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Université Bordeaux I

F-33405 Talence Cedex

France

Stéphane Quideau

Laboratoire de Chimie des Substances Végétales

Centre de Recherche en Chimie Moléculaire
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Arene Chemistry : From Historical Notes to the

State of the Art

Didier Astruc

The History of Benzene

The history of benzene is one of the most intriguing in science. It started in 1825 with the

isolation of benzene by Michael Faraday from the condensed phase of pyrolyzed whale oil.

Its planar cyclic structure was first proposed in 1861 by the Austrian physicist and physical

chemist Johann Josef Loschmidt [1–5]. However, it was only fully understood some 70 years

later, around 1930, with the advent of the modern theories of aromaticity, i.e. the theory of

molecular orbitals (Hückel’s theory) [6–8] and the theory of resonance [9–12].

Loschmidt published the cyclic planar structure of benzene together with those of 121

other arene compounds in a unique 54-page booklet entitled Konstitution-Formeln der organ-
ischen Chemie in geographischer Darstellung, which constituted a masterpiece of 19th century

organic chemistry [1]. An abstract of this book was published by Herman Kopp in Liebigs
Jahresbericht in 1861 [2]. Crucially, Loschmidt’s representation of benzene was very close to

the present one.

Four years later, in 1865, August Kekulé proposed another planar cyclic structure, but in

which double bonds were alternating with single bonds. In his article published in the Bull.
Soc. Chim. Fr. [13], Kekulé briefly refers to Loschmidt’s formula in a single sentence ‘‘Elle

me paraı̂t préférable aux modifications proposées par MM. Loschmidt et Crum-Brown.’’ [10]

(It seems to me preferable to the modifications proposed by Loschmidt and Crum-Brown).

The strength of Kekulé’s structure (original representation below) is that this type of for-

malism is still in use today for the representation of arenes because it shows the tetravalency

of carbon.

Whereas Loschmidt’s work was not much publicized, Kekulé’s structure of benzene im-

mediately became well known, criticized, and controversial. Various other structures were

proposed as substitution on benzene was shown to be easier than addition, which conflicted

with the cyclohexatriene structure. Claus and Dewar proposed alternative structures in 1867,

and Claus’ formula was adopted by Koener in 1874.

Ladenburg pointed out that the Kekulé structure does not account for the fact that there is

only one ortho-disubstituted benzene as its fixed double bonds should give rise to two iso-

mers. Thus, Ladenburg suggested a prismatic geometry, for which there would also only be

three disubstituted isomers as found experimentally for benzene, whereas Kekulé’s cyclo-

hexatriene structure implies four disubstituted isomers. In 1872, Kekulé answered this
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Johann Josef Loschmidt (1821–1895) attended

Prague University, and then at 21 went to Vienna to

study first philosophy and mathematics, and then

the natural sciences, physics and chemistry. After

industrial ventures making potassium nitrate and

oxalic acid among other products, he returned

to Vienna as a concierge in the early 1850s, and

then became a school teacher. Always attracted

by theoretical problems, he is also known for his

calculation in 1865 of the number of molecules in

one mL of gas (the ‘‘Loschmidt number’’). In

1866, he became Privatdozent at the University

of Vienna, was elected to the Royal Academy of

Sciences in 1867, then became Associate Professor

and got the honorary degree of Doctor of

Philosophy in 1868. He founded the Society of

Chemists and Physicists in Vienna (1869), became

the Chairman of the Physical Chemistry Institute

(1875), Dean of the Faculty of Philosophy (1877),

and was elected to the Senate of the faculty (1885).

He was a close friend of Josef Stephan and Ludwig

Boltzmann, who were the greatest Viennese

physicists of their time.
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objection by suggesting that the two isomers of the disubstituted benzene are in rapid equi-

librium, i.e. in what we now call a tautomeric equilibrium.

Although first-year students can now recognize Kekulé’s confusion, the answer was astute

at that time, since the distinction between average valence and mixed valence would only be

made a century later in 1969 by Henry Taube and Carol Creutz using Ru(II)-Ru(III) com-

plexes [14]. In the 1930’s, Mills and Nixon evaluated this possibility with small rings being

attached to benzene (vide infra).

August Kekulé (1829–1892) is well known as one

of the pioneers of modern structural theory in

organic chemistry. He became interested in

chemistry after attending classes of Justus von

Liebig, then went to study in Paris with Charles

Gerhardt, and became acquainted with Jean-

Baptiste Dumas. He enrolled in the University of

Heidelberg as a Privatdozent in 1856, then in the

University of Ghent (Belgium) in 1858, and finally

in the University of Bonn in 1867. His major

contributions to chemistry were reiterating the

tetravalency of carbon (first stated by A. S.

Cooper), proposing its ability to form chains, and,

of course, his drawing of the benzene structure

that stimulated much synthetic work in aromatic

chemistry.

Equilibrium proposed by Kekulé (1872) to explain the unicity of ortho-disubstituted benzene

The History of Benzene 3



Another serious problem with Kekulé’s formula was the fact that cold KMnO4 and acids

leave benzene unreacted whereas alkenes react with these reagents to give addition products.

Indeed, Ladenburg showed experimentally in 1874 that the six carbon atoms of benzene are

equivalent. After the main chemical properties of benzene had been established, the possible

structure types became limited to the hexagon, the triangular prism, and the octahedron.

Based on his experimental studies of benzene derivatives, Baeyer concluded that Claus’,

Dewar’s, and Ladenburg’s formulae were untenable, and that benzene contained six carbon

atoms in a ring, but did not accept Kekulé’s formula. He adopted a suggestion of Armstrong

(1887) and proposed another hexagonal formula known as the Armstrong–Bayer centric

formula, which had already been suggested by L. Meyer in 1865.

It is noteworthy that among the formulae proposed for benzene in the 19th century, only

the first one, that of Loschmidt, is not far from being correct. The next acceptable formula

only appeared with Thiele’s suggestion of fractional carbon–carbon bonds (partial valences)

in 1899–1900. This formalism did not explain why cyclooctatetraene is not aromatic, how-

ever, as shown experimentally (for historical accounts, see refs. [15, 16]).

The name ‘‘benzene’’ was disputed in the 19th century. V. Meyer proposed ‘‘benzene’’ from
‘‘benzoin’’ because the means of preparing pure benzene involved decarboxylation of benzoic

acid using sodium hydroxide at high temperature (otherwise, thiophene was an impurity

that proved difficult to remove). Benzoic acid was obtained from gum benzoin as a white

powder. On the other hand, Auguste Laurent, who inter alia taught crystallography to Louis

Arene Chemistry : From Historical Notes to the State of the Art4



Pasteur in Paris and was one of the pioneers of modern atomic theory, proposed the name

‘‘phene’’. The word phene (from the Greek ‘‘phainen’’, to shine) was proposed because ben-

zene burns with a bright flame. Although it was not adopted for benzene, this word is now

used in a number of names of arenes, such as phenol, phenanthrene, etc.

The X-ray crystal structure of benzene, proving the equivalence of the six CaC bonds, ap-

peared in 1929 and 1932, and Pauling reported its electron-diffraction data in 1931. Note that

several of the structures proposed in the 19th century, such as Dewar benzene (non-planar)

and Ladenburg’s prismane, which are valence isomers of benzene, have now actually been

prepared from benzene derivatives photochemically. They are kinetically stabilized, since

they do not spontaneously revert to benzene or its derivatives [17–20].

The History of Aromaticity [21–32]

At the beginning of the 19th century, the compounds that were said to be ‘‘aromatic’’ were

those having an aromatic smell. When the arenes were synthesized or isolated later in that

century, the tendency was to distinguish two groups: the aromatic and non-aromatic (ali-

phatic, etc.) derivatives. The analysis of aromatic compounds showed unsaturation, although

these compounds were different from alkenes and alkynes. In 1910, Pascal showed that

aromatic compounds had exalted diamagnetic susceptibilities, and, in 1925, Armit and Rob-

inson [33] suggested the aromatic sextet. The development of wave mechanics by Schrö-

dinger [34, 35] in 1926 led to molecular orbital theory, application of which led Hückel in

1931 to the fundamental idea of the p-electron molecular orbital and the well-known (4nþ 2)

rule for aromatics and of anti-aromaticity for planar conjugated rings containing 4n p elec-

trons [6, 7]. At about the same time, the theory of resonance, proposed by Slater [9], was

based on the combinatorial representation of all the p electrons around the s skeleton. Thus,

for benzene, among all the possible combinations, five were found to provide the best con-

tribution to the real structure, i.e. two Kekulé-type and three Dewar-type structures, which

were termed ‘‘canonical’’ valence-bond structures. This valence-bond approach with its

structural representation was exploited by Pauling and became commonly used [11, 36].

Pauling proposed the theory of ring currents in 1935, i.e. free electron circulation around

the benzene ring. In the following year, 1936, London stated that the p-electron circulation is

responsible for a diamagnetic contribution to magnetic susceptibility. These ring-current ef-

fects on NMR chemical shifts were disclosed by Pople in 1956 [37]. By the end of the 1960s,

the development of molecular orbital theory had extended to non-benzenoid compounds [15,

38]. Modern theories taking into account the exaltation and anisotropy of magnetic suscep-

tibility by Dauben and Flygare appeared at the end of the 1960s, and quantum chemical

calculations were reported by Kutzelnig in 1980.

Canonical valence-bond structures of benzene according to the theory

of resonance by Slater (1929)
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The criteria for aromaticity have been numerous and have changed with time. Chemical

reactivity was the only criterion of aromaticity at the end of the 19th century, since a good

number of electrophilic substitution reactions of arenes were already known. Thus, aromatic

systems reacted with bromine to give the substitution product with retention of the aromatic

character, whereas non-aromatic unsaturated compounds readily added bromine to form a

dibromide. This distinction was used as a guide to define aromatic and non-aromatic com-

pounds. This easy rule-of-thumb criterion for neutral compounds has obviously been very

useful owing to its simplicity, and has survived to the present day. It is by no means general,

however. For instance, anthracene and phenanthrene add bromine, and the former is used

as a diene in Diels–Alder reactions. Ferrocene, a super aromatic, does not react with bro-

mine to give the substitution product, but rather the bromide salt of the oxidized ferroce-

nium cation [39]. Fullerenes cannot give substitution products upon reaction with bromine,

but addition products are readily obtained. Thus, fullerenes show a non-aromatic, olefin-like

behavior, yet they are somewhat aromatic, although much less so than planar arenes [40].

A classical criterion that was frequently mentioned at the beginning of the 20th cen-

tury was the thermodynamic one. Since DH� for the hydrogenation of cyclohexene is

120 kJ mol�1, the hypothetical cyclohexatriene should have a DH� of hydrogenation of

360 kJ mol�1. Experimentally, DH� for the hydrogenation of benzene amounts to just

210 kJ mol�1, a difference of 150 kJ mol�1, suggesting that benzene is more stable than

the hypothetical cyclohexatriene by 150 kJ mol�1. This stabilization energy may be thought

of as an approximation of the resonance energy. There are uncertainties associated with the

approximation made in the comparisons, however, and theoretical calculation led to an esti-

mate of 40–120 kJ mol�1 for the resonance energy of benzene. Thus, this criterion is not

satisfactory, especially if one tries to extend it to other arenes and heteroarenes.

In 1959, Albert suggested that the criterion of aromaticity should be based on bond

lengths [38]. Thus, a ring was classed as aromatic if its CaC bond lengths were the same as

those in benzene. A refinement was that the molecule was deemed aromatic if its CaC bond

lengths were between 1.36 and 1.43 Å, while it was deemed a polyene if it had alternat-

ing bond lengths of 1.34 to 1.356 Å for the double bonds and 1.44 to 1.475 Å for single

bonds. Another refinement was based on the mean-square deviations of the CaC bond

lengths as a quantitative criterion for measuring of aromaticity. This definition was not very

convenient because, in most cases, accurate bond lengths were unknown, and it did not

apply to heteroatom-containing systems. Also, some well-known aromatics have some long

bonds (for instance, the transannular bond of azulene). Thus, this criterion is not generally

rigorously applicable. A further example for which it fails is borazine, which, despite equal

bond lengths, is not aromatic. The bond lengths in the cyclopentadienyl cation (0.1425 nm,

anti-aromatic) and in the cyclopentadienyl anion (0.1414 nm, aromatic) are also almost

identical [41]. The magnetic ring current effects constitute the modern criterion of aro-

maticity that is now considered as the most reliable one. Their experimental effects are (i)

the well-known anomalous chemical shifts in 1H NMR, (ii) large magnetic anisotropies, and

(iii) diamagnetic susceptibility exaltation. The mobile electrons are not only p electrons, but

can also be s or mixed, as has long been exemplified by the transition states of electrocyclic

reactions. While the high field 1H NMR chemical shifts found for aromatic protons on the

exterior of an aromatic ring offer a straightforward, easy, and popular criterion, there are

complications. For instance, with [16] annulene, the inner and outer protons resonate in the
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opposite sense from what would be expected based on simple arguments because [4n] an-
nulenes have low-lying excited states leading to a large paramagnetic effect that reverses ring

currents [41].

Thus, attempts to make the effect of ring current on 1H NMR chemical shifts a quantita-

tive criterion have met with serious problems, suggesting that other effects may interfere.

The large diamagnetic susceptibility exaltation D, however, is uniquely associated with ar-

omaticity, whereas anti-aromatic compounds exhibit paramagnetic exaltation. The diamag-

netic susceptibility exaltation D is defined as the difference between the bulk magnetic sus-

ceptibility wM of a compound and the susceptibility wM 0 estimated from an increment

system for the structural components such as isomers without cyclic delocalization

(D ¼ wM � wM 0). The experimental results have recently been satisfyingly compared with

computational data by von Ragué Schleyer [41]. Thus, the definition of aromatic compounds

as those exhibiting a significantly exalted diamagnetic susceptibility now appears to be an

absolute criterion [37].

