
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Ph- COzMe NO2 * 

70% 
Ph 

i, hv, BNAH, Py, tris(bipy)ruthenium(II) dichloride 

Scheme 19 

4.7.7 PHOTOLYTIC REDUCTION PROCESSES 

Photochemically aided hydrogenolysis of allylic C-heteroatom bonds has attracted little interest. A 
few methods for debenzylation of ethers, amines and thiols, catalyzed by irradiation, have been utilized 
(see previous section also). An unusual desulfurization of benzyl thiol with triethyl phosphite (equation 
94) in high yield, catalyzed by UV irradiation, is a useful alternative to other methods described in other 
parts of this chapter.14* 

hv, reflux 

94% 
(EtOhP + phnSH 9 (Et0)3P=S + PhMe (94) 

4.7.8 MISCELLANEOUS REDUCING AGENTS 

Historically, hydrogen derived from dissociation of hydrogen iodide has been utilized widely for re- 
duction. Acceleration of the hydrogenolysis rate is achieved by addition of phosphorus to remove the 
iodine f01med.I~~ In general reduction with HI is efficient for acid-tolerant substrates and is a useful al- 
ternative to catalytic methods, especially to achieve chemoseiectivity (equations 95 and 96).'44J45 Appli- 
cation of HI to cleavage of allylic centers has not been useful as allylic and other unsaturated centers are 
more susceptible to HI addition and elimination effects. 

- EPh Ed P, 12, AcOH, HZO @' 0 84% C02H 
(96) 

The use under neutral conditions of this reagent has more recently been effective for the cleavage of 
primary, secondary and tertiary benzyl alcohols in refluxing benzene.'46 The hydrocarbons from a range 
of variously substituted alcohols were obtained in 60-98% yields (Scheme 20). 

R5 R5 
i ,  P& PhH, N,, A 

R', R2 = H, Me, Ph, But 
R3-R7 = H, Me, Ph, NO2, C02Et, CN, Br 

Scheme 20 
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As an alternative mild application of HI, diiododimethylsilane (MezSiIz) has merit for reduction of 
secondary and tertiary benzylic alcohols to hydrocarbons at room temperature in near quantitative 
~ i e 1 d s . I ~ ~  Side chain carbonyl groups were unaffected, but benzyl alcohol itself was converted to the 
iodide. TMS-Cl-NaI-MeCN is recognized as an equivalent to TMS-I and is a less costly alternative to 
Me2SiIz. Applications of these milder reagents have not been reported for allylic cleavages. 

As an alternative to the use of tin metal, tin(I1) chloride has been widely utilized. Less acidic condi- 
tions can be employed than is normal for tin metal dissolution and examples of allylic systems (equation 
97)14* have been cleaved as well as secondary and tertiary benzylic centers. Primary benzyl centers can 
be cleaved via the iodide (equation 98).149 

0 0 

OH 

(98) 
SKI,, HCI, reflux 

85% 
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4.8.1 GENERAL CONSIDERATIONS 

4.8.1.1 Scope of the Review 

This review addresses in particular the reductive cleavage of groups X from a-substituted carbonyl 
compounds (equation 1). Since such studies have almost always involved ketones, the carbonyl group is 
understood herein to be that of a ketone unless stated otherwise. X is usually a heteroatom (most often 
halogen, but also oxygen, sulfur or nitrogen, and occasionally other atoms such as selenium or tellu- 
rium), but can be carbon in special cases. Since many reductive cleavages of compounds of type (1) in- 
volve production of enol and enolate ion intermediates, alternative reaction paths involving other 
components of the medium are sometimes observed. Where these involve carbon-carbon bond forma- 
tion, they are more properly treated elsewhere in this series. A few such reactions are however referred to 
herein where appropriate from a mechanistic point of view, and the review also covers reductive conver- 
sions of (1) to enol derivatives. 

0 0 

4.8.1.2 Mechanisms of Bond Cleavage 

Reductive cleavages of the type with which we are concerned here exhibit some common features. 
The strength of the bond being cleaved is an important determinant of the ease of cleavage. Thus, the 
ease of reduction of a-halocarbonyl compounds follows the order: I > Br > C1 > F. By the same token, 
cleavage of a-ketols (1; X = OH) is more facile if the hydroxy group is first converted to a sulfonate or 
other ester.' In principle the dependence upon bond strength can be taken advantage of in order to 
remove one of several a-substituents selectively. Reports of this type of selective reduction are uncom- 
mon, but a few examples will be noted herein. Enolate ions and/or enols are frequently generated in the 
cleavage process, and ease of reduction is therefore also usually correlated with the stability of the incip- 
ient enolate or enol. For example, 2-substituted 1,3-dicarbonyl compounds are reduced more readily than 
a-substituted ketones, which in turn are more easily reduced than a-substituted esters and amides. 

Many reagents have been introduced for the reductive cleavage of compounds (l), especially where X 
is a halogen atom.24 The various methods fall into several quite different mechanistic categories. Con- 
versions corresponding to equation (1) can be effected by: (i) electron transfer, (ii) strong nucleophiles, 
(iii) metal hydrides, (iv) metal carbonyls, and (v) heterogeneous hydrogenation catalysts. We describe 
here the general features of each type of reduction; specific reducing agents and a-substituents are taken 
up in subsequent sections. It is sometimes unclear which route is involved in a given case; for example, it 
may be difficult to distinguish between mechanisms (i) and (ii) with some combinations of reagents. In 
such cases the assignment of a particular procedure to a specific mechanistic category may be arbitrary. 

Electron transfer agents were among the first to be used to effect the conversion shown in equation (1). 
The cleavage may be effected with active metals, by low-valent transition metal ions, or electrochemi- 
cally, at a cathode. The nature of the electron transfer step in such reactions is not well understood. It is 
tempting to postulate that the initial step is injection of an electron into the LUMO of the carbonyl com- 
pound to afford intermediate (2), followed by loss of X- from (2) to afford a radical (3), which is then re- 
duced further (Scheme I) .  However, the strong dependence of the reduction rate on the strength of the 
C-X bondS and the fact that axial a-halocyclohexanones are much easier to reduce by electron transfer 
than their equatorial epimers6 imply that the LUMO energy is lowered by overlap of the C-X bond with 
the C d  group. 

Another common method for cleavage of substituents a to a carbonyl group involves reaction of the 
substituted carbonyl compound with an appropriate nucleophile. Such reactions are believed to occur by 
nucleophilic attack upon the a-substituent to afford an enolate (equation 2). Nucleophiles which can ac- 
complish this conversion encompass a wide variety of structural types. Some of the best methods for re- 
duction of halocarbonyl compounds fall into this category. 

Most methods in the literature for reductive removal of a-substituents involve either electron transfer 
or nucleophilic cleavage, but other mechanistic pathways have been encountered with certain reagents or 
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0- 0 

Scheme 1 

combinations of reagents. Metal hydrides have been used for the reductive cleavage process; the most 
frequently employed hydrides have been those of tin. In general the reactions of tin hydrides with a-sub- 
stituted carbonyl compounds appear to be of free radical type, generating (3) in the key cleavage step 
(equation 3). Transition metal carbonyls have also been used to effect equation ( l ) ,  especially with a- 
halo ketones. Such reactions appear to proceed either by metal enolates or by mcomplexes (5). Most ac- 
tivity in this area has involved attempts to build up carbocyclic systems through cycloaddition of such 
complexes with added dienes, and is not relevant in the present context. Some studies, however, have af- 
forded reduced ketones, and will be discussed here. Finally, hydrogenolysis of a-substituents can fre- 
quently be effected at noble metal hydrogenation catalysts. 

(1) + R* * )$/ + R-X (3) 

(3) 

4.8.2 THE CARBON-HALOGEN BOND 

4.8.2.1 Reduction By Electron Transfer 

a-Halocarbonyl compounds are very easily reduced by electron transfer agents. The remarkable ease 
of reduction of such compounds can be seen from inspection of a few representative electrochemical re- 
duction potentials: -0.34 V for bromoacetone and -1.15 V for chloroacetone, compared with -2.23 and 
~ 2 . 6  V for typical alkyl bromides and chlorides, respectively, or even -1.27 V for benzyl bromide 
(potentials reported relative to the saturated calomel electrode, or SCE).’ As these data demonstrate, a- 
halo- (especially bromo- and iodo- ) carbonyl compounds are among the easiest of all organic com- 
pounds to reduce by electron transfer. The reductive dehalogenation of such compounds can be camed 
out by a wide variety of metals and low-valent metal ions. In particular, the great ease with which bromo 
ketones are reduced has led to a profusion of reagents for reductive cleavage of such compounds. 
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4.8.2.1 .I Reductive cleavages by metals 

Reduction of chloro, bromo and iodo ketones can be effected readily by active metals. Zinc in acetic 
acid has generally been used for this purpose,8 but many other metals would presumably serve as well, in 
view of the extreme ease with which this type of compound is reduced. Fry and Herr showed that the re- 
duction of bromo ketones can be carried out even by a metal as low in the electromotive series as metal- 
lic mercury, and they provided an approximate thermodynamic analysis of the factors to be considered in 
addition to the reduction potential of the metal i t ~ e l f . ~  The initial intermediate in the reduction of halo 
ketones by zinc is presumably a zinc enolate (6), but this is immediately cleaved by the protic solvent to 
afford the corresponding enol, which then tautomerizes to afford the corresponding carbonyl compound. 
Reduction in the presence of a deuterated or tritiated solvent should therefore permit introduction of a 
deuterium (or tritium) atom into the a-position (equation 4). Indeed, reduction of mono-, di- and tri-halo 
esters and amides in D20 does afford products containing one, two and three a-deutenums, respectively, 
in synthetically useful yields and isotopic abundances.1° However, reduction of halo ketones in this sol- 
vent is accompanied by base-promoted loss (exchange) of the isotope from the product a-deuterio ke- 
tone. Reduction in DOAc (or HOAc containing TOAc when the tritiated ketone is desired), where 
exchange is slower, eliminates this problem, however. The direction of approach of the proton donor 
upon the intermediate enol is governed by stereoelectronic considerations,* and reduction in this solvent 
can therefore be used to introduce the isotope stereoselectively, as formation of (7-9; equations 5-7)l 
illustrates. Reduction of a-chloro esters and ketones is facilitated by addition of sodium iodide to the me- 
dium, probably by formation of the iodocarbonyl compound.13 

OZnX 

0 0 

I /  I r"--" 

( 5 )  

e"' 
Zn DOAc (or TOAc) ~ &H17 

AcO AcO 
D(T) Br 

0 0 

Zn 

DOAc 

If the reaction between an a-halo ketone and zinc is carried out in an aprotic solvent in the presence of 
an electrophilic reagent, the zinc enolate (6) can be trapped. Products corresponding to reaction at carbon 
are observed with carbon electrophiles (alkyl halides or aldehydes; equation 8),14 but reaction occurs at 
oxygen with halosilanes and acid anhydrides (equation 9).I5-l7 
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Zn 

HOAc 
Br - 

Zn 

E+ 

(7) 

4.8.2.1.2 Reductive cleavages by low-valent metal ions 

A number of low-valent metal ions have been shown to reduce a-halocarbonyl compounds.l* The 
most commonly used species for this purpose have been chr~mium(II)*~ and low-valent titaniumz0 salts, 
although vanadium(II), samarium(II), iron(I1) and tin(I1) salts have also been used.17~z1~zz Chloro, bromo 
and iodo ketones can all be reduced by chromium(I1) and titanium(II1) salts. Selective reductions are 
possible: axial halides are reduced in preference to eq~atorial?~ and u,a-dihalo ketones can be selective- 
ly  reduced to the corresponding monohalides (equation lO).I7 The use of samarium(I1) iodide has recent- 
ly been advocated for such a-cleavages.zz a-Halo esters and ketones are reduced instantaneously at 
-78 'C in excellent yields. a-Acetoxy esters are stable to this reagent. 

, C8H17 , cSH17 

4.8.2.1.3 Electrochemical reductive cleavages 

a-Halocarbonyl compounds are readily reduced electr~chemically.~ In principle, the ease with which 
this can be effected should readily permit selective removal of a-halogen atoms in the presence of most 
other organic functional groups, but this point seems not to have been investigated. Reduction is best car- 
ried out under conditions which ensure that the initially formed enolate is quickly protonated, thus pre- 
venting undesired side reactions. Typically, this means conducting the electrolysis in an acidic protic 
solvent such as acetic acid or an aprotic solvent containing a proton donor such as phenol or malonic 
e~ter .2~  Curious behavior is observed during the electrochemical reduction of a,a,a-trifluoroacetophe- 
none (10). When the solution is monitored during electrolysis, it is possible to observe the build-up and 
eventual decay of the corresponding monofluoride (12), but not of the difluoride (W5 It appears that the 
ease of reduction of these substances follows the order (11) > (10) > (12) > (13). In other words, (11) ap- 
pears to fall out of its expected place in the sequence. It is not obvious why this should be so. 

0 0 0 0 

In order to inquire into the stereochemical course of electrochemical reduction of a-halocarbonyl com- 
pounds, it is first necessary to appreciate that the problem should not even be posed in these terms. Two 
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separate questions have to be addressed: (i) is there a preferred geometry for reduction of the halo ketone 
to an enolate? and (ii) is there a preferred geometry for ketonization of the intermediate enolate or enol? 
The answer to the first of these questions is a most definite yes. Equatorial a-halocyclohexanones and 
exo-a-halo ketones in the camphor series are reduced at potentials which are considerably more negative 
than those required for their axial and endo epimers, respectively.s.6 These facts are consistent with a 
transition state for electron transfer in which the halogen atom of the C-X bond is nearer the electrode 
surface at the point of electron transfer. Electron transfer then generates the enolate, whose ketonization 
path is no different than when it is produced by other processes.* 

A possibly special stereochemical situation is presented by a-halocarbonyl compounds in the cyclo- 
propane series.25 Electrochemical reduction of the a-halo acid (14) proceeds predominantly with stereoc- 
hemical inversion, whereas reduction of the corresponding carboxylate proceeds predominantly with 
retention of configuration. 

4.8.2.2 Reduction By Strong Nucleophiles 

As mentioned in Section 4.8.1.2, reductive dehalogenation of halocarbonyl compounds can be carried 
out by a large number of nucleophilic reagents according to equation (2). Such dehalogenations occur 
more cleanly and rapidly, and under milder conditions, if carried out in such a way that nucleophilic at- 
tack on the halogen atom is assisted by electrophilic attack upon the carbonyl group. In particular, con- 
siderations based upon hard and soft acid-base (HSAB) theory26 suggest that the combination of a hard 
acid (to coordinate with the carbonyl oxygen) and a soft base to attack the a-substituent ought to be es- 
pecially efficient at such cleavages (equation 11). This principle works remarkably well, and a number of 
dehalogenation methods have been based upon it. 

. " " n  ,. . <  

' 0  
H.A. H.A. 

I io - 
/ 

I 

Although many nucleophiles dehalogenate a-halocarbonyl compounds, the most generally used have 
been halides, especially iodide ion, thiols and other nucleophilic sulfur species, and phosphines. All of 
these are effective by themselves, but all benefit by addition of an electrophile to the medium to assist 
cleavage by coordination to the carbonyl (equation 11). 

4.8.2.2.1 Reductive cleavages by halide salts 

Historically, sodium and potassium iodides were the first halide salts found to dehalogenate halo 
ketones. The reductions are carried out in acidic media, in order to protonate the ketone.27 The acyclic 
bromine atom in (15) could be removed in this manner without affecting either the acetoxy group at the 
same site or the sterically hindered bromine atom at C-12.28 By using metal ions29 or other Lewis acids30 
to assist the dehalogenation process, even bromide and chloride salts can be used to effect dehalogena- 
tion. Among the best reagents of this type is a combination of SnC12 and NaCl in aqueous THF.29 Rather 
than using a mixture of two salts, the two functions can be combined into one by using an iodide salt of 
which the cation is a good Lewis acid. Cerium(II1) iodide is particularly effective in this respect because 
of the high 'oxaphilicity ' of lanthanide ions. This substance readily dehalogenates many halo ketones at 
room temperat~re.~' Cerium enolates (16) are produced initially; these can be trapped by carbonyl com- 
pounds in the medium to form aldols or by D20 to afford the deuterated ketoneq3* 

Trimethylsilyl iodide (TMS-I), as such or generated in siru, is especially effective as a mild deha- 
logenation agent for halo ketones.33 The reaction appears to generate the enol silyl ether initially, and this 
is converted to the carbonyl compound during work-up (equation 12). Both cyclic and acyclic a-bromo 
and a-chloro ketones are dehalogenated, generally in excellent yields. Methyltrichlorosilane, on the other 
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12Ce0 

AcO 

(15) either diastereomer (16) 

hand, reacts only slowly with chloro ketones and cyclic bromo ketones?4 and might be useful for selec- 
tive dehalogenation of an acyclic a-bromo ketone in the presence of one of the latter functionalities. 

4.8.2.23 Reductive cleavages by surfur species 

Thiols efficiently dehalogenate a-halo and a,a-dihalo ketones.35 Reduction is typically carried out in 
ethanol containing a weak base. Although this system will also reduce a-thio ketones, it is believed that 
the halo ketone is reduced, and that reaction proceeds as in equation (1 I), with a proton from the solvent 
serving as Lewis acid to assist dehalogenation by thiol (or thiolate). The reactions are of course accel- 
erated by inclusion of a metal salt in the medium.36 

An especially interesting application of HSAB theory was reported by Fuji and coworkers.37 They 
found that chloro and fluoro ketones (17) are converted to the reduced dithioacetals (20) by the combina- 
tion of ethanethiol (EtSH) and AlCb (Scheme 2). Diethyl disulfide (EtSSEt) is ineffective at promoting 
this transformation, whereas either EtSH or EtSSEt could be used in concert with AIC13 to convert a 
bromo or iodo ketone (18) to (20). It was suggested that ketones (17) are first converted to the corre- 
sponding halodithioacetals (19), which are then dehalogenated in a sense (equation 13) which is inverse 
to that shown in equation (1 1). Apparently chlorine and fluorine are too hard to permit attack by the 
thiol, even when assisted by AICb. Substrates (18) presumably react as in equation (1 l ) ,  with either 
EtSH or EtSSEt serving as soft base, to afford the dehalogenated ketone (21), which is then converted to 
(20). 

r 1 

(18) 
X = Bror I 

(21) 

Scheme 2 

Other sulfur species which can be used in this way include SH-, S2-, HSOj,  so32-, s2032- and 
S2042-.38 In general, these offer no particular synthetic advantage, although NaHS03 has been found to 
remove the tertiary iodine atom of (22) selectively to afford (23) in 71% yield (equation 14).39 The re- 
maining iodine atom of (23) could be removed by further reaction with NaHS03. 
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4.8.2.2.3 Reductive cleavages by other nucleophiles 

While a number of other nucleophilic agents besides those already mentioned have been found to ef- 
fect reductive dehalogenation of a-halocarbonyl compounds, the only ones of synthetic interest are or- 
ganic phosphines (R3P) and organotelluride ions (RTe-). Tertiary phosphines react with halo ketones to 
form enol phosphonium salts, which can be either isolated or immediately hydrolyzed to afford the car- 
bonyl compound (equation 15).40 A competing reaction involves direct displacement of halogen by phos- 
phorus to fonn an a-ketophosphonium salt; this is especially a problem with primary halo ketones. The 
a,a-dichloro ketone (24) could be converted via the enol phosphonium salt (25) to the corresponding 
monohalide (26) or to the mixed bromo chloro ketone (27; Scheme 3)?O PI3 and P2h4’ and diphe- 
nylph~sphine~~ are also useful dehalogenation agents. The latter is believed to occur according to the 
general path described in equation (1 l), with phosphorus acting as a soft base and hydrogen as a hard 
acid. 

R3P + (1) 

R3P + 
F! 

cl$ R R -  
CI 

Cl*R - 
R 

CI 

Scheme 3 

The organotelluride salt (28) readily dehalogenates a variety of a-halocarbonyl compounds, including 
ketones, acids and esters.43 It is not clear whether the first step is displacement of halide to afford an a- 
tellurocarbonyl compound, followed by attack upon the latter by (28), or whether (28) attacks the a-sub- 
stituent directly. Reduction can be effected by NaBH4 containing a catalytic quantity of (28).43 
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4.8.2.3 Other Reduction Methods 

Transition metal carbonyls, including Fe(CO)5, Fe2(CO)9, [HFe(C0)4]-, Co2(CO)8 and MO(CO)~, 
together with related reagents such as nickel and palladium salts, all effect dehalogenation of a-halocar- 
bony1  compound^.^,^*^^ Yields in general are not high, and a number of competing reactions, including 
dimerization of the halocarbonyl compound, are sometimes observed. The reactions have sometimes 
been used for obtaining a-deuteriocarbonyl compounds by inclusion of DZO in the medium.44 

A number of tin hydrides have been shown to dehalogenate a-halocarbonyl compounds. Species 
which have been used include trialkyltin hydrides (R3SnH) and dialkyltin hydrides ( R ~ S ~ H Z ) . ~ ~  De- 
halogenation of a-bromo ketones can be carried out under very mild conditions (-78 'C, 10 min) by a 
mixture of SnC12 and DIBAL-H in the presence of TMEDA."6 The reaction probably involves SnH2 as 
an intermediate. It has been reported that reduction of (29) by NaBH4 affords (30), except in the presence 
of a trace of Pb(OAc)z, Ni(0Ac)z or Hg(OAc)2, in which case the a-bromine is removed selectively to 
afford (31)."7 The &17 latter reductions may involve &I7 intermediate metal hydrides. x ~ ,  

H 

AcO "" Br ''8, AcO 
AcO AcO f 

0 OH 
(29) X = Br 
(31) X = H 

(30) (32) X = Br or CI 

Finally, hydrogenolysis of the halogen atom of a-halocarbonyl compounds can be camed out at noble 
metal catalysts.'@ Palladium is frequently used for this purpose. Selective removal of just one of the ha- 
logen atoms in the dihalides (32) can be effected in NaOAc/HOAc over a palladium catalyst.49 

4.8.3 THE CARBON-OXYGEN BOND 

Carbon-xygen bonds are generally stronger and hence harder to break than structurally related carb- 
on-halogen bonds. Since bond cleavage involves ejection of the a-oxygen as an anion, the ease of bond 
cleavage is correlated with the leaving group ability of the oxygenated function; thus, the ease of reduc- 
ibility decreases in the sequence: sulfonate > acyloxy > hydroxy or a l k o ~ y . ~  Reductive cleavage is also 
faster in acidic media, where the neutral leaving group can be ejected. 

4.8.3.1 Reduction By Electron Transfer 

4.8.3.1 .I Reductive cleavages by metals 

Active metals readily cleave a-ketols and a-keto1 acetates. Reductions can be carried out with the aid 
of lithium, barium or calcium in ammonia?0 or with zinc or tin, which are usually used in acidic media.51 

Zinc is a relatively mild reducing agent and is therefore somewhat selective. Axial steroidal ketol ace- 
tates are reduced more readily than equatorial (equations 16 and 17).51 On the other hand, metal-arnmon- 
ia systems are powerful reductants; thus, calcium and barium reduce axial and equatorial isomeric ketol 
acetates with equal ease.50 Lithium is a more powerful reductant and frequently overreduces a-ketols 
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(Section 4.8.3.1.3).5 The phenacyl group has been suggested as a protecting group for acids and phe- 
nols?2 It is readily removed by zinc in acetic acid at room temperature. 

Zn 

HOAc 
____c 

L l r n  

AcC 
w 70 

1- 

4.8.3.1.2 Reductive cleavages by low-valent metal ions 

The more negative potentials characteristic of a-oxygenated substrates compared to their halogenated 
counterparts call for relatively powerful reductants such as chromium(II), titanium(I1) and samarium(I1) 
to effect a-cleavage, although reduction can be facilitated in a series of related substances by increasing 
the leaving group ability of the oxygenated function (Section 4.8.3). 

a-Ketols are not reduced efficiently by low-valent metal ions. One of the few reports of this conver- 
sion was made by McMurry and coworkers, who found that 1-acetyl- 1-cyclohexanols are converted to 
the corresponding ketones by a mixture of Tic14 and zinc (in which the active reagent is probably 
Unfortunately, the reaction is not general; other a-ketols afford rearranged products under the same con- 
ditions. Deoxygenation of ketols generally requires that the hydroxy group be converted to a derivative 
such as an ester or sulfonate before reduction. Even so, chromium(I1) requires relatively vigorous condi- 
tions to effect reduction.54 The major exception to this generalization is the reduction of a,P-epoxy 
ketones, which can be carried out to produce the corresponding P-ketols (aldols; equation 18) by chro- 
mium(I1) under mild conditions, driven in this case by relief of strain in the three-membered ring.50 Re- 
duction affords the corresponding a$-unsaturated carbonyl compound if reduction is carried out under 
more highly acidic conditions. Sarnarium(I1) reduces a variety of a-oxygenated ketones very readily at 
-78 ‘C in THF/MeOH in excellent yields, again except for a-ketols.22a These, however, could be reduced 
cleanly by adding a solution of the ketol and Ac2O to SmI2, in order to form and reduce the ketol acetate 
in situ. a-Oxygenated esters, including even a-hydroxy esters, can be reduced by SmI2 in THF/HMPA at 
room temperature.22b 

4.8.3.1.3 Electrochemical reductive cleavages 

The electrochemical reduction of a-oxygenated carbonyl compounds has been re~iewed.~  In a series 
of phenacyl derivatives, PhCOCH20R, where R is acetyl, benzoyl, phenyl and hydrogen, the first two 
are about 0.1 V (or in energy terms a few kcal mol-’; 1 cal = 4.18 J) easier to reduce than the latter two. 
Ring strain (33), use of an acidic solvent and buttressing by a second activating group (34) all favor the 
cleavage process. Electrochemical reduction of a-ketols and ketol acetates (R = H or Ac) cannot be 
stopped at the ketone stage (39, because the latter are reduced at about the same potential as the starting 
ketol. An overall four-electron process takes place, and the saturated alcohol (36) is formed (equation 
19). Reduction is stereoselective: reduction of a series of steroidal ketol acetates afforded the equatorial 
alcohol in 90-10096 yielde5 Vinylogous a-cleavage with bond migration has been observed with cepha- 
losporanic acid derivatives (37; equation 20).55 
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RNH)z&o*c - 2e- 

0 
C02R C02R 

(37) 

4.83.2 Other Reduction Methods 

Although very common with a-halocarbonyl compounds, cleavage of a-oxygenated substances by nu- 
cleophiles is almost unknown. A mixture of phenyl trimethylsilyl selenide (38) and MgBn dehalogenates 
substituted benzoin acetates under mild The reaction probably proceeds by the HSAB path 
(equation 11); the precise function of MgBrz is unclear. 

PhSeSiMe3 

(38) 

Reductive cleavage of a-keto1 acetates can also be effected in moderate yield by Fe(C0)~.5~ Ketones, 
esters and alkenes are unreactive toward this reagent. 

4.8.4 THE CARBON-SULFUR BOND 

The following discussion includes removal of a variety of sulfur substituents, including not just alkyl- 
and aryl-thio (RS), but also sulfinyl (RSO), and sulfonyl (RS02) groups a to carbonyl groups. 

4.8.4.1 Reduction By Electron Transfer 

4.8.4.1.1 Reductive cleavages by metals 

Alkylthio groups can be removed (equation 21) by reaction of i.e a-alkylthio ketone with either zinc 
in wet ether in the presence of TMS<l?* lithium in amine solvents or in THF containing an electron 
mediator such as naphthalene or trime~itylborane?~ or Na(Hg)x in methanol buffered with N ~ Z H P ~ ~ . ~  
The enolate formed by Li reduction in NH3 can be alkylated (equation 22).6' 

0 0 

(21) 
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0 0 

@Me 

i, Li, NH3 

@sph ii, Me1 * 

Sulfinyl and sulfonyl groups are easier to reduce than a-(alky1thio)carbonyl compounds. Aluminum 
amalgam has frequently been used for removal of sulfinyl and sulfonyl groups.62 This reagent is typically 
used in refluxing (wet) THF; reduction of P-keto sulfones can be carried out at room temperature by 
Na(Hg)x, if the solution is buffered with N ~ Z H P O ~ . ~ ~  

Phenacylsulfonamides (39) are readily reduced by zinc in acetic acid. The phenacylsulfonamido group 
has therefore been suggested as a protecting group for primary and secondary amines (equation 23), as 
well as a temporary acidifying group to facilitate conversion of primary to secondary 

0 Zn 
RNH2 - 

I 
AcOH 

RNH2 (23) 

H 
(39) 

4.8.4.1.2 Reductive cleavages by low-valent metal ions 

The potent reductant SmI2 readily reduces a-alkylthio, a-sulfinyl and a-sulfonyl ketones at -78 eC.22 
A mixture of iron(I1) polyphthalocyanine and thiophenol has been used to reduce a-halo, a-alkylthio, 
and a,a-bis(alky1thio) ketones.@ The iron compound apparently reacts as an electron transfer mediator; 
the actual source of electrons is the thiophenol, which is converted to diphenyl disulfide in the course of 
the reaction. 

