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Preface 

In the course of our individual research programs, we have had occa- 
sion to utilize hetero Diels-Alder reactions as pivotal steps in natural 
product total syntheses. It became clear to us during the early stages of 
our work that this type of cycloaddition, although a potentially powerful 
synthetic tool, had found relatively little general use. Moreover, it was 
also evident that reviews on various aspects of this chemistry were often 
out-of-date or nonexistent. In response to this situation, we have written 
several journal reviews on different facets of hetero Diels-Alder method- 
ology during the past few years. With an apparent increase in the appreci- 
ation of the value of [4 + 21 cycloadditions in heterocyclic synthesis, we 
felt it was appropriate to write this monograph. 

The emphasis in this work is on the scope and preparative synthetic 
utility of the hetero Diels-Alder reaction. No attempt has been made to 
carefully define or delineate the important mechanistic questions, many of 
which are as yet unanswered, of the various [4 + 23 cycloaddition reac- 
tions other than to try to provide a rationale for the facility with which the 
cycloadditions proceed and to provide a basis for the stereo- and regio- 
chemical observations. We have purposely excluded reactions of singlet 
oxygen as a dienophile, since extensive surveys are available elsewhere. 
Many miscellaneous heterodienophiles and heterodienes have not been 
covered if in our opinion they are not of general synthetic value. A com- 
prehensive treatment of all recorded hetero [4 + 21 cycloadditions is be- 
yond the scope of this monograph. However, we do hope to provide a 
broad survey of this reaction type as it exists today in order to furnish a 
foundation for continued development. 

We express our special thanks to Ms. Beth Swisher for painstakingly 
preparing the original manuscript on top of her daily hectic responsibili- 
ties. We also thank our graduate students and postdoctoral colleagues for 
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their suggestions, encouragement, and continued stimulating interest in 
this topic. We are grateful to Stacy Remiszewski for help in preparing 
Chapter 1 and to Dan Yohannes, Mona Patel, Robert Mathvink, Rob 
Coleman, Thomas Hayes, Rosanna Villani, Scott Bell, Michael Melnick, 
Gary Lee, Thomas Lessen, and Rick Joyce for their proofreading efforts. 

Dale L. Boger 
Steven M. Weinreb 

Hetero Diels-Alder 
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in Organic Synthesis 
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INTRODUCTION 

The [4 + 21 cycloaddition of N-sulfinylaniline with a conjugated diene 
was first described by Wichterle and Rocek in 1953.' Since then, there 
have been a number of Diels-Alder cycloadditions reported for a variety 
of N-sulfinyl compounds [Eq. (I)] .2 

X = A r ,  S02Ar ,  C02R, COR, CN, $ R ~  1 

These [4 + 21 cycloadditions are unique in that they generally proceed 
rapidly, and often exothermically, at relatively low temperatures when 
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there is an electron-withdrawing group X on nitrogen. When X is an 
electron-donating substituent, such cycloadditions usually do not occur. 
Highly electron-deficient N-sulfinyl compounds react most rapidly with 
1,3-dienes, and N-sulfinylanilines are the least reactive type of 
dien~phile.~ The product of a N-sulfinyl Diels-Alder cycloaddition is a 2- 
substituted 3,ddihydro-l ,2-thiazine I-oxide (1). 

Similarly, sulfur diimides are also reactive dienophiles provided they 
bear at least one electron-withdrawing substituent on nitrogen [Eq. (2)].2 

The adducts formed in these cases are the analogous dihydrothiazine 
imines 2. Symmetrical and unsymmetrical sulfur diimides are available, 
and both can act as heterodienophiles. In adducts 1 and 2 the sulfur center 
is chiral, and the implications of this fact will be discussed in some of the 
following sections. 

Kresze has written several excellent reviews on N-sulfinyl and sulfur 
diimide cycloaddition~.~~"' This chapter will concentrate most heavily on 
the more recent developments in the area, and previous summaries 
should be consulted for additional information. 

1. PREPARATION A N D  STRUCTURE OF DIENOPHILES 

A multitude of N-sulfinyl compounds and sulfur diimides bearing a 
variety of substituents on the nitrogen atom(s) have been prepared.2c The 
N-sulfinyl compounds are commonly generated by treatment of the parent 
aniline, amine, sulfonamide, etc., with thionyl chloride and pyridine [Eq. 
(311. 