Anti-aromaticity was predicted by the Hückel approach for conjugated cyclic planar struc-

tures with 4n p electrons due to the presence of two electrons in antibonding orbitals, such

as in the cyclopropenyl anion, cyclobutadiene, and the cyclopentadienyl cation (n ¼ 1), and

in the cycloheptatrienyl anion and cyclooctatetraene (n ¼ 2). It has been argued that a simple

definition of an anti-aromatic molecule is one for which the 1H NMR shifts reveal a para-

magnetic ring current, but the subject is controversial. The power of the Hückel theory in-

deed resides not only in the aromatic stabilization of cyclic 4nþ 2 electron systems, but also

in the destabilization of those with 4n electrons [22, 27, 42].

The term homoaromaticity has been coined by Winstein [43, 44]. The rupture of a cyclic

conjugation due to the insertion of a saturated fragment such as CH2 partly preserves the

aromatic stabilization of the original aromatic molecule or ion. Winstein suggested that ho-

moaromaticity, a type of aromaticity, is found for cations that have neither the s-electron

Prototypes of Sondheimer’s annulenes (1956–7)

The History of Aromaticity 7



framework of a classical aromatic system nor a parallel p-orbital arrangement, but that have

an arrangement resembling the cyclic one with (4nþ 2) electrons. For instance, the cyclo-

butenyl cation is homoaromatic, because it resembles the cyclopropenyl cation. Remarkably,

most examples of homoaromaticity are those of cations in which the pp atomic orbitals in-

volved are not parallel, the prototype being the norbornenyl cation, which has a ‘‘bishomo-

aromatic’’ arrangement. Indeed, a key experiment concerning homoaromaticity was the

solvolysis of the anti-7-norbornenyl tosylate, which was found to be 1011 times faster than

that of the saturated analogue [24]. Prinzbach’s pagodane dications [45] are inter alia [44]

remarkable examples.

Three-dimensional aromaticity has been demonstrated, for instance in the case of Cram’s

cyclophane in 1951 [46, 47] and, more recently, for von Ragué Schleyer’s adamantane dica-

tion [48], half-sandwich carbocations, and nido-carboranes. Ferrocene and various other or-

ganometallic compounds also are three-dimensional aromatics. ‘‘Spherical aromaticity’’ is

exhibited by closo-carboranes, borane anions, and, to a lesser extent, C60, although these

compounds are isotropic.

In [m] circulenes, a family of polyaromatic hydrocarbons so named in 1975 by Wynsberg,

in which m refers to the number of aromatic rings arranged in a circle, the total number of p

electrons does not indicate aromaticity or anti-aromaticity according to the Hückel rule. This

rule is strictly only applicable to monocyclic systems. It is adequate, however, to consider the

inner and the outer p electrons separately, whose numbers obey the 4nþ 2 Hückel criterion

for aromaticity, since both these circuits are monocyclic [49]. Coronene, a flat graphite frag-

Prinzbach’s 4-center 2-electron bis-homoaromatic pagodane dication

Tridimensional aromaticity
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ment of D6h symmetry synthesized in 1932 is the prototype of circulene with m ¼ 6 [50]. It

would formally be anti-aromatic according to the Hückel rule, since it contains 24 p elec-

trons. The inner and outer sub-circuits contain 6 and 18 p electrons, respectively, however,

and these numbers conform to the aromatic 4nþ 2 series. The same situation arises for

corannulene (m ¼ 5), a bowl-shaped hydrocarbon with D5h symmetry corresponding to one-

third of C60, that was first synthesized by Schott and Meyer in 1966 [51]. It has 20 p elec-

trons, which would also correspond to anti-aromaticity. The inner ring can be viewed as an

aromatic cyclopentadienyl anion with 6 p electrons, however, leaving 14 electrons for the

cationic outer sub-circuit, which also correspond to 4nþ 2 electrons with n ¼ 3. Pleiadan-

nulene, the [7] circulene synthesized by Yamamoto in 1983 [52], has a saddle-shaped struc-

ture with static C2 symmetry and dynamic D7h symmetry. It would also formally be anti-

aromatic with 28 p electrons (4n; n ¼ 7). However, the inner cycloheptatrienyl cation (6 p

electrons) and outer anion sub-circuit (22 p electrons) can be viewed as aromatic fragments

since they obey the 4nþ 2 rule of Hückel. The most popular higher circulene is kekulene, a

planar hydrocarbon with D6h symmetry first synthesized in 1978 by Diederich and Staab,

which is also called circumcoronene because its inner ring is equivalent to the outer ring of

coronene [53].

[m]-Circulenes viewed with a central aromatic (be) core and an

aromatic (4nþ 2e) annulene outer circuit
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Higher PAHs have also been the subject of theoretical studies, including graph theories

[54, 55]. The idea of Loschmidt on the representation of benzene using annotated circles,

ascribing elemental character to the ring of six carbons in benzene has been revived by

Siegel, who used the point replacement for benzene called the Loschmidt replacement. A
very large variety of modern arene structures were shown using this representation [56].

Some Key Trends Towards Modern Arene Chemistry

Attempts to localize the double bonds of the benzene ring in a Kekulé-like structure have

been made with some success by the groups of Vollhardt [57] and of Frank and Siegel [58].

This was reminiscent of the Mills–Nixon effect predicted in the 1930’s, although the partial

localization has nothing to do with the tautomeric equilibrium in benzene argued by Kekulé.

The aromatic families have benefited from Hoffmann’s concepts of isolobal analogy that

links organic fragments to inorganic ones [59].

Besides these classical aromatics and polyaromatic hydrocarbons, other very important

classes or arene molecules are: porphyrins [60, 61], phthalocyanins [61, 62], porphycens [63],

calixarenes [64], resorcarenes [64], cyclophanes [47], dendrimers [65], elementa-arenes [66],

organometallic arene (hexahapto) [67], benzyne (dihapto), and aryl- and benzyl (monohapto)

complexes [68], inorganic pyridine and polypyridine complexes [69], fullerenes [70, 71], and

‘‘Loschmidt-replacement’’ representation of hexaalkynylbenzene

Threefold-symmetric arene structures synthesized with the aim of

localizing the double bonds in the benzene ring
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carbon nanotubes [72]. Arene complexes that are not aromatic have the tetrahapto and di-

hapto coordination modes, and also include trihapto and pentahapto benzyl complexes [68].

Aromatic Chemistry : From the 19th Century Industry to the State of the Art

From a synthetic standpoint, a historical landmark, after the discovery of electrophilic sub-

stitution in the 1860’s, was the synthesis of aspirin, acetylsalicylic acid. The earliest known

use of the drug can be traced back to the Greek physician Hippocrates in the 5th century BC.

He used powder extracted from the bark of willow trees to treat pain and reduce fever. Sali-

cin, the parent of the salicylate drug family that generates salicylic acid in vivo, was isolated

Isolobal analogy between organic and organometallic arene and

cyclopentadienyl fragments and compounds (R. Hoffmann, 1975)

Mu€llen’s fourth generation polyphenylene dendrimer [65]
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in 1829 from willow bark. Sodium salicylate, the predecessor of aspirin was developed in

1875 as a pain reliever. This drug caused stomach irritation, however. In 1897, Felix Hoff-

man, a German chemist working for Bayer, who had given sodium salicylate to his father to

treat arthritis and encountered the same problem, found a new synthesis of a less acidic

formula, acetylsalicylic acid (ASA), which was patented in 1899 and commercialized by

Bayer in 1900. The effect of aspirin was not understood until 1970 when the British phar-

macologist John Vane found that it inhibited the release of prostaglandin. Aspirin regulates

blood vessel elasticity and changes the functions of blood platelets, and therefore has also

become a popular drug to prevent heart attacks and circulatory troubles.

Industrial aromatic chemistry was initiated in the 1850s with the pioneering efforts of

William H. Perkin in London, where he started to work as a student of August W. von

Hoffmann, himself a bright student of Justus von Liebig [73]. During attempts to synthesize

quinine, the only substance known, at that time, to be effective against malaria, he obtained

dyes, and started to develop that field pertaining to aromatic chemistry.

With the influence of an artist friend interested in painting and dyes, he started to develop

aniline purple (Tyrian purple) production, which he patented in 1856 and set up a factory

for. The dyestuff industry soon flourished. In 1859, Emanuel Verguin prepared the impor-

tant dye fuschine, which was subsequently produced in Basel. In 1869, Perkin patented the

synthesis of the natural dye alizarin, at the same time as Caro, Lieberman, and Graebe did so

in Germany. Later, moreover, Perkin prepared alizarin from anthracene, which had been

Perkin finds Tyrian purple (mauveine), and this sets the start of the

industial chemistry with dyes
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discovered by Jean-Baptiste Dumas and Auguste Laurent in 1832, who obtained it as a high-

boiling product at the end of the distillation of coal tar. Besides dyes, Perkin also synthesized

coumarin from salicylaldehyde and acetic anhydride [74–77].

On the academic side, W. H. Perkin made mention of unsuccessful experiments directed

towards the preparation of benzocyclobutene in 1888. This compound was eventually pre-

pared by H. Finkelstein, a student of J. Thiele, in 1909, as reported in his long-unknown

Ph.D. thesis. Benzocyclobutene and biphenylene were also reported by Lothrop in 1941.

Tropylium bromide was synthesized in 1891 by Merling, but its structure was only estab-

lished in 1954 by Doering and Knox. The isolation and structure determination of the aro-

matic steroids estrone, estriol, and estradiol arrived only in 1929 (E. A. Doissy, A. Bute-

nandt), 1931 (G. F. Marian), and 1935 (E. A. Doissy), respectively, with the advent of X-ray

crystallography.

A considerable jump was made possible with the advent of homogeneous catalysis. Reppe

prepared kilograms of cyclooctatetraene by the tetramerization of acetylene using nickel cy-

anide as the catalyst during the Second World War in Germany. Cyclooctatetraene had first

been prepared by Willstätter in 1911–13 by a long sequence from an alkaloid. Higher cyclo-

oligomers are not available in this way, however, and annulenes were made by starting with

the coupling reaction of acetylene in dilute ethanolic solution with oxygen in the presence of

copper(I) oxide, a reaction discovered by Glaser in 1865 [78]. In applying this reaction to a,o-

diacetylenes, Sondheimer and his group found, in the late 1950’s, that not only linear prod-

ucts, but also cyclic dimers were produced when the two triple bonds were separated by

three, four, or five methylene units [79]. Conversion to annulenes was achieved by heating

with potassium tert-butoxide in tert-butanol, which induced prototropic rearrangement, fol-

lowed by partial catalytic reduction of the remaining triple bonds [80]. More recently, the

transition metal catalyzed trimerization of alkynes leading to arenes has been exploited, as

best exemplified by Vollhardt’s short synthesis of estrone starting from a diyne and a dis-

ilylacetylene [81]. Pyridines, bipyridines, and various heterocycles have also been synthesized

using this type of catalysis by cobalt complexes. Other popular reactions are the Dötz reac-

tion [82a], reviewed herein, and the cobalt carbonyl catalyzed Pauson–Khand reaction [82b]

to form cyclopentenones from an alkyne, an alkene, and carbon monoxide [68, 82]. After

Grignard’s and subsequent syntheses of masked carbanions allowing the construction of

Two major industrial dyes produced by European factories since the

middle of the XIXth century
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carbon–element bonds, a considerable improvement in the synthesis of such bonds, in par-

ticular CaC bonds, was the use of palladium catalysis. The Tsuji–Trost [83], Heck [84], Su-

zuki [85], Sonogashira [86], and Stille [87] CaC coupling reactions using palladium catalysis

are now part of the organic field. A limitation has been the requirement to use aryl bromide

or iodides, because the oxidative addition of aryl chlorides to the palladium center, the lim-

iting step, is difficult [88]. However, the most recent ligands combined with palladium have

allowed, in particular, the groups of Hartwig [88a], Buchwald [88b], and Fu [88c] to extend

this type of catalysis to aryl chlorides that are of economic interest. As regards the use of

stoichiometric organotransition metal groups, the pioneering efforts of Semmelhack con-

cerning the addition of carbanions to arene chromium tricarbonyl complexes to make func-

tional arenes and cyclohexadienes were invaluable [89]. Subsequent works using more pow-

erful yet isolobal transition metal groups, such as CpFeþ, CpFe*þ, CpRuþ, Cp*Ruþ, and
Mn(CO)3

þ, have proved very fruitful, providing a type of arene transformation that is more

complex than and complementary to that using palladium catalysts [90].

Organization of the Book and Content

Arene chemistry presently constitutes such a large part of overall molecular chemistry that a

presentation of the state of the art would require an encyclopedia. Arene groups are indeed

key units, in particular, in molecular and crystal engineering, drug design, and molecular

electronics and spread among organic, inorganic and organometallic chemistry. Recent ref-

erences to the various branches of arene chemistry can be found at the end of this historical

introduction.

In the preparation of this book, we invited the best-known authors from very distinct areas

of ‘‘Modern Arene Chemistry’’. Gratifyingly, a large majority of them, including the most

prestigious ones, have accepted to contribute a chapter, so that the main areas of this broad

topic are covered herein.

Lawrence T. Scott, from Boston College, Chestnut Hill, Massachusetts, has been possibly

the most successful chemist on the trail of the construction of C60 fragments, as illustrated

in particular by his recent success in the synthesis of C60 [91]. His chapter (No. 1), prepared

together with his co-author M. M. Boorum, deals with the synthesis of C60 fragments,

namely tris-annulated benzenes by aldol trimerization of cyclic ketones.