4.8.4.1.3 Electrochemical reductive cleavages 

a-Alkylthio groups are most readily removed electrochemically when sulfur cames a positive charge, 
as in phenacylsulfoniurn ions (40), or when a second activating group is present (41).5 Torii reported a 
synthetic route to 2,2-disubstituted acetates (42) using the 2-benzothiazolylthio moiety as a blocking 
group to prevent overalkylation. The group is easily removed electrochemically after alkylation (equa- 
tion 24).65 A similar sequence has been employed using the phenylsulfonyl group as prosthetic group 
(equation 25).66 

0 

R h O M e  (24) 

2e- 

H+ 0 

MeC02Me - - 
Me02C 

2e- 

H+ 
(42) ___c 

0‘ /p alkylation 
S ,, C02Me 

Ph’ 
R 
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4.8.4.2 Other Reduction Methods 

Thiolate ions react with a-(alky1thio)carbonyl compounds to afford disulfides and the corresponding 
reduced ketone (equation 26).67 The reaction apparently involves direct nucleophilic attack by thiolate on 
the sulfur atom of the alkylthio group. Other soft bases, such as cyanide ion, thiourea and tertiary phos- 
phines, also effect this con~er s ion .~~  Raney nickel of course readily desulfurizes a-alkylthiocarbonyl 
compounds. The reaction is quite selective; for example, the ester, ketone and alkenic moieties of (43) 
are unaffected by the Raney nickel treatment (equation 27).68 Raney nickel reduction of (44) is reported 
to proceed with retention of configuration in ethanol and with inversion in acetone.69 Telluride salts also 
desulfurize a-alkylthio ket0nes.4~ 

QR + R'S- * + RSSR' (26) 

0 0 Et 

\r Et 
C02Me 

1 
CO2Mf 

4.8.5 THE CARBON-NITROGEN BOND 

Carbon-nitrogen bonds are harder to cleave than carbon-oxygen bonds. Cleavage generally requires a 
powerful reductant. The nitrogen atom should carry a positive charge, or the leaving group should be 
highly stabilized, preferably both of these.5 Reduction of quaternary ammonium ions, the Emde reduc- 
tion for example, is generally most efficient where one of the four groups is benzylic. 

4.8.5.1 Electrochemical Reduction 

Electrochemical reductive cleavage of a-amino ketones becomes easier as the acidity of the medium is 
increased, indicating that they are reduced as their conjugate acids? As with a-ketols (Section 4.8.3.1.31, 
reductive cleavage of the carbon-heteroatom bond is frequently accompanied by reduction of the car- 
bonyl group (equation 28).5 

0 OH 

H 

4.8.6 THE CARBON-CARBON BOND 

Indanedione dehydro dimers (45) undergo facile carbonxarbon bond cleavage (equation 29), either 
electrochemically? or by a variety of chemical reductants such as Pt/H2, Na/"3 or Zn/HC1.70 Presum- 
ably the process is markedly assisted here by the production of two P-diketonate anions. By the same 
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token, acyclic 1,1,2,2-tetracarboxylates (46) and the related cyclic derivatives (47) are readily reduced to 
the corresponding malonates and linear tetraesters in 95-100% yield (equations 30-3 1).5 

n 

q y J  0 Ar / * 2 @  \ Ar 

0 0 

(47) X=COzMe (n = 1 or 2) 

4.8.7 THE CARBONSELENIUM BOND 

Cleavage of carbon-selenium bonds a to carbonyl groups follows similar principles to those obeyed 
by the corresponding carbon-sulfur bonds, except that milder conditions are required, as befits the lower 
bond strength of the carbon-selenium bond. Thus cleavage is very facile if selenium cames a positive 
charge (48 + 49 equation 32)71 or if the acidity of the leaving group is enhanced, as in the aryl selenide 
(50).72 Nickel boride, used in the latter reaction, has been shown to reductively remove selenium in the 
presence of sulfur.72 

0 0 

0 
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triazolyl ketone reduction, 13 

electroreduction 
mediator, 132 

Ammonium chloride 
zinc 

nitro compound reduction, 366 
Ammonium cyanoborohydride, tetrabutyl- 

reduction 
enones, 538 

Ammonium cyanoborohydrides, tetraalkyl- 
reductive amination 

nonpolar solvents, 54 
Ammonium formate 

hydride donor 
carbonyl compound reduction, 320 
reductive alkylation of amines, 84 

hydride transfer, 84 
Ammonium formate, trialkyl- 

Ammonium salts 

reduction 

hydrogen donor, 557 

reduction 
dissolving metals, 828 

Ammonium triacetoxyborohydride, tetra-n-butyl- 

Ammonium triacetoxyborohydride, tetramethyl- 

Amphetamine 

Anatoxin a 

1,4-Androstadiene-3,17-dione 

selective aldehyde reduction, 16 

ketone reduction, 9 

hydrogenation, 146 

synthesis, 604 

hydrogenation, 535 
homogeneous catalysis, 452 

Sa-Androstane, 3P-acetoxy- 
reduction 

lithium aluminum hydride, 345 
Androstan- 1 1 -one 

reduction 
dissolving metals, 1 18 

Androstan- 17-one 
reduction 

dissolving metals, 122 

enzymatic reduction, 56 1 

reduction 

Androstenedione 

5-Androsten- 16-one 

dissolving metals, 122 
5-Androsten- 1 T-one, 3P-acetoxy- 
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reduction, 937 
4-Androsten-3-one, 17P-hydroxy- 

reduction, 935 
Anhydrides 

cyclic 

reduction, 239 

Anilides, N-methyl- 

reduction, 29 1 

to aldehydes, 291 

reduction 

Aniline, bromo- 
hydrogenation, 907 

Aniline, Nfl-diethyl- 
thexylborane complex 

hydroboration, 709 

Birch reduction 
dissolving metals, 498 

Rosenmund reduction, 287 

lithium aluminum hydride modifier, 166 

synthesis, 367 
tertiary 

Anisaldehyde 
reduction 

Anisoic acids 

metal hydrides, 270,272 

Aniline, NJ-dimethyl- 

Aniline, N-ethyl- 

Anilines 

hydride donors, 98 

boranes, 3 16 

Birch reduction 

Anisole, p-chloro- 

Anisole, p-fluoro- 

Anisoles 

dissolving metals, 501 

hydrogenolysis, 906 

catalytic hydrogenation, 903 

Birch reduction 
dissolving metals, 493 

electrochemical reduction, 51 7 
reductive silylation, 5 18 

synthesis, 605 

Birch reduction 

hydrogenation, 438 

Anthracene, 9-methyl- 

Anthracene, 9-trifluoroacetyl- 
hydrogenation 

Anthracene hydride 
reaction with chalcone, 563 

Anthraquinone 
reduction 

Anisomycin 

Anthracene 

dissolving metals, 497 

homogeneous catalysis, 454,455 

hydrogenation 
homogeneous catalysis, 455 

homogeneous catalysis, 455 

silanes, 3 18 
9-Anthrone, 1 O-arylmethylene- 

reduction, 950 
Aphidicolin 

synthesis, 946 
Apopinene, 2-ethyl- 

hydroboration, 722 
Arabinose 

synthesis, 292 

reduction, 226 

hydrogenolysis, 916 

synthesis 

P-L-Arabinoside. methyl 3.4-0-benzylidene- 

Arenediazonium salts 

Arenes 

via aryl halides, 895-920 
Arenesul fonylhydrazones 

Arginine acid 
synthesis, 940 

hydrogenation 
catalytic, 145 

Aromatic compounds 
hydrogenation 

reduction 
homogeneous catalysis, 453 

Benkeser reduction, 5 16 
Birch reduction, 490 
dissolving metals, 489-5 19 
electrochemical methods, 5 17 
photochemical methods, 5 17 

reductive silylations, 5 17 

hydrogenation 
Aromatic hydrocarbons 

heterogeneous catalysis, 436 
mechanism, 437 
stereochemistry. 437 
structure-reactivity, 436 

Aryl bromides 
hydrogenolysis, 906 

Aryl chlorides 
hydrogenolysis, 904 

Aryl cyanates 
synthesis 

Aryl fluorides 

Aryl halides 

Aryl iodides 

Aryl sulfides 

Aryl triflates 

Ascorbic acid 

via phenols, 9 12 

hydrogenolysis, 903 

reduction, 895-920 

hydrogenolysis, 908 

hydrogenolysis. 9 14 

reduction, 933 

intermolecular redox reactions 
via enediols, 88 

Aspartic acid 
lithium aluminum hydride modifiers, 168 
synthesis 

via reductive amination, 144 
Aspergillus nixes 

reduction 

(+)-Aspicilin 
synthesis 

unsaturated carbonyl compounds, 558 

via enone reduction, 545 
Asymmetric hydrogenation 

alkenes 

enamides 

Autoxidation 

homogeneous catalysis, 459 

homogeneous catalysis, 460 

zirconium compounds 
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mechanism, 691 
Azaacetals 

reduction, 228 
to ethers, 21 1-232 

Azabicyclo[3.2. lloctane 
synthesis, 124 

2-Azacycloalkanones 
reductive elimination, 926 

1 -Azacyclohexan-3-one 
Wolff-Kishner reduction, 926 

Azaketals 
reduction, 228 

Azapros taglandins 
synthesis, 944 

Azetidines, N-alkoxy- 
synthesis, 60 

Azides 
reduction 

reductive alkylation 

reductive cleavage 

synthesis of secondary amines, 386 

synthesis of secondary amines, 386 

synthesis of amines, 383 
Aziridine 

amides 

Azobenzene 
reduction 

reduction, 271 

synthesis of hydrobenzenes, 382 
Azobenzene, 4,4'-dinitro- 

synthesis, 370 
Azo compounds 

reduction 

reductive cleavage 

synthesis, 364 
Azodicarboxylic esters 

reduction, 388 
Azox ybenzene 

reduction 

synthesis of hydrazo compounds, 382 

synthesis of amines, 383 

synthesis of hydrobenzenes, 382 
Azox ybenzene, 2,2' -dicyano 

synthesis, 365 
Azoxybenzene, 3,3'-diiodo- 

reduction, 365 
Azoxybenzene, 3-trifluoromethyl- 

synthesis, 364 
Azoxy compounds 

deoxygenation, 390 
reduct ion 

reductive cleavage 

synthesis, 364 

synthesis of hydrazo compounds, 382 

synthesis of amines, 383 

Bacillus putrifiirus 
reduct ion 

Baker's yeast 
reduction 

unsaturated carbonyl compounds, 558 

carbonyl compounds, 184 
unsaturated carbonyl compounds, 560 

Bamford-Stevens reaction 
aprotic, 941 
protic, 943 

Barium 
reduct ion 

ammonia, 11 3 
Beauveria sulfurescens 

reduction 
unsaturated carbonyl compounds, 558 

Benkeser reduction 
aromatic rings, 516 

Benzalacetone 
reduction 

electrochemical, 532 
iron hydrides, 550 
molybdenum complexes, 55 1 

Benzalaniline 
reduction 

Benzaldehyde 
dissolving metals, 124 

diethyl acetal 

hydrogenation 

oxime 

reduction 

reduction, 267 

catalytic, 140 

catalytic hydrogenation, 143 

Clemmensen reduction, 3 10 
electrolysis, 321 
ionic hydrogenation, 3 18 
Wolff-Kishner reduction, 338 

Benzaldehyde, Z-carboxy- 
reduction 

hydrogen transfer, 320 
Benzaldehyde, 4-dimethy lamino- 

reduction 
boranes, 3 16 

Benzaldehyde, 3,5-dinitro- 
synthesis 

via acyl halide reduction, 263 
Benzaldehyde, 4-nitro- 

synthesis, 291 

Benzalquinaldine 
reduction, 568 

Benzamide, Nfl-dimethyl- 
reduction, 249 

Benzamides 
Birch reduction 

via acyl halide reduction, 263 

dissolving metals, 507 
Benzamides, 2-methoxy- 

Birch reduction 
dissolving *metals, 507 

Benz[a]anthracene, 7-acetoxy- 

Benz[a]anthracene, 7,12-diacetoxy- 

Benz[a]anthracene, 7-methoxy- 

Benzene 

hydrogenolysis, 9 I 1 

hydrogenolysis, 91 1 

hydrogenolysis, 9 10 

hydrogenation 
heterogeneous catalysis, 436 
homogeneous catalysis, 453 

reductive silylation, 5 17 
Benzene, bromo- 

reduction, 907 
dissolving metals, 526 

Benzene, 1 -bromo-2-chloro- 
hydrogenolysis, 90 I 
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reduction, 908 

hydrogenolysis, 901 

hydrogenolysis, 906 

reduction, 367 

hydrogenation 

Benzene, 1 -bromo-4-chloro- 

Benzene, chloro- 

Benzene, 5-chloro-2,4-dimethoxynitro- 

Benzene, 1,2-di-t-butyl- 

heterogeneous catalysis, 438 
Benzene, 1,4-di-t-butyl- 

high pressure, 438 

reductive coupling, 370 

coupling, 369 

reduction, 366 
reductive coupling, 370 

Birch reduction 

Benzene, pentafluoro- 
hydrogenolysis, 904 

Benzene, pentafluorobromo- 
reduction, 907 

Benzene, 1,3,5-tri-r-butyl- 
hydrogenation 

hydrogenation 

Benzene, 1,2-dinitro- 

Benzene, 1,3-dinitro- 

Benzene, 1,4-dinitro- 

Benzene, ethylenedioxy- 

dissolving metals, 514 

heterogeneous catalysis, 438 
Benzene, 3-trifluoromethylnitro- 

reduction, 364 
Benzene, 1,2,3-trimethoxy- 

hydrogenolysis, 910 
Benzene, I ,2,4-trinitro- 

coupling, 370 
Benzene, 1,3,5-trinitro- 

coupling, 369 
Benzenediazonium fluoroborate, 4-methoxy- 

reduction, 917 
Benzenediimide 

synthesis 
via reduction of benzenediazonium cation, 383 

Benzeneselenocarboxamide 
deoxygenation 

epoxides, 887 
Benzenesulfonyl hydrazide 

diimide from, 472 
decomposition 

Benzenetellurol 
synthesis, 370 

Benzenoid hydrocarbons 
Birch reduction 

dissolving metals, 493 
Benzils 

hydrogenation 

monooxime 

reduction 

Benzimidazoles 
reduction, 638 

Benzimidazoline 
reduction 

cobalt catalysts, 154 

hydrogenation, 148, 149 

metal ions, 1 16 

hydride transfer, 29 1 

Benzimidazolium salts 
synthesis 

via carboxylic acids, 277 
1,2-Benzisoxazoies 

reductive cleavage, 649 
reduction, 649 
synthesis, 649 

reduction 
Benzoates 

stannanes, 824 
Benzoates, a-keto- 

stannanes, 824 
Benzo[c]cinnoline dioxide 

Benzocycloheptenone 

reduction 

synthesis, 364 

reduction 
stereoselectivity, 6 

1,3,2-Benzodioxaborole 
hydroboration, 7 19 

Benzodipyrrole 
reduction 

Benzodithioles 

Benzo- 1,3-dithiole-2-thiones 

borohydrides, 61 8 

reduction, 659 

reduction 
DIBAL, 661 

Benzofluorenone 
hydrogenation 

palladium catalyst, 319 
Benzofuran, 2,3-dimethyl- 

borohydrides, 628 
Benzo[c]furan, 1,3-diphenyl- 

Birch reduction, 627 
hydrogenation, 626 

reduction 

reduction 

Benzofuran, 2-ethyl-3-methyl- 

borohydrides, 627 
Benzofuran, 5-methoxy- 

Benzofuran, 3-methoxycarbonyl- 

dissolving metals, 626 

electrolysis, 628 

reduction 

Benzofuran, 3-methyl- 

borohydrides, 628 
Benzofuran, 3-phenyl- 

photoreduction, 628 
Benzo[h]furans 

electrochemical reduction, 628 
reduction, 624 

reduction, 626 

hydrogenation 

reduction 

Benzo[c]furans 

Benzoic acid, 2-t-butyl- 

heterogeneous catalysis, 438 
Benzoic acid, 4-(4’-chlorobutyl)- 

intramolecular reductive alkylation 
dissolving metals, 505 

Benzoic acid, 4-fluoro- 
hydrogenolysis, 903 

Benzoic acid, 4-isopropyl- 
Birch reduction 

dissolving metals, 500 
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Benzoic acid, 2-methoxy- 
Birch reduction 

dissolving metals, 502 
Benzoic acid, 3-methoxy- 

Birch reduction 
dissolving metals, 501 

Benzoic acid, pentafluoro- 
hydrogenolysis, 901 

Benzoic acid, 2-phenyl- 
Birch reduction 

Benzoic acids, alkyl- 
Birch reduction 

dissolving metals, 504 

dissolving metals, 500 
Benzoic acids, 1 ,Cdihydro- 

synthesis 
via reductive alkylation, 500 

Benzoic acids, tetrahydro- 
synthesis 

via Birch reduction, 500 
Benzoin 

oxime 
hydrogenation, 148 

asymmetric synthesis 
hydrogenation, 461 

Benzomorphans 

Benzomorpholines 
synthesis, 654 

Benzonitrile, 4-methyl- 
hydrogenation, 252 

Benzonorbomadiene oxide 
reduction 

lithium triethylborohydride, 875 
9-Benzonorbomenones 

stereoselecdvity, 5 
reduction 

Benzophenone 
elect roreduct ion 

hydrazone 
chromium chloride, 133 

reduction, Cram modification, 335 
reduction, Henbest modification, 336 

boranes, 3 16 
dissolving metals, 1 15,308 
ionic hydrogenation, 319 
Wolff-Kishner reduction, 338 

reduction 

Benzophenone, 2-bromo- 

hydrogen iodide, 323 
Benzophenone, 4,4'-dimethoxy- 

reduction 

reduction 

Benzopyrazine 

p-Benzoquinone 

ionic hydrogenation, 3 19 

electrochemical reduction, 643 

hydrogenation, 152 
catalytic, 142 

hydride transfer 

1,4-Benzothiazines 
reduction, 658 

1,3-Benzothiazin-4-one 
reduction 

Benzoquinone, 2,3,5,6-tetracyano- 

with dihydroacridine, 93 

LAH, 658 

Benzothiazoles 

Benzothiazoline, 2-phenyl- 
reduction, 657 

reduction 
unsaturated carbonyl compounds, 563 

Benzothiazolium salts 
reduction, 657 

Benzothiophene, 2-methyl- 
ionic hydrogenation, 630 

Benzothiophene, 3-methyl- 
ionic hydrogenation, 630 

Benzo[h]thiophenes 
reduction, 629 

1,2,3-BenzotriazoIes 
reduction, 661 

1,2,5-Benzoxadiazoles 
reduction, 664 

1 ,3-Benzoxathiolium tetrafluoroborates 
2-substituted 

1,4-Benzoxazines 
reduction, 653 

1,4-Benzoxazin-3-one, N-alkyldihydro- 
reduction 

Benzoxazoles 

1 (2H)-Benzoxocin, 2,6-epoxy- 

via Wharton reaction, 928 

synthesis, 277 

LAH, 654 

reduction, 650 

synthesis 

Benzoyl chloride, 4-nitro- 
reduction 

Benzy lacetone 
reduction 

metal hydrides, 290 

transfer hydrogenation, 555 
Benzyl alcohol, 4-methoxy- 

dissolving metals, 5 14 
Birch reduction 

Benzyl alcohols 
esters 

electrohydrogenolysis, 974 
protecting groups, 956 

transfer hydrogenation, 55 1 
hydrogen donor 

hydrogenolysis, 956 
reduction 

dissolving metals, 971 
Lewis acid activated, 966 
sodium borohydride, 968 

Benzylamine, methyl- 
hydrogenation, 146 

Benzylamines 
hydrogenolysis, 957 
hydrogenolytic asymmetric transamination, 147 
reduction 

Benzyl group 
dissolving metals, 97 1 

amino acid protecting group 

Benzyl halides 
cleavage 

zinc, 972 
hydrogenolysis, 955-98 I 

Raney nickel, 964 
reduction 

hydrogenolysis, 958 
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sodium borohydride, 967 
Benzylic acetals 

reduction 

Benzylic ethers 
reduction 

Benzylic ketals 
reduction, 971 

Benzylic thiols 
reduction 

Lewis acid activated, 966 

Lewis acid activated, 966 

Lewis acid activated, 966 
Benzylidene acetal, 4-methoxy- 

reductive cleavage 
sodium cyanoborohydride, 969 

Benzylidene acetals 
hydrogenation, 2 12 

Benzyloxycarbonyl group 
amino acid protecting group 

hydrogenolysis, 958 
deprotection, 957 

Beryllium, dialkyl- 
hydride donor 

reduction of carbonyls, 100 
Bicyclo[2.2.1 Jhepta-2,5-diene-2,3-dicarboxylic acid 

dimethyl ester 
hydrogenation, 440 

Bicyclo[2.2.l]heptan-2-one 
oximes 

reduction 
reduction, dissolving metals, 124 

dissolving metals, 116, 120 
Bicycloheptan-2-one, 7,7-dimethyl- 

reduction 
dissolving metals, 121 

Bicyclo[2.2. I]heptan-2-one, l-methyl- 
reduction 

dissolving metals, 12 1 
BicycIo[2.2.1 ]hept-2-ene, 5-methylene- 

heterogeneous catalysis, 433 
hydrogenation 

Bicyclo[2.2.1 Ihept-5-en-2-one 

dissolving metals, 121 
reduction 

Bicyclo[2.2.0]hexadiene 
reduction 

diimide, 475 

hydrogenation 
Bicyclo[2.2.0]hexa-2,5-diene, hexamethyl- 

heterogeneous catalysis, 428 
Bicycle[ 3.3.1 Inonanone 

reduction 
dissolving metals, 1 I8 

Bicyclo[2.2.2]oct-2-ene-2,3-dicarboxylic acid 
dimethyl ester 

Bilabolide acetate 
synthesis, 824 

1 ,I/-Binaphthyl, 23'-dihydroxy- 
asymmetric reduction 

aluminum hydrides, 545 
lithium aluminum hydride modifier, 162 

chiral modification of reducing agents, 159 
reduction 

aluminum hydrides, 545 

hydrogenation, 427 

Biochemical reduction 

unsaturated carbonyl compounds, 558 

allylic compounds, 977 
NAD(P)H models, 561 

Biotin 
synthesis, 608 

9,9'-Biphenanthryl, 10, IO'dihydroxy- 
lithium aluminum hydride modifier, 164 

Biphenyl, 2,2'-dinitro- 
reduction, 364 

Biphenyl, 4-methoxy- 
Birch reduction 

Biphenyl, 4-methyl- 
Birch reduction 

Biomimetic reduction 

dissolving metals, 5 14 

dissolving metals, 4% 
Biphenylcarboxylic acids 

Birch reduction 
dissolving metals, 504 

Biphenyls 
Birch reduction 

hydrogenation 
dissolving metals, 496 

palladium-catalyzed, 438 
2,2-Bipyridine 

reduction 

Birch reduction 
acetals, 212 
aromatic compounds, 490 
chemoselectivity, 530 
experimental procedures, 492 
hydrogenolysis, 5 14 
intermediates 

limitations, 493 
mechanism, 490 
pyridines, 591 
pyrroles, 605 
scope, 493 
secondary reactions, 493 
substituent effects, 493 
survey, 493 

metal hydrides, 580 

intramolecular protonation, 495 

2,2-Bisoxazoles 
reduction 

LAH, 650 
Bonds 

C - C  

C-halogen 
reductive cleavage, 995 

hydrogenolysis, 895 

reduction, 850 

hydrogenolysis, 9 15 
reductive cleavage, 995 

hydrogenolysis, 9 IO 
reductive cleavage, 991 

reduction, 858 

hydrogenolysis, 91 3 
reduction, 835-870 
reductive cleavage, 993 

C-Hg 

C-N 

C - 0  

c-P 

c-s 

C-Se 
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reduction, 847 
reductive cleavage, 996 

Boraadamantane 
hydride donor, 102 

9-Borabicyclo[3.3. llnonane 
hydroboration, 7 12,7 13 

K-glucoride from, 169 
reaction with a-pinene, 101 
reduction 

kinetics, 724 

acyl halides, 240 
carboxylic acids, 237 
unsaturated carbonyl compounds, 537,543 

synthesis, 708 

asymmetric reduction, 160 
reduction 

alkynic ketones, 537 
4a-Boranaphthalene, perhydro- 

Borane 

9-Borabicyclo[3.3.1 Inonane, B(3-pinanyl)- 

synthesis, 708 

[-butylamine complex 

carbonyl reduction, 20 
chirally modified 

asymmetric reduction, 169 
complexes 

hydroboration, 705 
dimethyl sulfide complex 

carbonyl compound reduction, 20 
carboxylic acid reduction, 237 
ester reduction, 244 
hydroboration, 708 

diphenylamine complex 
carboxylic acid reduction, 237 
hydroboration, 708 

disubstituted 
hydroboration, 7 12 

reagent formed with 2-aminoethanol 
selective aldehyde and ketone reduction, 18 

reductions, 369 
acetals, 2 14 
carbonyl compounds, 3 15 
carboxylic acids, 261 
imines, 26.36 
nitroalkenes, 376 
pyridines, 580 

tetrahydrofuran complex 
amide reductions, 249 
carboxylic acid reduction, 237 
hydroboration, 705 
nitrile reduction, 253 
reductive animation, 54 

thioxane complex 
hydroboration, 708 

triethylamine complex 
hydroboration, 708 

selective ketone reduction, 18 

Borane. alkenyl- 
protonolysis, 726 

Borane, alkenyldialkyl- 
protonolysis, 124, 726 

Borane, P-alkoxyalkyl- 
stability, 705 

Borane, alkoxydialkyl- 
ketone reduction, 9 

Borane, alkyl- 

protonol ysis 
carboxylic acids, 725 

dimethyl sulfide complex 
Borane, alkylbromo- 

synthesis, 7 19 
Borane, alkyldichloro- 

synthesis, 7 18 
Borane, alkylhalo- 

hydroboration, 7 19 
Borane, alkynyl- 

protonolysis, 725 
Borane, allyldialkyl- 

protonolysis, 725 
Borane, benzyl- 

protonolysis, 725 
Borane, bis(benzoy1oxy)- 

reduction 
hydrazones, 357 

Borane, bromo- 
synthesis, 71 1 

Borane, t-butyl- 
synthesis, 7 I O  

Borane, catechol- 
hydroboration, 7 19 
reduction 

hyrazones, 356 
Borane, P-chloroalkyl- 

stability, 705 
Borane, chlorodivinyl- 

synthesis, 71 1 
Borane, dialkyl- 

hydroboration, 7 15 

stability, 717 
synthesis, 717 

Borane, dialkylbromo- 
synthesis, 7 I 1 

Borane, dialkylchloro- 
synthesis, 71 1 

Borane, dialkylhalo- 
synthesis, 71 1 

Borane, dialkyl(methy1thio)- 
synthesis, 71 1 

Borane, di-s-alkylmonoalkyl- 
protonolysis, 725 

Borane, diaryl- 
hydroboration, 7 15 

Borane, dibromo- 
dimethyl sulfide complex 

regioselectivity, 7 17 

synthesis, 7 18 
Borane, dicaranyl- 

Borane, dicyclohexyl- 
chiral hydroboration, 72 1 

hydroboration 
regioselectivity, 7 16 

Borane, (diethy1amino)dichloro- 
dihydridoborate from, 17 1 

Borane, dihalo- 
hydroboration, 7 I8 

Borane, diisopinocampheyl- 
chiral hydroboration, 720 
hydroboration, 7 12 
synthesis, 7 16 

Borane, dilongifolyl- 
chiral hydroboration, 72 1 

Borane, dimesityl- 
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hydroboration, 716 
Borane, dimethyl- 

synthesis, 7 17 
Borane, 2,3-dimethyl-2-butyl- 

reduction 
carboxylic acids, 261 

Borane, diphenyl- 

Borane, disiamyl- 
hydroboration, 7 16 

reduction 
acyl halides, 263 
amides, 273 
lactones, 269 
nitriles, 275 

Borane, haloalkyl- 
stability, 705 

Borane, iodo- 
synthesis, 71 1 

Borane, methyl- 
synthesis, 710 

Borane, monoalkyl- 
redistribution, 710 

Borane, monoalkylchloro- 
synthesis, 71 1 

Borane, monoaryl- 
regioselectivity 

Borane, monochloro- 
hydroboration, 7 10 

dimethyl sulfide complex 
hydroboration, 7 1 1 

hydroboration, 710 
reduction 

acetals, 214 
Borane, monohalo- 

hydroboration, 710 
regioselectivity, 71 1 

Borane, monoisopinocampheyl- 
chiral hydroboration. 721 
synthesis, 710 

Borane, l-pyrrolyl- 
reduction 

enones, 16 
tetrahydrofuran complex 

reduction, unsaturated carbonyl compounds, 537 
Borane, thexyl- 

hydroboration, 709 
reduction 

acyl halides, 263 
amides, 273 
carboxylic acids, 237 
lactones, 269 
nitriles, 275 