RNSO 

The resulting N-sulfinyl derivatives can often be distilled and/or crystal- 
lized but are water sensitive and thus are frequently prepared in situ for 
subsequent cycloaddition reactions. Symmetrically substituted sulfur 
diimides can usually be prepared by the reaction of SC12 or S2C12 with the 
parent NH2 compound in the presence of a base such as pyridine or 
triethylamine [Eq. (4)j.k 

N, N-Dichlorosulfonamides or N, N-dichlorocarbamates, when treated 
with elemental sulfur, also afford diimides [Eq. (5)l. 

Unsymmetrical sulfur diimides are commonly prepared by two meth- 
ods. Treatment of a N,N1-bis(arylsulfony1)sulfur diimide with an equiva- 
lent of an amine leads to the displacement of one sulfonyl group [Eq. (6)L3 

Alternatively, an amine and an N-substituted dichlorosulfimide will react 
to yield an unsymmetrical sulfur diimide [Eq. (7)L4 

Recently, cationic N-sulfinyl amines and sulfur diimides have been re- 
ported. These species are readily prepared by alkylation of a N-sulfinyl 
compound or a sulfur diimide with a trialkyloxonium tetrafluoroborate 
[Eq. 

Sulfur diimides and N-sulfinyl compounds have nonlinear structures 
and are configurationally stable at room temperature. Two geometric iso- 
mers are possible for N-sulfinyl compounds [i.e., (23-3 and (EJ-41. Sulfur 

diimides can theoretically exist as four geometric isomers [i.e., (2,235, 
(E,EJd, and two E,Z forms 7 and 81. . 
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It has been found through X-ray, neutron diffraction, and electron scat- 
tering analyses that N-sulfinylamines, -anilines, -hydrazines, and -sub 
fonamides have the (2)-3 configuration in the solid state.2c The structure 
of N-sulfinyl compounds in solution is known with less certainty. It has 
been reported that a series of aryl-substituted N-sulfinylanilines exist 
solely as the Z geometric isomers in solution based on analysis of 'H- 
NMR spectra and dipole momenb6 However, microwave spectroscopy 
and 13C-NMR spectroscopy indicate that an EIZ equilibrium exists for 
some N-sulfinylamines in s ~ l u t i o n . ~ . ~  

In the case of sulfur diimides, X-ray and electron scattering studies 
have shown that the E,Z geometry 7 or 8 is favored in the solid ~ t a t e . ~ ~ . ~  
'H- and 13C-NMR spectroscopy at low temperatures in solution indicated 
two isomeric forms are present: an E,Z isomer 7 or 8 and a symmetrical 
isomer, presumed to be the E,E isomer 6. From coalescence of the lH- 
NMR signals at higher temperatures, it has been concluded that rapid 
interconversion of the (E,Z)-7 or -8 and (E,E)-6 forms occurs. 

Thus, the most stable configuration of N-sulfinyl compounds is appar- 
ently (23-3 and for sulfur diimides, (E,Z)-7 or -8. Interactions within a 
specific molecule can alter the relative stability of the isomeric forms so 
that in solution configurational equilibria may exist. 

2. REGIOCHEMICAL, STEREOCHEMICAL, AND 
MECHANISTIC ASPECTS 

Kresze and Wagner examined the regioselectivity of the cycloaddition 
of N-sulfinyl-p-toluenesulfonamide (9) with several unsymmetrical dienes 
[Eq. (9)1.1° 

The cycloaddition of 9 with some Zsubstituted dienes was found to yield 
only the 5-substituted dihydrothiazine oxides. Cycloadditions of 9 with 1- 
substituted 1,3-dienes [Eq. (lo)] 

R= Ph, pN02Ph, pCH30Ph,CH3 

2. Regiochemical, Stereochemical, and Mechanistic Aspects 

Scheme 1.1 

are often dependent on the reaction temperature. At low temperatures, 3- 
substituted dihydrothiazine oxides are usually formed, but at higher tem- 
peratures the &substituted heterocycles are produced. For example, the 
dienes shown in Eq. (10) gave the 3-substituted adducts as the kinetic 
products. However, these products could be isomerized via a retro-Diels- 
Alder process to the less sterically crowded thermodynamic isomers by 
heating in benzene. In the cases of R equal to tBu and C02Me, the 6- 
substituted isomer was produced even at low reaction temperatures. 