Rainer Haag and Armin de Meijere, from the University of Göttingen, have produced a

chapter (No. 2) devoted to oligounsaturated five-membered carbocycles, including the aro-

matic and anti-aromatic compounds in the same family. Armin de Meijere, a leader in Ger-

man organic chemistry, has a long-standing interest in the synthetic and structural chemis-

try of hydrocarbon compounds, and this inspired chapter covers a broad range of modern

odd-aromatic and anti-aromatic molecules, including some excursions into organotransition

metal chemistry.

Akira Suzuki, from Kurashiki University, Japan, is one of the great names of arene chem-

istry due to his outstanding reaction that bears his name. As expected, his chapter (No. 3)

deals with the Suzuki reaction with arylboron compounds and its synthetic applications in

arene chemistry. The Suzuki reaction is now becoming all the more important as require-

ments for organic synthesis will necessarily have to take ecological aspects (‘‘green chemis-

try’’) into account and use of a number of toxic metals is phased out.
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John Hartwig, from Yale, is not only one of the very leaders of the new generation in or-

ganometallic chemistry, but also possibly the best presently known expert in the synthetic

and mechanistic aspects of palladium-catalyzed coupling of aryl halides with nucleophiles.

His chapter (No. 4) covers the broad area of palladium-catalyzed amination of aryl halides

and sulfonates.

Arylalkynes are key building blocks for the covalent construction of molecular archi-

tectures with remarkable physical properties, and three chapters are concerned with this

field. Henning Hopf, from Braunschweig, is another major German chemist. He recently

authored a beautiful book entitled ‘‘Classics in Hydrocarbon Chemistry’’ (Wiley-VCH, 2000),

and has now authored a chapter (No. 5) on the routes from acetylenes to aromatics that also

include cyclophane compounds. A chapter (No. 6) by M. B. Nielsen and F. Diederich (ETA,

Zurich), one of the very pioneers of fullerene chemistry, deals with conjugated materials for

optonics and electronics prepared by tetraethylnylethene molecular scaffolding. In this

chapter, the authors show how the physical properties of the materials depend strongly on

the presence of arene units. Uwe Bunz, from the University of South Carolina at Columbia,

is a gifted young professor, formerly a Ph.D. student with Peter Vollhardt in Berkeley, who

has recently greatly developed the field of molecular architectures using arylalkyne seg-

ments. His chapter (No. 7) is devoted to the Acyclic Diyne Metathesis (ADIMET) reaction,

which is a powerful source of such organic arylalkyne bridged materials.

Heinrich Dötz, from the Kekulé-Institut (a predestined name!) of the University of Bonn,

is another famous chemist who has given his name to a reaction. Coming from E. O.

Fischer’s school, he advantageously exploited his serendipitous discovery of the very rich re-

activity of Fischer-type carbene complexes in synthesizing polycyclic arene derivatives. This

chromium-templated carbene benzannulation approach to densely functionalized arenes

(Dötz reaction) is the subject of the chapter (No. 8) that he has co-authored with J. Stendel Jr.

Dean Harman, from the University of Virginia in Charlottesville, discovered dihapto

osmium-arene complexes together with Henry Taube when he was a Ph.D. student of the

latter at Stanford. They showed that the protection of one arene double bond by osmium al-

lows selective hydrogenation of the two other double bonds by molecular hydrogen under

ambient conditions, and that the anisole complex is transformed into cyclohexenone under

these hydrogenation conditions that include trace water. These intriguing findings led Dean

Harman to further develop the useful osmium- and rhenium-mediated dearomatizations

and functionalizations of arenes that are the subject of the chapter (No. 9) prepared together

with his co-authors M. T. Valahovic and J. M. Keane.

Victor Snieckus is well known for having developed powerful methodological tools for

the synthesis of polysubstituted aromatics, in particular heteroaromatic directed ortho-
metalation. Thus, in his chapter (No. 10), prepared with his co-author Christian Hartung,

directed ortho-metalation is taken as a starting point for new synthetic aromatic chemistry.

Françoise Rose is leading an organotransition metal chemistry group in Jussieu (Univer-

sity Paris VI) dedicated to the activation of arenes using chromium tricarbonyl and manga-

nese tricarbonyl cation, a field in which she has become a master. She has, in particular,

discovered the very powerful ipso, cine, and tele nucleophilic aromatic substitution. She has

now prepared a chapter (No. 11), together with her husband Eric, in which they start with

the general applications of chromium tricarbonyl complexes in arene synthesis before re-

viewing Cr(CO)3-mediated nucleophilic substitution reactions and their mechanisms.
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I have reviewed, in Chapter No. 12, the activation of arenes by the strongly electron-

withdrawing 12-electron fragment CpFeþ, isolobal to Cr(CO)3 and Mn(CO)3
þ, and its appli-

cation to the synthesis of dendritic cores, dendrons, dendrimers, and metallodendrimers,

including molecular batteries.

It would have been impossible to produce a book on modern arene chemistry without Jay

Kochi’s physical organic-organometallic vision of the area. His work on charge transfer in-

volving arenes, inspired by Mulliken’s ideas, is unique and deep, and has considerable im-

pact on our understanding of organic and organometallic mechanisms. This is indeed the

theme of his chapter (No. 13) prepared with his co-author S. V. Rosokha (Houston).

Finally, the oxidation of arenes is an area of research that is most relevant to the synthesis

of natural and biologically active molecules, and is more generally useful in bioorganic syn-

thesis. Two chapters by experts are devoted to this theme. G. Lassene and K. Feldman from

Penn State have prepared a chapter (No. 14) dedicated to oxidative aryl coupling reactions

that formally involve the loss of two electrons and two protons, the biaryl moiety being found

in many active biomolecules. My young colleague Stéphane Quideau from the University

Bordeaux I, who was a Ph.D. student of Ken Feldman at Penn State, has focused on the

oxidative conversion of arenols into ortho-quinols and ortho-quinone monoketals. Methods

of dearomatizing arenols are reviewed and the applications of this far-reaching tactic to nat-

ural product synthesis are detailed in his chapter (No. 15) [92].

Fraser Stoddart, from UCLA, is a master in many fields of organic and supramolecular

chemistry and materials science. Arenes are building blocks in many of the molecules syn-

thesized by his research group, in particular his catenanes for the design of molecular ma-

chines. He has co-authored a chapter (No. 16) together with Hsian-Rong Tseng on molecular

switches and machines.
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Electroniques de la Chimie Organique,
Masson, Paris, 1952.

11 L. Pauling, The Nature of the Chemical
Bond, Cornell University Press, Ithaca,

New York, 1940; 2nd Edn., 1944; 3rd Edn.,

1960.

12 a) A. Streitweiser, Jr., Molecular Orbital
Theory for Organic Chemists, Wiley, New

York, 1961; b) L. Salem, Molecular Orbital
Theory of Conjugated Systems, Benjamin,

New York, 1966.

Arene Chemistry : From Historical Notes to the State of the Art16
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41 P. von Ragué Schleyer, H. Jiao,

Chemistry International 1996, 18(5), 205.
42 For recent reviews on anti-aromaticity, see:

K. B. Wiberg, Chem. Rev. 2001, 101, 1317;
A. A. Allen, T. T. Tidwell, Chem. Rev.
2001, 101, 1348.

43 S. Winstein, J. Am. Chem. Soc. 1959, 81,
6524; 1961, 83, 3235, 3244, 3248; 1963, 85,
343, 344.

44 a) First mention of homoaromaticity: D. E.

Applequist, J. D. Roberts, J. Am. Chem.

References 17



Soc. 1956, 78, 4012; b) For a recent review

on homoaromaticity, see: R. V. Williams,

Chem. Rev. 2001, 101, 1185.
45 H. Prinzbach, G. Geischeidt, H.-D.

Martin, R. Herges, J. Heinze, G. K. S.

Prakash, G. A. Olah, Pure Appl. Chem.
1995, 67, 673.

46 D. J. Cram, H. Steinberg, J. Am. Chem.
Soc. 1951, 73, 5691.

47 a) For a superb account of cyclophane

chemistry, see: F. Vögtle, Cyclophane
Chemistry, Wiley, New York, 1993; for
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1

The Synthesis of Tris-Annulated Benzenes by Aldol

Trimerization of Cyclic Ketones

Margaret M. Boorum and Lawrence T. Scott

Abstract

For the synthesis of tris-annulated benzene rings, the aldol trimerization of cyclic ketones

has been known as a powerful tool since the 19th century. Why the reaction works so well

with some ketones (e.g., indanone) but fails so miserably with others (e.g., tetralone), how-

ever, has never been adequately explained. This chapter outlines the development and scru-

tiny of a hypothesis that says: formation of an a,b-unsaturated (conjugated) dimer from a

cyclic ketone is vital to the success of an aldol trimerization reaction for the synthesis of a

tris-annulated benzene; the reaction will fail with ketones that form only b,g-unsaturated

(unconjugated) dimers. This hypothesis unifies much experimental chemistry and is sup-

ported by theoretical calculations.

1.1

Introduction

The aldol trimerization reaction constitutes a powerful tool in organic chemistry for the

synthesis of tris-annulated benzene rings from cyclic ketones (Figure 1). Although the reac-

tion has been known for more than a century, its scope and limitations remain poorly de-

fined. Some ketones give a trimeric product readily and in high yield, while others result

predominantly or exclusively in acyclic dimers, higher oligomers, or intractable mixtures of

products.

In recent years, C3-symmetric condensation products of the sort that are available by this

trimerization reaction have taken on a new significance. Many of these trimers map onto the

surface of C60 and have been seen as potential intermediates for the chemical synthesis of

fullerenes [1–10]. A better understanding of the reaction would help to establish the range

over which it can be used to synthesize novel polycyclic aromatic hydrocarbons (PAHs), and

that is the goal of this chapter. The related trimerizations of methyl ketones to give 1,3,5-

trisubstituted benzene rings [11], and of other acyclic ketones to give hexasubstituted ben-

zene rings, will not be discussed here.
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1.2

Truxene and Truxone: Venerable Prototypes

The first thorough investigation of an aldol trimerization to produce a tris-annulated ben-

zene ring from three cyclic ketone monomer units was performed over 100 years ago. It

focused on the conversion of ‘‘hydrindone’’ (1, a compound known today as 1-indanone)

to ‘‘truxene’’ (2) (Figure 2).

The story appears to have begun in 1877 with Gabriel and Michael’s report [12] on the

synthesis of ‘‘tribenzoylenebenzene’’ from phthalylacetic acid (3) (Figure 3). On the basis of

the empirical formula of this new compound, (C9H4O)n, these early pioneers tentatively (but

correctly!) assigned the structure as that of the cyclic condensation product 4. Ten years later,

Wislicenus succeeded in preparing indane-1,3-dione (5) and noticed its tendency to form

condensation products, including ‘‘truxone’’, a cyclic trimer that turned out to have the same

structure as Gabriel and Michael’s ‘‘tribenzoylenebenzene’’ (4, Figure 3) [13]. Since that

Fig. 1. Generalized synthesis of a tris-annulated benzene by aldol trimerization of a cyclic ketone.

Fig. 2. Aldol trimerization of 1-indanone (1) to ‘‘truxene’’ (2).

Fig. 3. Gabriel and Michael’s 1877 conversion of phthalylacetic acid (3)

to ‘‘tribenzoylenebenzene’’ and Wislicenus’s 1887 synthesis of

‘‘truxone’’ from indane-1,3-dione (5); both products turned out to have

the same structure (4).
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time, the condensation of 5 to 4 has been observed under both acidic and basic conditions,

and it can even be induced by merely heating the ketone in the absence of a solvent. Many

reagents have been used to effect this transformation; however, the reaction with concen-

trated sulfuric acid is clearly superior, giving truxone in an isolated yield of 90 % [14].

In 1889, Hausmann reported [15] the formation of a (C9H6)n hydrocarbon from phenyl-

propionic acid (6). In those days, it was already known that cyclic ketones could sometimes

be obtained from aryl-substituted carboxylic acids by the action of strong dehydrating agents.

Hausmann therefore treated 6 with phosphorus pentoxide, expecting to form hydrindone

(1). Small amounts of 1 were, in fact, isolated from the reaction mixture, but the major

product proved to be a (C9H6)n hydrocarbon that became known as ‘‘truxene’’ (Figure 4).

Hausmann performed several chemical tests on the (C9H6)n hydrocarbon, including chro-

mic acid oxidation to a (C9H4O)n derivative (‘‘truxone’’). Ultimately, he actually proposed the

correct structure for ‘‘truxene’’, but he never managed to prove it.

It was not until 1894 that the tris-annulated benzene structures of truxene and truxone

were finally confirmed by Kipping [16]. Molecular weight determinations on both com-

pounds, performed in boiling aniline and boiling phenol solutions, unambiguously estab-

lished the trimeric structures of the hydrocarbon (2) and its oxidation product (4). Fur-

thermore, by running Hausmann’s reaction in dilute solutions of sulfuric acid, Kipping

succeeded in isolating the dimeric intermediate 7, and he showed that 7 was converted to 2

upon treatment with phosphorus pentoxide (Figure 5) [17].

Since Hausmann’s and Kipping’s initial studies, the synthesis of truxene from 1-indanone

has been carried out many times under a wide variety of conditions. Reagents that have been

reported to promote this trimerization are generally either strong protic acids or Lewis acids

and include hydrochloric acid [15], hydroiodic acid [15], phosphorus pentoxide [15], zinc

dust [15], sulfuric acid [17], phosphorus pentachloride [17], zinc chloride in acetic acid [18],

Fig. 4. Hausmann’s 1889 discovery of ‘‘truxene’’ (2) while attempting

to synthesize 1-indanone (1) from phenylpropionic acid (6).