Borane, thexylbromo- 
dimethyl sulfide complex 

carboxylic acid reduction, 261 
Borane, thexylchloro- 

dimethyl sulfide complex 

hydroboration, 7 19 
Borane, thio- 

reduction 

carboxylic acid reduction, 261 

carboxylic acids, 261 
Borane, trialkenyl- 

protonolysis, 724 
Borane, trialkyl- 

hydride donor 

reduction of carbonyls, 99, 101 
ketone reduction, 9 
protonolysis, 724,725 

Borane, tri-s-alkyl- 
protonolysis, 725 

Borane, tributyl- 
hydride donor 

protonolysis, 724 
Borane, tricrotyl- 

hydrolysis, 725 
Borane, trifluoro- 

diethyl ether complex 

hydroboration, 708 
reductive cleavage 

benzylic compounds, 969 
sodium borohydride reduction 

carbonyl compounds, 3 15 
water complex 

carbonyl compound reduction, 3 19 
Borane, trimethyl- 

Borane, 1,1,2-trimethylpropyl- 

Borane, vinyl- 

9b-Boraphenalene, perhydro- 

9-Boratabicyclo[3.3.1 Inonane 

9-BoratabicycloI3.3.1 lnonane, B-alkoxy- 

cyclic carbonyl compounds, 14 
9-Boratabicyclo[3.3.1 Inonane, B-alkyl- 

cyclic carbonyl compounds, 14 
9-Boratabicyclo[3.3. llnonane. B-siamyl- 

selective aldehyde reduction, 17 
Borates, alkenyltrialkyl- 

synthesis, 724 
Borepane, 3,6-dimethyl- 

synthesis, 707 
Borinane 

synthesis, 707,7 17 
Borinane, 1 -chloro- 

synthesis, 71 1 
Borinane, 3,5-dimethyl- 

hydroboration 

synthesis, 707 
Borneol 

asymmetric hydrogenation, 144 
Borohydride, cyano- 

zinc-modified 

reduction of carbonyls, 101 

carbonyl compound reduction, 3 19 

protonolysis, 724 

synthesis, 706 

synthesis, 716 

synthesis, 708 

selective aldehyde reduction, 17 

reduction 

reduction 

regioselectivity, 7 17 

selective ketone reduction, I8 
Borohydride, triphenyl- 

Borohydrides 
selective ketone reduction, I8 

asymmetric reduction, I69 
exchange resin 

selective aldehyde reduction, 16 
reductions, 369 

benzo [blfurans, 627 
indoles, 616 
pyridines, 580 
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pyridinium salts, 584 
unsaturated carbonyl compounds, 536 

Borohydrides, alkylcyano- 
reduction 

imines, 36 
Borohydrides, dialkylcyano- 

reduction 
imines, 36 

Borohydrides, monoalkyl- 

cyclic ketones, 14 
reduction 

Borohydrides, thexyl-di-s-butyl- 
reduction 

unsaturated carbonyl compounds, 537 
Borohydrides, tri-s-butyl- 

reduction 
unsaturated carbonyl compounds, 537 

Borolane, 2,5-dimethyl- 
asymmetric reduction, 159 
chiral hydroboration, 72 1 

Boron compounds, alkenyl- 
cleavage, 725 

Boron compounds, allyl- 
protonolysis, 725 

Boron compounds, aryl- 
protonolysis, 725 

Boron trifluoride 
triethylsilane 

2-octanol reduction, 8 13 
Bouveault-Blanc reduction 

Bridgehead halides 
esters, 243 

reduction 
tributy Istannane, 798 

Bruceantin 

1,3-Butadiene 
synthesis, 925 

addition of DZ 

hydroboration, 707 
hydrogenation 

homogeneous catalysis, 449 
hydrosilylation, 776 
selective reduction, 565,567,568 

1,3-Butadiene, 2,3-dimethyl- 
hydrosilylation, 780 

1,3-Butadiene, I-phenyl- 
hydrogenation 

selective reduction, 567 
Butadiyne, 1,4-bis(trimethylsilyl)- 

hydrosilylation, 773 
Butanal 

synthesis, 297 
I .4-Butanedinitrile, 2-aryl- 

reduction, 253 
I .4-Butanediol 

synthesis 

2.3-Butanediol 
chiral acetals 

Pd/AlzOs catalysis, 433 

homogeneous catalysis, 449 

viu hydrogenation, 236 

reduction, 222 
I -Butanol, 4-anilino-3-methy lamino- 

asymmetric reduction 

lithium aluminum hydride modifiers, 168 
aluminum hydrides, 545 

1-Butanol, 4-(2,6-xylidino)-3-methylamino- 
asymmetric reduction 

2-Butanone, 4-hydroxy- 
hydrogenation, 15 1 

2-Butanone, phenyl- 
hydrogenation 

aluminum hydrides, 545 

catalytic, 142 
1,2,3-Butatriene, 1,4-diphenyI- 

palladium-catalyzed, 436 
hydrogenation 

2-Butene, 2,3-dimethyl- 
hydroboration, 7 13 

mechanism, 724 
hydrosilylation, 776 

2-Butene, 2,3-diphenyl- 
hydrogenation 

1-Butene, 2-phenyl- 
hydrogenation 

stereochemistry, 426 

homogeneous catalysis, 463 
Butenedioic acid, difluoro- 

hydrogenation, 896 
Butenedioic acid, fluoro- 

hydrogenation, 896 
2-Butene oxide 

deoxygenation, 889 
hydrogenolysis, 882 

asymmetric hydrogenation 

methyl ester 

2-Butenoic acid, 3-phenyl- 

homogeneous catalysis, 46 1 

hydrogenation, 452 
3-Buten-2-01,3-phenyI- 

hydrogenation 
homogeneous catalysis, 447 

2-Buten- 1 -one, 1 -phenyl-4,4,4-trifluoro- 
reduction 

dihydropyridines, 561 
2-Butyne 

hydrogenation to cis-2-butene 
homogeneous catalysis, 458 

hydrozirconation, 690 
Butyric acid, a-amino- 

asymmetric synthesis, 146 
y-Butyrolactone 

hydrogenation, 246 
Butyronitrile 

reduct ion 
lithium triethoxyaluminum hydride, 274 

Cadmium chloride 
sodium borohydride modifier 

acyl halide reduction, 263 

carbonyl deoxygenations, 343 

Birch reduction, 492 
dissolving metal reductions 

reduction 

Caglioti reactions 

Calcium 

unsaturated hydrocarbons, 480 

ammonia, I13 
enones, 524 
epoxides, 88 1 

Calcium hydride 
reduction 
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acyl halides, 262 
Camphene 

hydrozirconation. 689 
Camphor 

ketal 

reaction with lithium aluminum hydride 

reduct ion 

reduction, 222 

chiral modification of reducing agents, 159 

dissolving metals, 109, 110, 120 
dissolving metals/ammonia, 1 12 
ytterbium/ammonia, 1 13 

Cannizaro reaction 
catalysts, 86 

enolizable aldehydes 

mechanism 

transition metals, 86 

transition metal catalysts, 86 

ketyl radical, 86 
tetracoordinate intermediate, 86 

reduction of nonenolizable aldehydes 
hydride transfer, 86 

Caproic acid 
reduction 

hydrides, 260 
Carbalumination, 756 

intramolecular, 758 
Carbamates 

reduction, 254 
Carbanions 

hydride donors 
reduction of carbonyls, 98 

Carbazole 
hydrogenation, 6 12 
reduction 

dissolving metals, 614 
Carbazole. N-acyl- 

reduction 
metal hydrides, 270,273 

metal hydrides, 273 
Carbazole, 1,2,3,4-tetrahydro- 

Carbazole. N-9-phenylnona-2,4,6,8-tetraenoyl- 
reduction 

reduction 
dissolving metals, 615 

Carbenes 
deoxygenation 

epoxides, 890 
Carbenoids 

deoxygenation 
epoxides, 890 

Carbinol, ethynyl- 
selective reduction, 530 

Carbinol, triphenyl- 
reduction 

Carbinolamines 
reduction, 974 

Carbocyclization 
hydroalumination, 758 

Carbodealumination, 755 
Carbohydrates 

epoxides 

protected 

dissolving metals, 526 

reduction, 875,878 

cleavage, 959 

Carbolines 
reduction 

borohydrides, 61 8 
y-Carbolines, hexahydro- 

synthesis, 613 
Carbonates 

reduction 

Carbonation 

Carbonium ions 

Carbon monoxide 

stannane, 824 

organoaluminum compounds, 737 

hydride acceptors, 91 

hydrosilylation in the presence of, 788 
reaction with zirconium compounds, 691 
reductions 

aromatic nitro compounds, 372 
Carbonyl compounds 

reduction, 7 
acyclic 

asymmetric hydrogenation, I 4 4  
asymmetric reduction, 159 
cyclic 

reduction, 5, 14 
electroreduction, 13 1 

asymmetric, 134 
indirect, 132 

enantiomeric reductions 
enzymes and microorganisms, I85 

homogeneous catalytic hydrogenation, 152 
hydrazones and arylsulfonylhydrazones 

Wolff-Kishner reduction, 327-359 
metal hydride reduction 

diastereoselectivity, 7 
reduction 

catalytic hydrogenation. 139-1 55 
chemoselectivity, 15 
chirally modified hydride reagents, 159-180 
dissolving metals, 107-1 23 
dissolving metals, absence of proton donors, 109 
dissolving metals, mechanism, 108 
dissolving metals, presence of proton donors, I I O  
enzymes and microorganisms, 185 
metal hydrides, 1-22 
silanes, 216 
stereoselectivity, 3 

sodium cyanoborohydride, 47 

reduction, 983-996 

hydrogenation, 439 
hydrogenation, homogeneous catalysis, 452 

reductive amination 

a-substituted 

a$-unsaturated 

Carbonyl compounds, a-chloro- 

Carbonyl compounds, a-halo 
reduction, 20 

electrochemical reduction, 987 
reduction, 19 

Carboxy groups 
reductive cleavage, 987 

enzymic reduction 
specificity, 201 

reduction. 235-254 

aromatic 

Carboxylic acid derivatives 

Carboxylic acids 
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Birch reduction, 499 

metal hydrides, 259-279 
to aldehydes, 283-304 

enzymic reduction, 205 
hydrogenation, homogeneous catalysis, 453 

Carboxylic acids, N-acetylamino- 
hydrogenation, 535 

Carboxylic acids, perfluoro- 
hydrogenation, 242 

Carboxylic esters, a-keto- 
hydrogenation, 152 

Carenones 
synthesis 

Carotenoids 

Carveol 

reduction 

a$-unsaturated 

via Wharton reaction, 927 

synthesis, 560 

reduct ion 
aluminum hydrides, 542 

Carvones 
hydrogenation 

reduction, 563 
homogeneous catalysis, 446 

biochemical, 559 
borohydride, 536 
dissolving metals, 526 
iron hydrides, 550 
metal hydrides, 3 15 
molybdenum complex catalyst, 554 

Cas telanolide 
synthesis, 932 

Catalytic transfer hydrogenation 
heterogeneous catalysis, 440 

Celacinnine 
synthesis 

via cleavage of hydrazide, 389 
p-2,7,11 -Cembratriene-4,6-diol 

synthesis 
via failed Wharton reaction, 929 

Cerium chloride 
lithium aluminum hydride 

reduction 
alkyl halide reduction, 803 

enones, 540 
Cesium 

reduction 
ammonia, 113 
carbonyl compounds, 109 

Cesium iodide 
reduction 

carbonyl compounds, 1 13 
Chalcones 

deoxygenation 
silanes, 546 

reduct ion 
aluminum hydrides, 543,545 
biochemical, 561 
borohydrides, 538 

Chichibabin reaction 
bipyridines, 596 

Chlorohydrins 
synthesis, 20 

Cholanic acid, 3a-hydroxy-7-keto- 
reduction 

dissolving metals, 1 17 
3P,6P,5wChoIestanediol 

reduction, 8 16 
esters 

Cholestan- I-one 
reduction 

dissolving metals, 119 
Cholestan-3-one. 2a-halo- 

reductive elimination, 926 
Cholest-5-ene 

synthesis, 8 19 
Cholest-4-ene-3,6-dione 

reduction 
transition metals, 53 1 

Cholest3( 14)-en-3P-ol 
hydrogenation 

Cholest- 1 -en-3-one 
Clemmensen reduction, 3 1 1 

Cholest-4-en-3-one 
hydrogenation 

reduction 

heterogeneous catalysis, 428 

homogeneous catalysis, 452 

dissolving metals, 526 
electrochemical, 532 

reductive elimination, 930 

1,2-propylenedioxy ketal 
Cholest-5-en-3-one 

reduction, 222 
Cholestenones 

hydrogenation 

reduction 
catalytic, 533 

borohydride, 536 
Cholesterol, 25-hydroxy- 

Cholesterol, thiocarbonyl- 

tributylstannane, 820 
Chroman, hydroxylamino- 

synthesis, 374 
3-Chromanamine 

synthesis, 376 
Chromates, hydridopentacarbonyl- 

reduction 

synthesis, 694 

reduction 

acyl chlorides, 289 
Chromenes, 3-nitro- 

reduction, 374 
Chromium, (pcyclopentadieny1)dinitrosobis- 

reduction 
vicinal dibromides, 797 

Chromium complexes, hydrido- 
reduction 

unsaturated carbonyl compounds, 55 1 
Chromium diacetate 

reduction 
epoxides, 883 

Chromium diacetate, bis(ethy1enediamine)- 
reduction 

a$-unsaturated ketone, 53 I 
Chromium dichloride 

electroreduction 

reductions 

Chromium salts 

carbonyl compounds, 133 

nitro compounds, 37 1 
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deoxygenation 

reduction 
epoxides, 888 

alkenes, 53 1 
alkyl halides, 796 
mechanism, 482 
unsaturated hydrocarbons, 48 1 

reductive cleavage 
a-halocarbonyl compounds, 987 
ketols, 992 

Chromium trichloride 
lithium aluminum hydride 

reduction 

Chromones 
reduction 

unsaturated hydrocarbon reduction, 485 

vicinal dibromides, 797 

aluminum hydrides, 544 
Cinnamaldeh yde 

hydrogenation 

reduction 
catalytic, 140 

aluminum hydrides, 54 1,544 
borohydrides, 537 
molybdenum complexes; 55 1 

synthesis, 301 
Cinnamates 

reduction 

Cinnamic acid 
reduction 

borohydrides, 536 

transfer hydrogenation, 552 
Cinnamic acid, a-acetylamino- 

asymmetric hydrogenation 
homogeneous catalysis, 460 

Cinnamic acid, p-chloro- 
reduction, 905 

Cinnamoyl chloride 
reduction 

metal hydrides, 290 
Cinnamoy l group, 2-nitrodihydro- 

reductive cyclization, 367 
Cinnamyl acetate 

hydrogenol ysis, 977 
Cinnamyl alcohol epoxide 

deoxygenation, 886 
Cinnamyl cinnamate 

reduction 
transfer hydrogenation, 554 

Cinnolines 
reduction, 640 
ring opening 

cathodic reduction, 641 
Citral 

reduction, 563,564 
borohydrides, 540 

Citronellal 
hydrogenation 

reduction 
catalytic, 533 

borohydrides, 540 
Citronellol 

synthesis via asymmetric hydrogenation of geraniol 

biochemical reduction, 560 

or nerol 
homogeneous catalysis, 462 

Clemmensen reduction 
carbonyl compounds, 307,309 
mechanism, 309 

reduction 
Clostridium paraputrificum 

unsaturated carbonyl compounds, 558 
Cobalamin 

catalyst 

reduction 
nitrile reduction, 299 

unsaturated carbonyl compounds, 562 
Cobalt, bis(dimethylglyoximate)chloro(pyridine)- 

partial reduction of pyridinium salts, 600 
catalyst 

Cobalt, carbonylhydridotris(tributy1phosphine)- 
hydrogenation 

alkenes, 446 

hydrogenation 
alkenes, 446 

hydrogenation 
alkenes, 446 

Cobalt, octacarbonyldi- 

Cobalt, carbonylhydridotris(tripheny1phosphine)- 

Cobalt, dicarbonylhydridobis(tributy1phosphine)- 

catalyst 
acetal hydrogenation, 2 12 
hydrosilylation, 764 

a-halocarbonyl compounds, 99 1 

epoxides, 890 

dehalogenation 

deoxygenation 

Cobalt, trihydridotris(tripheny1phosphine)- 
hydrogenation 

alkenes, 446 
Cobalt chloride 

lithium aluminum hydride 
unsaturated hydrocarbon reduction, 485 

Cobalt complexes 
catalysts 

carbonyl compound hydrogenation, 154 
hydroboration, 709 

Cobalt complexes, carbonylhydrido- 
reduction 

Cobalt halides 
unsaturated carbonyl compounds, 55 1 

lithium aluminum hydride 
unsaturated hydrocarbon reduction, 483 

Codeinone, 14-bromo- 
catalytic hydrogenation, 899 

Compactin 
synthesis, 925,945 

Complex reducing agents 
desulfurizations, 840 
reduction 

alkyl halides, 802 
unsaturated carbonyl compounds, 55 1 

synthesis 
Confertin 

via Wharton reaction, 929 
Copper, alkenyl- 

synthesis, 696 
transmetallation, 693 

tetrakis(tripheny1phosphine)di- 
reduction 

Copper, p-bis(cyanotrihydroborato)- 

acyl halides, 264 
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Copper, tetrahydroboratobis(tripheny1phosphine)- 
reduction 

hydrazones, 347 
unsaturated aldehydes, 540 

sodium borohydride modifier 
acyl halide reduction, 264 

Copper chromite 
catalyst 

carboxylic acid hydrogenation, 236 
ester hydrogenation, 242 
hydrogenation, 963 

Copper hydrides 
reduction 

alkyl halides, 801 
unsaturated carbonyl compounds, 548,550 

Copper iodide 
magnesium hydride 

unsaturated hydrocarbon reduction, 483 
Copper salts 

amine complexes 
reduction, aromatic nitro compounds, 373 

Coriolin 
synthesis, I23 

Comforth’s dipolar model 
carbonyl compounds 

reduction, 3 
Coryneharesium equi 

reduction 
unsaturated carbonyl compounds, 561 

Costal 
synthesis 

Costunolide 
synthesis, 945 

Counter electrodes 
electrosynthesis, 130 

Crabtree’s catalyst 
hydrogenation 

alkenes, 452 

via Wharton reaction, 928 

Cram’s rule 
carbonyl compounds 

reduction, 3 
Crispatic acid 

synthesis, 647 
Crotonaldehyde 

hydrogenation, 140 
reduction 

aluminum isopropoxide in isopropyl alcohol, 88 
Crotonate, ethyl a-methyl-&bromo- 

catalytic hydrogenation, 899 
Crotonic acid, y-amino-a-fluoro- 

hydrogenolysis, 896 
Crotyl acetal 

reduction, 2 13 
Crown ethers 

dissolving metals 
reductions, 524 

reduction 
aluminum hydrides, 541 

Crustecdysone, 2-deoxy- 

Cryptands 
synthesis, 534 

reduct ion 

Cumulenes 
aluminum hydrides, 541 

hydrogenation, 434 

Cuprates, hydrido- 
reduction 

a-Curcumene 
synthesis 

Current density 
electrosynthesis, 130 

Current efficiency 
electrosynthesis, 130 

Current yield 
electrosynthesis, I30 

Cyclic voltammetry 
electrosynthesis, 13 1 

Cyclization4emercuration 
mercury(I1)-induced, 857 

Cycloalkene oxides 
reduction 

C ycloalkenes 
hydroalumination, 739 

Cycloalkenes, 1 -chloro-2-hydroperfluoro- 
reduction, 897 

Cycloalkenes, dideuterio- 
synthesis, 726 

Cycloalken-2-one, bromo- 
hydrogenolysis, 900 

Cyclobutanone 
dimethyl acetals 

reduction 

unsaturated carbonyl compounds, 549 

via reductive silylation of anisole, 5 18 

lithium aluminum hydride, 872 

selective reduction, 21 7 

aluminum amalgam, 1 16 
Cyclobutene, 1 -chloro-2-hydrope~uoro- 

Cyclobutene, 1 -chloro-2-iodotetrafluoro- 

Cyclobutene, 3,4-dimethyl- 

hydrogenation, 899 

hydrogenolysis, 900 

reduction 
diimide, 475 

Cyclobutene, hexafluoro- 
hydrogenation, 891 

Cyclobutene, 1,3,3,4,4-pentafluoro- 
reduction, 897 

I ,2-Cyclodecadiene 
hydrogenation 

palladium-catalyzed, 435 
1,2-Cyclodecanedione 

reduction, 950 
Cyclodecanone 

reduction, 935 
P-Cyclodextrin 

electroreduction, I3 I 
Cyclododecane, cyano- 

reduction, 253 
1,2-Cyclododecanedione 

synthesis, 55 1 
1,5,9-Cyclododecatriene 

hydroboration, 708 
hydrogenation 

hydrosilylation, 780 
Cyclododecene oxides 

deoxygenation, 888 
Cyclohepta[cd]benzofuran, 7-methoxy- 

hydrogenation, 625 
Cycloheptanone 

homogeneous catalysis, 45 I 
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dimethyl acetals 

oxime 

reduction 

selective reduction, 2 17 

catalytic hydrogenation, 143 

aluminum amalgam, 1 16 
1.3,5-Cycloheptatriene 

hydride donor 

hydrogenation 
to carbonium ions, 91 

homogeneous catalysis, 45 1 
C ycloheptene 

reduction 
transfer hydrogenation, 552 

1,3-Cyclohexadiene 
disproportionation 

hydroboration, 716 
hydrogenation 

selective reduction, 567 
I ,I-Cyclohexadiene 

disproportionation 

hydrogenation, 440 

homogeneous catalysis, 45 1 

hydrogenation, 440 
Cyclohexane, alkylidene- 

reduct ion 
diimide, 476 

Cyclohexane, 1 -alkyl-3-tosyl- 
reduct ion 

steric control, 961 
Cyclohexane, 4-r-butylmethylene- 

heterogeneous catalysis, 429 
hydrogenation 

Cyclohexane, methylene- 

stereochemistry, 707 

heterogeneous catalysis, 429 

hydroboration 

hydrogenation 

Cyclohexane, nitro- 
reduction, 375 

Cyclohexanecarbaldehyde 
synthesis, 291 

Cyclohexanecarboxylic acid 
piperidide 

reduction, 270 

enzymic reduction 
specificity, 197 

I ,3-Cyclohexanediol 

1,4-Cyclohexanedione 

Cyclohexanecarboxylic acid, 2-oxo- 

catalytic hydrogenation, 8 14 

Clemmensen reduction, 3 13 
hydrogenation 

catalytic, 142 
1,3-Cyclohexanedione, 5.5-dimethyl- 

Clemmensen reduction, 3 12 
hydrogenation, 55 1 

Cyclohexane- 1,3-diones 
enzymic reduction 

specificity, 201 
Cyclohexanimine, 3,3,5-trimethyl- 

Cyclohexanimines, 2-alkyl- 

Cyclohexaniminium compounds, 2-methyl- 

reduction, 43 

reduction, 43 

reduction, 43 

Cyclohexanol, 1 -acetyl- 
reductive cleavage 

metal ions, 992 
Cyclohexanol, 3.3.5-trimethyl- 

isomerization 
catalytic hydrogenation, 141 

Cyclohexanols 
catalytic hydrogenation, 8 14 
hydrozirconat ion 

diastereoselectivity, 689 
isomerization 

catalytic hydrogenation, 142 
Cyclohexanone, 2-alkyl- 

oxime 
catalytic hydrogenation, 143 

Cyclohexanone, benzylidene- 

metal hydrides, 315 
reduction 

Cyclohexanone, 4-r-butyl- 
dimethyl acetal 

reduction 
selective reduction, 217 

dissolving metals, stereoselectivity, I 17 
Cyclohexanone, 4,4-diphenyl- 

Clemmensen reduction 
mechanism, 3 I O  

Cyclohexanone, 2-halo- 
eliminations 

Wolff-Kishner reductions, 34 1 
Cyclohexanone, methyl- 

reduction 
aluminum amalgam, 1 16 

Cyclohexanone, 2-methyl- 
reductive amination 

selectivity, 54 
with ammonia, 54 

Cyclohexanone, 3-methyl- 
reduction 

dissolving metals, stereoselectivity, 1 16 
Cyclohexanone, 4-methyl- 

reduction, 934 
selective reduction, 17 

reduction, 15 

reduction, 15 

reduction 

Cyclohexanone, 2-methylsulfonyl- 

Cyclohexanone, 2-methylthio- 

Cyclohexanone, 3,3,5-trimethyl- 

dissolving metals, stereoselectivity, 1 17 
Cyclohexanones 

dimethyl acetals 
selective reduction, 217 

enol ethers 
reduction, 937 

hydrogenation 
catalytic, 141 

moderately hindered 
reduction, dissolving metals, 119 

one or no a-substituents, reduction 
dissolving metals, stereoselectivity, 1 16 

oxime 
catalytic hydrogenation, 143 
reduction, 393 

aluminum amalgam, 116 
dissolving metals, 112 

reduction, 924 
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dissolving metals, stereoselectivity, 1 16 
ionic hydrogenation, 318,319 
stereoselectivity, 5 

reduction, dissolving metals, 118 
sterically hindered 

Cyclohexanones, 4-substituted 
reductive amination 

selectivity, 54 

disproportionation 

hydride donor 

Cyclohexene 

hydrogenation, 440 

carbonyl compound reduction, 320 
hydrogenolysis, 958 

hydroalumination, 739 
hydroboration, 716 

stereochemistry, 707 
hydrogenation 

homogeneous catalysis, 446 
Cyclohexene, acetyl- 

reduction 
molybdenum complex catalyst, 554 

Cyclohexene, 1 -alkoxy- 
hydrogenation 

palladium-catalyzed, 429 
Cyclohexene, 1.2-dimethyl- 

Cyclohexene, 1,6-dimethyI- 
hydrogenation, 426 

reduction 
diimide, 476 

Cyclohexene, 1 -phenyl- 
hydroboration, 722 

1,2-Cyclohexenedicarboxylic acid 
dimethyl ester 

Cyclohexene oxide 
hydrogenation, 426 

reduction 
metal hydrides, 873 

Cyclohexene oxide, 1 ,Cdialkyl- 
reduction 

lithium aluminum hydride, 875 
Cyclohexene oxide, P-hydroxy- 

reduction 
metal hydrides, 873 

Cyclohexene oxide, 2-(trimethylgermyl)- 
reduction 

metal hydrides, 873 
Cyclohexene oxide, 2-(trimethylsily1)- 

reduction 

2-Cyclohexenol 
synthesis, 166 

2-Cyclohexenone 
asymmetric reduction, 166 
conjugated 

reduction, 6 
hydrogenation 

homogeneous catalysis, 446 
reduction 

aluminum hydrides, 542,545 
9-borabicyclo[3.3. llnonane, 537 

metal hydrides, 873 

via chiral reduction of cyclohexenone, 169 

2-Cyclohexenone, 5-r-butyl- 

K-selectride, 536 
reduction 

2-Cyclohexenone, 5.5-dimethyl- 

reduction 
borohydride, 536 

2-Cyclohexenone, 4,4-diphenyl- 
Clemmensen reduction, 3 12 

2-Cyclohexenone, 2-hydroxy- 
reduction 

aluminum hydrides, 545 
2-Cyclohexenone, 2-methyl- 

hydrogenation 
homogeneous catalysis, 462 

2-Cyclohexenone, 3-methyl- 

borohydride, 536 
transfer hydrogenation, 552 

reduction 

2-Cyclohexenone, 3,3,5-trimethyl- 

aluminum hydrides, 545 
1,4-dihydronicotinamide, 562 

reduction 

Cyclohexenones 
biochemical reduction, 558 
Clemmensen reduction, 3 I 1 
P-unsubstituted 

reduction, 536 
Cyclohexylidene, r-butyl- 

Cyclohexyl isocyanide 
reduction, 23 1 

reduction 
dissolving metals, 830 

1,2-Cyclononadiene 
hydrogenation 

1,3-Cyclooctadiene 
hydrogenation 

1 ,4-C yclooctadiene 
hydrogenation 

1,5-CycIooctadiene 
hydroboration, 708,7 14 
hydrogenation 

palladium-catalyzed, 435 

homogeneous catalysis, 450 

homogeneous catalysis, 450 

heterogeneous catalysis, 433 
homogeneous catalysis, 449,450 

ozonolysis, 399 
C yclooctanone 

reduction, 950 
Cyclooctene, 1 -methyl- 

hydroboration, 7 14,7 18 
Cyclopentadiene 

selective reduction, 567 
Cyclopentadiene, hexachloro- 

hydrogenolysis, 898 
Cyclopentadienone, tetraphenyl- 

reduction, 557 
1,3-Cyclopentanediones 

Clemmensen reduction, 3 I3 
enzymic reduction 

specificity, 201 
Cyclopentanol, dimethyl- 

preparative electrolysis 
from 6-hepten-2-one, I34 

Cyclopentanones 
dimethyl acetals 

reduction 
selective reduction, 217 

aluminum amalgam, 116 
dissolving metals, 122 
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Cyclopentene, 3-chloro- 
hydroboration, 705 