Kresze and Wagner offered a mechanistic model for the [4 + 21 cy- 
cloadditions of N-sulfinyl dienophiles to rationalize the kinetically formed 
regioisomeric products.1° They proposed a concerted mechanism for the 
reaction via a transition state which has dipolar character (Scheme 1-1). 
For I-substituted dienes, "transition states" A and B can be considered. 
If R is an electron-donating group which stabilizes the cationic center, a 3- 
substituted product will result. If R is electron-withdrawing (e.g., 
C02Me), the 6-substituted isomer will be the kinetic product of the cy- 
cloaddition. A similar argument can be made for Zsubstituted and more 
complex dienes. 

Mock and Nugent investigated the mechanism of the [4 + 21 cycloaddi- 
tion of N-sulfinyl-p-toluenesulfonamide (9) and the isomeric 2,4-hex- 
adienes 10,11, and l2 in detail (Scheme 1-11).'' These workers determined 
the relative stereochemistry of the resulting adducts and proposed a 
stepwise dipolar mechanism based primarily on the difference in sulfur 
stereochemistry between adducts produced from dienes 11 and 12. 

Dihydrothiazine oxide 15 was proposed to result from initid addition of 
the electrophilic sulfur atom of the N-sulfinyl compound to (E,Z)-diene 11 
to form a dipolar intermediate [Eq. (1 I)]. 
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Addition of 9 to the Z olefinic bond of the diene would be favored since a 
transoid ("sickle") allylic carbonium ion would be formed rather than the 
less stable cisoid ("U-form") allylic moiety. Closure would afford dihy- 
drothiazine oxide l5. 

The rationalization for the formation of adduct 16 was somewhat more 
complex. Isomerization of (Z,Z)-hexadiene to (E,Z)-hexadiene could be 
discounted since the cycloaddition of the (E,Z)-diene and 9 led to the 
formation of sulfur epimer 15 exclusively. Assuming the reactive confor- 
mation of the (Z,Z)-diene is cisoid, only a nonplanar, helical skew ar- 
rangement can be achieved [Eq. (12)l. 

Attack of the electrophile at one end of the helical diene would result in a 
zwitterion in which direct closure to a 3,ddihydrothiazine oxide is 
blocked by a severe methyl-methyl group steric interaction. Rotation of 
the C-1-C-2 bond in the opposite direction requires only that the 
methine hydrogen pass the C-4 methyl group. This rotation also would 

Scheme 14 

bring the nitrogen atom to a position that would afford the observed sulfur 
epimer 16 after cyclization. For consistency, Mock and Nugent proposed 
that the two-step dipolar mechanism must also apply to the cycloadditions 
that produce l3 and 14, since the experimental conditions for all of these 
reactions were similar. 

Hanson and Stockburn recently examined the mechanism of the cy- 
cloaddition of N-sulfinylethyl carbamate and I, 1 '-bicyclohexenyl which 
yields dihydrothiazine oxide 17 exclusively [Eq. (13)].12 

The relative stereochemistry of adduct 17 was determined by single crys- 
tal X-ray diffraction. 

The cycloaddition reaction rate revealed activation parameters which 
are characteristic of a pericyclic reaction. The entropy of activation is 
large (AS? = - 176.95 K-I mol-I), and the enthalpy of activation is small 
(AH? = 30.3 kJ mol-I). These data imply a highly ordered, early transition 
state with concerted bond making and breaking. Solvent polarity had only 
a small effect on the rate of the reaction, indicating little separation of 
charge in the transition state, consistent with a concerted mechanism. 