Fig. 5. Kipping’s 1894 identification of the aldol dimer 7 as an

intermediate in the cyclotrimerization of 1-indanone.
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polyphosphoric acid [18], polyphosphate ethyl ester [19], para-toluenesulfonic acid [20], and

pyridinium hydrochloride [20]. While most of these reactions give truxene in good yield, the

best synthesis appears to be that of Dehmlow [14], which is reported to give truxene in 98 %

yield by heating 1 in a 2:1 mixture of hydrochloric acid and acetic acid at 100 �C for 16 hours.

The mechanism proposed for the acid-catalyzed trimerization of 1-indanone to truxene is

outlined in Figure 6.

1.3

Other Examples

Truxene and truxone were the first members of what is now a large family of tris-annulated

benzenes that have been synthesized by aldol trimerizations of cyclic ketones during the past

125 years. Table 1 provides some additional representative examples [6, 10, 21–29].

This list is undoubtedly incomplete; however, some general observations can be made on

the basis of just these examples. First, it should be noted that good yields of cyclic trimers

Fig. 6. Mechanism for the acid-catalyzed aldol trimerization of 1-indanone (1) to truxene (2).
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Tab. 1. Other representative cyclic ketones and their trimeric aldol condensation products.

Ketone Trimer Reaction Conditions Yield Ref.

1. SiCl4
2. HCl

65 % 21

1. 350 �C, 2 h

2. HOAc, HCl(g)

91 % 22

1. NaOH, 25 �C, 4 d

2. H2SO4, MeOH, 1 h

3. 350 �C, 1 h

64 % 23

1. NaOH, 25 �C, 4 d

2. H2SO4, MeOH, 1 h

3. 350 �C, 1 h

53 % 23

Conc. HCl

100 �C
not given 18

ZnCl2 not given 18
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Tab. 1. (continued)

Ketone Trimer Reaction Conditions Yield Ref.

TiCl4, Cl(CH2)4Cl

164 �C, 30 min

14 % 24

1. TiCl4, Et3N, �5 �C
2. 25 �C, 17 h 41 % 25

anthranilic acid

heat

not given 26

TiCl4
o-C6H4Cl2
180 �C

25 % 6

TiCl4
ClCH2CH2Cl

83 �C, 75 min

95 % 27, 28
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have been obtained not only with five-membered- but also with six-membered ring ketones,

at least in some cases (e.g., cyclohexanone, 10).

It is equally noteworthy that both aliphatic and aromatic ketones undergo the aldol trime-

rization reaction.

For all but the most symmetrical trimers, two distinct cyclocondensations can be identified

as potential synthetic routes starting from two isomeric ketones (e.g., 13 ¼ 15).

Finally, as one might expect, aldol trimerizations that lead to sterically crowded products

generally fail or give the trimer only in modest yield (e.g., 21 and 27, the quoted yields for

which represent optimized values). The high degree of regioselectivity seen in the trimeri-

Tab. 1. (continued)

Ketone Trimer Reaction Conditions Yield Ref.

TiCl4
o-C6H4Cl2
100 �C, 2 h

83 % 28

TiCl4
o-C6H4Cl2
100 �C, 1 h

80 % 10, 28

TiCl4
o-C6H4Cl2
100 �C, 2 h

85 % 28, 29
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zation of 3-methylcyclohexanone (14) is another manifestation of this same effect. We ex-

amine this limitation in more detail below.

1.4

Limitations

1.4.1

Experimental Observations and a Working Hypothesis

The 3,9,15-trichloro derivative of ‘‘decacyclene’’ (27, Table 1) has proven to be a superb pre-

cursor for the synthesis of ‘‘circumtriindene,’’ a bowl-shaped C36H12 PAH (geodesic dome)

that constitutes 60 % of C60 [6]. Unfortunately, the aldol trimerization of 8-chloroacenaph-

thenone (26, Table 1) gives the tris-annulated benzene 27 in only 25 % yield, even after ex-

tensive optimization of the reaction conditions [6]. It appears that the energetic cost of forc-

ing three large chlorine atoms into the crowded fjord regions of the molecule diverts the

reaction toward unwanted by-products. The extra strain energy contributed by the introduc-

tion of these three chlorine atoms to the decacyclene ring system is estimated to be about 17

kcal mol�1 on the basis of homodesmic density functional calculations [30, 31].

This steric effect is even more dramatic in the next higher member of the series. Thus,

whereas 4-acephenanthrenone (28) trimerizes to tribenzo[a,l,w]decacyclene (29) in almost

quantitative yield under relatively mild conditions [27, 28], the chlorinated derivative 36 gives

no more than traces of the cyclic trimer under a wide range of experimental conditions [28].

The only low molecular weight product isolated in the latter case (57 % yieldþ recovered

starting material) is the acyclic aldol dimer 37 (Figure 7). TiCl4-catalyzed aldol condensation

of the bromo analogue of 36 likewise stops after the first step, giving the corresponding

dimer in 95 % yield [28].

It did not go unnoticed in the above cases in which the trimerizations failed that the

dimers obtained are the b,g-unsaturated enones and not the conjugated products that one

might have expected to be thermodynamically more stable. Similar behavior had previously

been observed for a-tetralone (38), which also gives a b,g-unsaturated enone in high yield

rather than the cyclic trimer when treated with TiCl4 (Figure 8) [4].

In sharp contrast to these results, we obtained a pair of E- and Z-a,b-unsaturated ketones

when the condensation of 28 was conducted under sufficiently mild conditions [32] such

Fig. 7. 6-Chloro-4-acephenanthrenone (36) gives the b,g-unsaturated

aldol dimer (37), which does not continue on to form the cyclic trimer;

6-bromo-4-acephenanthrenone behaves identically.
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that it terminated at the dimer stage [28]. Furthermore, careful examination of the 1H NMR

spectra recorded during the condensation of 26 showed signals that could be attributed to

two stereoisomeric conjugated enone intermediates. On the basis of these admittedly limited

observations, we began formulating and scrutinizing the following empirical working hy-

pothesis:

Formation of an a,b-unsaturated (conjugated) dimer from a cyclic ketone is vital to the
success of an aldol trimerization reaction for the synthesis of a tris-annulated benzene;
the reaction will fail with ketones that form only b,g-unsaturated (unconjugated) dimers.

In agreement with this hypothesis, a,b-unsaturated aldol dimers have been reported for

many of the cyclic ketones discussed above that are known to proceed to tris-annulated ben-

zene rings under appropriate cyclotrimerization conditions. Thus, in addition to the ace-

naphthenone derivatives 26 and 28 just mentioned, 1-indanone (2) and indane-1,3-dione (5),

the precursors to ‘‘truxene’’ and ‘‘truxone’’ (Figures 2 and 3), have both been reported to give

exclusively the a,b-unsaturated aldol dimers when the trimerization is suppressed [33, 34].

Because of symmetry, the latter (5) gives a single dimer, whereas the former (2) gives a pair

of conjugated enones (E- and Z-isomers). Acenaphthenone itself (24) likewise gives only an

a,b-unsaturated dimer (stereochemistry not determined) [35]. The aldol condensations of

cyclopentanone (8) and cyclohexanone (10) can also be arrested at the dimer stage, and each

of these ketones gives a mixture of both the a,b- and the b,g-unsaturated aldol dimers, with

the conjugated enones dominating under equilibrating conditions [36]. Thus, we were gra-

tified to find a considerable body of experimental data that is consistent with our hypothesis.

Are there any fundamental chemical principles that make this empirical hypothesis

mechanistically reasonable? We believe there are. Looking back at Figure 6, one can identify

two key bond-forming steps that bring together the three ketone molecules into a single

acyclic trimer. Both steps are acid-catalyzed aldol condensation reactions, in which the enol

of the starting ketone serves as the nucleophile. The electrophilic partners in these two steps

are, respectively, the protonated monomer ketone (1) and the protonated dimer ketone (7).

Obviously, any factor that favors the second of these two reactions (dimer ! trimer) over the

first (monomer ! dimer) will set the stage for a cyclization and dehydration to the desired

tris-annulated benzene. Conversely, if the first aldol step is fast relative to the second one, all

of the monomer will be converted to the dimer, but there will then be no more monomer left

to serve as the nucleophilic partner for the second aldol step, and the reaction will terminate

at the acyclic dimer stage.

Since, at a given concentration of acid [37], a conjugated enone will be more extensively

protonated than a ketone that lacks the extra a,b-unsaturation (e.g., 7�Hþ/7 vs. 1�Hþ/1), it is
mechanistically reasonable that the dimer ! trimer step should be favorable for cyclic ke-

tones that form a,b-unsaturated (conjugated) dimers. On the other hand, b,g-unsaturated al-

Fig. 8. a-Tetralone (38) gives the b,g-unsaturated aldol dimer, which

does not continue on to form the cyclic trimer.
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dol dimers are less likely to make it all the way to the trimer because they are: (1) less fully

protonated, and (2) more hindered than the starting ketone with which they must compete

for the nucleophile. Thus, both halves of our hypothesis make sense.

To be useful, of course, a hypothesis must have predictive value. Can one predict in

advance whether the aldol dimer from a particular ketone will be a,b-unsaturated or b,g-

unsaturated?

1.4.2

Guidance from Calculations

We have performed single-point energy calculations, using density functional theory with

AM1 optimized geometries (pBP/DN**//AM1) [31], on many of the ketones discussed above

that are known to give tris-annulated benzenes by the aldol trimerization reaction (1, 5, 8, 10,

22, 24, 26, and 28). In agreement with our hypothesis, the a,b-unsaturated aldol dimer is

calculated to be more stable than the b,g-unsaturated isomer in every case, sometimes by as

much as 10 kcal mol�1 or more. In those cases in which the a,b-unsaturated aldol dimer can

adopt either an E- or aZ-configuration, themore stable of the two was used for the comparison.

The tris-annulated benzene 40 is a particularly interesting example. As in many cases, one

may envisage two ways of assembling this molecule by aldol trimerizations. We have at-

tempted to prepare this obviously strained PAH derivative by subjecting both chloro ketones

36 and 39 to TiCl4 under a range of conditions [28]. The former gives almost exclusively the

b,g-unsaturated dimer (37, Figure 7), with no more than traces of 40 being formed under any

of the conditions we examined. The isomeric chloro ketone 39, on the other hand, gives

significant quantities of 40 (Figure 9). Unfortunately, the yield of 40 obtained from the aldol

trimerization of 39 is still too low to be synthetically useful, presumably due to steric factors

at a later stage in the process. Nevertheless, this pair of reactions serves as an excellent

illustration of the predictive power of our working hypothesis coupled with reliable energy

calculations. At the pBP/DN**//AM1 level of theory, the most stable aldol dimer of chloro

ketone 36 is the b,g-unsaturated isomer, which our hypothesis predicts will resist further

condensation to give 40, and that is exactly what we observe. Conversely, calculations find

the most stable aldol dimer for chloro ketone 39 to be the (Z )-a,b-unsaturated isomer, which

our hypothesis identifies as a viable intermediate to continue on to 40, and this chloro ketone

does indeed give the tris-annulated benzene 40.

Fig. 9. Aldol trimerization of 6-chloro-5-acephenanthrenone (39) to

form a tris-annulated benzene. This behavior contrasts sharply with that

of the closely related 6-chloro-4-acephenanthrenone (36) in Figure 7.
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The only exception that we have encountered so far to predictions based on this analysis is

the aldol trimerization of a-tetralone (38). At the level of theory used above (pBP/DN**//

AM1), the most stable aldol dimer is found to be the (E )-a,b-unsaturated isomer, which, ac-

cording to our hypothesis, should condense further and cyclize to the tris-annulated benzene

product. Experimentally, however, a-tetralone (38) gives a high yield of the b,g-unsaturated

aldol dimer (Figure 8), which was calculated to be one of the less stable isomers. This ‘‘fail-

ure’’ must be either a shortcoming of our hypothesis or a shortcoming of the energy calcu-

lations. To test the latter possibility, we recalculated the energies of the aldol dimers of a-

tetralone (38), still at the pBP/DN** level of density functional theory but this time with full

geometry optimization at the pBP/DN** level of theory. These calculations required consid-

erably more computer time than the original pBP/DN**//AM1 calculations, which use ap-

proximate geometries based on a fast semiempirical method (AM1), but at this higher level

of theory the b,g-unsaturated aldol dimer of a-tetralone is found to be the lowest energy iso-

mer. This lone ‘‘failure’’ can therefore be attributed to erroneous energy calculations, rather

than to a flaw in the hypothesis. It is worth noting that, unlike a-tetralone, the 6-methoxy

derivative of a-tetralone (22, Table 1), does yield a tris-annulated benzene (23) by the aldol

trimerization reaction. In harmony with our hypothesis, the a,b-unsaturated dimer (E-
isomer) of 22 is calculated to be more stable than the b,g-unsaturated dimer at the pBP/

DN** level of theory.

1.5

Conclusions

The aldol trimerization reaction has proven its value as a tool in organic synthesis.

Many large PAHs can be assembled easily in one step from smaller, less complex start-

ing materials by this method. For most unhindered cyclic ketones, there is rarely much dif-

ficulty with the first step (self-aldol) in the triple dehydration progression of monomer !
dimer ! trimer ! tris-annulated benzene (Figure 6). Likewise, the third step (cyclization–

aromatization) is often very good (Figure 6), although steric impediments will generally lead

to diminished yields. For this reaction cascade to succeed, however, the second step (cross-

aldol of the monomer ketone with the dimer ketone) must also be kinetically competitive.

Herein, we have presented empirical evidence and mechanistic arguments to support the

view that this requirement will be met only in those cases that lead to a,b-unsaturated

(conjugated) dimers in the initial aldol condensation. Those ketones that give only b,g-

unsaturated (unconjugated) dimers in the initial aldol condensation will not yield tris-

annulated benzenes (e.g., Figures 7 and 8).