Cyclopentene, 1 -chloro-2-hydroperfluoro- 
hydrogenation, 899 

Cyclopentene, 1 -chloro-2-iodohexafluoro- 
hydrogenolysis, 900 

Cyclopentene, 1 -chloroperfluoro- 
reduction, 897 

Cyclopentene, 1 $dimethyl- 
reduction 

diimide, 476 
Cyclopentene, 1,3,3,4,4,5,5-heptafluoro- 

reduction, 897 
Cyclopentene, 1 -phenyl- 

hydroboration, 722 
2-Cyclopentene- 1 ,4-dione 

reduction, 163 
aluminum hydrides, 544 

Cyclopentenone, 2- bromo- 
reduction 

aluminum hydrides, 545 
Cyclopentenone, dialkyl- 

reduction 
dissolving metals, 122 

Cyclopentenones 
reduction 

aluminum hydrides, 543 
biochemical, 558 
dissolving metals, 123 
molecular orbital calculations, 16 

borohydrides, 539 
selective reduction 

Cyclopentylamines, 2-methyl- 

stereoselectivity, 55 
reduction 

Cyclopropanation 
Simmons-Smith methylenating agent 

hydroalumination adducts, 756 
Cyclopropane, 1,1 -diphenyl-2-isocyano-2-methyl- 

Cyclopropanecarbaldehyde, 1 -(arylthio)- 
reduction, 830 

reduction 
aluminum hydrides, 544 

Cyclopropanes, dihalo- 

selective, 806 
monoreduction 

C yclopropanol 
synthesis 

via dissolving metal reductions, 528 
Cyclopropy I bromides 

reduction 
lithium aluminum hydride, 802 

Cyclotetradecene, 1 -triethylsilylox y- 

1,2-Cyclotridecadiene 
synthesis, 557 

hydrogenation 
homogeneous catalysis, 450 

Cycloundecene 
hydroalumination, 739 

Cysteine, N-benzoyl- 
lithium borohydride modifier, 169 

Cysteine, 4-picolyl- 
cleavage, 974 

Cystine, N,N’-dibenzoyl- 
lithium borohydride modifier, 169 

Darvon alcohol 
lithium aluminum hydride modifier, 164 

Deamination 
diazenes, 828 

5-Deazaflavin 
reduction 

unsaturated carbonyl compounds, 562 
5-Deazaflavin, 1 ,5-dihydro- 

reduction 

Decaborane 
reduction 

Decalindiones 

unsaturated carbonyl compounds, 562 

acetals, 214 

enzymic reductions 
synthesis of hydroxy ketones, 188 

1 -Decalones 
enzymic reduction 

specificity, 197 
reduction 

dissolving metals, 120 
dissolving metals/ammonia. 1 12 

2-Decalones 
enzymic reduction 

specificity, 197 

hydrogenation, 248 

synthesis 

Decyanation 

Decanamide 

1 -Decanol 

via hydrogenation, 236 

ismyanides 
tributylstannane, 830 

5-Decyne 
reduction 

Dehydration 
reduction 

dissolving metals, 479 

ketones, 924 
Dehydrogenases 

hydrogenation 
unsaturated ketones, 561 

Demercuration 
reduction, 850 

Deoxygenation 
alcohols, 8 12 

benzoates 

carbonyl compounds 

epoxides, 884 
free-radical 

to alkanes, 81 I 

photosensitization, 8 17 

via hydrazones, 328 

alcohols, 8 18 
Deoxymercuration. 853 
Deselenation 

Desulfurization 
nucleophilic attack, 847 

o-aminobenzyl sulfide, 976 
benzylic compounds 

rhodium complexes, 963 
definition, 835 
p-phenylsulfonylphenyl p-tolyl sulfide, 9 I4 

Deuterium 
labeling 

hydrozirconation, 69 I 
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Deu terolysis hydrogenation mechanism, 433 

Diamines 
demercuration, 850 partial reduction, 564 

synthesis hydroalumination 
cyclic hydroboration, 709.7 1 1 

via reductive cleavage of cyclic hydrazines, 388 locoselectivity, 742 
1,4-Diazabicycl0[2.2.2]octane 

reduct ion 
aluminum hydrides, 543 

Diazaspiroalkanes 
reduction, 229 

Diazenes 
deamination, 828 

Diazo compounds 
reduction 

reductive cleavage 
synthesis of hydrazines, 382 

synthesis of amines, 383 
Diazomalonic acid 

dimethyl ester 
deoxygenation, epoxides, 890 

Diazomethane 

Diazonium salts 
reaction with hydroalumination adducts, 756 

reduction, 916 

reductive cleavage, 383 
Diazonium salts, aryl- 

hydride acceptors, 9 1 
DIBAL-H - see Aluminum hydride, diisobutyl- 
Dibenzocyclooctanone 

synthesis of hydrazines, 382 

hydrazone 

Dibenzofurans 
reduction 

reduction, Henbest modification, 336 

dissolving metals, 626 

C-P bond cleavage, 864 

Birch reduction, 629 
electrochemical reduction, 61 1 

1,6-Diboracyclododecane 
synthesis, 707 

Diborane 
hydroboration, 705 
reduction 

Dibenzophosphepin 

Dibenzothiophene 

acyl halides, 240,263 
carbonyl compounds, 1,3 15 
carboxylic acids, 237, 261 
epoxides, 875 
lactones, 269 

Dibromides 
vicinal 

reduction, 797 
reduction with tributylstannanes, 798 

Dichlorides 
vicinal 

reduction with tributylstannane, 798 
Dicyclopentadiene 

hydrosilylation, 78 I 
Dideoxygenation 

vicinal, 8 18 
Dienes 

allylic hydroxy 

conjugated 
stereospecific synthesis, 727 

hydrogenation, 433 

hydroboration, 705,707,716 
hydrogenation 

regioselectivity, 433 
stereoselectivity, 433 
to saturated hydrocarbons 
homogeneous catalysis, 449 

hydrozirconation, 676,684 
nonconjugated 

hydroboration, 7 14 
1,2-reduction to alkenes 

homogeneous catalysis, 449 
1,4-reduction to alkenes 

homogeneous catalysis, 45 1 
synthesis, 727 
via hydroalumination, 757 

1,3-Dienes 
hydroboration, 720 
hydrosilylation, 778 
hydrozirconation 

regioselectivity, 685 
a,o-Dienes 

dihydroboration, 714 
hydroboration, 71 1 

hydrozirconation 
Dienols 

regioselectivity, 686 
Diethyl benzenedicarboxylate 

electrochemical, 243 
reduction 

Diethyl malonate 
proton donor 

Diethyl phthalate 
electroreduction of retinal, 134 

reduction 

Diethyl tartrate 
hydrogenation, 242 

Diethyl tetradecanedioate 
hydrogenation, 242 

Difluoramine 
deamination, 829 

Dihalides 
vicinal 

electrochemical, 243 

reduction, 803 
Diimide, dideuterio- 

synthesis, 473 
Diimides 

disproportionation, 473 
isomers 

relative energies, 473 
reduction 

mechanism, 472 
stereoselectivity, 475 
unsaturated hydrocarbons, 472 

relative reactivities 
reduction, 474 

synthesis, 472 
1,3-Diimines 

reduction 
dissolving metals, 124 

Diketones 
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bicyclic 
enzymic reduction, specificity, 201 

enzymic reduction 
enantiotropic specificity, 188 
specificity, 193 

enzymic reduction, specificity, 201 

enzymic reduction, specificity, 201 

monocyclic 

polycyclic 

1.2-Diketones 

1,3-Diketones 
alkynes from, 950 

enantioselective hydrogenation, 15 1 
monoreduction, 938 
reduction, 13 

Clemmensen reduction, 312 
electrolysis, 321 

1,4-Diketones 
Clemmensen reduction, 3 13 

Diketones, diphenyl 
alkynes from, 95 1 

Dimerization 
a-alkenes 

dissolving metal 
hydroalumination, 744 

reductions, 527 
Dimethyl maleate 

reduction, 563 
Dimethyl phthalate 

hydrogenation 
homogeneous catalysis, 454 

Dimethyl terephthalate 
hydrogenation 

homogeneous catalysis, 454 

monodeoxygenation, 818,820 

reduction, 8 14 

synthesis 

Diols 

1,2-Diols 

1,3-Diols 

via reduction of P-hydroxy ketones, 8 
Diols. bis(dia1kylamino)- 

synthesis, 166 
Dioxabicyclo[2.2. llheptane 

reduction, 227 
Dioxabicyclo[3.3.1 Jnonane 

reduction, 227 
6,8-Dioxabicyclo[3.2. Iloctane 

reduction, 227 
Dioxaborinane, trimethyl- 

hydroboration, 7 19 
I ,3-Dioxanes 

reduction, 221,659 
1,6-Dioxaspiro[4.5]decane 

reduction, 220 
1.2-Dioxetanes 

reduct ion 
with glutathione, 398 

Dioxirane, dimethyl- 
oxygen atom transfer, 398 

Dioxirane, methyl- 
oxygen atom transfer, 398 

1,3-Dioxolane, 2,4-dimethyl- 
reduction, 22 1 

1,3-Dioxolane, 2,2,4,4,5,5-hexamethyl- 
reduction, 22 1 

1,3-Dioxolane, 2,2,4,4-tetramethyl- 

1,3-Dioxolane, 2-vinyl- 
reduction, 22 1 

reduction 

1,3-Dioxolanes 
reduction, 22 1,659 

1,3-Dioxolanes, 2-aryl- 
reduction 

lithium aluminum hydride, 2 13 

sodium borohydride, 2 15 
Dipeptides 

synthesis 
via asymmetric hydrogenation of dehydropeptides, 

460 
1,2-Diphosphines 

chiral catalysts 

1,4-Diphosphines 
chiral catalysts 

asymmetric hydrogenation of alkenes, 459 

asymmetric hydrogenation of alkenes, 459 
Diphosphorus tetraiodide 

epoxides, 886 
deoxygenation 

Diselenoketals 
deselenation 

nickel boride, 848 
tin hydrides, 846 

hydrosilylation, I9 

reduction 

Disiloxane, 1,1,3,3-tetramethyI- 

Dissolving metals 

acyl halides, 240 
amides, 248 
aromatic rings, 489-5 19 
benzo[h]furans, 626 
benzo[h]thiophenes, 629 
benzylic compounds, 97 1 

carbonyl compounds, 307-323 
carboxylic acids, 236 
chemoselectivity, 113,530 
conjugated dienes, 564 
enones, 524 
epoxides, 880 
esters, 242 
furans, 607 
imines, 123 
indoles, 614 
isocyanides, 830 
lactones, 247 
mechanism, 525 
nitriles, 252 
oximes, 124 
pyridines, 595 
pyrroles, 605 
stereochemistry, 525 
stereoselectivity, I 16 
stereoselectivity, unsaturated hydrocarbons, 478 
thioketones, 126 
thiophenes, 609 
unsaturated hydrocarbons, 478 

C x X  to CHXH, 107-126 

Disulfides 
hydrogenolysis, 914 
reduction 

sodium borohydride, 369 
Disulfones 
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desulfurization 

N,N-Disulfonimides 
reduction, 827 

1,3,2-Dithiaborinane 
dimethyl sulfide complex 

eliminative, 839 

carboxylic acid reduction, 261 
1,3,2-Dithiaborolane 

Dithianes 
hydroboration, 7 19,720 

desulfurization 
organolithium compounds, 847 

Dithioacetals 
reduction, 989 

Dithiocarbonates 
deoxygenation, 8 18 

Dithioesters 
reduction, 303 

Dithioketals 
desulfurization, 836 

alkali metals, 842 

1,3-Dithiolane, 2,2-diaryI- 
LAH-CuClZ, 840 

desulfurization 
organolithium compounds, 847 

1,3-Dithiolanes 

Dithioles 

Divided cells 

Diynes 

reduction, 231 

reduction, 659 

electrosynthesis, 130 

conjugated 

hydroalumination 

hydroboration 

semihydrogenation, 433 

reduction 

Dodecanamide 

Dodecanenitrile 

Dodecanol, 3,7,1 l-trimethyl- 

hydroboration, 7 I6 

locoselectivity, 742 

protonolysis, 727 

Dodecanal 

titanocene dichloride, 323 

reduction, 249 

hydrogenation, 252 

synthesis 

6-Dodecanone 
reduction 

via asymmetric hydrogenation, 463 

titanocene dichloride, 323 
1-Dodecyl acetate 

reduction 
silanes, 246 

DVnaP 
reductions 

nitro compounds, 365 

Ecdysone, 20-hydroxy- 

synthesis, 537 
side chain 

Echinocandin D 
synthesis 

via reductive alkylation of azides, 386 
Electrochemical reduction 

acyl halides, 240 
alkyl halides 

allylic compounds, 974 
amides, 248,294 
aromatic rings, 5 17 
asymmetric 

chromium(I1) salt catalyst, 797 

carbonyl compounds, 134 
imines, 137 

benzo[h]thiophene, 630 
carbonyl compounds, 307 
carboxylic acids, 236 
cleavage 

C-N bonds, 995 
demercuration, 857 
dimerization, 527 
epoxides, 884 
esters, 242 
indirect 

indoles, 624 
ketones 

lactones, 247 
mesylates, 817 
nitriles, 252 
nitro compounds, 366 
pyridines, 591 
pyridinium salts, 594 
thioamides, 303 
transition metal ions 

carbonyl compounds, 133 
a$-unsaturated ketones, 532 

Electrochemical reductive cleavage 
C - S  bonds, 994 
a-oxygenated carbonyl compounds, 992 

indirect 

a-halo ketones, 987 

carbonyl compounds, 132 

stereocontrol, 133 

Electrode reaction 

electrosynthesis, 13 1 
Electrohydrodimerization 

enones, 532 
Electrolysis 

carbonyl compounds, 32 1 
Electron transfer reduction 

alcohols, 8 15 
C-halogen bonds, 985 
C - 4  bonds, 99 I 
C-S bonds, 993 
enones, 524 

Schiff bases, 136 

principles, 129 

synthesis, 945 

hydrogenation 

Emde degradation 
pyridines, 597 

Enarnides 
asymmetric hydrogenation 

Electroreductive cyclization 

Electrosynthesis 

Elemol 

a-Eleostearate 

homogeneous catalysis, 45 1 

homogeneous catalysis, 460 
Enamines 

hydrogenation 
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heterogeneous catalysis, 439 
hydrogenolysis, 915 
reduction, 938 

hydrides, 55 
stereochemistry, 55 

Enaminones 
reduction 

borohydrides, 540 
Enmein 

synthesis 

Enol ethers 
reduction, 937 

Enol ethers, silyl 
aldol reactions, 786 

Enol phosphates 
reduction 

via Birch reduction, 496 

titanium salts, 531 

hydrogenolysis, 910 

conjugated 

Enols 

Enones 

hydrosilylation, 78 1 
reaction with hydroalumination adducts, 758 

deoxygenation, 545 
P-dialkylamino conjugated 

reduction, 540 
electrochemical reduction 

yohimbine hydrochloride, 532 
hydrogenation 

catalytic, 533 
hydrosilylation 

asymmetric, 784 
partial reduction, 523-568 
reduction 

chemoselectivity, 15 
Enones, cu-alkoxy- 

reduction 
lithium aluminum hydride, 8 

Enynes 
hydroboration, 717 
semihydrogenation, 432 
synthesis 

via hydroalumination, 757 
Enzymes 

experimental methodology 

reduction 
reduction, 185 

carbonyl compounds, 185 
diastereotopic face distinctions, 192 
epoxides, 884 
specificity, 193 
unsaturated carbonyl compounds, 558 

reduction, 184 
sources 

Ephedrine 

Ephedrine, N-methyl- 
lithium aluminum hydride modifier, 166 

asymmetric reduction 

N-ethylaniline complex 

lithium aluminum hydride modifier, 166 

synthesis, 561 

aluminum hydrides, 546 

reduction, unsaturated carbonyl compounds, 545 

1 5-Epi-A*('2)-prostaglandin El 

Epoxides 

deoxygenation, 884 
hydrogenation 

reactions with hydroalumination adducts, 758 
reduction, 871-891 

Epoxides, nitro- 
reduction 

Equilenin ketal 

heterogeneous catalysis, 439 

sodium borohydride, 874 

Birch reduction 
dissolving metals. 497 

Eremophilane 

Eremophilone 
synthesis, 528 

hydrogenation 

Ergoline, 2-bromo- 
Wilkinson catalyst, 445 

reduction 
borohydrides, 618 

Ergosterol 
selective reduction, 565 

Eriolanin 
synthesis, 925 

D-Erythronolactone 
reduction 

disiamylborane, 269 
Eschenmoser fragmentation, 948 
Esters 

alkynic 

a-alkynic 

a-amino 

aromatic carboxylic 

&&diketo 

hydrogenation, 242 
reduction 

hydrozirconation, 683 

hydrostannation, 548 

hydrogenation, 242 

Birch reduction, 505 

reduction, 9 

metal hydrides, 266 
silanes, 824 
stannane, 824 
to aldehydes, 292 

a,P-unsaturated 
enzymic reduction, 205 

Estradiol 
bistrimethylsilyl ether 

reductive silylation, 5 18 
Estrone 

Birch reduction 

Ethane, 1,2-dibromo- 
dissolving metals, 493 

reduction 
dissolving metals, 526 

Ethane, 1,2-diisocyano- 1.2-diphenyl- 
reduction, 83 1 

Ethane,2-substituted-l,l-dimethyl-l-nitro- 
reduction, 375 

Ethanol, 2-amino-2-phenyl- 
hydrogenation, 146 

Ethanol, 1 -cyclohexyl- 
hydrogenation 

catalytic, 141 

Birch reduction 
Ethanol, 1 -(4-methylphenyl)- 
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dissolving metals, 5 15 
Ethanol, 1 -phenyl- 

absolute configuration, 160 
hydrogen donor 

styryl ketones, 552 
transfer hydrogenation, 552 

Ethers 
hydride donors 

synthesis 
to carbonium ions, 91 

via carboxylic acids, 235-254 
via reduction, 21 1-232 

Ethers, allyl methyl 
reduction 

LAHRiCL, 967 
Ethers, allyl thiophenyl 

desulfurization, 840 
Ethers, aryl silyl 

Birch reduction 

Ethers, benzenoid 
Birch reduction 

Ethers, benzyl methyl 

Ethers, biaryl 

dissolving metals, 494 

dissolving metals, 493 

reductive cleavage, 974 

reductive fission 

Ethers, cyclohexenyl 
dissolving metals, 514 

substituted 

Ethers, vinyl 
hydrogenation, 439 

alkoxymercuration, 853 
hydrozirconation, 683 
synthesis 

Ethyl alaninate 
hydrogenation, 242 

Ethylamine. cyclohexyl- 
synthesis 

via acetal hydrogenation, 2 12 

via reductive alkylation of azidocyclohexane, 386 
Ethylamine, diisopropyl- 

Rosenmund reduction, 287 
Ethylamine, N-methyl-N-phenyl- 

lithium aluminum hydride modifier, 171 
Ethylamine, thienyl- 

synthesis, 376 
Ethyl benzoate 

hydrogenation, 242 
reduction 

electrochemical, 243 
metal hydrides, 244 

Ethyl n-butyrate 
reduction 

Ethyl cinnamate 
reduction 

metal hydrides, 266 

transfer hydrogenation, 552 
Ethylene 

hydrosilylation, 773 
monosubstituted 

oligomerization 
hydrosilylation, 774 

lithium hydride, 734 
Ethylene, bromotrifluoro- 

hydrogenolysis, 900 

Ethylene, chlorotrifluoro- 
hydrogenation, 898 
hydrogenolysis, 900 

Ethylene, iodotrifluoro- 
hydrogenolysis, 900 

Ethylenediamine 
solvent for reduction 

dissolving metals, 1 13 
Ethylenediamine, tetramethyl- 

lithium aluminum hydride modifiers, 168 
Ethyl hexanoate 

reduction 

Ethyl mandelate 
metal hydrides, 244 

synthesis 
via hydride transfer to ethyl phenylglyoxylate, 85 

Ethyl pentanoate 
hydrogenation, 242 

Ethyl phenylglyoxylate 
reduction 
hydride transfer, 85,93 

synthesis, 943 
Eudesmol 

Faranal 
synthesis, 556 

Faranal, dehydro- 
reduction, 556 

Famesol 
derivatives 

reduction, 96 1 
Fenchone 

reduction 
dissolving metals, 121 

Ferrates, acyltetracarbonyl- 

acyl chlorides, 289 
reduction 

Ferrates, hydrido- 
reduction 

imines, 36 
Ferrates, tetracarbonyl- 

acyl chlorides, 289 
nitroarenes, 37 I 

reduction 

Ferrates, tetracarbonylhydrido- 
dehalogenation 

reduction 
a-halocarbonyl compounds, 99 1 

acyl chlorides, 289 
imidoyl chlorides, 301 
unsaturated carbonyl compounds, 550 

Flattening rule 
reduction 

Flavanones 
reduction 

cyclic ketones, 7 

aluminum hydrides, 545 
metal hydrides, 314 

Flavobacterium spp. 
reduction 

unsaturated carbonyl compounds, 560 
Fluorene, %diazo- 

deoxygenation 
epoxides, 890 

Fluorene, 1 methyl- 
synthesis, 140 
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Fluorene, tetrahydro- 
hydrogenation 

heterogeneous catalysis, 430 
Fluorene- 1 -carbaldehyde 

hydrogenation 
catalytic, 140 

Birch reduction 
Fluorenes 

dissolving metals, 496 
Fluoren-2-ol,7-methoxy- 

Birch reduction 
dissolving metals, 497 

Fluorenonecarboxylic acid 

hydrogen iodide, 323 
reduction 

Fluorenones 
reduction 

dissolving metals, 115 
Wolff-Kishner reduction, 338 

Formaldehyde 
reduction 

Formamides 
reduction 

metal hydrides, 2 

metal hydrides, 249 
Formates 

hydride donor 

reduction 
hydrogenolysis, 958 

hydride transfer, 84 
Formates, chloro- 

reduct ion 

Formic acid 
amides 

catalytic hydrogenation, 144 
hydride transfer, 84,557 

to carbonium ions, 91 
hydrogenation 

nitriles, 299 
reduction 

carboxylic acids, 285 
pyridiniurn salts, 590 

silanes, 825 

Formic acid, azodi- 
hydrolysis of dipotassium or disodium salt 

diimide from, 472 
Formic acid, benzoyl- 

amides 

bornyl ester 

menthyl ester 

methyl ester 

phenethyl ester 

Formiminiurn salts 

catalytic hydrogenation, 145 

asymmetric hydrogenation, 144 

asymmetric hydrogenation, 144 

hydrogenation, 15 1 

asymmetric hydrogenation, 144 

reduction 
carboxylic acids, 285 

N-Formy lenamines 
synthesis 

via reductive cleavage, 393 
Forskolin 

synthesis, I7 1 
Friedelan-3-one 

reduction 

with lactone 

Friedelan-7-one 
reduction 

dissolving metals, 117 

reduction, dissolving metals, 1 17 

dissolving metals, 1 19 
Furan, dimethyl- 

Furan, 2-methyl- 

Furan, tetrahydro- 

hydrogen donor, 557 

hydrogenation, 606 

solvent for reduction 
dissolving metals, 112 

reductive ring cleavage, 2 18 

reduction, 603-630 

reduction, 230 

reduction 

Furanosides 

Furans 

Furanyl sulfides, tetrahydro- 

2-Furoic acid, 5-alkyl- 

dissolving metals, 607 
2-Furoic acid, 5-phenyl- 

reduction 

Furoic acids 

Furopyran 

Furoxans 

dissolving metals, 607 

Birch reduction, 607 

hydrogenation, 625 

ring opening, 664 

P-D-Galactopyranose, 1,6-anhydro- 
benzylidene acetal 

reduction, 227 
Galactopyranoside, methyl 3,4-O-benzylidene- 

Galactopyranosides, benzylidene- 

Galactose 

Geotrichum candidum 

reduction, 227 

reduction, 230 

reduction, 224 

reduction 

Gephyrotoxin 
unsaturated carbonyl compounds, 560 

synthesis, 652 
via reductive cleavage of tetrahydrooxazines, 395 

Geranial 
asymmetric reduction 

aluminum hydrides, 545 
biochemical reduction, 559 
hydrogenation 

homogeneous catalysis, 462 
Geraniol 

asymmetric hydrogenation 
synthesis of citronellol, 462 

biochemical reduction, 559,560 
Geranyl acetate 

reduction, 960 
Germanium hydrides 

quinone reduction, 19 
Gibberellin A I  

reduction 

Gibberellin As 
borohydrides, 537 
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ketone 
reduction, 537 

Gibberellin At, 2-deuterio- 
methyl ester 

synthesis, 537 
Gibberellin A5, hydroxy- 

synthesis, 537 
Gibberellin Azo, hydroxy- 

synthesis, 537 
Gibberellins 

reduction 

synthesis 

Ginkgolide B 

1,2-a-D-G~ucofuranose 

D-Glucofuranose, 1,2,5,6-di-O-isopropyIidene- 

borohydrides, 537 

via Birch reduction, 500,503 

synthesis, 17 1 

asymmetric hydrogen transfer, 552 

reduction 
tributylstannane, 820 

D-Giuco-D-guloheptano-y -lactone 

sodium borohydride, 269 
reduction 

D-Glucono- 1 $lactones 

a-D-Glucopyranoside, methyl-4,6-0-benzylidene- 

Glucose 

reduction, 292 

reduction, 224 

hydrogenation 

reduction 
catalytic, 140 

nitro compounds, 366 
Glucose, 3-deoxy- 

synthesis, 819 
Glucose, 5-deoxy- 

monodeoxygenation, 820 
Glucose, 1,2,4,6-di-O-benzylidene 

reduction, 226 
Glutamic acid 

asymmetric synthesis, 146 
synthesis, 149 

via reductive amination, 144 
Glutaric acid, a-keto- 

diethyl ester, oxime acetate 
hydrogenation, 149 

Glutathione 
catalyst 

methylglyoxal reduction, 87 
reduction of 1,2-dioxetanes, 398 

Glycamines 
synthesis 

via electroreduction of oximes, 137 
Glycine, phenyl- 

asymmetric synthesis, 146 
ethyl ester 

synthesis, 148 
Glycolic acid 

svnthesis 

hydrogenation, 146 

reduction 
intramolecular disproportionation, 87 

Glyoxal, methyl- 
reduction 

Glyoxalic acid 

Glyoxylic acid, a-naphthyl- 

synthesis of lactic acid, 87 

hydrogenation, 236 

menthyl ester 
asymmetric hydrogenation, 144 

asymmetric electroreduction, I34 
ethyl ester 

Glyoxylic acid, phenyl- 

reduction, hydride transfer, 85,93 
Grignard reagents 

desulfurization, 840 
hydride transfer 

carbonyl reduction, 99 
nitrile reduction, 300 

Griseofulvin, dehydro- 
reduction 

synthesis of griseofulvin, 452 
Grundmann method 

reduction 
aroyl chlorides, 291 

Guaiacol 

Guanidines 
hydrogenolysis, 912 

N-substituted 
reduction, 639 

Hafnium 

Halides 
hydrometallation, 676 

dehalogenation 
metal hydrides, 684 

Halide salts 
reductive cleavage 

a-halo ketones, 988 
Halodealumination, 754 
Halogenative cleavage 

zirconium compounds, 691 
Hantzsch esters 

hydride donors, 92 
Hederagenin, methyl- 

deoxygenation, 821 
Hentriacontane- 14,16-dione 

synthesis, 645 
3,5-Heptadien-2-one 

hydrogenation 

Heptene, 2-chloro- 
hydrogenation, 898 

6-Hepten-2-01 
synthesis 

6-Hepten-2-one 

Heteroaromatic comuounds 

nickel catalyst, 535 

via reduction of 6-hepten-2-one, I34 

preparative electrolysis, 134 

hydrogenation 
V I U  intramolecular disproportionation of glyoxal, 87 homogeneous catalysis, 453 