Based on these results, Hanson and Stockburn proposed that other 
dienophiles of electrophilicity comparable to that of N-sulfinylethyl car- 
bamate (i.e., N-sulfinylsulfonamides) cycloadd via a similar pericyck 
mechanism. They suggested that the observations of Mock and Nugent" 
could be best explained by a concerted mechanism for the cycloaddition 
of N-sulfinylsulfanamides 9 to dienes 10 and 11 and a nonconcerted, two- 
step mechanism for the cycloaddition of 9 to the highly hindered (Z,Z)- 
diene 12. These workers have proposed that less electrophilic 
dienophiles, such as N-sulfinylanilines, also undergo cycloaddition via a 
concerted process. Such concerted [4 + 21 cycloadditions for N-sulfinyl 
compounds are in accord with orbital symmetry  consideration^.'^ 

As can be seen from some of the examples cited above, a single or 
predominant sulfur stereoisomer often results from the cycloaddition pro- 
cess, but sometimes mixtures of sulfur epimers are produced. In many of 
these cycloadducts the configuration at sulfur has not been determined, 
and thus not enough data are currently available to clarify what factors 
control the configuration established at sulfur. These cycloadditions do 
show the usual Diels-Alder syn stereoselectivity with respect to the 1,3- 
diene component. 

It has also not been established what importance secondary orbital 
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effects have in these reactions. For example, the cycloaddition of 1,3- 
cyclohexadiene and N-sulfinylbenzenesulfonamide afforded a 1 : 1 mix- 
ture of sulfur exolendo epimers [Eq. (14)].11 

Weinreb et al. have found a similar lack of stereoselectivity in the cy- 
cloaddition of cyclohexadiene and N-sulfinylbenzyl carbamate.I4 The 
mechanistic situation is further complicated in these cases by the fact that 
one cannot determine whether the (a- or (2)-sulfinyl dienophile is the 
reacting species. 

Levchenko and Balonls have examined the regiochemistry of cycload- 
dition of several symmetrical bis(ary1)sulfonyl sulfur diimides with (E)- 
piperylene and isoprene which afforded the C-3 and C-5 substituted ad- 
ducts, respectively (Scheme 1-111). These results were confirmed by 
Wucherpfemig and Kresze, who also found that chloroprene gave the 5- 
substituted product.I6 

Mock and Nugent investigated the, reaction of N,N1-bis(p-toluene- 
sulfonyl)sulfur diimide (18) and the isomeric 2,Chexadienes 10 , l l ,  and l2 
in an attempt to elucidate the mechanism of sulfur diimide cycloadditions 
(Scheme I-IV).ll The cycloaddition of 18 and 10 afforded two adducts 
epimeric at sulfur in a 43 : 1 ratio, while only one adduct of indeterminate 
stereochemistry was obtained from the cycloaddition of 18 and ll. No 
reaction was observed with (Z,Z)-diene 12. Unfortunately, not enough 
information resulted from these experiments to draw any mechanistic 
conclusions with regard to the cycliaddition. 

Scheme 1-IV 

As mentioned above, only those unsymmetrical sulfur diimides that 
have at least one nitrogen atom substituted by a strongly electron-with- 
drawing group undergo [4 + 21 cycloadditions. In principle, a cycloaddi- 
tion could occur with either of the two sulfur-nitrogen double bonds, 
which would lead to regioisomeric adducts being produced (Scheme I-V). 
Surprisingly, only the nitrogen-sulfur double bond which does not bear 
the most electron-withdrawing (X) group is involved in the cycloaddition 
(vide infra). 

3. N-SULFINYL DlENOPHlLE CYCLOADDITIONS 

As stated in the Introduction, N-sulfinyl compounds bearing electron- 
withdrawing substituents react as heterodienophiles. Arylsulfinyl deriva- 
tives usually require heating for a reaction to occur, whereas other types 
of N-sulfinyl dienophiles will often cycloadd near room temperature or 
below. In fact, these cycloadditions are sometimes dangerously exother- 
mic when run in the absence of a solvent, and usually an inert solvent 
such as benzene, toluene, or cyclohexane is used.2a 

A number of representative examples of N-sulfinyl dienophile cycload- 
ditions can be found in Table 1-1. As noted above, some adducts undergo 

A r  = Ph, pC1Ph. pN02Ph, pCH3Ph, pCH30Ph, pBrPh 

Scheme 141 Scheme 1-V 








































































































































































































































































































































