In an attempt to derive some predictive power from this hypothesis, we have demon-

strated how cases that are destined to fail at the second step can be identified in advance by

relatively straightforward energy calculations on the isomeric aldol dimers. The number of

examples is still limited, so one must use this hypothesis with caution, but we have so far

found no exceptions.
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2

Oligounsaturated Five-Membered Carbocycles –

Aromatic and Antiaromatic Compounds in the

Same Family

Rainer Haag and Armin de Meijere

Abstract

Most compounds containing oligounsaturated five-membered carbocycles ranging from cy-

clopentadiene to C20 fullerene display interesting electronic and structural properties. This

chapter describes recent developments in this area, starting with stabilized cyclopentadienyl

cations, then discusses several fulvenes as well as spiroannelated cyclopentadiene derivatives

and eventually linearly as well angularly fused oligocyclic five-membered ring systems.

Among these oligounsaturated di-, tri-, and oligoquinanes, the features of the rather unsta-

ble pentalene and acepentalene are discussed with respect to their generation and electronic

ground states. Structural properties, including those of the stable dilithium diides as well as

several metal complexes are presented. Finally, the generation and characterization of the

highly unstable C20 fullerene, which sets a new benchmark for this class of molecules, are

highlighted.

2.1

Introduction

The chemistry of oligounsaturated five-membered carbocycles has fascinated chemists for

more than 100 years, since Thiele published the first synthesis of the aromatic cyclo-

pentadienyl (Cp) anion 1� [1]. In the last couple of decades, knowledge about fully unsatu-

rated oligoquinanes, the class of fused-ring compounds consisting of five-membered rings

only, has experienced an exceptional growth (Figure 1) [2, 3]. Only recently has the existence

of C20-fullerene 4, which is the smallest conceivable fullerene and can be considered as the

Mount Everest of oligoquinanes, been proved [4]. This and many other new developments in

the area of oligounsaturated five-membered carbocyclic compounds are highlighted in this

chapter.

Cyclopentadienide (Cp) 1� is well known as one of the most frequently used ligands

in organometallic chemistry. In addition, the cyclopentadienide anion 1� has always been

quoted as a classic example of Hückel aromaticity, to demonstrate along with benzene and

the cycloheptatrienyl cation the validity of the (4nþ 2) p-electron rule. In contrast, a simple

and stable cyclopentadienyl cation of the type 1þ remains to be elusive [5]. With the highly

unstable neutral cyclobutadiene and the cycloheptatrienyl anion, 1þ shares the character-
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istics of possessing 4n p-electrons, and thus, according to Hückel MO theory, being anti-

aromatic. For higher oligoquinanes the situation is more complex, because Hückel theory is

strictly valid only for monocyclic systems. Hence, reliable predictions concerning the elec-

tronic ground states are possible only on the basis of highest level ab initio calculations.

2.2

Cyclopentadienyl Cations

The parent cyclopentadienyl cation 1þ has been calculated at various levels of theory [6, 7],

and has been found to have a triplet ground state. Its existence as a triplet species in an SbF5

matrix at 75 K had previously been proved by ESR spectroscopy [8]. Prior to that, the penta-

chlorocyclopentadienyl cation 7þ (Figure 2) had been generated, also in an SbF5 matrix at 77

K, and identified as a triplet on the basis of its observable ESR spectrum [9]. The penta-

arylcyclopentadienyl cations 8þ [10], especially those with donor-substituted aryl substituents

[11], are stable in solution up to 233 K, coexisting as singlet and triplet species due to the

small energy difference between them.

About 30 years later, the pentaisopropylcyclopentadienyl cation (9þ) was generated from

the corresponding chloride and bromide and proved to be stable in the frozen solution at

115 K, existing as a triplet [12]. Pentaisopropylcyclopentadiene is unique in that it not only

forms a stable anion – which is aromatic, just like any other cyclopentadienide – but also a

persistent radical that has been characterized by ESR/ENDOR, 1H NMR spectroscopy, and

mass spectrometry, as well as by X-ray crystal structure analysis [12].

Fig. 1. The non-linear time scale for the development of cyclopentadiene chemistry in the last century.

Fig. 2. Previously known cyclopentadienyl cations.
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What looked like a breakthrough towards the simple pentamethylcyclopentadienyl (Cp*)

cation 5þ which was believed to be generated as the tetrakis(pentafluorophenyl)borate salt by

hydride abstraction from pentamethylcyclopentadiene (10), [5a] soon turned out to be a

misinterpretation of the X-ray crystal structure analysis. The observed structural character-

istics of the obtained crystals, which were stable at room temperature for weeks, with two

pyramidal carbon atoms in the five-membered ring, are simply those of a cyclic trimethyl-

allyl cation 11 bridged by a slightly shortened single bond (1.48 Å). [5b–e] The solid state
13C-NMR spectrum of 11 reflects the nonequivalence of the five ring carbons, with two sig-

nals (C2,5) in the cationic region (243 and 250 ppm) and that of C1 at 153 ppm. Thus, rather

than undergoing a hydride abstraction to yield 5þ (RbMe), 10 had been protonated to give

the cyclopentenyl cation 11 (Scheme 1).

Since the cyclopropyl group is well known to be a particularly good donor for electron-de-

ficient centers, cyclopropyl-substituted cyclopentadienyl cations ought to be more stable than

those with any other alkyl substituent. Indeed, the singlet pentacyclopropylcyclopentadienyl

cation 6þ was predicted by DFT computations at the B3LYP/3-31þG** level of theory to be

19.4 kcal mol�1 more stable than the pentaisopropylcyclopentadiene singlet cation 9þ and

29.3 kcal mol�1 more stable than the Cp* singlet cation 5þ (Figure 3) [7].

The best potential precursors of the pentacyclopropylcyclopentadienyl cation 6þ have re-

cently been prepared. The Grignard reagent 13, which was obtained by hydromagnesiation

of easily accessible dicyclopropylacetylene (12), gave, upon reaction with butyl formate and

Scheme 1.

Fig. 3. Isodesmic stabilization energies of pentasubstituted

cyclopentadienyl species (all structures fully optimized at the B3LYP/6-

31G* level).
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methyl cyclopropanecarboxylate – for the latter reaction after prior addition of cerium(III)

chloride – tetracyclopropyl- (14) and pentacyclopropylcyclopentadiene (6), respectively, in

good yields (Scheme 2) [13].

Upon treatment with an ethereal solution of methyllithium, both oligocyclopropyl-

substituted cyclopentadienes 14 and 6 in tetrahydrofuran were quantitatively deprotonated to

the corresponding cyclopentadienides 14-Li and 6-Li, respectively, which were characterized

by their 1H and 13C NMR spectra. Treatment of the solutions of 14-Li and 6-Li with solutions

of iron(II) chloride in tetrahydrofuran yielded the 1,1 0,2,2 0,3,3 0,4,4 0-octacyclopropylferrocene
(16) (74%) and the decacyclopropylferrocene (17) (21%). After crystallization from hexane

(for 16) and pentane/dichloromethane (for 17), the structures of both ferrocenes were es-

tablished by X-ray crystal structure analyses (Scheme 3). The electron-donating effect of

the cyclopropyl substituents on these cyclopentadiene systems is manifested in the oxida-

tion potentials of the ferrocenes 16 and 17. While the parent ferrocene has an oxidation po-

tential E1=2 (vs. SCE) ¼ þ0:475 V, that of decamethylferrocene is significantly lower with

E1=2 ¼ �0:07 V, and so are those of 16 (E1=2 ¼ �0:01 V) and 17 (E1=2 ¼ �0:13 V) [13].

Reaction of the cyclopentadienide 6-Li with N-chlorosuccinimide gave chloropentacyclo-

propylcyclopentadiene (19) in 95% yield. Hydride abstraction from 6-Li with triphenylmethyl

tetrafluoroborate yielded the interesting tetracyclopropylcyclopropylidenecyclopentadiene

18 (37%). While the chloride 19, an ideal precursor to the cation 6þ, is stable at ambient

temperature in the absence of moisture, it rearranges upon attempted chromatography on

silica gel with the opening of one cyclopropyl ring to give the tetracyclopropylfulvene 20.

This rearrangement must occur by heterolytic cleavage of the carbon–chlorine bond in 19

to yield the intermediate cation 6þ, which is then attacked by the nucleophilic chloride at

one of the partially positively charged cyclopropyl groups. With the less nucleophilic tetra-

fluoroborate counterion, generated by treating 19 with silver tetrafluoroborate under sol-

Scheme 2. (a) iBuMgBr (1 equiv.), Cp2TiCl2 (1–2 mol %), Et2O, 20 �C,
30 min. – (b) Add inversely to HCO2nBu (0.9 equiv.) in THF, 20 �C, 1
h. – (c) Add inversely to a suspension of CeCl3 (1.5 equiv.) in THF, 20
�C, 1 h. – (d) 1) Add cPrCO2Me in THF, 20 �C, 1 h; 2) H2O/HOAc

(6:1).
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volytic conditions (in pentane/CH2Cl2/MeOH), 6þ�BF4
� survives even at 0 �C and is trapped

by methanol to give the methyl ether 21 without rearrangement in 75% yield (Scheme 4).

The cation 6þ does indeed appear to be stable—at least at �115 �C—in a non-nucleophilic

solvent such as SO2ClF/SO2F2, when generated with a weakly coordinating counterion, e.g.

by treatment of the chloride 19 with an excess of SbF5 [7]. The observed 13C-NMR signals

are best interpreted with the singlet structure 6þ � SbF6
� (Scheme 4). Quenching the solu-

tion with methanol at �196 �C and basic work-up at ambient temperature gave the methyl

ether 21 in 40% yield.

Scheme 3. (a) MeLi (1 equiv.) in Et2O, THF, �78 ! 20 �C, 45 min. –

(b) Add to FeCl2�2THF in THF, 0 ! 20 �C, reflux, 5 h. – (c) Ph3CBF4,

THF. – (d) NCS, 0–20 �C, 20 h. – (e) SiO2, pentane.

Scheme 4. The relatively stable pentacyclopropylcyclopentadienyl

cation 6þ�SbF6� and the related fulvenyl cation 22þ�BF4�.
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The remarkable stabilizing effect of the cyclopropyl substituents is also illustrated by the

fact that the fulvene 18, upon protonation with tetrafluoroboric acid in dichloromethane,

yields the fulvenyl tetrafluoroborate 22, which is completely stable in solution at �50 �C.
Compound 22 could be characterized by NMR spectroscopy (1H and 13C) and survives at

ambient temperature for several days.

2.3

Fulvene and Spiroannelated Cyclopentadiene Derivatives

The chemistry of the so-called calicene 23 and its stable derivatives has recently been re-

viewed [14, 15], as has that of pentafulvalene 24 and its derivatives [14]. In view of the pos-

sible stabilization of at least the cationic moieties in the zwitterionic resonance structures

23�þ and 24�þ, it would certainly be interesting to prepare the percyclopropylated hydro-

carbons 25 and 26. The easily accessible tetracyclopropylcyclopentadiene 14 [13] appears to

be an appropriate precursor for these target molecules (Scheme 5).

Common to these molecules with their cyclopentadiene moieties is the so-called fulvene

subunit 27. The first fulvenes, 6,6-dialkylfulvenes, were prepared as early as 1906 by Thiele

et al. from sodium cyclopentadienide and ketones [16]. The parent hydrocarbon 27 and

many other derivatives have been thoroughly studied since the 1960s [17–19]. Diazocyclo-

pentadiene (28), which is also easily prepared from cyclopentadienide, is a heteroanalogue

of fulvene. It has frequently been used as a precursor to other theoretically interesting

molecules containing annelated cyclopentadiene moieties, because its irradiation readily

generates the cyclopentadienylidene 29. This carbene has, for example, been trapped

with alkynes to form spiro-annelated cyclopentadiene derivatives 30 (Scheme 5) [20]. It

has been proved by UV spectroscopy [21] and supported by calculations [22] that these

spiro[2.4]heptatrienes (so-called [1.2]spirenes) 30 experience a special kind of electronic

Scheme 5.
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interaction, so-called spiroconjugation, across their central sp3 carbon atom in spite of the

orthogonal orientation of the two p-systems.

As far as purely five-membered carbocyclic systems are concerned, spiro[4.4]nonatetraene

(31) is the prototypical example of two p-systems experiencing electronic interaction through

their common central carbon atom. Based on symmetry considerations, it was proposed that

spiroconjugation in molecules such as 31 should result in a splitting of the cyclopentadienyl

HOMOs, whereas the LUMOs should be degenerate [22, 23]. As a consequence, the first

electronic absorption (EA) band of cyclopentadiene in 31 was predicted to be split into a

lower and a higher lying component of quite different absorptivities.

Rather recently, the electronic structure of spiro[4.4]nonatetraene (31), as well as those of

its radical anion and radical cation, respectively, have been probed by a variety of spectro-

scopic methods (electron transmission and energy loss in the gas phase, electronic absorp-

tion in cryogenic matrices) [24]. The extension of this concept of spiroconjugation to higher

analogues of spiro[4.4]nonatetraene 31 would lead to the hydrocarbons 32 and 33. However,

no attempts to prepare these compounds have yet been reported.