Glycols Heterocycles 

Glycosides, amino- 1.5-Hexadiene 

Glyoxal 2,4-Hexadiene 

catalytic hydrogenation, 8 14 

deamination, 83 I hydroalumination, 758 

hydride transfer, 92 
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selective reduction, 568 
l$Hexadiene, 2,5-dimethyl- 

hydroboration, 707 
2,4-Hexadiene, 25dimethyl- 

selective reduction, 567 
1,5-Hexadiene, 2-methyl- 

hydroboration, 7 14 
Hexanamide, N,N-dimethyl- 

reduction, 249 
Hexanediol, 2.5-dimethyl- 

nickel acetate 

Hexanoic anhydride 

borane, 240 

cyclic ketone reduction, 14 

reduction 

1 -Hexanol 
synthesis 

via hydrogenation, 236 
Hexano-y-lactones, tetraacyl- 

disiamylborane, 269 
reduction 

Hexanoyl chloride 
reduction 

metal hydrides, 240 
I -Hexene 

hydrogenation 
homogeneous catalysis, 445,447 

2-Hexenedioic acid, 5-amino-2-fluoro- 

1 -Hexen-3-01 
hydrogenolysis, 896 

hydrogen donor 
transfer hydrogenation, 552 

1-Hexyne 
hydrogenation to hexane 

hydrogenation to 1 -hexene 

hydrosilylation, 770 

hydrogenation to cis-hex-3-ene 
homogeneous catalysis, 458 

reduction 
dissolving metals, 479 

homogeneous catalysis, 456 

homogeneous catalysis, 457 

3-Hexyne 

1 -Hexyne, 1 -chloro- 

Homoallylic alcohols 
hydrogenolysis, 898 

asymmetric hydrogenation 
homogeneous catalysis, 462 

homogeneous hydrogenation 
diastereoselectivity, 447 

reduction 
borohydride, 536 

synthesis, 758 
Homogeraniol 

asymmetric hydrogenation, 463 
Hydantoins 

reduction, 639 
Hydrantoins, 2.4-dithio- 

desulfurization, 639 
Hydrazides 

reductive cleavage, 388 
Hydrazides, arenesulfonyl- 

decomposition 

McFadyen-Stephens aldehyde synthesis, 297 
Hydrazides, 2,4,6-triisopropyIbenzenesulfonyl- 

aldehydes, 297 

McFadyen-Stephens aldehyde synthesis, 297 

reductions 
Hydrazine hydrate 

aliphatic nitro compounds, 375 
Hydrazines 

diimide synthesis from, 472 
oxidation 

reduction 
diimide from, 472 

silbenes, 568 
ultrasonic irradiation, 368 

reductive cleavage, 388 
synthesis 

via from hydrazones, 70 
via reduction of diazo compounds and diazonium 

salts, 382 
Hydrazobenzene 

synthesis 
via reduction of azobenzenes and azoxybenzenes, 

382 
Hydrazo compounds 

reduction, 364 
synthesis 

Hydrazones 
via reduction of azo and azoxy compounds, 382 

asymmetric hydrogenation, 145 
hydrogenation 

catalytic, 143 
reduction 

to hydrazines, 70 
reductive cleavage, 387 
reductive elimination, 939 
Wolff-Kishner reduction, 328 

Hydrazones, N-arylsulfonyl- 
reduction 

hydrides, 343 
to arylsulfonylhydrazines, 70 

Hydrazones, tosyl- 
unsaturated 

synthesis, 929 
Hydride acceptors 

carbonium ions, 91 
Hydride donors 

reactivity, 80 
reduction 

catalysts, 82 
mechanism, 81 

structural types, 80 
structure, 80 
tertiary anilines, 98 

Hydride reagents 
chirally modified 

carbonyl compound reduction, 159-1 80 
Hydrides 

delivery from carbon 
reduction, 79-103 

desulfurizations, 839 
reduction 

alcohols, 8 12 
cyclic imines, stereoselectivity, 37 
imines, chemoselectivity, 37 

amines, 826 
Hydride sources 

hydrogenoly sis 

reductive deamination 

palladium, 958 
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Hydride transfer 
activation, 82 
alcohols, 88 
aldehydes, 86 
amines, 88 
ammonium formate 

carbonyls, 323 
cation effects, 90 
formic acid, 84 
from transition metal alkyls, 103 
heterocycles, 92 

catalysis, 97 
hydrocarbons, 91 
intramolecular, 90 
organometallics 

transition metal catalyst, 84 

reduction of carbonyls, 98 
Hydrindene acid 

Birch reduction 
dissolving metals, 500 

H ydrindenone 
hydrogenation 

Hydroalumination 
stereoselectivity, 534 

adducts 

alkenes, 692,698 
alkynes 

reactivity, 738 
substituent control, regiochemistry, 750 

chemical derivatives, 753 

chemoselectivity, 734 
history, 734 
in organic synthesis, 757 
interfering functional groups, 742 
kinetic rate expressions, 747 
locoselectivity, 734,742,744 
mechanism, 747 
metal promoters 

alkenes, 75 1 
reaction rates, 747 
rearrangement, 676 
regioselectivity, 734,745 
scope, 739 
side reactions, 744 
solvent effects, 747 
stereoselectivity, 734,746 
substituent effects 

alkynes, 749 
thermodynamics, 670 
transition metal catalysts, 747 
unsaturated hydrocarbons, 733-758 

H ydroboration 
acyclic alkenes, 704 
chiral, 720 
fundamentals, 704 
mechanism, 724 
tinsaturated hydrocarbons, 703-727 

hydride transfer, 9 1 

alkenes 
hydrozirconation, 694 

alkynes 
hydrozirconation, 688 

zirconium compounds, 692 

Hydrocarbons 

Hydrocyanation 

Hydrodimerization 

enones, 532 
Hydrogallation 

alkenes, 698 
Hydrogenation 

acetals, 2 12 
acyl halides 

aldonolactones, 292 
alkenes, 421 

Rosenmund reaction, 239 

double bond migration, 422 
heterogeneous catalysis, 41 7-442 
homogeneous catalysis, 443-463 
mechanism, 422 
structure-reactivity, 424 

heterogeneous catalysis, 4 17-442 
homogeneous catalysis, 443463 

alkynes 

amides, 248 
anhydrides, 292 
aromatic compounds 

carboxylic acids, 236 
catalysts 

homogeneous catalysis, 453 

chirally modified, 149 
heterogeneous, 41 7-442 
kinetics, 419 
mechanism, 420 
transport phenomena, 419 

aromatic carbonyl compounds, 3 19 
benzo[h]furans, 624 
benzo[h]thiophenes, 629 
carbonyl compound reduction, 139-1 55 
conjugated dienes, 565 
enones, 533 
furans, 606 
indoles, 6 12 
pyridines, 597 
pyrroles, 604 
thiophenes, 608 
unsaturated carbonyl compounds, 533 

catalytic 

diastereoselective asymmetric, 144 
electrocatal ytic 

ketones and aldehydes, 135 
esters, 242 
heteroaromatic compounds 

homogeneous catalysis, 453 
heterogeneous catalysis 

alkenes and alkynes, 4 17-442 
chiral catalyst, 149 

homogeneous catalysis 
alkenes and alkynes, 443463 
alkynes, 456 
conjugated alkenes, 449 

imidoyl chlorides, 301 
ionic 

alkenes, 486 
carbonyl compound reduction, 3 17 
mechanism, 486 

isomerization modifiers 
alkenes, 423 

lactones, 246 
nitriles, 25 I ,  298 
nitroso compounds 

aromatic, 372 
zirconium compounds, 690 
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Hydrogen iodide 

reduction 

Hydrogenol ysis 
allyl halides, 955-98 1 
amines, 826 
aromatic carbonyl compounds, 3 19 
Birch reduction 

catalytic 

allylic compounds, 978 

dissolving metals, 5 14 

alcohols, 814 
alkyl halides, 794 

C-N bonds, 915 
C 4  bonds, 910 
C-S bonds, 91 3 
epoxides, 881 
vinyl halides, 895 

Hydrogen sulfide 
carbon monoxide 

demercurations, 857 
reduction 

reduction, aromatic nitro compounds, 372 

carbonyl compounds, 323 

aromatic compounds, 370 

carbonyl compounds, 320 

Hydrogen telluride 
reductions 

Hydrogen transfer 
reduction 

Hydrogennylation 
alkenes, 699 

Hydrolithiation 
catalytic, 697 

H ydromagnesiation 
catalytic, 697 
unsaturated hydrocarbons, 75 1 

Hydrometallation, 695 
catalytic, 697 
mechanism, 671 
unsaturated hydrocarbons, 667-699 

Hydroperoxides 
reduction 

Hydrosilanes 
synthesis of alcohols, 396 

hydrosil ylation 
unsaturated hydrocarbons, 765 

Hydrosil ylation 
acetylene, 769 
alkenes, 699 
asymmetric, 173 

alkenes, 782 
carbon monoxide, 788 
catalysts 

conjugated alkynes, 772 
conjugated enones, 78 1 
cyclic polyenes. 780 
disubstituted alkynes, 771 
ethylene, 773 
intramolecular, 788 

isoprene, 779 
mechanism 

monosubstituted alkynes, 770 
monosubstituted ethylenes, 774 

unsaturated hydrocarbons, 764 

carbonyl compounds, 9 

unsaturated hydrocarbons. 765 

a-oxy ketones, 8 
polyenes, 778 
solvents 

unsaturated hydrocarbons, 765 
substituted ethylenes, 776 
unsaturated hydrocarbons, 763-789 

Hydrostannation 
alkenes, 699 
carbonyl compounds, 21 
unsaturated esters, 548 

Hydrotitanat ion 
alkenes, 696 

Hydroxamic acids 
reduction 

titanium(II1) chloride, 395 
a-Hydroxy acids 

asymmetric hydrogenation 
modifying reagents, 150 

a-Hydroxy esters 
synthesis 
via reduction of a-keto esters, 169 

Hydroxylamine, N,O-dimethyl- 

Hydroxylamine, N-phenyl- 

Hydroxylamine, tri-t-butyl- 

reaction with acyl chlorides, 272 

synthesis, 366 

reduction 
synthesis of di-t-butylamine, 395 

Hydroxylamine esters 
synthesis 
via from oxime esters, 60 

Hydroxylamine ethers 
synthesis 
via from oxime ethers, 60 

Hydroxylamines 
enzymic reduction, 395 
reduction 

metal hydrides, 27 
synthesis of amines, 394 

synthesis, 366.373 
via oximes.60 

reductive cleavage 
Hydroxylamines, N,N-dialkyl- 

Hydroxylamine-O-sulfonic acid 
synthesis of secondary amines, 395 

amino acids, 828 
Hydroxymercuration, 854 
Hydrozirconation 

chemoselectivity, 683 
chlorohydridobis(cyclopentadienyl)zirconium, 675 
conditions, 676 
diastereoselectivity, 688 
enantioselectivity, 690 
mechanism, 668 
regioselectivity, 684 
synthetic utilization, 690 
thermodynamics, 669 
unsaturated hydrocarbons, 667 

synthesis, 273 

reduction 

deamination 

Hygrine 

Hypophosphorus acid 

pyrroles, 606 

Imidates 



1110 Subject Index 

cyclic 
reduction, 302 

reduction, 302 
Imidazolecarboxylic acids 

electrolytic reduction, 285 
Imidazoles 

reduction, 638 
Imidazoles, acyl- 

reduction 
metal hydrides, 27 1 

Imidazoles, N-hydroxy- 
reduction 

titanium(II1) chloride, 395 
Imidazole- 1 -thiocarbonyl compounds 

deoxygenation, 8 18 
Imidazolidin-2-ones 

reduction 
LAH, 639 

Imidazolines 
reduction, 638 

2-Imidazolines 
reductive decyclization, 638 

Imidazolium salts 
reduction, 638 

Imides 
cyclic 

reduction, 254 
Imidoyl chlorides 

reduction, 300 

reduction, metal hydrides, 273 

metal hydrides, 272 
Imines 

asymmetric hydrogenation, 145 
asymmetric reduction, 176 
cyclic 

homogeneous hydrogenation, 155 
electroreduction, 135 

asymmetric, 137 
mechanism and products, 135 

homogeneous catalytic hydrogenation, 152 
hydrosilylation, 180 
N-phosphorus substituted 

reduction 
reduction, 74 

diimide, 478 
dissolving metals, 123 
enzymes and microorganisms, 204 
mechanism, 26 
metal hydrides, 25-74 

N-sulfur substituted 
reduction, 74 

synthesis 
via carboxylic acids, 284 
viu reduction of oximes, 392 

Imines, diphenylphosphinyl- 
proc h i ra I 

asymmetric reduction, 176 
Imines, sulfinyl- 

reduction 
lithium aluminum hydride, 74 

Imines, N-sulfonyl- 
reduction 

a-Imino acids 
reduction 

sodium cyanoborohydride, 74 

enzymes, 204 

Iminodicarboxylic acids 

Indane-2-carboxylic acid 
synthesis, 146 

Birch reduction 
dissolving metals, 500 

Indanedione 
dehydrodimers 

C - 4  cleavage, 995 
Indanedione, perhydro- 

synthesis 
via dissolving metal reductions, 528 

Indanone 
reduction 

1 -1ndanones 
dissolving metals, 123 

Birch reduction 
dissolving metals, 509 

Indazoles 
reduction, 636 

Indazolinone 
synthesis 
via reduction of methyl 2-atidobenzoate, 386 

Indazolium salts 
reduction 

borohydride, 637 
Indene, 1,l -dimethyl- 

hydroalumination, 744 
Indene, 2-methyl- 

hydrozirconat ion 
diastereoselectivity, 688 

Indole, N-acetyl- 
hydrogenation, 613 

Indole, acyl- 
reduction 

Indole, N-alkyl- 
reduction 

metal hydrides, 270 

sodium borohydride, 6 16 
Indole, 4-(benzyloxy)- 

Indole, 5,6-dimethoxy- 

borohydrides, 6 18 

synthesis, 368 

reduction 

Indole, 2,3-dimethyl- 
reduction 

dissolving metals, 615 
stereochemistry, 624 

stereoselective reduction, 624 

reduction 
Indole, 2.3-diphenyl- 

borohydrides, 6 18 
Indole, 5-methoxy- 1 -methyl- 

reduction 
dissolving metals, 614 

Indole, 2-methyl- 
hydrogenation, 6 I2 

Indole, 5-nitro- 
reduction 

borohydrides, 6 18 
Indole, N-phenyl- 

reduction 
dissolving metals, 614 

Indole-2-carboxylates, N-alkyl- 
reduction 

borohydrides, 6 18 
Indole-2-carboxylic acid 
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reduction 
dissolving metals. 614 

Indole-3-carboxylic acid 
ethyl ester 

reduction, dissolving metals, 615 
Indoles 

reduction 

selective reduction, 530 
Indolomorphan 

synthesis, 621 
Insect pheromones 

y-lactone 
synthesis, 166 

Intramolecular reactions 
dissolving metals 

reductions, 528 

hydrides, 55 

Iodohydrin 
deoxygenation 

Ionic hydrogenation 
epoxides, 891 

benzothiophenes, 629 
furans, 608 
indoles, 623 
thiophenes, 610 
tosylates, 813 

pinacols 
@-lonone 

synthesis, via electroreduction, 135 
Iridium 

catalyst 

reduction 
carbonyl compound hydrogenolysis, 320 

transfer hydrogenation, 366 
Iridium, bis[chlorobis(cyclooctene)- 

catalyst 
hydrosilylation, 764 

Iridium. cyclooctadienebis(trialky1phosphine)- 
hydrogenation 

alkenes, 446 

hydrogenation 
alkenes, 446 

Iridium, cyclooctadiene(trialkylphosphine)pyridyl- 

Iridium, tetrakis(diethy1phenylphosphine)- 
catalyst 

hydrogenation. 534 
Iridium chloride (3,4,7,8-tetramethyI- 

1 , 1 0-phenanthroline)(cyclo- 1,5-octadiene)- 
transfer hydrogenation, 552 

Iridium complexes 
hydride transfer 

catalyst, 91 
Iron 

reduction 
enones, 524 

Iron, nonacarbonyldi- 
dehalogenation 

a-halocarbonyl compounds, 99 1 
Iron carbonyls 

dehalogenation 

reductive cleavage 
a-halocarbonyl compounds, 99 I 

keto1 acetates, 993 
Iron chloride 

lithium aluminum hydride 
unsaturated hydrocarbon reduction, 485 

Iron clusters 
reductions 

Iron-graphi te 
reduction 

Iron hydrides 
reduction 

Iron nitrate 
reduction 

nitroarenes, 37 1 

vicinal dibromides, 797 

unsaturated carbonyl compounds, 550 

dissolving metals, 526 
Iron oxide 

catalysts 
reduction, 366 

Iron pentacarbonyl 
deoxygenation 

epoxides, 890 
Iron polyphthalocyanine 

a-halo ketones, 994 
reduction 

y -Irradiation 
hydrosily lation 

unsaturated hydrocarbons, 764 
Isobutylamides, o-alkynic 

Isocyanates 
synthesis, 694 

reduction, 254 

Isocyanates, phenyl 
reduction, 254 

Isocyanides 
metal-ammonia reduction, 830 
reduction, 830 

triphenylstannane, 74 

tributylstannane, 83 1 
Isoflavones 

reduction 
DIBAL-H, 544 

Isoindoles 

Isolongifolene, 9-0XO- 
reduction, 624 

reduction 

Isomerization 
aluminum hydrides, 542 

configurational 
hydroalumination, 744 

Isonicotinamide, I -benzyl- I ,2-dihydro- 
reduction 

Isooctopine 

Isophorone 

dihydropyridine, 589 

synthesis, 145 

hydrogenation 

reduction, 563 

hydrogenation 

hydrosilylation, 779 
selective reduction, 567,568 

Isopropylamine, @-phenyl- 
synthesis, 376 

Isoquinoline 
electroreduction, 594 
hydrogenation 

homogeneous catalysis, 462 

Isoprene 

homogeneous catalysis, 449,45 I 

nickel catalysts, 597. 598 
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2-oxide 

reduction 
deoxygenation, 391 

borohydrides, 581 
dihydropyridine, 589 
dissolving metals, 596 
homogeneous catalysis, 600 
metal hydrides, 580 

reductive alkylation 
borohydrides, 58 1 

Reissert compounds, 295 

hydrogenation 

Isoquinoline, cyano- 

Isoquinoline, N-acyl- 1 -alkylidene- 1,2,3,4-tetrahydro- 

synthesis of isoquinoline alkaloids, 461 

reduction 
borohydrides, 58 1 

Isoquinoline, 5-nitro- 
reduction 

borohydrides, 582 
Isoquinolinium salts 

reduction 
aluminum hydrides, 587 
borohydrides, 587 

Isoselenazoles 
reduction, 658 

Isoselenocyanates 
reduct ion 

tributylstannanes, 830 
Isotetralin 

reduction 
Wilkinson catalyst, 445 

catalytic hydrogenation, 656 

reduction, 656 

reduction, 830 

Isourea, alkylaryl- 
hydrogenolysis, 9 12 

Isourea, 0-alkyl-N,N-dicyclohexyl- 
hydrogenation, 8 15 

Isourea, 0-aryl-N,N’-dialkyl- 
hydrogenolysis, 9 I2 

Isourea, 0-aryl-NsZI-dialkyl- 
hydrogenolysis, 912 

Isourea, 0-aryl-N,N’-dicyclohexyl- 
synthesis, 913 

Isourea, 0-aryl-N,N-diethyl- 
hydrogenolysis, 912 

Isoxazole, 5-chloro- 
dechlorination 

Isoxazole, 5-cyano- 
reduction, 646 

Isoxazoles 
reduction, 644 
reductive cleavage, 392 

Isoxazoles, 4.5-dihydro- 
reductive cleavage, 392 

Isoxazoles, 4-(oxoalkyl)- 
pyridines from, 645 

Isoxazoles, tetrahydro- 
reduction, 395 

Isoxazolidines 

Isothiazole, 4-nitro- 

Isothiazoles 

Isothiocyanates 

tributylstannane, 83 1 

sodium borohydride, 646 

reduction, 648 
ring opening, 648 

2-Isoxazoline, 3,5-diphenyl- 
reduction 
LAH, 647 

reduction, 647 

esters of 
reduction, 647 

Isoxazolines 
reduction, 70,647 

Isoxazolin-5-one 
hydrogenation 

Isoxazolium salts 
reduction, 644,646 

Isoxazolylsulfonamides 
hydrogenation, 645 

Itaconic acid 
asymmetric hydrogenation 

homogeneous catalysis, 461 
esters 

hydrogenation, 449 
transfer hydrogenation 

triethylammonium formate, 84 

2-Isoxazoline, 2-methyl- 

Isoxazoline-4-carboxylic acids 

palladium catalyst, 649 

Juvabione 
synthesis, 948 

K-glucoride 

K-selectride - see Potassium tri-s-butylborohydride 
Kaurene 

synthesis, 169 

synthesis 
via Birch reduction, 500 

Ketals 
acyclic 

reduction 
selective reduction, 2 I7 

metal hydrides, 267 
Keto acids 

enzymic reductions 
lactate dehydrogenases, 189 

P-Keto acids 
enzymic reduction 

synthesis of P-hydroxy esters, 190 
y-Keto acids 

(2H)-pyridazinones 
reduction, 343 

enzymic reductions 
Keto esters 

lactate dehydrogenases, I89 
a-Keto1 acetates 

reductive cleavage 
iron carbonyls, 993 
metals, 991 

Ketols 
cleavage 

deoxygenation 
mechanism, 984 

metal ions, 992 

reductive cleavage 
metal ions, 992 
metals, 991 

a-Ketols 
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Ketone, anthracene-9, IO-diyl-bis(styry1 

Ketone, 9-anthryl styryl 

Ketone, cyclobutyl phenyl 

Ketone, cyclopropy! methyl 

dissolving metals, 309 
Ketone, cyclopropyl phenyl 

dissolving metals, 309 
silanes, 3 18 

Ketone, mesityl phenyl 
reduction kinetics, 2 

Ketone, methyl vinyl 
reduction 

reduction 
aluminum hydrides, 543 

reduction 
aluminum hydrides, 543 

reduction 
silanes, 318 

reduction 

reduction 

transfer hydrogenation, 552 
Ketones 

acyclic 
' reduction, 2 

alkenic 

alkynes from, 950 
alkynic 

a$-alkynic 

allenic 

aromatic 

electroreduction, 134 

electroreduction, 134 

reduction, 357,545 

reduction, 114 

Birch reduction, 508 
hydrogenolysis, 3 19 
reduction, 114, 115 

enzymic reduction, 197 

enzymic reduction, specificity, 200 

reduction, 5 ,  14 
stereocontrol, cathodic reduction, 133 

electroreduction, 132 
stereocontrol, 133 

hydrogenation 
catalytic, 141 

hydrozirconation, 683 
nonal kenic 

electroreduction, 13 1 
nonconjugated alkenic 

electroreduction, I34 
reduction, 923-951 

cathodic, 13 1 
chiral boron reagents, 101 
diimide, 478 
dissolving metals, 307-323 
dissolving metals, stereoselectivity, 1 16 
ionic hydrogenation, 487 
samarium diiodide, ! 15 
selective, 18 

a-substituted 
reductive elimination, 925 

unconjugated unsaturated 
hydrogenation, 439 

bicyclic 

bridged bicyclic 

cyclic 

unsaturated 

a$-unsaturated 
reduction, diimide, 476 

dissolving metal reduction, 481 
electroreduction, 134 
enzymic reduction, 191,205 
hydrogenation, 533 
hydrogenation, homogeneous catalysis, 452 
partial reduction, 526 
reduction, metal hydrides, I5 

Ketones, a-acetoxy 
reduction, 935 

Ketones, P-alkoxy 
reduction, 9 

Ketones, a-alkylthio 
reductive cleavage, 993 

Ketones, amino 
reduction, 13 

Ketones, a-amino 
hydrosilylation, 13 
Wolff-Kishner reduction, 927 
reduction 

reductive cleavage, 995 
Ketones, aryl 

reduction 

electrolysis, 321 

hydride transfer, 91 
Ketones, aryl alkyl 

Ketones, p,P-bis(alkylthio)a,P-unsaturated 
electroreduction, 13 1 

reduction, 542 
selective reduction, 540 

reduction, 21 
Ketones, cyclopropyl 

dissolving metals, 114 
Ketones, cyclopropyl phenyl 

reduction 

Ketones, dialkyl 

Ketones, diary1 

Ketones, a,a-dihalo 

metal salts, 987 

hydrogen transfer, 320 

electroreduction, 132 

electroreduction, I32 

reduction, 20 

Ketones, dimesityl 
reduction 

alane, 3 
Ketones, cr,P-epoxy 

reduction, 1 1,21,992 
Wharton reaction, 927 

Ketones, y,&epoxy 
reduction, 1 1  

Ketones, a-halo 
reduction, 19 

reductive cleavage 

reductive elimination, 925 

reduction 

stereoselectivity, 3 

metals, 986 

Ketones, a-hydroxy 

diastereoselectivity, 7 
Ketones, P-hydroxy 

Ketones, y-hydroxy 
reduction, 8 

reduction, I O  
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Ketones, a-methyl-J3,y-unsaturated 
reduction, 10 

Ketones, naphthyl 
Birch reduction 

dissolving metals, 508 
Ketones, a-oxy 

hydrosilylation, 8 
Ketones, a-phenylthio 

reduction, 15 
Ketones, a-substituted J3-hydroxy 

reduction, 9 
Ketones, a-tosyl 

reduction, 926 
Ketones, a-triazolyl 

reduction, 13 
Ketones, a-vinyl J3-hydroxy 

reduction, 10 
Kishner-Leonard eliminations 

reduction of hydrazones, 341 

L-selectride - see Lithium tri-s-butylborohydride 
Lac tams 

reduction, 248 

Lactams, hydroxy 
metal hydrides, 273 

synthesis 
via cyclic imide reduction, 273 

Lactate dehydrogenases 

keto acids, 189 
reduction 

Lactones 
reduction, 246 

Ladenburg reduction 
pyridines, 595 

Sa-Lanosta-2,8-diene 
synthesis, 935 

Lanostanol, 7 , l l  -dioxo- 
acetate 

metal hydrides, 268 

Wolff-Kishner reduction, 330 
Sa-Lanost-8-en-3-one 

Lanthanide, dichlorocyclopentadienyltris- 
reduction, 935 

(tetrahydrofuran) 
enone reduction, 16 

Lanthanides 
hydrometallation, 696 

Lanthanoid chlorides 
selective aldehyde reduction, 17 

Lanthanojd complexes 
hydrogenation 

alkenes, 447 
Lanthanoid ions 

enones, 538 
reduct ion 

Lanthanum nickel hydrides 
reduction 

unsaturated carbonyl compounds, 55 1 
Lepidine, 2-chloro- 

Leucine 
hydrogenation, 905 

synthesis 
viu reductive amination, 144 

Leuckart reaction 
reductive alkylation of amines 

ammonium formate, 84 

Lewis acids 
carbonyl compound reduction 

metal hydrides, 3 14 
hydroalumination 

alkynes, 750 
Limonene 

hydroboration 

hydrogen transfer 
protonolysis, 726 

carbonyl compound reduction, 320 
Lipoamide 

immobilization, 369 
reduction 

isoxazoles, 645 
Lipoamide A2 

iron complex 
reduced form, 649 

Lithium 
amalgam 

reduction, 115 
Birch reduction, 492 

alkyl halides, 795 
deoxygenation 

epoxides, 889 
in alcohol 

alkyl halide reduction, 795 
liquid ammonia 

carbonyl compound reduction, 308 
a,P-unsaturated ketone reduction, 478 

amide reduction, 294 
carboxylic acid reduction, 284 

ammonia, 113 
carbonyl compounds, 109 
enones, 524 
epoxides, 880 

reductive cleavage 
a-alkylthio ketone, 993 
a-ketals, 991 

unsaturated carbonyl compounds, 532 

methylamine 

reduction 

reductive dimerization 

Lithium, alkyl- 

Lithium aluminum hydride, bipyridylnickel- 

Lithium aluminum hydride, dicyclopentadienylnickel- 

Lithium, dimethylphenylsilyl- 

C-P bond cleavage, 859 

desulfurizations, 840 

desulfurizations, 840 

deoxygenation 
epoxides, 886 

Lithium alkylcuprates 

tosylates, 8 13 
reduct ion 

Lithium aluminum deuteride 
reduct ion 

epoxides, 872 

alcohol modifiers 
reduction, 161 

alkyl halide reduction 
mechanism, 802 

chiral alkoxy derivatives 
synthesis, 159 

chirally modified 
reduction, 160 

Lithium aluminum hydride 
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copper chloride 
desulfurization, 840 

C-P bond cleavage, 863 
cyclic ketone reduction 

stereochemistry, 5 
demercurations, 85 1 
derivatives 

hydroalumination, 736 
metal salt systems 

reaction with ethylene, 735 
reduction 

benzylic halide reduction, 967 

alkyl halide reduction, 803 

acetals, 213 
acyl halides, 241,263 
aliphatic nitro compounds, 374 
alkyl halides, 802 
amides, 269 
benzylic halides, 965 
carbonyl compounds, 2 , 5 ,  18,313 
carboxylic acids, 237 
epoxides, 872 
esters, 245,267 
hydrazones, 345 
imines, 26,36 
lactones, 247,268 
nitriles, 274 
phosphonium salts, 860 
pyridines, 579,583 
tosylates, 8 12 
unsaturated carbonyl compounds, 536,542,545 
unsaturated hydrocarbons, 483 
vicinal dibromides, 797 

reduction kinetics, 2 
selective ketone reduction, 18 
transition metal halides 

unsaturated hydrocarbon reduction, 485 
Lithium borohydride 

ethyl acetate system 

reduction, 880 
hydroboration, 709 

1,3-diketones, 13 
epoxides, 875 
esters, 244 
Lewis acids, esters, 244 
unsaturated carbonyl compounds, 536 