2.4

Polyunsaturated Di-, Tri-, and Oligoquinanes

Fully unsaturated fused-ring compounds, consisting only of five-membered rings, contain

the most highly strained p-systems conceivable. Such unsaturated di- and triquinanes and

higher oligoquinanes are therefore unlikely to be found in natural sources, although satu-

rated linear and angular triquinanes and higher oligoquinanes are known skeletons of nat-

urally occurring sesquiterpenes. In addition to their high strain, these polyenes possess in-

teresting electronic properties [25]. Although several groups have been and still are engaged

in efforts to synthesize some of these fully unsaturated oligoquinanes [2], only three mem-

bers of the series, 2 [26, 27], 3 [28], and 4 [4], have as yet actually been prepared or at least

spectroscopically characterized as short-lived transients. Other members of the series have

been approached synthetically, but the increasing ring strain in the series from the bicyclic

pentalene 2 to C20-fullerene 4 makes the higher members less and less likely to be even ob-

servable [2].

Formally, higher oligoquinanes can be derived from fulvene (27) by the consecutive addi-

tion of etheno bridges. This concept has actually been successfully applied in the synthesis

of the antiaromatic pentalene 2 [27], but it is unlikely to be practicable for higher members

of this family due to the drastic increase in ring strain. While fulvene (27) and pentalene 2

possess almost planar geometries [2], acepentalene (3) and higher fully unsaturated oligo-
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quinanes 4, 34–36 have a considerable inherent curvature, which increases with an increas-

ing number of annelated five-membered rings. This is confirmed by high level ab initio cal-

culations (see below). In view of this, it can safely be assumed that 3 and higher vinylogues

4, 34–36, if accessible at all, would each have to be made from a precursor that bears close

structural resemblance to the desired fully unsaturated oligoquinane.

2.4.1

Pentalene, Pentalenediide, and Pentalene Metal Complexes

Bicyclo[3.3.0]octa-1,3,5,7-tetraene (2), trivially called pentalene [26, 27], is the second mem-

ber in the series of fully unsaturated oligoquinanes. Hückel MO theory predicts that this

planar hydrocarbon with its 8p-electron system should be an antiaromatic species [25]. 2-

Methylpentalene (37) has been generated by a retro-Diels–Alder reaction and deposited as a

film at �196 �C on a NaCl or quartz plate for its spectroscopic characterization. It rapidly

dimerized upon warming the cold plates to temperatures above �140 �C [26]. Only two

stable derivatives of pentalene not complexed to a metal [29], the hexaphenyl- (38) [30] and

2,4,7-tri-tert-butylpentalene (39) [31], have hitherto been reported (Figure 4).

The question of aromaticity versus antiaromaticity and delocalized versus localized double

bonds in pentalene (2) dates back to 1922, when Armit and Robinson compared it with

naphthalene and postulated that the former might be similarly aromatic [32, 33]. While the

first synthesis of a non-fused hexaphenylpentalene (38) [30] provided only some clues as to

the non-aromatic reactivity of the pentalene skeleton, the tri-tert-butyl derivative 39, prepared
and studied by Hafner et al. in great detail [31], gave a better insight. The ring-proton signals

of this alkyl-substituted pentalene 39 are shifted upfield compared to those of fulvene (27)

and other cyclic polyenes. This observation led to the conclusion that the pentalene deriva-

tive 39 should be an antiaromatic species. However, the results did not permit a distinction

Fig. 4. An unstable and two stable pentalene derivatives that have been observed experimentally.
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to be made as to whether the double bonds in 39 are localized or whether they are subject to

a rapid bond shift between the two Kekulé structures. An indication that the parent system 2

has alternating bonds has been obtained by comparing the photoelectron (PE) and electronic

absorption (UV/vis) data with calculated orbital energies [34]. More recent DFT calculations

at the B3LYP/6-311þG*/B3LYP/6-31G*þ ZPVE (B3LYP/6-31G*) level of theory have re-

vealed that pentalene (2) has a localized antiaromatic p-system with a singlet ground state

lying 9.7 kcal mol�1 below the triplet state [35]. The calculated structural parameters of 2

and its dication 22þ (see Figure 5) appear to be quite reliable as the agreement between cal-

culated and experimental bond lengths for pentalene dianion 22� and its dilithium derivative

22��2Liþ is excellent.

Brown et al. [36] attempted to approach pentalene (2) by a thermolytic ring-contraction–

cyclization of 3-ethenylbenzyne 41, which, in turn, was generated by flash vacuum thermol-

ysis of 3-ethenylphthalic anhydride 40. Indeed, the pentalene dimer 43 (@50%) was formed

along with phenylacetylene 44 (@50%) in 80% overall yield (Scheme 6). The failure to de-

tect monomeric pentalene (2) is in accord with the observation of de Mayo et al. that 1-

methylpentalene (37) dimerizes above �140 �C [29]. The formation of phenylacetylene 44

was unexpected, and it is as yet unclear as to whether it arises by migration of two hydrogens

in the aryne 41 or the intermediate carbene 42, or whether it is a secondary product formed

from pentalene (2).

Recently, the neutral pentalene (2) has been generated from its dimer 43 by photocleavage

in an argon matrix [37]. In this structurally characterized cross-conjugated hydrocarbon 2,

the distortive force of the p-electrons favors a C2h structure with localized single and double

bonds, and this effect predominates over that of the s-electrons, which would drive the mol-

ecule towards D2h symmetry (Figure 5).

Both the synthesis [38] and X-ray crystal structure [39] of dilithium pentalenediide

22��2Liþ have been reported (Scheme 7, Figure 5). Reaction of the dihydropentalene 46 with

n-butyllithium yielded the crystalline dilithium pentalenediide 22��2Liþ (Scheme 7). The

more recently reported flash vacuum thermolysis of 6-norbornenylfulvene (45), initially pro-

ducing 6-ethenylfulvene, which immediately cyclizes to dihydropentalene (46), allows one to

prepare this immediate precursor to 22� in gram quantities [40]. A similarly convenient

Scheme 6.
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access to the pentalene skeleton is by flash vacuum thermolysis of easily prepared ethe-

nylbicyclopropylidene 47, which yields a 1:1.1 mixture of the tetrahydropentalenes 48 and 49

(90%) [41].

Structural analysis of the dilithium pentalenediide revealed a C2h-symmetric ion triplet

with the two lithium cations located on opposite sides of the two fused rings. The struc-

tural parameters were extremely well reproduced by ab initio calculations [35] (see Figure 5).
Both the experimental structural parameters and calculated magnetic susceptibility exalta-

tion classify the 10p-electron species 22� as an aromatic compound. Apparently, the lithium

counterions in 22��2Liþ do not exert any significant effect on the bond lengths of the di-

anion 22�. On the other hand, the antiaromatic pentalene (2) and its aromatic dication 22þ

show the characteristic bond length alternation (Figure 5) [35].

The first metal complex (50) of unsubstituted pentalene (2) was prepared in 1973 by reac-

tion of the pentalene ½2þ2� dimer 43 with Fe2CO9 (Figure 6) [42]. Several other dinuclear

complexes of 2 have been prepared from the dilithium pentalenediide 22��2Liþ [43]. In all

Fig. 5. Calculated structural parameters of pentalene (2), pentalene

dianion 22� (experimental values for dilithium pentalenediide 22��2Liþ
in parentheses [39]), and pentalene dication 22þ.

Scheme 7.

Fig. 6. Dinuclear pentalene complexes.
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these complexes, the pentalene ligand is completely planar, and each five-membered ring is

coordinated to a different metal atom either as in 50 or as in bis(pentamethylcyclopentadie-

nylnickel)pentalene 51, which was obtained by reaction of 22��2Liþ with Cp*Ni(acac) [44].

More recently, Jonas et al. presented a new mode of complexation of the pentalene ligand,

in which all eight carbon atoms are coordinated to only one metal atom (Scheme 8). Di-

lithium pentalenediide 22��2Liþ reacts with Cp2VCl to yield the vanadium pentalene-Cp

complex 52 [45]. Reaction with Cp2ZrCl2 or Cp2HfCl2 gives the bis(pentalene) metal com-

plexes 53 [45b]. In these complexes, all the carbon–metal bonds have similar lengths and the

out-of-plane deformation angle of the pentalene skeleton is ca. 43�.

2.4.2

Acepentalene, Acepentalenediide, and Acepentalene Metal Complexes

In the series of fully unsaturated oligoquinanes, the tricyclic acepentalene (3) is the first

member to exhibit a curved molecular surface, and – at least according to its number of

carbon atoms – it resembles one hemisphere of the C20-fullerene (4). For almost five years

this C10-bowl 3 remained the largest fully unsaturated oligoquinane ever observed [28]. Ac-

cording to Hückel MO theory, acepentalene (3) should have a triplet ground state [25], but

more recently performed ab initio calculations have indicated the singlet state to be more

stable by 3.9 kcal mol�1 [28]. The prohibitively high strain in the molecule, which by far

exceeds that of pentalene (2), renders the isolation of 3 impossible at ambient temperature.

As early as 1964, Woodward introduced the idea of using triquinacene 54 as a stable tri-

cyclic precursor of acepentalene (3) [46]. However, it took another 30 years to generate

acepentalene by the stepwise introduction of double bonds. The breakthrough came with

the facile preparation of dipotassium acepentalenediide 32��2Kþ [47] and the purification

trick of obtaining the pure dilithium derivative 32��2Liþ via the bis(trimethylstannyl)-

dihydroacepentalene 56 (Scheme 9) [48]. The dilithium acepentalenediide 32��2Liþ per-

mitted the first X-ray crystal structure determination of a bowl-shaped aromatic dianion; it

was found to aggregate as a homodimer held together by two dimethoxyethane-ligated lith-

ium counteranions in the solid state (Scheme 9). The immediate precursor to the dilithio

derivative 32��2Liþ, the bis(stannyl)dihydroacepentalene derivative 56, is thermally stable

and can be purified by sublimation [49]. However, the unsubstituted dihydroacepentalene 55

readily dimerizes in a ½4þ2� cycloaddition mode at ambient temperature, and it can only be

observed as a monomer at temperatures below �80 �C [49, 50].

The bis(stannane) 56 also proved to be a perfect precursor for the generation of the neutral

acepentalene 3 [28]. By cleavage of the two labile tin–carbon bonds in 56 a diradical is

Scheme 8.
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generated, which, in fact, resembles one possible electronic state of 3 (Scheme 10). Initial

attempts to perform this bond cleavage in an argon matrix both photolytically as well

as thermally were unsuccessful [51]. However, due to the advances in the equipment for

ionization–neutralization–reionization mass spectrometry experiments [52], it was possible

to generate the neutral molecule 3 and unequivocally prove its short-lived existence in the

gas phase. In this experiment, the radical anion 3.� generated from 56 by chemical ioniza-

tion with N2O, was mass-selected and then neutralized by collision with oxygen to give ace-

pentalene (3), which was subsequently reionized to 3.þ [28]. The estimated lifetime of neu-

tral 3 in the field-free zone of the mass spectrometer exceeded 1 ms, and therefore 3 can be

considered as an existing species. The experimentally measured electron affinity as well as

the fragmentation pattern after reionization of neutral 3 by electron impact agreed well with

theoretical predictions [28].

In view of the high purity and thermal stability of dilithium acepentalenediide 32��2Liþ
[48], it is the most feasible precursor of other stable acepentalene metal derivatives and

Scheme 9.

   

   

Scheme 10. CI ¼ chemical ionization; EI ¼ electron-impact ionization.
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transition metal complexes. The reactions of 32��2Liþ with Cp2ZrCl2, Cp2HfCl2, and UCl4
gave metal complexes 57–59 of different coordination types and structures, as revealed

by their NMR spectra [53]. The reaction of 32��2Liþ with Cp2ZrCl2 in tetrahydrofuran gave

a complex, which, according to its 1H NMR spectrum, has a Cs-symmetric carbon skele-

ton and therefore, in analogy to the known bis(pentamethylcyclopentadienylzirconium)-

trimethylenemethane complex [54], is best formulated as 57 [55]. The dilithium derivative

32��2Liþ also reacted with Cp2HfCl2 to give an oxygen-sensitive complex, the 1H NMR

spectrum of which showed a single line due to the six protons on the acepentalene residue,

in accordance with the C3-symmetric structure of 58 [55]. The remarkably stable sandwich

complex 59 formed from 32��2Liþ and UCl4 in THF (Scheme 11) closely resembles the

uranocene formed from dilithium cyclooctatetraenediide and UCl4. The
1H NMR spectrum

of complex 59 shows a very characteristic singlet at d ¼ �21 ppm, which is close to that ob-

served for the bis(cyclooctatetraenediyl)uranium complex [56].

2.4.3

Generation of C20-Fullerene

According to the isolated-pentagon rule, each five-membered ring in a spherical structure

must be fully surrounded by six-membered rings [57]. Therefore, the C60-fullerene (60) has

to be the smallest stable fullerene. However, the smallest conceivable spherical fullerene is

the C20-fullerene (4), consisting exclusively of five-membered rings. C20-fullerene (4) ex-

ceedingly violates the isolated-pentagon rule and must therefore also be the least stable and

most reactive of all fullerenes [58]. Even the less curved C36-fullerene is so reactive that it

spontaneously oligomerizes in the solid state [59]. Unlike C36- and higher fullerenes, C20-

Scheme 11.
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fullerene (4) has not been observed in carbon vapor condensation or cluster annealing pro-

cesses [60].

High level calculations identified C20-fullerene (4) along with the bowl-shaped isomer

decadehydrocorannulene 61 and the monocyclic isomer 62 as relatively low-energy repre-

sentatives of the family of C20 clusters (Figure 7) [58, 61]. To date, only the monocyclic C20

62 has been observed in laser ablation experiments on graphite [60, 62]. Recently, Prinzbach,

Scott, von Issendorff et al. reported the first spectroscopic characterization of the other two

highly strained C20 clusters 4 and 61 [4]. Among these, the most appealing candidate is cer-

tainly the C20-fullerene (4). It is the carbon transliteration of Plato’s universe [53], and it

beats 53 and 54 both in symmetry and beauty.