Lithium bronze 
reduction 

enones, 526 
Lithium r-butoxyaluminum hydride 

Lithium n-butylborohydride 

Lithium n-butyldiisobutylaluminum hydride 

reduction kinetics, 2 

synthesis, 538 

reduction 
amides, 272 
unsaturated carbonyl compounds, 544 

Lithium chlorate 
biomimetic reduction 

allylic compounds, 977 
Lithium di-r-butoxyaluminum hydride 

reduction 
pyridines, 580 

Lithium 9,9-di-n-butyl-9-borabicyclo[3.3. Ilnonanate 
reduction 

epoxides, 876 

Lithium diethoxyaluminum hydride 
reduction 

amides, 27 1 
Lithium diisopropylamide 

aldehyde reduction, 88 
Lithium dimesitylborohydride 

reduction 
cyclohexanones, 14 

Lithium diphenylphosphide 
reduction 

Lithium hydride 
epoxides, 885 

reaction with ethylene, 734 
reduction 

acyl halides, 262 
carbonyl compounds, 22 

P-alkoxy ketone reduction, 9 

hydride donor 

Lithium methoxide 

Lithium iodide 

Lithium isopropoxide 

reduction of steroidal ketones, 89 

reaction with formaldehyde 
transition state, 88 

reduction kinetics, 2 

synthesis, 735 

reduction 

Lithium methoxyaluminum hydride 

Lithium tetraethylaluminate 

Lithium tetrakis(dihydr0-N-pyridy1)aluminate 

unsaturated carbonyl compounds, 536 
Lithium trialkylaluminum hydride 

Lithium tri-n-alkylborohydride 

Lithium tri-t-butoxyaluminum hydride 

hydroalumination, 736 

hydroboration, 7 18 

reduction 
acyl halides, 263 
carboxylic acids, 260,261 
esters, 267 
lactones, 268 
nitriles, 274 
pyridines, 580 
unsaturated carbonyl compounds, 542-544 

Lithium tri-s-butylborohydride 
reduction 

cyclic ketones, 15 
cyclohexanones, 14 
imines, 36 
keto sulfides, 12 
unsaturated carbonyl compounds, 536 

Lithium triethoxyaluminum hydride 
reduction 

amides, 271 
nitriles, 274 

Lithium triethylborohydride (Super Hydride) 
reduction 

alkyl halides, 804,805 
allylic leaving group, 960 
epoxides, 875 
imines, 36 
ketones, 10 
nitroalkenes, 377 
tosylates, 8 13 
unsaturated carbonyl compounds, 536 

selective ketone reduction. 18 
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Lithium trimethoxyaluminum hydride 
cyclic ketone reduction 

stereochemistry, 5 
reduction 

acyl halides, 263 
carboxylic acids, 260 
nitriles, 274 
unsaturated carbonyl compounds, 542 

Lithium tri-t-pentyloxyaluminum hydride 
reduction 

acyl halides, 263 
Lithium tris(t-buty1thio)aluminum hydride 

unsaturated carbonyl compounds, 543 
reduction 

Lithium tns[ (3-ethyl-3-pentyl)oxy]aluminum hydride 
reduction 

aldehydes, 17 
Lithium trisiamyl borohydride 

cyclohexanones, 14 
reduction 

Lithium tris(truns-methylcyclopenty1)borohydride 
reduction 

cyclohexanones, 14 
Liver alcohol dehydrogenase 

metal complex 
models, 82,97 

Longicamphor 
reduction 

Longifolene 
hydroboration, 72 1 

Luciduline 
synthesis, 945 

Lukes reduction 
formic acid 

dissolving metals, 121 

pyridinium salts, 590 

reduction-alkylation, 527 
Lupeol 

Magnesium 
deoxygenation 

epoxides, 889 
desulfurization 

sulfones, 843 
reduction 

enones, 524 
nitro compounds, 365 

unsaturated carbonyl compounds, 532 
reductive dimerization 

Magnesium bromide, isobornyloxy- 

use in chiral syntheses, 89 
Magnesium bromide, isobutyl- 

carboxylic acids, 284 

sodium cyanoborohydride 
reductive amination, 54 

hydride donor 

reduction 

Magnesium chloride 

Magnesium hydride 
reduction 

Maleic acid 
cyclic carbonyl compounds, 14 

hydride transfer 
with 1,4-dihydropyridines, 93 

Malonates, acyl- 
reduct ion 

sodium borohydride, 277 
Manganese, alkyl- 

deoxygenation 
epoxides, 889 

Manganese chloride 
lithium aluminum hydride 

unsaturated hydrocarbon reduction, 485 
D-Mannofuranose, 2.3:5,6-di-O-isopropylidene- 

a-D-Mannoside 

McFadyen-Stephens aldehyde synthesis, 297 
Meerwein-Ponndorf-Verley reaction 

transfer hydrogenation, 552 

reduction, 226 

reduction of crotonaldehyde 

transition state, 88 

asymmetric hydrogenation, 144 
lithium aluminum hydride modifier, 161 

reduction 

aluminum isopropoxide in isopropyl alcohol, 88 

Menthol 

Menthone 

dissolving metals, 1 1  1 
dissolving metals, stereoselectivity, I 16 
electrolysis, 321 
lithium/ammonia/ethanol mixture, 1 12 

Mercurilactonization 

Mercury 
reductive demercuration, 853 

reduction 
a-bromo ketones, 986 

Mercury, bromo-5-hexenyl- 
reductions, 852 

Mercury, bromo-4-methylcyclohexyl- 
reductions, 852 

Mercury, cycloperoxy- 
demercuration, 855 

Mercury, diphenyl- 
cleavage 

acidic, 850 
Mesityl oxide 

synthesis, 533 
Metal aluminides 

synthesis, 839 
Metal borides 

deselenations, 848 
Metal carbonyls 

deoxygenation 
epoxides, 890 

Metal hydrides 
demercurations, 85 1 
reduction 

acetals, 2 13 
acyl halides, 240 
alkyl halides, 798 
amides, 249 
arylsulfonylhydrazones, 343 
carbonyl compounds, l-22,3 I3 
carboxylic acids, 237,259-279 
epoxides, 872 
esters, 244 
imines, 25-74 
lactones, 247 
nitriles, 253 
pyridines, 579 
unsaturated carbonyl compounds, 536 

transition metal halides 
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reduction, mechanism, 483 
unsaturated hydrocarbon reductions, 483 

Metallocene dichlorides 

epoxides, 889 
deoxygenation 

Metallocenes 
bent 

hydrometallation, 669 
Metallodealumination, 754 
Metals 

reductive cleavage 
a-halo ketones, 986 

Methanesulfonic acid, trifluoro- 
ionic hydrogenation 

carbonyl compounds, 3 19 

N-(benzylox ycarbonyl) groups 

4-Methoxybenzylox ycarbonyl group 

Methionine 

cleavage, 959 

amino acid protecting group 
hydrogenolysis, 958 

Methyl benzoate 
reduction 

electrochemical, 242 
S-Methyldithiocarbonyl compounds 

deoxygenation, 818 
Methyl p-eleostearate 

hydrogenation 

Methyl linoleate 
homogeneous catalysis, 45 1 

peroxymercurials 
reduction, 855 

Methyl octanoate 
reduction 

Methyl oleate 
electrochemical, 243 

peroxymercurials 
reduction, 855 

Methylols 
reduction 

Methyl oxalates 
reduct ion 

Methyl sorbate 

to N-methylamides, 27 

stannanes, 824 

1,4-hydrogenation 

reduction 
homogeneous catalysis, 45 1 

copper hydrides, 549 
Methyl trifluoroacetate 

hydrogenation, 242 
Methyl undecylenate 

amidomercurial 
reduction, 858 

Microorganisms 
reduction 

sources 
carbonyl compounds, 185 

reduction, 184 
Molybdenates, decacarbonylhydridobis- 

reduction 
aldehydes, 17 

Molybdenum, hexacarbonyl- 
dehalogenation 

transfer hydrogenation 
a-halocarbonyl compounds, 99 1 

unsaturated ketones, 554 
Molybdenum acetylacetonate complexes 

deoxygenation 
epoxides, 889 

Molybdenum complexes, hydrido- 
reduction 

unsaturated carbonyl compounds, 55 1 
Molybdenum complexes, oxo- 

deoxygenation 
epoxides, 889 

Molybdenum salts 
reduction 

alkenes, 53 1 
Molybdenum trioxide 

catalyst 
carbonyl compound hydrogenolysis, 320 

Monosaccharides 
asymmetric hydrogen transfer, 552 
reduction- 

unsaturated carbonyl compounds, 545 
Morphinans 

asymmetric synthesis 
hydrogenation, 461 

asymmetric synthesis 
hydrogenation, 461 

Morphines 

Morpholinones 

Mosher-Yamaguchi reagent 
reduction, 653 

reduction 
unsaturated carbonyl compounds, 545 

Muscone 

Myrcene 
synthesis, 557 

hydrosilylation, 780 

Naphthacene 
hydrogenation 

homogeneous catalysis, 455 
2-Naphthaldehyde, 1 -chloro-3,4-di hydro- 

Naphthalene 
hydrogenation, 898 

Benkeser reduction 

Birch reduction 

hydrogenation 

dissolving metals, 516 

dissolving metals, 496 

heterogeneous catalysis, 439 
homogeneous catalysis, 454 
palladium-catalyzed, 438 

reductive silylation, 5 18 
Naphthalene, 1 -bromo- 

reduction, 908 
Naphthalene, chloro- 

hydrogenolysis, 906 
Naphthalene, 9,lO-dihydro- 

hydride transfer, 92 
Naphthalene, 1,6-dimethoxy- 

Birch reduction 
dissolving metals, 503 

Naphthalene, 1 -fluoro- 
hydrogenolysis, 904 

Naphthalene, tetrafluoro- 
hydrogenolysis, 904 

Naphthalene, 2-trimethylsilyl- 
Birch reduction 
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dissolving metals, 513 
1,2-NaphthaIenedicarboxylic anhydride 

reduction 
borane, 240 

reduction, 918 
stability, 916 

Naphthalenes, acetyl- 
Birch reduction 

reduction 

1,5-NaphthalenedisuIfonate 

dissolving metals, 503,510 

ionic hydrogenation, 3 19 
Naphthalenes, 1 -alkanoyl-6-methoxy- 

synthesis 
via Birch reduction, 510 

Naphthalenes, alkoxy- 
Birch reduction 

Naphthalenes, alkyl- 
Birch reduction 

dissolving metals, 496 

dissolving metals, 496 
Naphthalenes, benzoyl- 

Wolff-Kishner reduction, 338 
I -Naphthoic acids 

Birch reduction 

2-Naphthoic acids 
Birch reduction 

dissolving metals, 502 

dissolving metals, 502,503 
1-Naphthoic acids, 2-methoxy- 

dissolving metals, 502 
1 -Naphthoic acids, 4-methoxy- 

dissolving metals, 503 

Birch reduction 

Birch reduction 

2-Naphthoic acids, methoxy- 
Birch reduction 

dissolving metals, 503 
Naphthoic acids, tetrahydro- 

Birch reduction 
dissolving metals, 503 

1,8-Naphthoic anhydride 
reduction 

borane, 240 

Birch reduction 
2-Naphthol, 6-methoxy- 

dissolving metals, 497 
Naphthols 

2-Naphthols 
hydrogenation, 9 12 

Birch reduction 
dissolving metals, 493,497 

Neopentyl compounds 
deoxygenation, 820 

Neral 
asymmetric reduction 

hydrogenation 
aluminum hydrides, 545 

homogeneous catalysis, 462 
Nerol 

asymmetric hydrogenation 
synthesis of citronellol, 462 

Nickel 
alumina 

catalyst 
hydrogenation catalyst, 3 19 

hydrosilation, 556 
hydrogenation catalyst 

pyridines, 597 

desulfurization, 838 

catalyst 

Nickel, bipyridyl(cyc1ooctadiene)- 

Nickel, bis(N-methylsalicylaIdimine)- 

reduction, unsaturated ketones, 558 
Nickel, phosphine 

catalyst 
epoxide hydrogenation, 882 

Nickel/aluminum alloy 
reduction 

Nickel acetate 
aromatic nitro compounds, 373 

2,5-dimethylhexanediol 

sodium hydride 
cyclic ketone reduction, 14 

unsaturated hydrocarbon reduction, 483 
Nickel borate 

catalyst 

Nickel boride 
catalysts 

C-Se bond cleavage, 996 
deselenations, 848 
desulfurizations, 839 
reduction 

Nickel chloride 
catalysts 

lithium aluminum hydride 

epoxide hydrogenation, 882 

aliphatic nitro compound reduction, 375 

benzylic dithioacetals, 968 

aliphatic nitro compound reduction, 375 

unsaturated hydrocarbon reduction, 485 
Nickel complexes 

catalysts 
desulfurizations, 836 
hydrosilylation, 764 

Nickel salts 
catalysts 

hydroalumination, 752 
Nickel tetracarbonyl 

reduction 
alkyl halides, 797 

Nicotinamide 
electroreduction, 592 
reduction 

borohydrides, 580 

demercurations, 858 
reduction 

Nicotinamide, 1 -benzyl- 1,4-dihydro- 

aryl bromides, 908 
unsaturated carbonyl compounds, 562 

Nicotinamide, 1 -(2,6-dichlorobenzyl)- 1,4-dihydro- 
reductions 

aryl nitroso compounds, 373 
Nicotinamide, I .4-dihydro- 

biomimetic reducing agents, 977 
heterocycle reduction 

catalysis, 97 
hydride donors, 92 
reaction with water, 94 

biomimetic reduction 
Nicotinamide, 1 -phenyl- 1,4-dihydro- 

allylic compounds, 977 
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Nicotinamide, 1-propyl- 1 ,Cdihydro- 
biomimetic reducing agents, 977 

Nicotine adenine dinucleotide 
biomimetic reducing agents, 977 
models 

biomimetic reductions, 561 
reduction 

aryl nitroso compounds, 373 
Nicotinic acid 

Niobates. carbonyldicyclopentadienylhydrido- 
hydrogenation, 599 

reduction 
acyl chlorides, 290 

Niobium 
hydrometallation 

mechanism, 672 

deoxygenation, 390 

hydrozirconation, 683 
reduction, 251,298 

metal hydrides, 274 
a,P-unsaturated 

hydrogenation, homogeneous catalysis, 452 

Nitrile oxides 

Nitriles 

Nitriles, (aminoary1)alkyl- 
synthesis, 368 

Nitriles, (nitroary1)alkyl- 
reduction, 368 

Nitrilium salts 
synthesis 

via nitriles, 275 
Nitrimines 

reduction 

Nitro alcohols 
reduction, 374 

Nitro compounds 
aliphatic 

aromatic 

reduction, 363-379 

a$-unsaturated 

sodium cyanoborohydride, 74 

reduction, 373 

reduction, 364,366,367,371 

ammonium formate, 84 

hydrogenation, homogeneous catalysis, 452 
Nitronates 

reduction 
borane, 74 

Nitrones 
deoxygenation, 390 
reduction 

Nitrosamines 

Nitroso compounds 

lithium aluminum hydride, 64 

reductive cleavage, 388,389 

aromatic 

reduction, 363-379 
synthesis 

1,2-Nonadiene 

reduction, 364,366,367 

via nitro compound reduction, 364 

hydrogenation 
homogeneous catalysis, 450 

2,4,6,8-NonatetraenaIdehyde, 9-phenyl- 
synthesis, 273 

I ,4,8-Nmatriene 

hydroboration, 708 
Nonmetallodealumination, 754 
Nopol benzyl ether 

reduction 

Norbomadiene 
9-borobicyclo[3.3. llnonane. 102 

dissolving metal reductions, 48 1 
hydrogenation 

homogeneous catalysis, 449 
hydrosilylation, 78 1 

Norbomadiene, 7-alkoxy- 
reduction 

Norbomene 
diimide, 475 

deuterium addition, 427 
hydrozirconation, 689 

reduction 

Norcamphor 

Norbomene oxide 

dissolving metals, 880 

ethylene ketal 

ketals 
reduction, 222 

selective reduction, 218 
Norlongifolane, 3-keto- 

reduction, 338 
semicarbazone 

Occidentalol 
synthesis, 924 

A9('o'-Octalin 
reduction 

p-Octalone 
trialkylsilane, 486 

hydrogenation 
catalytic, 533 

Octalones 
Clemmensen reduction, 3 12 
reduction 

dissolving metals, 525 
2-Octanol 

catalytic hydrogenation, 8 14 
2-Octanone 

reduction 
samarium diiodide, 1 15 

3-Octanone, 2-hydroxy-2,6-dimethyI- 
Wolff-Kishner reduction, 926 

2,4,6-0ctatriene 
selective reduction, 568 

Octene 
hydrozirconation, 673 

1-Octene 
hydrosilylation, 763,774 

4-Octene oxide 
deoxygenation, 888 

1 -Octen-3-one, 1 -halo- 
reduction, 163 

Octyne 
reduction 

dissolving metals, 479 
4-Octyne 

hydroalumination, 748 
Oligopeptides 

synthesis 
via asymmetric hydrogenation of dehydropeptides, 

460 
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Oligosaccharides 

Organoboranes 
side chain cleavage, 219 

protonolysis, 724 
synthesis, 703 

deselenations, 849 

hydride transfer 

Organolithium compounds 

Organometallics 

reduction of carbonyls, 98 
Organosilanes 

reductive cleavage 
benzylic compounds, 969 

Organostannanes 
hydride donors 

Organotellurides 
reduction of carbonyls, 98 

dehalogenation 
a-halocarbonyl compounds, 990 

Organozinc compounds 
hydride donors 

synthesis, 698 
Ornithine, N-benzyl-rhreo-P-hydroxy- 

synthesis, 648 
Ornithine, threo-P-hydroxy- 

synthesis, 648 
Ortho amides 

hydride donating ability, 85 
Ortho esters 

hydride donating ability, 85 
reduction 

reduction of carbonyls, 99 

metal hydrides, 266 
Osmium 

catalyst 
carbonyl compound hydrogenolysis, 320 

Osmium, bromohydridocarbonyltris(tripheny1- 
phosphine)- 
hydrogenation 

alkenes, 449 
4-0xa-5a-cholestan-3-one 

hydrogenation, 247 
Oxadiazin-5-ones 

reduction, 663 
1,2,4-Oxadiazoles 

reduction, 663 
1,2,5-Oxadiazoles 

reduction, 664 
1,3,4-Oxadiazoles 

reduction, 664 
1,2,4-Oxadiazoline, 3-phenyl- 

reduction, 663 
1,3,4-Oxadiazolium salts 

reduction 
sodium sulfide, 664 

Oxalacetic acid 

Oxalates, methyl 
hydrogenolytic asymmetric transamination, 147 

reduction 

Oxathianes 
reduction, 23 1 

Oxathiolanes 
reduction, 23 1 

Oxazaborolidine 
synthesis, 171 

stannanes, 824 

Oxazaborolidine, B-methylated 

Oxazepine 
synthesis, 171 

reductive alkylation 
Birch reduction, 508 

1,2-Oxazines 

1,3-Oxazines 

1,4-Oxazines 

1,3-Oxazines, dihydro- 

reduction, 652 

reduction, 653 

reduction, 653 

reduction 

synthesis 
sodium borohydride, 275 

via carboxylic acids, 275 
1,4-Oxazines, tetrahydro- 

Oxaziridines 

Oxazoles 

1,3-Oxazolidin-2-one, 4-isopropyl-3-phenacyl- 

reduction, 653 

reduction, 395 

reduction, 650 

reduction 

Oxazolines 
reduction, 650 

Oxazolinones 
reduction, 650 

2-Oxazolin-5-ones 
reduction 

sodium borohydride, 652 

sodium borohydride, 65 1 
3-Oxazolin-2-ones 

reduction 
LAH, 652 

Oxazolium salts 
reduction, 650 

Oxidation 
by pyridinium salts 

hydroalumination adducts, 753 
zirconium compounds 

to alcohols, 691 

of primary and secondary alcohols, 96 

Oxidation potential 
definition 

electrosynthesis, 129 
Oxidative decarboxylation 

1,4-dihydrobenzoic acids, 500 
Oxidative desilylation 

C P i  to C-0,788 
Oxidoreductases 

sources, 184 
Oxime esters 

reduction 
hydrides, 60 
to amines, 64 
to hydroxylamine esters, 60 

Oxime ethers 
reduction 

hydrides, 60 
to amines, 64 
to hydroxylamine ethers, 60 

Oximes 
cyclic 

deoxygenation 
stereoselective reduction, 64 
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titanium(II1) chloride, 37 1 
electroreduction, 135, 137 
hydrogenation 

asymmetric, 145 
catalytic, 143 
homogeneous, 155 

reduction, 176 
dissolving metals, 124 
hydrides, 60 
stereoselectivity, 64 
synthesis of imines, 392 
to amines, 64 
to hydroxylamines, 60 

Oximes, O-methyl- 
reduction, 176 

Oxocineole 
enzymic reduction 

Oxygen heterocycles 
ring opening, 957 

diastereotopic face distinction, 192 

Palladium 
barium sulfate 

carbon 

catalyst 

charcoal 

hydrogenation catalyst 

hydrogenolysis 

polymer-bound 

reduction 

epoxide hydrogenolysis, 882 

catalyst, alkyl halide hydrogenolysis, 794 

acyl chloride reduction, 286 

epoxide hydrogenation, 882 

pyridines, 597 

allyl halides, 956 

catalyst, hydrogenation, 41 8 

transfer hydrogenation, 366 
Palladium, bis(pheny1phosphine)pentakis- 

hydrogenation 
alkenes, 447 

desulfurizations 
Palladium, dichloro(DPPP)- 

allyl sulfones, 840 
Palladium, tetrakis( tripheny1phosphine)- 

catalyst 

desulfurizations 

Palladium chloride 

acyl halide reduction, 265 

allyl sulfones, 840 

metal hydride reduction 
carbonyl compounds, 3 15 

Palladium complexes 
catalysts 

hydrosilylation, 764 
Palladium complexes, montmorillonitesilyl- 

reduction 
nitroaromatics, 372 

Pantolactone, keto- 
asymmetric hydrogenation, 152 

Pantoy llactone 
synthesis 

Paracyclophane 

Pelletierine 

via enzymic reduction, 190 

hydrogenation, 437 

synthesis, 273 

reduction 
Penicillium decumbens 

unsaturated carbonyl compounds, 558 
Pentadienal, 2-methyl-5-phenyl- 

biochemical reduction, 560 
1,3-Pentadiene 

1 ,.?-hydrogenation 

selective reduction, 568 
1,4-Pentadiene 

hydroboration, 707 
1,4-Pentadiene, 2,4-dimethyl- 

hydroboration, 707 
1,2-Pentadiene, 3-ethyl- 

hydrogenation 

homogeneous catalysis, 45 1 

homogeneous catalysis, 450 
Pentadiene, 4-methyl- 

selective reduction, 568 
Pentadienoic acid, trichloro- 

esters 
reduction, 267 

2,4-Pentanediol 
chiral acetals 

reduction, 222 
Pentanenitrile 

hydrogenation, 252 
Pentanol, 1 -phenyl- 

borane modifier 
asymmetric reduction, 170 

2-Pentanone 

Pentazocine 

4-Pentenal, 2,2-dimethyl- 

reduction, 924 

synthesis, 3 14 

hydrogenation 
catalytic, 140 

1 -Pentene, 1,1,5-trichloro- 
hydrogenation, 898 

4-Penten-2-01,4-phenyl- 
hydrogenation 

homogeneous catalysis, 447 
I-Pentyne 

hydrogenation to 1 -pentene 

hydrosilylation, 77 1 

hydrogenation to cis-2-pentene 
homogeneous catalysis, 457 

homogeneous catalysis, 457 

2-Pentyne 

Peptides, dehydro- 
asymmetric hydrogenation 

synthesis of dipeptides and oligopeptides. 460 
Perezone, 6,15-hydroxy- 

Peroxides 
synthesis, 537 

catalysts 

disubstituted 

hydroalumination adducts, 753 
reductive cleavage, 396 

Peroxides, t-butyl exo-2-norbomyl 
synthesis, 855 

Peroxymercury compounds 
demercuration, 854 

Perylene 

hydrosilylation, 764 

reduction, 396 
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hydrogenation 
homogeneous catalysis, 455 

Phellandric acid 
synthesis 

Phenanthrene 
via Birch reduction, 500 

Birch reduction 

hydrogenation, 438 

Phenanthrene, 9-acetoxy- 

Phenanthrene, 9,lO-dihydro- 

dissolving metals, 497 

heterogeneous catalysis, 439 

hydrolysis, 91 1 

Birch reduction 
dissolving metals, 497 

Phenanthrene, 9-ethoxy- 
hydrogenolysis, 91 1 

Phenanthrene, 9-methoxy- 
hydrogenolysis, 91 1 

4( 1H)-Phenanthrenone, dihydro- 
Birch reduction 

dissolving metals, 5 1 1 
2( 3H)-Phenanthrenone,4a-methyl-4,4a,9,lO-tetrahydro- 

Phenanthrenones, hydro- 
photolysis, 563 

Birch reduction 
dissolving metals, 510 

3(2H)-Phenanthrenones, 1,9,10, loa-tetrahydro- 
electroreduction 

pinacolization, 135 
Phenanthridine 

hydrogenation 
homogeneous catalysis, 456 

reduction 
dihydropyridine, 589 

Reissert compounds, 295 

reduction 
1 ,lo-Phenanthroline 

metal hydrides, 580 
Phenol, 3-bromo-2-chloro- 

hydrogenolysis, 902 
reduction, 908 

Phenol, 4-chloro- 
hydrogenolysis, 912 

Phenol, 2,6-di-t-butyl-4-methyl- 
reaction with diisobutylaluminum hydride, 100 

Phenol, 3.5-dimethyl- 
lithium aluminum hydride modifier, 166 

Phenol, 4-nitro- 
hydrogenolysis, 912 

Phenol, phenyl- 
biphenyls from 

hydrogenation, 912 
Phenol, 2,4,6-tribromo- 

reduction, 908 
Phenolates, cyano- 

irradiation, 300 
Phenols 

Birch reduction 

deoxygenation 

hydrogenation 

hydrogenolysis, 910 
reduct ion 

dissolving metals, 497 

Birch reduction, 5 14 

homogeneous catalysis, 454 

dissolving metals, 493 

reduction by hydride transfer 
Phenol triflate 

selectivity, 84 
Phenothiazines 

Phenoxazines 

Phenox ythiocarbonyl compounds 

Phenylalanine 

reduction, 659 

reduction, 653 

deoxygenation, 8 19 

asymmetric synthesis, 146 
synthesis, 149 

via reductive amination, 144 
S-Phenyldithiocarbonyl compounds 

deoxygenation, 820 
Phenyl thiovinyl compounds 

desulfurization, 840 
Phosphates, 0,O-diethyl 

reduction 
catalytic hydrogenation, 8 17 

Phosphine, o-anisylcyclohexylmethyl- 
asymmetric hydrogenation 

alkenes, 460 
Phosphine, phenyl- 

reduction 
ultrasonics, 859 

Phosphine, triphenyl- 
deoxygenation 

hydrogenolysis 
epoxides, 885 

transition metals, 859 
Phosphine hydriodide, triphenyl- 

deoxygenation 

Phosphine oxides 
C-P bond cleavage, 864 
perfluorinated 

epoxides, 886 

hydrolysis, 864 
Phosphine oxides, alkyldiphenyl- 

Phosphine oxides, P-keto 

Phosphines 

synthesis, 860 

reduction, 12 

dehalogenation 

reduction 
a-halocarbonyl compounds, 990 

nitro compounds, 366 
Phosphines, ferrocenyl- 

chiral catalysts 
asymmetric hydrogenation of alkenes, 459 

Phosphinimides 
synthesis 

via phosphines and azides, 385 
Phosphites, trialkyl 

reaction with acyl halides, 278 
Phosphole, 1 -phenyl-3,4-dimethyl- 

thermolysis, 865 
Phospholen 

reaction with aroyl chloride, 290 
Phosphonic acid 

hydrogenation 
nitriles, 298 

Phosphonic acid, P-nitrophenylmethyl- 

Phosphonium hydriodide 
P--C bond cleavage, 865 



Subject Index 1123 

reduction 
indoles, 624 

deoxygenation 
epoxides, 886 

Phosphonium salts 
base hydrolysis, 863 
reduction 

Phosphonium iodide, methyltriphenoxy- 

lithium aluminum hydride, 860 
Phosphonium salts, allylic 

bond cleavage, 863 
Phosphonium salts, ureidomethyl- 

hydrolysis, 862 
Phosphonium salts, vinyl- 

hydrolysis, 862,863 
Phosphonoamidate, N-t-butyl a-chloro- 

rearrangement, 864 
Phosphoramide, hexamethyl- 

dissolving metals 
reduction, 524 

reductions 
aromatic rings, 490 

Phosphorane, (acylalkoxycarbonylmethy1ene)- 

Phosphoranes, (acylalky1idene)- 

zinc/acetic acid, 863 

thermolysis, 863 

reduction 

Phosphorin, 2-(2'-pyridy1)- 

Phosphorodiamidates, Nflfl'N'-tetramethyl- 

Phosphorodiamidates, vinyl N f l f l ' f l ' -  tetramethyl- 

Phosphoroselenoic acid, 0,O-dialkyl 

synthesis, 865 

deoxygenation, 8 17 

ketone reduction, 932 

deoxygenation 
epoxides, 887 

Phosphorous acid, bis(dimethy1amino)- 
butyllithium 

epoxide reduction, 885 
Phosphorus 

yellow 
reduction, nitro compounds, 366 

Phosphorus iodide 
metal hydride reduction 

carbonyl compounds, 3 15 
Phosphorus oxychloride 

reaction with amides, 301 
Photochemical reduction 

allylic compounds, 978 
aromatic rings, 5 17 

reduction, 640 
ring opening 

Phthalic anhydride 

Phthalazines 

cathodic reduction, 641 

hydrogenation, 239 
reduction 

Phthalimides 
reduct ion 

electrochemical, 240 

sodium borohydride, 274 
Phthalimides, N-alkyl- 

Phthalimidines, 3-hydroxy- 

Phyllocladene 

reduction, 254 

synthesis, 274 

synthesis 
via Birch reduction, 500 

Pimelate dehydrogenase 
reduction 

Pinacolones 

Pinacols 

catalyst, 205 

Kishner-Leonard elimination, 34 1 

synthesis 
via dissolving metals, 109 

a-Pinene 
hydroboration, 704,709 
hydrosilylation, 777 
reduction 

diimide, 475 
P-Pinene 

hydride donor 

hydroalumination, 739 
hydrozirconation, 689 
reduction 

reduction of carbonyls, 100 

9-borobicyclo[3.3.l]nonane, 102 
1,4-Piperazine-2,5-dione, Nfldibenzyl- 

reduction, 249 
Piperidides 

reduction 
aluminates, 272 

Piperidine, 3-amino- 
synthesis, 598 

Piperidine, N-benzoyl- 
hydrogenation, 248 

2-Piperidone, 1 -methyl- 
reduction 

lithium aluminum hydride, 273 
2-Piperidone, 5-phenyl- 

Pivalates 

Platinic acid, hexachloro- 

reduction, 249 

photochemical deoxygenation, 8 17 

catalysts 
hydrosilylation, 556,764 

Platinum 
carbon 

catalyst 
catalysts, hydrosilylation, 764 

hydrogenation, 418 
hydrogenation of pyridines, 597 

benzylic alcohols, 963 
hydrogenolysis 

Platinum, dichlorobis(tripheny1phosphino)- 
catalyst 

acyl halide reduction, 265 
Platinum dimers 

catalysts 

Platinum oxide 
hydrosilylation, 557 

catalyst 

Polarography 
electrosynthesis, 13 1 

Polyamines 
reduction 

carbonyl compound hydrogenolysis, 3 19 

aluminum hydrides, 541 

palladium chloride complex 
Poly benzimidazole 

reduction, 372 
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Pol ybutadiene 
hydrogenation 

homogeneous catalysis, 449 
Polycyclic aromatic hydrocarbons 

hydrogenation 
chemoselectivity, 439 
heterogeneous catalysis, 438 
regioselectivity, 438 
stereoselectivity, 439 