In close analogy to the successful generation of acepentalene (3), the best chance of

forming C20-fullerene (4) would certainly be realized by starting from a stable precursor with

exactly the same carbon skeleton as C20. Thus, the ideal starting material is the most highly

symmetrical C20H20 hydrocarbon, the so-called pentagondodecahedrane (65), which also

represents the lowest energy structure of all (CH)20 isomers. The first synthesis of 65 by

Paquette et al. has been a landmark in organic synthesis [64]. In the meantime, Prinzbach

et al. have developed several dramatically improved approaches to dodecahedrane (65) by the

so-called isodrine-pagodane route, i.e. via 63 and 64 (Scheme 12) [65].

The stepwise introduction of double bonds into the saturated skeleton of dodecahedrane

(65) has been pursued for quite some time, since Paquette et al. reported the b-elimination

of trifluoroacetic acid from (trifluoroacetoxy)dodecahedrane (66) induced by hydroxide and

methoxide ions in an ion cyclotron resonance mass spectrometer and inferred indirectly the

Fig. 7. C20 clusters 4, 61, and 62.

Scheme 12.
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existence of dodecahedrene (68) in the gas phase (Scheme 13) [66]. Subsequently, Prinzbach

et al. systematically developed approaches to several highly strained oligodehydrododecahe-

dranes by b-eliminations on the dodecahedrane skeleton [67]. According to their studies,

pure dodecahedrene (68) can be isolated upon dehydrobromination of bromododecahedrane

(67) [68] induced by the strongly basic naked fluoride ion provided by the iminophosphorane

base ‘‘P2F’’ developed by Schwesinger et al. [59] (Scheme 13). The fact that dodecahedrene

(68), with its highly out-of-plane bent CbC double bond (c ¼ 43.5�, Figure 8), can be iso-

lated, is quite remarkable on its own, but even more remarkable is the observation that 68

dimerizes only under forcing conditions (around 300 �C) [70]. Such a degree of kinetic sta-

bilization was unexpected, but can be attributed to the efficient steric shielding by four allylic

hydrogen atoms, which are all rigidly held in eclipsed orientations adjacent to the double

bond on the surface of 68. The dihydroacepentalene (55), with a similarly pyramidalized

double bond (c ¼ 37�, Figure 8) but with only two eclipsed allylic hydrogens protecting it,

cannot be isolated or even observed as a monomer at temperatures higher than �80 �C (see

above) [50].

Dodecahedradiene 70 has also been prepared and isolated as a stable compound [68, 71].

The highest yields (up to 70%) were obtained by flash vacuum pyrolysis of the bis(lactone)

69, which can easily be prepared along the pagodane route (cf. Scheme 12) [72]. The calcu-

lated degree of pyramidalization of the double bonds in 70 (c ¼ 42.8�) is slightly smaller

than that in dodecahedrene 68 (Figure 8).

Scheme 13.

Fig. 8. Structural features of dihydroacepentalene 55 and dodecahedrene 68.
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Oligodehydrododecahedrane derivatives with an even greater degree of unsaturation have

also been approached by Prinzbach et al. [67, 68, 70, 73, 74]. While the monoene 68 and di-

ene 70 can be obtained as single regioisomers, the possibility of forming double bond iso-

mers became a serious problem for the characterization of more highly unsaturated struc-

tures generated by dehydrobromination of tri- and tetrabromododecahedrane derivatives

with the Schwesinger base ‘‘P2F’’. In fact, due to the number of regioisomers obtained, no

pure triene or tetraene could be isolated. Nevertheless, trapping experiments with dienes in

Diels–Alder reactions, as well as extensive mass spectrometric analyses, confirmed the exis-

tence of dodecahedratriene and -tetraene isomers 71 and 72, respectively.

In analogy to acepentalene (3) and dihydroacepentalene 55 [75], the extremely strained

double bonds in unsaturated dodecahedranes can be protected by metal complexation. Due

to the high degree of pyramidalization, the HOMOs are slightly raised and the LUMOs sig-

nificantly lowered and hence d10 metals (Pt, Pd, and Ni) are good coordinators for these

double bonds. The steric protection of the double bonds by the allylic hydrogen atoms (see

above) did not prohibit the formation of these metal complexes, as predicted for such pyra-

midalized double bonds [76]. Metal coordination of dodecahedrene 68, e.g. by a Pd(PPh3)2
unit, occurred smoothly upon treatment with Pd(PPh3)4 at room temperature to give the

crystalline air-sensitive complex 73a (Scheme 14) [77]. The binuclear platinum complex 74 of

the diene was characterized by X-ray crystal structure analysis, which revealed an elongation

of the double bonds by ca. 0.11 Å and an increase in the pyramidalization by 7�.

As a reversible protection measure, complexation with a Fe(CO)4 moiety appeared to be

most promising. The monoene 68 was indeed found to react smoothly with Fe(CO)5 at room

temperature to give the tetracarbonyliron complex 73b in 75% yield after crystallization. The

complex 73b proved to be stable for days in air as a solid and in solution (CHCl3, benzene),

and its ligand 68 can be conveniently liberated under mild oxidative conditions [Ce(NO3)4/

MeOH/THF] at room temperature (Scheme 14) [77]. Although the use of metal complex-

ation as a protection method for such compounds with highly pyramidalized double bonds

works well for the monoene 68 and the diene 70, the complexation of more highly unsatu-

Scheme 14.
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rated dehydrododecahedranes is hampered by the occurrence of regioisomers, as in the case

of 71 and 72, and by steric overcrowding on the surface if the metal bears additional bulky

ligands.

In order to get from the stable, fully saturated dodecahedrane 65 with the correct con-

nectivity of the carbon skeleton of 4 to the fully unsaturated C20-fullerene, ten (!) double

bonds have to be introduced without breaking any of the CaC bonds of the carbon skeleton

[70]. The working hypothesis for the transformation of 65 into 4 was to replace most or all of

the strongly bound hydrogen atoms by more weakly bound chlorine or bromine atoms. The

perhalogenated derivatives of 65 would then be submitted to conditions under which elimi-

nation of the halogen atoms could occur, e.g. electron impact in a mass spectrometer. While

the perchlorination of dodecahedrane (65) could indeed be achieved to give mixtures of

compounds with up to 20 chlorine substituents on the C20 skeleton, i.e. 75 (Figure 9), sub-

sequent electron impact mass spectrometric investigation in the positive ion mode was not

indicative of consecutive elimination of chlorine atoms following ionization, but rather of

significant cage fragmentation [73].

Functionalization of 65 with more weakly bound bromine atoms appeared to be the solu-

tion to this dilemma. However, due to the increased bulk of the bromine substituents and

the resulting steric repulsion on the surface of 65 (compare structure 75, Figure 9), substi-

tution of all the hydrogen atoms could never be achieved with any of a variety of bromination

protocols [78]. Only when a brute force method (neat Br2, reflux, and irradiation with a 450

W halogen lamp for 3 d) was applied, could a highly brominated product with an average

elemental composition of C20HBr13, corresponding to 76, be reproducibly isolated [4, 70].

Spectroscopic evidence showed that the obtained material consisted of a multitude of iso-

meric trienes, such as 76, with a range of compositions C20H0–3Br14–11, which, in spite of

their highly pyramidalized double bonds (c > 50�) (cf. Figure 8), proved to be insensitive to

oxygen. The three double bonds that were introduced during the bromination process by

Fig. 9. Perhalogenated derivatives of dodecahedrane 75, 76, and corannulene 77.
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spontaneous elimination reactions apparently provide relief from the steric overcrowding at

the molecular periphery. Catalytic hydrogenation of the bromination product 76 led back to

the fully saturated dodecahedrane (65), proving that the cage survived the harsh conditions

(Scheme 15) [73].

The cationic mode mass spectrum of the [C20H0–3Br14–11] sample showed singly and

doubly charged C20 ions with up to 14 bromine atoms attached. The remarkably high in-

tensities of the C20
þ and C20

2þ ion peaks and the very low abundance of smaller fragments

attested to a remarkable kinetic stability of the C20 cluster 4. The anionic mode mass spectra

obtained from brominated dodecahedrane 76 and perbrominated corannulene 77 resembled

those of the cationic mode mass spectra, and again showed a high kinetic stability of the re-

spective C20 clusters. Obviously, these mass spectra alone are not sufficient proof for the ex-

istence of the C20-fullerene (4), nor can they reveal which isomer of the three, i.e. 4, 61, or

62, was actually formed. Therefore, the C20 species obtained from three different sources, i.e.

from the perbrominated cage 76, from decabromocorannulene 77 [79], and from laser-

ablated graphite, the latter known to yield the monocycle 62, were converted to their anions

and these were examined with a photoelectron (PE) spectrometer that was directly linked to

the mass spectrometer [80]. In these experiments, a special ion source was used to generate

an ion beam that was stable for several hours even though only a few milligrams of the re-

spective materials were at hand. The PE spectra of the mass-selected C20
.� clusters obtained

from these three sources showed significantly different features. While the PE spectrum of

the monocycle 62 had previously been assigned in combination with ion mobility experi-

ments [60d], the spectra of the other two isomers 4 and 61 had not been observed before.

The monocycle 62 was found to have an electron affinity of 2.44 (G0.03) eV and its spectrum

exhibited a vibrational progression of 2260 (G100) cm�1. The bowl isomer 61 generated from

decabromocorannulene 77 showed a significantly lower electron affinity of 2.17 (G0.03) eV,

but a similar vibrational progression of 2060 (G50) cm�1. The cage isomer 4 generated from

the oligobrominated dodecahedrane 76 had an electron affinity of 2.25 (G0.03) eV and ex-

hibited a vibrational progression of 730 (G79) cm�1; at 0.27 eV above the first ionization

threshold, another progression with a spacing of 260 (G40) cm�1 set in. These observations

clearly demonstrate that three different C20 clusters were obtained. Similarly to the highly

strained acepentalene (3), the C20 clusters had lifetimes of at least the total flight time

(0.4 ms) in the gas phase.

While the PE spectra of the bowl 61 and the monocycle 62 are in good agreement with

theoretical predictions, the situation is more complex for the C20-fullerene (4). Although the

observed 730 cm�1 progression is consistent with that expected for a closed ‘‘polyolefinic’’

cage 4, the theoretical confirmation of the PE spectrum of 4 remains a challenge for quan-

tum mechanical methods. The ground-state symmetry of the neutral C20-fullerene (4) is

currently disputed in the literature [81], yet it is indispensable for the prediction of the vi-

brational modes excited upon electron attachment.

Scheme 15.
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Further experimental confirmation of the existence of C20-fullerene 4 might be provided

by the endohedral incorporation of small atoms, such as He, into the cage. Such an incor-

poration is known for C60-fullerene (60), and the existence of He@C60 has additionally con-

firmed the cage structure of these molecules [82]. More recently, Cross, Saunders, and

Prinzbach demonstrated that such a helium incorporation is even possible for the much

smaller cage of the fully saturated dodecahedrane (65) [83]. However, the yield of this pro-

cess (0.01 % He@C20H20) is as yet too low to enable one to use the product as a precursor

for the generation of the fully unsaturated He@C20. The possibility of stabilizing and iso-

lating C20-fullerene as a metal complex, as has been demonstrated for pentalene (2) and

acepentalene (3), will, however, largely depend on the successful synthesis of suitable pre-

cursors in the future.
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S. I. Kozhushkov, I. Emme, Pure Appl.
Chem. 1999, 71, 253.

4 H. Prinzbach, A. Weiler, P.

Landenberger, F. Wahl, J. Wörth, L. T.

Scott, M. Gelmont, D. Olevano, B. von

Issendorff, Nature 2000, 407, 60.
5 a) J. B. Lambert, L. Lin, V. Rassolov,

Angew. Chem. 2002, 114, 1487; Angew.
Chem. Int. Ed. 2002, 41, 1429; b) M. Otto,

D. Scheschkewitz, T. Kato, M. M.

Midland, J. B. Lambert, G. Bertrand,

Angew. Chem. 2002, 114, 2379; Angew.
Chem. Int. Ed. 2002, 41, 2275; c) T.
Müller, Angew. Chem. 2002, 114, 2380;
Angew. Chem. Int. Ed. 2002, 41, 2276;
d) J. B. Lambert, Angew. Chem. 2002, 114,
2382; Angew. Chem. Int. Ed. 2002, 41, 2278;
e) J. N. Jones, A. H. Cowley, C. L. B.

Macdonald, Chem. Commun. 2002, 1520.
6 a) H. Jiao, P. v. R. Schleyer, Y. Mo,

M. A. McAllister, T. T. Tidwell, J. Am.
Chem. Soc. 1997, 119, 7075; b) B. Reindl,
P. v. R. Schleyer, J. Comp. Chem. 1998,
19, 1402.

7 A. de Meijere, I. Emme, S. Redlich, C.

Freudenberger, H.-U. Siehl, P. R.

Schreiner, unpublished results.

8 M. Saunders, R. Berger, A. Jaffe, J. M.

McBride, J. O. Neill, R. Breslow, J. M.

Hoffmann, Jr., C. Perchonok, E.

Wasserman, R. S. Hutton, V. J. Kuck, J.
Am. Chem. Soc. 1973, 95, 3017.

9 R. Breslow, R. Hill, E. Wasserman, J.
Am. Chem. Soc. 1964, 86, 5349.

10 R. Breslow, H. W. Chang, W. A. Yager,

J. Am. Chem. Soc. 1963, 85, 2033.
11 W. Broser, H. Kurreck, P. Siegle, Chem.

Ber. 1967, 100, 788.
12 H. Sitzmann, H. Bock, R. Boese, T.

Dezember, Z. Havlas, W. Kaim, M.

Moscherosch, L. Zanathy, J. Am. Chem.
Soc. 1993, 115, 12003.