Polycyclic hydrocarbons 
fused 

Polyenes 
cyclic 

hydrogenation 

Birch reduction, dissolving metals, 496 

hydrosilylation, 780 

regioselectivity, 433 
stereoselectivity, 433 

homogeneous catalysis, 449 
hydrogenation tc saturated hydrocarbons 

hydrosilylation, 778 
synthesis 
via hydroalumination, 757 

Pol yethers 
dissolving metals 

reductions, 524 
Poly(ethy1ene glycol) 

acyl halides, 240 
Poly methy Ih ydrosiloxane 

reductions in 

hydrosilylation 

reduction 
unsaturated hydrocarbons, 765 

allylic amines, 961 
Pol yols 

monodeoxygenation, 820 
Poly(viny1 alcohol) 

hydrogen donor 
transfer hydrogenation, 55 1 

Potassium 
alcohols as solvents 

reduction, 11 1 
Birch reduction, 492 
crown ethers 

reduction 
alkyl fluoride reduction, 795 

ammonia, 113 
carbonyl compounds, 109 
enones, 524 

unsaturated carbonyl compounds, 532 
reductive dimerization 

Potassium, trimethylsilyl- 

epoxides, 886 
Potassium borohydride 

epoxides, 875 
imines, 36 
nitro compounds, 366 

Potassium pentacyanocobaltate 

deoxygenation 

reduction 

hydrogenation 
alkenes, 449 

Potassium pentacyanohydridocobaltate 
catalyst 

hydrogenation, 535 
Potassium selenocyanate 

deoxygenation 
epoxides, 887 

reductive amination 
Potassium tetracarbonylhydridoferrate 

carbonyl compounds, 54 
Potassium tri-s-butylborohydride 

reduction 
acyl halides, 242 
benzyloxy ynone reduction, 7 
nitroalkenes, 377 
unsaturated carbonyl compounds, 536 

Potassium triethylborohydride 
amide reduction, 11 

Potassium triisopropox yborohydride 
selective ketone reduction, 18 

Potassium triphenylborohydride 
reduction 

alkyl halides, 805 
Potassium trisiamylborohydride 

reduction 
cyclohexanones, 14 

Precapanelladiene 
synthesis, 942 

Pregna- 14,16-dien-20-one 
reduction 

hydrosilylation, 557 
5P-Pregnan-12-0ne 

reduction 
dissolving metals, 119 

Prelog-Djerassi lactone 

Progesterone 
synthesis, 857 

enone 

hydrogenation 

reduction-alkylation, 527 

borane modifier 

lithium aluminum hydride modifiers, 168 
Proline, 3,4-dehydro- 

synthesis, 606 
Proline, N-pyruvoyl- 

catalytic hydrogenation, 145 
Prolinolamides 

reductive alkylation 

reduction, 549 

homogeneous catalysis, 452 

Proline 

asymmetric reduction, 170 

Birch reduction, 508 
Propanal, 2-methyl- 

synthesis, 297 
Propanal, 3-phenyl- 

synthesis, 297 
Propane, 1 -(2,5-dimethoxy-4-methylphenyl)-2-amino- 

synthesis, 375 
1,3-Propanedithiol 

demercurations, 857 
Propanoic acid, 2,2-dimethyl- 

protonolysis 
organoboranes, 724 

1 -Propanol, 2-methyl- 
synthesis 

via hydrogenation, 236 
Propargylic acetals 

reduction, 21 3 
reductive cleavage, 214 

[4.3.2]Propellanes 
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rearrangement, 93 1 
Propene, 1,3-dichloro- 

hydrogenation, 898 
Propene, 1 -phenylpentafluoro- 

hydrogenation, 896 
Propene oxide 

hydrogenolysis, 882 
Propene oxide, 2-phenyl- 

reduction 
borohydrides, 875 

Propenoic acid, 2-(6-methoxy-2-naphthyl)- 
hydrogenation 

homogeneous catalysis, 461 
Propiophenone 

reduction 
lithium aluminum hydride, I66 

Propyne, 1 -phenyl- 
hydroalumination, 737 

Prostaglandin F z ~  
synthesis, 163 

Prostaglandins 
reduction 

synthesis, 163, 171,269,560,561,695 
hydride transfer, 100 

via asymmetric reduction, 546 
via borohyride reduction, 537 
via catalytic hydrogenation, 567 
via enone reduction, 545 

Protodealumination, 737 
Protodezirconation 

Protonoly sis 
zirconium compounds, 690 

demercuration, 850 
hydroalumination adducts, 753 
zirconium compounds, 690 

reduction 
Pseudomonas ovalis 

unsaturated carbonyl compounds, 559 
Psoralen 

Pulchellon 

Pulegone 

tritiation, 626 

synthesis, 935 

reduction, 563 

Pyranone, dihydro- 
molybdenum complex catalyst, 554 

reduction 
DIBAL-H, 544 

4-Pyranone, 2-methoxy- 

stereoselectivity, 5 
reduction 

Pyranones 
enzymic reduction 

specificity, 196 
Pyranosides 

reductive ring cleavage, 21 8 
Pyranosides, methyl- 

2,3-unsaturated 
reduction, 219 

Pyranylamines, tetrahydro- 
reduction, 228 

Pyranyl sulfides, tetrahydro- 
reduction, 230 

Pyrazine, 2.5-di benzyl- 
hydrogenation, 643 

Pyrazines 

reduction, 643 

reduction 

Pyrazole, nitro- 
reduction, 636 

Pyrazoles 
reduction, 636 

Pyrazoles, N-acyl- 
reduction, 636,965 

Pyrazole, 3,5-dimethyl-N-acyl- 

metal hydrides, 271 

metal hydrides, 27 1 
Pyrazolidines 

Pyrazolines 

4-Pyrazolinone, N-sulfonyl- 

L-selectride, 637 

reduction, 636 

reduction, 636 

reduction 

5-Pyrazolinones 
catalytic hydrogenation, 637 

Pyrazoloimidazolidinone 
reduction, 636 

Pyrene-3-aldehyde 
Wolff-Kishner reduction, 338 

Pyridazine, N,N-diacylhexahydro- 
ring scission, 640 

Pyridazine N-oxides 
deoxygenation, 390,640 

Pyridazines 
reduction, 640 

Pyridazines, dihydro- 
reduction, 640 

Pyridazines, tetrahydro- 
reduction, 640 

Pyridazinium salts 
reduction, 640 

3-Pyridazinone 
reduction 

zinc, 563 
6-Pyridazinone, 1 -alkyl- 

reduction 
LAH, 641 

6-Pyridazinone, 4,Sdihydro- 
reduction 

excess LAH, 641 
Pyridine, 2-acetyl- 

reduction 
hydride transfer, 94 

Pyridine, 3-acetyl- 
hydrogenation 

catalytic, 141 
Pyridine, 4-acetyl- 

hydrogenation 
catalytic, 141 

Pyridine, alkyl- 
oxide 

reduction, 392 

hydrogenation, 598 

reduction 

Pyridine, amino- 

Pyridine, 2-benzoyl- 

hydride transfer, 94 
Pyridine, 4-benzoyl- 

reduction 
dissolving metals, 115 

Pyridine, chlorofluoro- 
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hydrogenolysis, 901 
Pyridine, 2-cinnamoyl- 

reduction 
dihydropyridines, 56 1 

Pyridine, 3-cyano- 
reduction 

borohydrides, 580 
Pyridine, 3-cyano- 1,4,5,6-tetrahydro- 

synthesis, 580 
Pyridine, 3,5-dichlorotrifluoro- 

hydrogenation, 905 
Pyridine, 3,5-dicyano- 

reduction 
aluminum hydrides, 583 
borohydrides, 580 

Pyridine, 3,5-diethoxycarbonyl- 
reduction 

borohydrides, 580 
Pyridine, 3,5-diethoxycarbonyl-2,6-dimethyl- 

1,cdihydro- 
reduction 

unsaturated carbonyl compounds, 561 
Pyridine, 1,2-dihydro- 

reduction 
borohydrides, 585 

Pyridine, 1,4-dihydro- 
acid stability, 95 
chiral 

chiral macrocyclic 

enantioselective reductions, 93 
hydride donor, 92 
macrocyclic 

redox potentials, 93 
reduction 

reduction potential 

Pyridine, 2,6-dimethyl- 

intramolecular reductions by, 95 

reduction, model, 95 

enantioselective reductions, 95 

pyridinium salts, 589 

thermodynamic activation, 82 

hydrogenation 

Rosenmund reduction, 287 

oxide 

nickel catalysts, 597 

Pyridine, halo- 

reduction, 392 

electroreduction, 593 
hydrogenation, 598 

Pyridine, 3-methoxy- 
reduction 

Pyridine, 3-hydroxy- 

borohydrides, 584 
Pyridine, 2-methyl- 

hydrogenation 
nickel catalysts, 597 

Pyridine, 3-methylthio- 

borohydrides, 584 

electroreduction, 593 
reduction 

borohydrides, 580 

reduction 

Pyridine, 3-nitro- 

Pyridine, pentachloro- 
de halogenation 

aluminum hydrides, 584 

Pyridine, pentafluoro- 
catalytic hydrogenation, 903 

Pyridine, 2-phenyl- 
hydrogenation 

nickel catalysts, 598 
Pyridine, tetrachloro-4-substituted 

aluminum hydrides, 584 
dehalogenation 

Pyridine, 3-trialkylstannyl- 

borohydrides, 585 
reduction 

Pyridine, 3-trimethylsilyl- 
reduction 

borohydrides, 585 
Pyridinecarboxylic acids 

electrolytic reduction, 285 
hydrogenation, 599 

Pyridine-3,5-dicarboxylic acid 
hydride transfer, 82 
hydrogenation, 599 

hydride donors, 92 

deoxygenation, 391,600 
reduction, 392,587 

Pyridines 
borane 

hydrogenation 

reduction, 579-600 

Pyridine-3,5-dicarboxylic acid, 1,4-dihydro- 

Pyridine N-oxides 

reductive amination, 54 

homogeneous catalysis, 455,600 

aluminum hydrides, 583 
borohydrides, 580 
dihydropyridine, 589 

Pyridinium bromide, 1 -methyl-4-carbamoyl- 
reduction 

dithionite, 589 
Pyridinium iodide, 1 -methyl-4-cyano- 

reduction 

Pyridinium salts 
oxidation 

reduction 

borohydrides, 587 

of primary and secondary alcohols, 96 

aluminum hydrides, 587 
borohydrides, 584 
dihydropyridine, 589 
regioselectivity ,92  

Pyridinium salts, alkoxy- 
reduction 

aluminum hydrides, 587 
Pyridinium salts, N-alkyl- 

reductive deamination, 827 
Pyridinium salts, 1 -alkyl-3-carbamoyl- 

partial reduction, 600 
Pyridinium salts, I -amino- 

reduction 
borohydrides, 587 

Pyridinium salts, 4-cyano- 1 -methyl- 
polarographic reduction, 595 

Pyridinium salts, 1,3-dimethyI- 
reduction 

borohydrides, 587 
Pyridinium salts, 4-nitroaryl- 

electroreduction, 595 
Pyridodipyrimidine 
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alcohol oxidation, 97 
4-Pyridone 

reduction 
dissolving metals, 597 

2-Pyridone, 1 -alkyl- 
reduction 

aluminum hydrides, 583 
4-Pyridone, 1 -methyl- 

reduction 
dissolving metals, 597 

Pyridones 
electroreduction, 593 
hydrogenation, 598 

hydrogenolysis, 902 

hydrogenolysis, 906 

reduction, 642 

reduct ion 

Pyrimidine, 5-bromo-6-chloro-2,4-dimethyl- 

Pyrimidine, 2-chloro-4,6-dimethyl- 

Pyrimidines 

Pyrimidines, N-benzyldihydro- 

sodium borohydride, 642 
Pyrimidine-2-thione, 1 -aryl- 

reduction 
LAH, 642 

Pyrimidine-2( lH)-thiones 
reduction 

sodium borohydride, 642 
Pyrimidinium salts, dihydro- 

Pyrimidin-2( lH)-ones 
reduction, 642 

reduction 
sodium .borohydride, 642 

y-Pyrones 
reduction 

borohydrides, 540 
Pyrrole, 2-acetyl- 

hydrogenation, 604 
Pyrrole, acyl- 

reduction 
metal hydrides, 270 

Pyrrole, 2-benzyl- 
reduction 

dissolving metals, 605 
Pyrrole, 2,5-dimethyl- 

Birch reduction, 605 
Pyrrole-2-carboxylic acid 

reduction, 606 
Pyrroles 

reduction, 603430 
Pyrrolidides 

reduction 
aluminates, 272 

Pyrrolidine, 2-(diphenylhydroxymethy1)- 

2-Pyrrolidine, 1 -methyl- 
reduction, 17 1 

reduction 
lithium aluminum hydride, 273 

Pyrrolidinium ions, dimethyl- 
electroreduction of nonalkenic carbonyl compounds 

electroreduction of nonconjugated alkenic ketones 
mediator, 133 

mediator, 134 
1 -Pyrroline, 2-acetyl- 

Pyrrolines, 2.5-dialkyl- 
synthesis, 604 

reduction, 47 

synthesis 

Pyruvic acid 
amides 

hydrogenation 

menthyl ester 

methyl ester 

Pyrrole[ 1,2-u]quinoline 

via intramolecular hydride transfer, 98 

catalytic hydrogenation, 145 

catalytic, I45 

asymmetric hydrogenation, 144 

hydrogenation, modified metal catalyst, I5 1 
Pyruvic acid, phenyl- 

ethyl ester, oxime acetate 
hydrogenation, 149 

Pyrylium salts 
hydride acceptors, 91 

Quadrone 
synthesis 

Quassinoids 
via Wharton reaction, 927 

synthesis, 929 
via Wharton reaction, 928 

Quinazolines 

Quinine 

Quinoline, cyano- 

reduction, 642 

lithium aluminum hydride modifier, 164 

reduction 
borohydrides, 581 

Quinoline, 3-dimethylamino- 

borohydrides, 58 1 
reduction 

Quinoline, 2-methyl- 
reduction 

ruthenium phosphine/formic acid complex, 591 
Quinoline, 4-methyl- 

reduction 
homogeneous catalysis, 600 

Quinoline, 8-oxy- 
dihydroboronite 

Quinoline-N-borane 
selective aldehyde reduction, 17 

reduction 

Quinoline-S 
catalyst 

Quinolines 

aluminum hydrides, 584 

Rosenmund reduction, 286 

electroreduction, 594 
hydrogenation 

homogeneous catalysis, 456 
nickel catalysts, 597, 598 

deoxygenation, 391 

aluminum hydrides, 584 
borohydrides, 580 
dihydropyridine, 589 
dissolving metals, 596 
formates, 591 
regioselective, 600 
sodium hydride, 588 

Reissert compounds, 295 

N-oxides 

reduction 
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Quinolinium salts 
reduct ion 

aluminum hydrides, 587 
borohydrides, 587 

Quinolinium salts, I-methyl- 
reduction 

formates, 591 

arenes from, 949 
hydride transfer 

hydrogenation, 152 
reduction 

Quinones 

with I ,4-dihydropyridines, 93 

hydroquinones, 19 
silanes, 318 

Quinoxalines 
1 ,4-dioxides 

reduction, 643 
deoxygenation, 391 

Raney nickel 
deselenations, 847 
desulfurizations, 836 

a-alkylthio carbon) - sompounds, 99 
mechanism, 837 

hydrogenation, 41 8 
alcohols, 8 15 
pyridines, 597 

hydrogenoly sis 
alkyl halides, 794 
benzylic alcohols, 963 
carbonyl compounds, 320 

epoxides, 88 1 
reduction, 366 

Red A1 - see Sodium bis(2-methoxyethoxy)aluminum 
hydride 

Reduction 
acetals, azaacetals and thioacetals 

alcohols 

alkenes 

alkenes and alkynes 

alkyl halides, 793-807 
aromatic rings 

benzo[h]furans, 624 
benzo[h]thiophenes, 629 

dissolving metals, 123 

metal hydrides, 25-74 

dissolving metals, 126 

dissolving metals, 307-323 
Wolff-Kishner reduction, 327-359 

catalytic hydrogenation, 139-1 55 
chirally modified hydride reagents, 159-1 80 
dissolving metals, 107-126 
electrolytically, 129-1 37 
enzymes and microorganisms, 183-207 
hydride delivery from carbon, 79-103 

to ethers, 21 1-232 

to alkanes, 81 1-832 

enzymes and microorganisms, 205 

noncatalytic chemical methods, 47 1 4 8 7  

dissolving metals, 489-5 19 

C==N 

C=N to CHNH 

C d  

C=X to CHI 

C==X to CHXH 

carbonyl compound arylsulfonylhydrazones 

carbonyl compounds 
hydrides, 343 

enantiomeric distinctions, 185 
metal hydrides, 1-22 

carboxylic acid derivatives, 235-254 
carboxylic acids 

metal hydrides, 237,259-279 
to aldehydes, 283-304 

C-halogen bonds, 985 
enones, 523-568 
epoxides, 87 1-89 1 
furans, 606 
heterocycles, 603-630 
H g - C  bonds, 850 
imines 

enzymes and microorganisms, 204 
metal hydrides, 25-74 

indoles, 612 
isocyanides, 830 
ketones, 923-95 1 

metal hydrides 

N=N bonds, 381-399 
nitro compounds, 363-379 
nitroso compounds, 363-379 
N-N bonds, 381-399 
N - 4  bonds, 381 
one-elec tron 

pyridines, 59 1 
0-0 bonds, 38 1 
partial and complete 

P-C bonds, 858 
pyridines, 579-600 
pyrroles, 604 
S - C  bonds, 835-870 
S e x  bonds, 847 
selective 

acetals, 216 
styrenes, 523-568 
a-substituted carbonyl compounds, 983-996 
thiophenes, 608 
transition metal hydrides, 548 
vinyl halides, 895-920 

electrosynthesis, 129 

benzoic acids 

metal-ammonia reduction, 527 
Reductive cleavage 

a-halo ketones 
halide salts, 988 
metals, 986 

nitrogen compounds, 383 
sulfur compounds 

a-halo ketones, 989 
Reductive deamination 

dissolving metals, stereoselectivity, I 16 

unsaturated carbonyl compounds, 536 

heterocycles, 635-666 

Reduction potential 

Reductive alkylations 

Birch reduction, 499 

amines, 826 
to alkanes, 81 1 

nitriles 
Reductive decyanation 

electrolysis, 252 
Reductive dehalogenation 
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alkyl halides, 794 
Reductive dimerization 

alkynes 

electrochemical 

Reductive elimination 
hydrazones, 939 
ketones, 925 

Reductive ozonolysis 
alkenes, 398 

Reductive silylations 
aromatic rings, 5 17 

Reductones 
intermolecular redox reactions 

hydroalumination, 744 

unsaturated carbonyl compounds, 532 

via enediols, 88 
Reference electrodes 

electrosynthesis, 130 
Reissert compounds 

reduction 

synthesis 
amides, 295 

via heterocyclic amines, 295 
Retinal 

electroreduction 
pinacolization, 134 

a-L-Rhamnoside, methyl 2,3-benzylidene- 

Rhenium 
reduction, 226 

catalysts 
hydrogenolysis, benzylic alcohols, 963 

Rhenium oxide 
catalyst 

carboxylic acid hydrogenation, 236 
Rhizopus nigricans 

reduction 
unsaturated carbonyl compounds, 558 

Rhodium 
hydrogenation catalyst 

hydrogenolysis catalyst 
pyridines, 597 

benzylic alcohols, 963 
carbonyl compounds, 320 

mechanism, 672 

hydrogenation of alkenes, 445 

transfer hydrogenation, 366 

hydrometallation 

pentamethylcyclopentadienyl derivatives 

reduction 

Rhodium, acetatotris(tripheny1phosphine)- 
hydrogenation 

alkenes, 445 

hydrogenation 
alkenes, 445 

Rhodium, bis(acetonitrile)( 1,5-~yclooctadiene)- 

Rhodium, bis(acety1acetone)- 

hydrosilation, 556 
catalyst 

Rhodium, bromotris(tripheny1phosphine)- 
hydrogenation 

alkenes. 445 

hydrogenation 
alkenes, 445 

Rhodium, chlorotris( tripheny1phosphine)- 
hydrogenation catalyst, 152,535 

alkenes, 443,445 
homogeneous catalysis, 443 

a$-unsaturated carbonyl compounds, 20.555 

unsaturated esters, 555 

hydrosilylation 

reduction 

Rhodium, chlorotris(tripheny1phosphine rn-trisu1fonate)- 
hydrogenation 

alkenes, 445 
Rhodium, hexadecacarbonylhexa- 

catalyst 
hydrogenation, 600 

Rhodium, iodotris(tripheny1phosphine)- 
hydrogenation 

alkenes, 445 

hydrogenation 
alkenes, 445 

Rhodium acetate 
deoxygenation 

Rhodium, nitrosotris(tripheny1phosphine)- 

epoxides, 890 
Rhodium cluster, tetrakis(p-acetato)di- 

catalyst 
hydrosilation, 556 

Rhodium clusters 
hydrogenation 

alkenes, 445 
Rhodium complexes 

carbonyl 

catalysts 
reduction, aromatic nitro compounds, 372 

hydroboration, 709 
hydrosilylation, 764 

homogeneous hydrogenation, 152 
hydride transfer 

catalyst. 91 
polymer bound 

catalyst, hydrogenation, 4 19 
Rhodium trichloride 

Aliquat-336 ion-pair 
hydrogenation, 535 

Riboflavin 
synthesis, 292 

Ribose 
synthesis, 292 

Rosenmund reduction 
acyl chlorides, 259,286 
mechanism, 287 

reduction 
Rubidium 

ammonia, 113 
carbonyl compounds, 109 

hydrogenation catalyst, 418 
Rutheni urn 

pyridines, 597 
Ruthenium, carbonyldihydridotris( tripheny1phosphine)- 

hydrogenation 
Rhodium, carbony lhydridotris( tripheny1phosphine)- benzylideneacetone, 55 1 

hydrogenation Ruthenium, chlorohydridotris(tripheny1phosphine)- 
alkenes, 445 hydrogenation 

Rhodium, chlorodicarbonylbis[bis(diphenylphosphino)- alkenes, 445 
methaneldi- transfer hydrogenation 
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a$-unsaturated ketones, 55 1 
Ruthenium, decacarbonyl( isocyanide)tri- 

hydrogenation 
alkenes, 446 

Ruthenium, dichlorobis(tripheny1phosphine)- 
formic acid complex 

2-methylquinoline reduction, 59 1 
Ruthenium, dichlorotris(tripheny1phosphine)- 

hydrogenation catalyst, 369,535 
alkenes, 445 
anhydrides, 239 
hydrogen transfer, 557 

transfer hydrogenation 
a,P-unsaturated ketones, 55 1 

Ruthenium, dihydridotetrakis(tripheny1phosphine)- 
hydrogenation 

alkenes, 445 
Ruthenium, octacarbonyltetrahydridobis( 2,3-0- 
isopropylidene-2,3-dihydroxy- 
1,4-bis(diphenylphosphino)butane)tetrakis- 
transfer hydrogenation, 552 

Ruthenium, tetrachlorotris(2,3-O-isopropylidene-2,3- 
dihydroxy- 1,4-bis(diphenylphosphino)butane)bis- 
transfer hydrogenation, 552 

Ruthenium, tris(acetonitri1e)chloro- 
[bis(diphenylphosphino)methme] 
hydrogenation 

alkenes, 446 
Ruthenium tris(tripheny1phosphine)- 

aliphatic nitro compounds, 374 
reductions 

Ruthenium complexes 
catalysts 

hydrosilylation, 764 
hydrogenation 

alkenes, 154 
transfer hydrogenation 

silanes, 554 
Ruthenium dioxide 

catalyst 
carboxylic acid hydrogenation, 236 

Saccharides, acyl 
reduction 

metal hydrides, 27 I 
Saccharin, chloro- 

reduction 
metal hydrides, 27 1 

Saccharomyces cerevisiae 
reduction 

Salicylaldehyde 
synthesis, 285 

Salicylaldehyde, fluoro- 
synthesis, 285 

Samarium chloride 
reduct ion 

unsaturated carbonyl compounds, 559 

enones, 540 
Samarium diiodide 

deoxygenation 
epoxides, 889 

reduction 
alkyl halides, 797 
epoxides, 883 

reductive cleavage 
a-alkylthio ketones, 994 

synthesis, 115 
Samarium salts 

reduction 

reductive cleavage 
carbonyl compounds, 1 15 

ketols, 992 
Santonin 

synthesis, 530 
Sapogenins 

steroidal 
reduction, 220 

hydrometallation 
alkenes, 696 

Scandium, bis(cyc1opentadienyl)hydrido- 

Schiff bases 
catalytic hydrogenation, 143 
electroreduction, 136 
electroreductive cyclization, 136 
homogeneous hydrogenation, 155 

reduction 
16,17-Secopregnanes 

dissolving metals, 114 
Selenide, phenyl trimethylsilyl 

benzoin acetates, 993 
dehalogenation 

Selenide, tripheny lphosphine 
deoxygenation 

epoxides, 887 
Selenides 

deselenation 
nickel boride, 848 

Selenides, P-hydroxy- 
deoxygenation, 887 

Selenium 
reductions, 370 

carbonyl compounds, 323 
nitro compounds, 366 

Selenium inseition reaction 

Selenocarbonates, Se-phenyl- 
hydroalumination adducts, 754 

reduction 
stannanes, 825 

Selenol 
reductions 

Selenophenol 
reduction 

aromatic compounds, 370 

imines, 36 

deoxygenation 
2-Selenoxobenzothiazole, 3-methyl- 

epoxides, 887 
Selinene 

synthesis, 943 
Semicarbazones 

reduction, 336 
Serine, phenyl- 

synthesis, 148 
Shapiro reaction, 944 

limitations, 948 
regioselectivity, 944 
stereoselectivity, 948 

intramolecular hydrosilylation, 774 

hydrosilylation 

Silacycles 

Silane, alkoxy- 

unsaturated hydrocarbons, 765 
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Silane, alkynyl- 
hydroalumination, 74 1 
hydroboration, 708 
reaction with diisobutylaluminum hydride, 734 

Birch reduction 
Silane, aryl- 

dissolving metals, 513 
Silane, benzyl- 

Birch reduction 
dissolving metals, 513 

Silane, chloro- 
hydrosilylation 

unsaturated hydrocarbons, 765 
Silane, diiododimethyl- 

reduction 
benzylic alcohols, 979 

Silane, dimethylphenyl- 
hydrosily lation 

ketone reduction, 8 

reduction 

carbonyl compounds, 21 

Silane, diphenyl- 

carbonyl compounds, 322 
Silane, diphenyl(4-penteny1)- 

Silane, ethynyl- 

Silane, hydrido- 

ring closure, 774 

hydroalumination, 748 

ionic hydrogenation 

Silane, iodotrimethyl- 
dehalogenation 

unsaturated carbonyl compounds, 546 

a-halo ketones, 988 
Silane, methyltrichloro- 

dehalogenation 
a-halo ketones, 988 

transfer hydrogenation 
Silane, phenyl- 

molybdenum complex catalyst, 554 
Silane, trialkyl- 

reduction 
acetals, 216 

Silane, trichloro- 
reduction 

carbonyl compounds, 322 
carboxylic acids, 238 

Silane, triethyl- 
ionic hydrogenation 

carbonyl compounds, 3 19 
oligosaccharide side chain cleavage, 2 19 
reaction with unsaturated esters 

reduction 
rhodium catalysts, 555 

acyl halides, 265 
alcohols, 8 13 
carbocations, 275 
carbonyl compounds, 3 18 
1,4-dihydropyridine, 589 

Silane, tris(trimethylsily1)- 

alkyl halides, 801 
reduction 

Silane, vinyl- 
coupling reactions 

hydrosilylation, 774 
reaction with electrophiles, 785 

organic halides, 786 

synthesis, 769 

hypervalent 

reduction 

Silanes 

acyl halide reduction, 265 

acetals, 216 
acyl halides, 265 
alkyl halides, 80 1 
carbonyl compounds, 3 18 
carboxylic acids, 261 
esters, 824 
imines, 36 

Silanes, organo- 
hydride donor 

Silicates, hydrido- 
carbonyl compound reduction, 20 

Silicates, pentafluoro- 
synthetic reactions, 787 

Silicon hydrides 
reduction 

ionic hydrogenation, 486 

carbonyl compounds, 20 
unsaturated carbonyl compounds, 546 

Silyl enol ethers 
aldol reactions, 786 
reduction, 935 

Silylmetallation 
alkynes, 771 

Silyl triflate, trimethyl- 
reduction 

acetals, 216 

cyclopropanation 

Single electron transfer 

Simmons-Smith methylenating agents 

hydroalumination adducts, 756 

desulfurization 
electropositive metals, 842 

Sodium 
Birch reduction, 492 

alkyl halides, 795 
ethanol as solvent 

reduction, 1 1  1 
in alcohol 

alkyl halide reduction, 795 
liquid ammonia 

amide reduction, 293 
carbonyl compound reduction, 308 

amidines, 302 
ammonia, 113 
carbonyl compounds, 109 
enones, 524 
epoxides, 880 

unsaturated carbonyl compounds, 532 

reduction 

reductive dimerization 

Sodium acetate 

Sodium acetoxyborohydride 

Sodium aluminum hydride 

Rosenmund reduction, 287 

hydroboration, 709 

reduction 
amides, 27 I 
esters, 267 
imines, 36 
nitriles, 274 

reduction kinetics, 2 



1132 Subject Index 

Sodium amalgam 
C-P bond cleavage, 863 
demercuration, 857 

stereoselectivity, 857 
desulfurization, 843 
reduction 

aldonolactones, 292 
enones, 525 

a-alkylthio ketone, 993 

unsaturated carbonyl compounds, 532 

nitro compounds, 366 

reductive cleavage 

reductive dimerization 

Sodium arsenate 
reduction 

Sodium benzoate 
reduction 

dissolving metals, 526 
Sodium bis(2-methoxyethoxy)aluminum hydride 

reduction 
amides, 27 1 
aromatic nitriles, 274 
benzylic halides, 967 
carbonyl compounds, 314 
carboxylic acids, 238 
epoxides, 879 
esters, 267 
imines, 36 
lactones, 268 
pyridines, 584 
a-siloxy ketones, 7 
unsaturated carbonyl compounds, 542-544 

lactones, 268 

Sodium bis(2-methoxyethoxy)ethoxyaluminum hydride 

Sodium bis(2-methoxyethoxy)-N- 

reduction 

methylpiperidinoaluminum hydride 
reduction 

esters, 267 
Sodium borodeuteride 

labeling 

reduction 
demercuration, 852 

gibberellins, 537 
Sodium borohydride 

cerium chloride complex 
cyclic ketone reduction, 15 
enone reduction, 539 

chirally modified 
reduction, 160 

demercurations, 85 1 
hydroboration, 708 
liquid ammonia 

reduct ion 
reductive amination, 54 

acetals, 2 15 
acyl halides, 240,263 
alkyl halides, 803 
N-alkylphthalimides, 254 
amides. 249 
benzylic alcohols, 962 
benzylic halides, 967 
carbonyl compounds, 2,3 13 
carboxylic acids, 237 
enones, 15 
epoxides, 874 

esters, 244,267 
hydrazones, 345 
imines, 26 
imines, chemoselectivity, 37 
indoles, 6 16 
ketones, 9 
keto sulfides, 12 
lactones, 269 
nitriles, 253 
nitro compounds, 366 
pyridines, 579 
tosylates, 8 12 
unsaturated carbonyl compounds, 536 
unsaturated hydrocarbons, 485 

selective aldehyde reduction, 16 
selective ketone reduction, 18 
trifluoroacetic acid 

carbonyl compound reduction, 3 I5 
Sodi um bromate 

reduction 
dissolving metals, 526 

Sodium cyanoborohydride 
reduction 

acetals, 216 
alkyl halides, 806 
allylic leaving group, 960 
benzylic compounds, 969 
carbonyl compounds, 3 14 
enones, 538 
epoxides, 876 
hydrazones, 350 
imines, 26,36 
imines, chemoselectivity, 37 
pyridines, 580 
tosylates, 8 12 
unsaturated carbonyl compounds, 536 

biochemical applications, 47 
reductive amination, 26,47 

Sodium (cyclopentadieny1)dicarbonylferratk 
deoxygenation 

epoxides, 890 
Sodium 0,O-diethyl phosphorotelluroate 

deoxygenation 
epoxides, 887 

Sodium diisobutylaluminum hydride 
reduction 

aromatic nitriles, 274 
Sodium dithionite 

demercurations, 857 
reduction 

dienoic carboxylic acids, 563 
imines, 36 
I -methyl-4-carbamoylpyridinium bromide, 589 
pyridines, 589 

Sodium hydride 
reduction 

acyl halides, 262 
cyclic carbonyl compounds, 14 
enones, 16 
epoxides, 879 
quinoline, 588 
unsaturated hydrocarbons, 485 

Sodium hydrogen telluride 
reduction, 880 

aromatic compounds, 370 
Sodium naphthalenide 
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reductive cleavage 
aryl-phosphorus bonds, 859 

Sodium nitrite 
reduction 

dissolving metals, 526 
Sodium octacarbonylhydridodiferrate 

reduction 

Sodium sulfide 
reduction 

unsaturated carbonyl compounds, 550 

dibromoalkanes, 806 
nitro compounds, 370 

Sodium telluride 
synthesis, 370 

Sodium tetracarbonylferrate 
reduction 

anhydrides, 29 1,293 
thiol esters, 293 

Sodium triacetox yborohydride 

Sodium tri-t-butoxyaluminum hydride 
reductive amination, 54 

reduction 
amides, 271 

Sodium triethoxyaluminum hydride 
reduction 

nitriles, 274 
Sodium triethylborohydride 

isoquinoline, 583 

demercuration, 853 
reduction 

acyl halides, 263 
unsaturated carbonyl compounds, 536 

reduction 

Sodium trimethoxyborohydride 

So 1 as od i n e 
reduction, 228 

Sonication 
hydroboration, 7 16 

Sonn-Muller reduction 
imidoyl chlorides, 300 

Sorbic acid 
sodium salt 

hydrogenation, 450 

hydroxymercuration. 854 

reduction, 220 
synthesis, 837 

Stannane, acyl- 
prochiral 

Spiroacetals 

Spiroketals 

enantioselective reduction, 164 
Stannane, diphenyl- 

reduction 
unsaturated carbonyl compounds, 548 

viu enantioselective reduction of acylstannone, 164 

Stannane, a-hydroxy- 
synthesis 

Stannane, trialkyl- 
reduction 

unsaturated nitriles, 548 
Stannane, triaryl- 

reduct ion 
unsaturated nitriles, 548 

Stannane, tri-n-butyl- 

isocyanides, 830 
decyanation 

deoxygenation 
thioesters, 8 18 

radical reduction 
allylic groups, 969 

reduction, 96 1 
acyl halides, 264 
alkyl halides, 798 
unsaturated carbonyl compounds, 548 

Stannane, tributyldeutero- 

alkyl halides, 798 
Stannane, tributyltritio- 

alkyl halides, 798 

reduction 

reduction 

Stannane, triphenyl- 
reduction 

acyl halides, 264 
carbonyl compounds, 322 
isocyanates, 74 
unsaturated carbonyl compounds, 548 

S tannanes 
dehalogenation 

reduction 
a-halocarbonyl compounds, 991 

acyl halides, 264 
esters, 824 
0-thiocarbonyl compounds, 8 18 

toxicity, 800 
Stephen reduction 

nitriles, 298 
Steroids, 1 I-keto 

reduction 
dissolving metals, 118 

Steroids, 12-keto 
reduction 

dissolving metals, 119 
dissolving metals/ammonia, I 12 

Steroids, nitro 
reduction, 374 

Stibine, diphenyl- 
selective ketone reduction, 18 

Stilbene 
reduction 

hydrazine, 568 
Stilbene, a-chloro- 

hydrogenation, 899 
Stilbene, difluoro- 

hydrogenation, 8% 
Stilbene, a-fluoro- 

hydrogenation, 896 
Stilbene oxide 

deoxygenation, 886 
Strontium 

reduction 
ammonia, 1 13 

Styrene, P-bromo- 
catalytic hydrogenation, 900 

Styrene, t-butyl peroxy- 
synthesis, 855 

Styrene, a-ethoxy- 
reduction, 937 

Styrene, 4-methoxy- 
hydroboration, 7 13 

Styrene, P-methyl-P-nitro- 
reduction, 376 

Styrene, 4-nitro- 
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reduction, 364 
Styrene. 4-(trifluoromethyl)- 

hydroboration, 7 13 
Styrene oxide 

reduction 
lithium aluminum hydride, 875 

Styrene oxide, P-methyl- 
reduction 

lithium aluminum hydride, 872 
Styrenes 

conjugated 
partial reduction, 564 

hydroboration, 704,718 
hydrogenation 

hydrometallation, 672 
hydrosily lation 

asymmetric, 783 
hydrozirconation 

regioselectivity, 685 
partial reduction, 523-568 

Succinic anhydriae 
hydrogenation, 239 

Succinimide, N-methyl- 
reduction, 254 

Sugars, C-methyldeoxy- 
synthesis, 694 

Sulfamates, NSV-dimethyl- 
catalytic hydrogenation, 8 17 

Sulfenimines, trityl- 
reduction 

homogeneous catalysis, 453 

sodium cyanoborohydride, 74 
Sulfide, dimethyl 

diborane complex 
carboxylic acid reduction, 261 

Sulfide, 1-naphthyl ethyl 
desulfurization, 914 

Sulfide, 1-naphthyl isopropyl 
desulfurization, 914 

Sulfide, 1 -naphthyl phenyl 
desulfurization, 9 14 

Sulfides 
benzylic 

reduction, 964 
cleavage 

metal-ammonia, 53 1 
desulfurization, 836,842 

LAH-CuC12,840 
tin hydrides, 846 

Sulfides, o-aminobenzyl 
desulfurization, 976 

Sulfides, aryl alkyl 
desulfurization, 847 

Sulfides, benzothiazolyl alkyl 
desulfurization 

Sulfides, @-hydroxy 
tin hydrides, 846 

synthesis 
viu reduction of P-keto sulfides, 12 

Sulfides, @-keto 
reduction, 12 

Sulfides, methyl 
desulfurization, 958 

Sulfonamide, phenacyl- 
reduction 

dissolving metals, 994 

Sulfonamides 
deamination, 828 
desulfurization, 836 

Sulfonamidomercuration 
alkenes, 856 

Sulfonates 
reduction 

lithium aluminum hydride, 812 
Sulfonates, allylic 

reduction, 974 
Sulfones 

desulfurization, 837 
chemoselective, 836 
metal-ammonia, 842 

hydrogenolysis, 914 
Sulfones, allylic 

reduction, 975 
Sulfones, a-keto 

desulfurization, 843 
Sulfones, vinyl 

desulfurization, 842 
stereoselective reduction 

sodium dithionate, 847 
Sulfones, vinyl phenyl 

desulfurization, 840 
Sulfonimide, NJV-bis(trifluoromethane)- 

reduction, 827 
Sulfoxides 

desulfurization, 837 
hydrogenolysis, 9 14 

Sulfoxides, allenyl 
desulfurization, 847 

Sulfoxides, a-keto 
desulfurization, 847 

Sulfoxides, P-keto 
reduction, 12 

Sulfur 
reductions, 370 

Sulfur compounds 
reductive cleavage 

a-halo ketones, 989 
Sulfur dioxide insertion reaction 

hydroalumination adducts, 754 
Sulfur insertion reaction 

hydroalumination adducts, 754 
Sulfur trioxide insertion reaction 

hydroalumination adducts, 754 
Sulfuryl chloride 

reaction with hydroalumination adducts, 754 
Super Deuteride 

deuteration 
alkyl halides, 805 

Super Hydride - see Lithium triethylborohydride 
Supporting electrolytes 

electrosynthesis, 130 

Tantalates, carbony ldic yclopentadien y Ihydrido- 
reduction 

acyl chlorides, 290 
Tantalum 

hydrometallation 
mechanism, 672 

Tebbe reagent 
hydrozirconation, 676 

Telluride, dialkyl 
reductions 
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nitro compounds, 37 1 
Tellurides 

reductions 
nitro compounds, 366 

Tellurium 
reductions, 370 

nitro compounds, 366 
unsaturated carbonyl compounds, 563 

Testosterone 
hydrogenation 

catalytic, 533 
homogeneous catalysis, 452 

Testosterone, 17-methyl- 
hydrogenation 

homogeneous catalysis, 452 
Tetralin, 1,4-dihydro- 

reduction 
Wilkinson catalyst, 445 

Tetralone, 6-methoxy- 
reduction 

1 -Tetralones 
hydrogen transfer, 320 

Birch reduction 

reduction 
dissolving metals, 509 

dissolving metals, 114 
ionic hydrogenation, 3 19 

1 -Tetralones, 2-oximo- 
reduction 

chemoselective, 125 
5-Tetrazole diazonium chloride 

thermal decomposition. 890 
1,2,6-Thiadiazine-l,l-diones 

synthesis, 645 
Thiane, a-hydroxy- 

synthesis, 934 
Thiazanes 

reduction, 23 1 
1,3-Thiazine, 5-acyl- 

reduction 
sodium cyanoborohydride, 658 

6H- 1.3-Thiazine, 2-phenyl- 
electroreduction 

regioselectivity, 136 
I ,3-Thiazines 

1,3-Thiazines, dihydro- 
reduction, 658 

reduction, 23 I 
synthesis 

via carboxylic acids, 275 
Thiazole-2-carboxylic acid 

ethyl ester 
reduction, 293 

Thiazolecarboxylic acids 

Thiazoles 

Thiazolidines 

Thiazolidin-2-one, 3-acyl- 

electrolytic reduction, 285 

reduction, 656 

reduction, 23 1 

reduction 
metal hydrides, 272 

Thiazolidinones 
reduction, 23 1 

Thiazolines 
reduction, 656 

Thiazoline-2-thiones 
ring opening, 657 

1,3-Thiazolin-5-one, 4-alkylidene- 
reduction 

sodium borohydride, 656 
Thienamycin 

Thioacetals 
synthesis, 647 

reduction, 229,935 
to ethers, 2 1 1-232 

Thioamides 
reduction, 303 

Thiobenzanilide 
reduction, 303 

Thiobenzanilide, 4-hydroxy- 
reduction, 303 

Thiobenzanilide, 4-methoxy- 
reduction, 303 

Thiobenzophenone 
hydride transfer 

reduction 
with I ,4-dihydropyridines, 93 

dissolving metals, 126 
Thiobenzoyl compounds 

deoxygenation, 8 18 
Thiocarbamates, Nfl-dimethyl- 

catalytic hydrogenation, 8 17 
0-Thiocarbonyl compounds 

reduction 
stannanes, 8 18 

Thiocresol 

Thioesters 
reduction, 568 

deoxygenation, 8 18 
desulfurization, 838 
reduction, 303 

Thiohydroxamates 
synthesis, 825 

Thioimidates 
reduction, 302 

Thioketals 
cleavage 

reduction, 229 
Thioketones 

reduction 

metal-ammonia, 53 1 

dissolving metals, I26 
Thiolates 

reduction 

Thiol esters 

Thiols 

a-alkylthiocarbonyl compounds, 995 

reduction, 293 

dehalogenation 

desulfurization 

reduction 

a-halo ketones, 989 

tin hydrides, 846 

Raney nickel, 964 

hydrogenolysis, 9 I4 

desulfurization, 978 

reaction with hydroalumination adducts, 754 

Thiols, benzene- 

Thiols, benzyl 

Thionyl chloride 

Thiophene, 2-acyl- 
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reduction 
dissolving metals, 609 

Thiophene, 2-alkyl- 
reduction 

ionic hydrogenation, 610 
Thiophene, 2-benzoyl- 

reduct ion 
ionic hydrogenation, 610 

Thiophene, 2.5-dimethyl- 
reduction 

ionic hydrogenation, 610 

reductive desulfurization, 836 

reduction, 908 

reduction 

Thiophene, tetrahydro- 

Thiophene, 2,3,5-tribromo- 

2-Thiopheneacetonitrile 

ionic hydrogenation, 61 1 
2-Thiophenecarboxylic acid 

dissolving metals, 609 
3-Thiophenecarboxylic acid 

2-Thiophenecarboxylic acid, 5-methyl- 

Thiophenes 

reduction 

Birch reduction, 609 

electrochemical reduction, 61 1 

desulfurization, 837 
hydrogenation 

reduction, 603-630 

Thiourea, tetramethyl- 

homogeneous catalysis, 456 

electrochemical, 61 1 

catalyst 
Rosenmund reduction, 286 

1,3-Thioxanes 
reduction, 230 

Thioxanthone 
reduction 

boranes, 3 16 
dissolving metals, 115 

Threonine 

Thymol 

Tiglic acid 

synthesis, 148 

hydrogenation, 9 12 

hydrogenation, 552 

mercurated 
homogeneous catalysis, 46 1 

demercuration. 857 
Tin 

reduction 

Tin dichloride 
reduction 

enones, 524 

allylic compounds, 979 
imidoyl chlorides, 301 
nitro compounds, 365, 37 I 

Tin hydride, tri-n-butyl- 
hydrostannation 

reduction 
carbonyl compounds, 2 I 

acyl halides, 265 
aldehydes, 17 
carbonyl compounds, 20 
thione thiolates, 268 

transfer hydrogenation, 553 

Tin hydrides 
deselenations, 849 
desulfurization, 844 
reduction 

quinones, 19 
unsaturated carbonyl compounds, 547 

Tin triflate, tributyl- 
hydrostannation 

carbonyl compounds, 2 1 
transfer hydrogenation, 553 

Titanium, tetrakis(isopropoxy)- 
sodium cyanoborohydride 

reductive amination, 54 
Titanium compounds 

catalysts 
aliphatic nitro compound reduction, 375 
hydroboration, 709 

Titanium salts 
reduction 

alkenes, 53 1 
carbonyl compounds, 1 13 

reductive cleavage 
a-halocarbonyl compounds, 987 
ketols, 992 

Titanium tetrachloride 
lithium aluminum hydride 

reduction 
unsaturated hydrocarbon reduction, 483 

triazolyl ketones, 13 
vicinal dibromides, 797 

Titanium tetraisopropoxide 
additive to lithium borohydride 

reduction, epoxides, 880 
Titanium trichloride 

deoxygenation 

lithium aluminum hydride 

reduction 

epoxides, 889 

unsaturated hydrocarbon reduction, 485 

alkyl halides, 797 
carbonyl compounds, 1 16 
nitro compounds, 37 I 
vicinal dibromides, 797 

Titanocene, dimethyl- 

Titanocene dichloride 
synthesis, 755 

deoxygenation 

hydroalumination, 75 I 
reduction 

a-Tocopherol 
synthesis, 560 

o-Tolualdehyde 
synthesis, 301 

Toluene 
electrochemical reduction, 5 17 
hydrogenation 

heterogeneous catalysis, 436 
Toluene, p-fluoro- 

catalytic hydrogenation, 903 
Toluene, perfluoro- 

hydrogenolysis, 90 I 
Toluene, p-trimethylsilyl- 

Birch reduction 

epoxides, 889 

carbonyl compounds, 323 

dissolving metals, 5 13 
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Tomatidine 

Tosylates 
reduction, 228 

reduction 
lithium aluminum hydride, 812 

Trajectory analysis 
carbonyl compounds 

reduction, 3 
Transamination 

Transfer hydrogenation 
hydrogenolytic asymmetric, 146 

alcohols 
hydrogen donors, 55 1 

conjugated alkene bonds 
homogeneous catalysis, 453 

nitroarenes, 367 
Transition metal alkyls 

hydride transfer, 103 
Transition metal carbonyls 

desulfurizations, 847 
Transition metal complexes 

catalysts 
hydrosilylation, 764 

Transition metal halides 
metal hydrides 

reduction, mechanism, 483 
unsaturated hydrocarbon reductions, 483 

Transition metal hydrides 
reduction 

carbonyl compounds, 22 
unsaturated carbonyl compounds, 548 

Transition metal ions 
electroreduction 

carbonyl compounds, 133 
Transition metals 

reductions 

Transmetallation 

Triazenes 

nitro compounds, 37 1 

zirconium compounds, 692 

reductive cleavage 
synthesis of amines, 383 

1,2,3-Triazoles 
reduction, 661 

I ,2,4-Triazolium chloride, 3-methylthio- 1,4-diphenyl- 
masked carboxylate equivalent, 662 

I ,2,4-Triazolium salts 
reduction, 662 

s-Triazolium salts 
reduct ion 

metal hydrides, 276 
1.2,4-Triazol-5-ones 

LAH, 662 
reduction 

Tricyclo[2.2.1 .0?*6]heptan-3-one 
oximes 

reduction, dissolving metals, 124 
Tridecanenitrile 

reduction, 253 
Trienes 

hydroboration, 705 
hydrogenation to saturated hydrocarbons 

1,2-reduction to alkenes 
homogeneous catalysis, 449 

homogeneous catalysis, 449 
Triflates 

catalytic hydrogenation, 8 I7 

enzymic reduction 
specificity, 193 

Triones 

3,6,8-Trioxabicyclo[3.2.1 ]octane 

Tritylone ethers 

Tryptamine, a-alkyl- 

Tungstates, hydridopentacarbonyl- 

reduction, 227 

Wolff-Kishner reduction, 343 

synthesis, 375 

reduction 
acyl chlorides, 289 

Tungsten halides 
deoxygenation 

epoxides, 888 
Tungsten hexachloride 

epoxides, 889 
deoxygenation 

Tungsten salts 
reduction 

alkenes, 53 1 
Tyrosine, 4-picolyl- 

cleavage, 974 

Ultrasonics 
C-P bond cleavage, 858 
hydrosilylation 

reduction 
unsaturated hydrocarbons, 764 

dissolving metals, 109 
Ultraviolet irradiation 

hydrosil ylation 
unsaturated hydrocarbons, 764 

2-Undecanone 
reduction 

1 0-Undecenal 

Undivided cells 

Uracil, N-benzyl- 

ionic hydrogenation, 3 18 

synthesis, 297 

electrosynthesis, 130 

reduction 
L-selectride, 642 

U rac i 1,5 -bromo- 
reduction, 908 

Uridine, alkenyldeoxy- 
synthesis, 694 

y -Valerolactone 

Valine 
hydrogenation, 246 

borane modifier 
asymmetric reduction, 170 

Vanadates, tricarbonylcyclopentadienylhydrido- 
reduction 

acyl chlorides, 289 
Vanadium dichloride 

reduction 

Vanadium salts 
reduction 

carbonyl compounds, I 16 

alkenes, 53 1 
Vanadium sulfate 

reductions 
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nitro compounds, 37 1 

lithium aluminum hydride 

reduction 

Vanadium trichloride 

unsaturated hydrocarbon reduction, 485 

vicinal dibromides, 797 
Vaska’s complex 

hydrogenation 
alkenes, 446 
methyl acrylate, 453 

Vermiculine 

Vigneron-Jacquet complex 
synthesis, 647 

reduction 

Vinyl acetates 
reduction, 934 

Vinyl bromides 
hydrogenolysis, 899 

Vinyl chlorides 
cleavage 

hydrogenolysis, 897 
Vinyl compounds 

hydrogenation 

unsaturated carbonyl compounds, 545 

metal-ammonia, 530 

heterogeneous catalysis, 439 
Vinyl esters 

Vinyl ethers 
reduction, 930 

hydrosilylation, 775 
reduction, 934 

diimide, 476 
Vinyl fluorides 

Vinyl halides 
hydrogenolysis, 896 

hydrogenolysis, 895 
hydrosilylation, 775 
reduction, 895-920,937 

diimide, 476 
Vinyl iodides 

hydrogenolysis, 900 
Vinyl phosphates 

reduction, 930 
Vinyl selenides 

reduction, 934 
Vinyl sulfides 

desulfurization, 837 
hydrogenolysis, 9 13 
reduction, 934 

Vinyl sulfones 
hydrogenolysis, 91 3 

Vinyl sulfoxides 
hydrogenolysis, 91 3 
reduction, 934 

reduction, 933 

hydrozirconation, 689 

Vinyl triflates 

Vitamin DJ 

Water 
solvent for reduction 

dissolving metals, 1 I I 
Wharton reaction 

a,a-epoxy ketones 
fragmentation, 341 

reduction of ketones, 927 

Wilkinson catalyst - see Rhodium, 

Wolff-Kishner reduction 
chlorotris( triphenylphosphine) 

Barton modification, 330 
carbonyl compounds, 307 

hydrazones, 328 
hydrazones and arylsulfonylhydrazones, 327-359 

chemoselectivity, 338 
Cram modification, 335 
Henbest modification, 336 
Huang-Minlon modification, 329 
isomerization of double bonds, 340 
limitations, 338 
mechanism, 328 
modified procedures, 329 
Nagata and Itazaki modification, 332 
scope, 338 
side reactions, 342 
steric effects, 340 

Working electrodes 
electrosynthesis, I30 

Xanthen-9-one, 3,6-diethoxy- 
reduction 

boranes, 3 16 
Xanthone 

reduction 
boranes, 3 16 
dissolving metals, 115 

p-Xylene 
hydrogenation 

homogeneous catalysis, 454 
Xylenes 

reduction 
photochemical method, 5 17 

Ylangocamphor 
reduction 

dissolving metals, 121 
Ylides 

alkaline hydrolysis, 863 
Yohimbine hydrochloride 

electrochemical reduction 
enones, 532 

Y tterbium 
dissolving metal reductions 

reduction 
unsaturated hydrocarbons, 48 I 

ammonia, 113 
Ytterbium diiodide 

reduction 
carbonyl compounds, 1 15 

Ziegler catalysts 
hydrogenation 

alkenes, 447 
Zinc 

ammonium chloride 

Clemmensen reduction, 309 
desulfurization 

ammonium chloride, 843 
dissolving metal reductions 

unsaturated hydrocarbons, 480 
reduction 

alkyl halides, 795 

nitro compound reduction, 366 
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benzylic compounds, 972 
a-bromo ketones, 986 
enones, 524 
epoxides, 88 1 
nitriles, 299 
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