13 I. Emme, S. Redlich, T. Labahn, J.

Magull, A. de Meijere, Angew. Chem.
2002, 114, 811; Angew. Chem. Int. Ed.
2002, 41, 786.

14 H. Hopf, Classics in Hydrocarbon
Chemistry, Wiley-VCH, Weinheim, 2000,

pp. 269–271.

15 M. Oda, in Houben-Weyl, Methods of
Organic Chemistry, Vol. E17a (Ed.: A.

de Meijere), Thieme, Stuttgart, 1997,

pp. 2966–2972.

2 Oligounsaturated Five-Membered Carbocycles -- Aromatic and Antiaromatic Compounds50



16 J. Thiele, H. Balhorn, Justus Liebigs Ann.
Chem. 1906, 348, 1.

17 J. Thiec, J. Wiemann, Bull. Soc. Chim. Fr.
1960, 1066.

18 E. Sturm, K. Hafner, Angew. Chem. 1964,
76, 862; Angew. Chem. Int. Ed. Engl. 1964,
3, 749.

19 H. Schaltegger, M. Neuenschwander,

D. Meuche,Helv. Chim. Acta 1965, 48, 955.
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3

The Suzuki Reaction with Arylboron Compounds in

Arene Chemistry

Akira Suzuki

Abstract

Carbon–carbon bond formation reactions are important processes in chemistry, constituting

key steps in the building of complex molecules from simple precursors. Recently, such cou-

plings have been realized by cross-coupling reactions between organoboron compounds and

organic electrophiles in the presence of a palladium catalyst and a base. This chapter surveys

couplings of aryl- or heteroarylboron compounds with aryl or heteroaryl halides, including

chlorides and triflates, which selectively afford the corresponding biaryl derivatives in excel-

lent yields. The application of these couplings in polymer chemistry is also mentioned.

3.1

Introduction

Carbon–carbon bond-forming reactions are among the most important processes in chem-

istry, providing key steps in the building of more complex molecules from simple precur-

sors. Over several decades, reactions enabling carbon–carbon bond formation between mol-

ecules with saturated sp3 C-atoms have been developed. However, there were no simple and

general methods for establishing carbon–carbon linkages between unsaturated species such

as vinyl, aryl, and alkynyl moieties prior to the discovery and development of metal-mediated

cross-coupling reactions in the 1970s.

In the mid-1970s, attempts were made to find a stereo- and regioselective synthetic means

of obtaining conjugated alkadienes, which are of great importance in organic chemistry, both

in themselves as well as with regard to their utilization in other reactions such as the Diels–

Alder reaction. A number of methods for the preparation of conjugated dienes and polyenes

were developed utilizing organometallic compounds. Although each of these methods had

its own merits, the scope of many of these reactions was limited by the nature of the orga-

nometallic involved or the procedure employed. Perhaps the most promising procedure for

preparing conjugated dienes or enynes in a selective manner was considered to be that based

on the direct cross-coupling reaction of stereodefined haloalkenes or haloalkynes in the

presence of a transition metal catalyst with stereodefined alkenylboron compounds, which

are readily prepared from alkynes by hydroboration. In spite of efforts by many chemists to

find such coupling reactions, there were no successful reports when we started this work.
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At the initial stage of our exploration, we surmised that the difficulties encountered in

achieving such a coupling stemmed from the following features. The common mechanism

of transition metal catalyzed cross-coupling reactions between organometallic compounds

and organic halides involves a sequence of: (a) oxidative addition, (b) transmetalation, and (c)

reductive elimination [1]. One of the major reasons why 1-alkenylboranes cannot react with

1-alkenyl- or 1-alkynyl halides appears to be step (b), where the transmetalation process be-

tween RMX (M ¼ transition metal, X ¼ halogen) and organoboranes does not occur readily

because of the weak carbanion character of organic groups in the organoboranes. To over-

come this difficulty, we envisaged the use of tetracoordinated organoboron compounds in-

stead of tricoordinated organoboron derivatives. It was observed that the methyl group in

tetramethylborate is 5.5 times more electronegative than the methyl groups of trimethylbor-

ane [2]. Such speculation is also expected to apply in the case of the reaction of triorga-

noboranes in the presence of base. Actually, we found that the cross-coupling reaction of vi-

nylic boron compounds with vinylic halides proceeds smoothly in the presence of base and

a catalytic amount of a palladium complex to give the expected conjugated alkadienes and

alkenynes stereo- and regioselectively in excellent yields [3]. Not only such vinylborane de-

rivatives but also arylboron compounds readily cross-couple with a number of organic elec-

trophiles to selectively provide coupling products in high yields. In this chapter, such cross-

coupling reactions of arylboron compounds are described.

3.2

Reactions with Aryl Halides and Triflates: Synthesis of Biaryls

3.2.1

Aromatic–Aromatic Coupling

As mentioned in the previous section, it was found that vinylboron compounds (sp2 carbon–

boron bond) readily react with vinylic halides (sp2 carbon–halogen bond) to stereo- and re-

gioselectively provide the corresponding cross-coupling products, i.e. conjugated alkadienes,

in excellent yields. In order to confirm the possibility of cross-coupling between arenebor-

onic acids and aryl halides, both of which possess sp2 carbons, such coupling reactions were

subsequently investigated.

The first observation concerning the preparation of biaryls was reported in 1981 [4]. Thus,

the palladium-catalyzed cross-coupling reaction of phenylboronic acid with a number of

haloarenes was found to proceed smoothly in the presence of base to selectively afford the

corresponding biaryls in high yields (Eq. (1) and Table 1).

ð1Þ

Following this discovery, various modifications were made to the reaction conditions. A

combination of Pd(PPh3)4 or PdCl2(PPh3)2 and aqueous Na2CO3 in dimethoxyethane (DME)

was reported to work satisfactorily in most cases [5, 6].
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Combinations with other bases, such as Et3N [7, 8], NaHCO3 [9], Cs2CO3 [10], Tl2CO3

[11], and K3PO4 [12], with or without Bu4NCl [13] and 18-crown-6 [10], were also used. The

reaction is successful for aryl iodides, bromides, and triflates. Chlorobenzene derivatives are

generally quite inert to oxidative addition, but some p-deficient heteroaryl chlorides and re-

lated compounds do give coupling products [14]. Most recently, modified conditions effective

for aryl chlorides have been proposed (see Section 3.4). The reaction proceeds most rapidly

under homogeneous conditions (aqueous base in DME), but reasonable yields are also ob-

tained under heterogeneous conditions. For example, K2CO3 suspended in toluene works

well for base-sensitive reactants [15]. Although the conditions using such bases are not en-

tirely compatible with the functional groups present in all desired reactants, the extremely

mild conditions using CsF or Bu4NF allow the synthesis of various functionalized biaryls

(Eq. (2)) [16].

ð2Þ

Phosphine-based palladium catalysts are generally used since they are stable to prolonged

heating; however, extremely high coupling reaction rates can sometimes be achieved by

using palladium catalysts without a phosphine ligand, such as Pd(OAc)2, [(h
3-C3H5)PdCl]2,

or Pd2(dba)3C6H6 (Eq. (3)) [17, 18].

ð3Þ

Tab. 1. Synthesis of Biphenylsa.

Solvent Reac. time (h) Yield of biphenyl (%)

o-MeC6H4Br benzene 6 94

p-MeC6H4Br benzene 6 88

o-MeOC6H4Br benzene 6 99

p-ClC6H4Br benzene 6 89

p-MeO2CC6H4Br benzene 6 94b

Mesityl bromide toluene 17 80b

aThe reaction was carried out by using 10 % excess of phenylboronic

acid, Pd(PPh3)4 (3 mol %), and 2 M Na2CO3-H2O (2 equiv.) at the

reflux temperature of solvent.
b Isolated yields.
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Cross-coupling reactions of areneboronic acids with aryl triflates in the presence of K3PO4

and a catalytic amount of Pd(PPh3)4 or PdCl2(dppf ) in dioxane proceed with high yields.

The reaction conditions are sufficiently mild that a variety of functionalized biaryls may

readily be obtained (Eq. (4)) [19].

ð4Þ

Aromatic–aromatic coupling reactions have been amply applied in syntheses of biologically

active chemicals, and of other materials of interest in many scientific and industrial fields.

Terprenin was recently discovered in the fermentation broth of Aspergillus candidus. The im-

pressive feature of the immunosuppressive activities of terprenin is its highly potent in vitro
and in vivo suppressive effect on immunoglobulin E antibody production without any tox-

icological signs. The total synthesis of terprenin was reported recently, the key steps of which

relied on the Suzuki reaction (Eq. (5)) [20]. The highly efficient and practical production of

this important natural product offers promise for the development of a new type of anti-

allergic drug.
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Robustaflavone, a naturally occurring compound, is an inhibitor of hepatitis B virus replica-

tion in vitro. The natural material was isolated from the seed kernels of Rhus succedanea. To
provide ready access to sufficient quantities of material for continued biological studies, as

well as to provide a general route for the preparation of structural analogues, a total synthe-

sis of robustaflavone was requested, and Zembower recently reported the first total synthesis

of this compound using Suzuki coupling as a key step (Eq. (6)) [21].

ð6Þ

A number of dimeric carbazole alkaloids have been isolated from various natural sources

in recent years, which have been found to exhibit various biological activities including anti-

tumor, anti-inflammatory, and cytotoxic activities. In 1996, clausenamine A was isolated

from the stem and root bark of Clausena excavata, which is used in Chinese herbal medicine

for detoxification treatment following poisonous snakebites. The first total synthesis of clau-

(5)
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senamine A has since been developed, which involves Suzuki cross-coupling and an oxida-

tive coupling reaction (Eq. (7)) [22].

ð7Þ

The Suzuki cross-coupling reaction is recognized as a novel, abbreviated method for

the synthesis of 2-hydroxychrysene, 2-hydroxy-5-methylchrysene, and 8-hydroxy-5-methyl-

chrysene from easily accessible reactants (Eq. (8)) [23]. These phenolic compounds consti-

tute precursors for the synthesis of dihydrodiol and bay-region diol epoxide derivatives of

chrysene and 5-methylchrysene, which are implicated as the active forms of carcinogenic

polynuclear aromatic hydrocarbons.

ð8Þ

The benzo[c]phenanthridines are an important group of isoquinoline alkaloids, many of

which show a wide range of pharmacological properties including antitumor and antiviral

activities. They have therefore attracted much synthetic interest in the 60 years since Rob-

inson published the first synthesis. Geen et al. reported a synthesis involving a late-stage

fusion of the A and D ring components, thereby allowing easy access to a number of ben-

zo[c]phenanthridine alkaloids from only a few synthetic intermediates [24]. For example,

following the coupling of 2-bromo-1-formamidonaphthalene with 2,4,5-trimethoxyphenyl-

3 The Suzuki Reaction with Arylboron Compounds in Arene Chemistry58



boronic acid to afford the desired coupling product in 94 % yield, chelilutine can readily be

obtained after a few more steps (Eq. (9)).

ð9Þ

Comins and Green have recently developed a new method for the enantioselective synthesis

of 4-substituted phenylalanines based on Pd-catalyzed cross-coupling reactions of a protected

boronophenyl alanine with aromatic halides. These reactions proceed with good to excellent

yields, and furnish the desired products with high enantiomeric purities [25].

Recently, a growing number of radical scavengers have been isolated from microor-

ganisms. In 1992, for example, Seto et al. reported the isolation of stealthins A and B as

potent radical scavengers from Streptomyces viridochromogenes, and showed that their radical-

scavenging activities were 20–30 times greater than that of vitamin E. Most recently, O4;9-

dimethylstealthin C [26a] and O12-acetyl-O4,O9-dimethylstealthin A [26b] have been synthe-

sized using the Suzuki coupling as a key step, as shown in Eq. (10).

ð10Þ

Snieckus and Fu reported a new general and regiospecific synthesis of 9-phenanthrols in-

volving direct ortho-metalation, Suzuki cross-coupling, and an LDA-mediated directed re-

mote metalation sequence (Eq. (11)) [27].
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ð11Þ

A versatile method for the synthesis of complex, fused polycyclic aromatic systems in high

chemical yield has been discovered. Pd-catalyzed Suzuki-type cross-coupling allows the

preparation of nonfused skeletal ring systems in high yield. The ring-forming step, which

generally proceeds in high yield, utilizes 4-alkoxyphenylethynyl groups and is induced by

strong electrophiles such as trifluoroacetic acid and iodonium tetrafluoroborate. The reaction

produces phenanthrene moieties, which are integrated into extended polycyclic aromatic

structures [28, 29]. Fused polycyclic benzenoids as well as benzenoid/thiophene systems

may be prepared utilizing this methodology.

A new synthetic approach to polycyclic aromatic compounds has been developed based on

double Suzuki coupling of polycyclic aromatic hydrocarbon bis(boronic acid) derivatives with

o-bromoaryl aldehydes to furnish aryl dialdehydes. These are then converted to larger poly-

cyclic aromatic ring systems by either: (a) conversion to diolefins by Wittig reaction followed

by photocyclization, or (b) reductive cyclization with trifluoromethanesulfonic acid and 1,3-

propanediol (Eq. (12)) [30].

ð12Þ
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Recently, the anti-HIV alkaloids michellamines A (4) and B (5) have attracted much atten-

tion. The tetraaryl skeleton of the michellamines is constructed by first forming the inner

(nonstereogenic) biaryl axis and then adding the two other (stereogenic) axes by means of

a double Suzuki-type cross-coupling reaction between binaphthalene ditriflate (2) and iso-

quinolineboronic acid (3) (Eq. (13)) [31].

ð13Þ

Another total synthesis of michellamines A–C, korupensamines A–D, and ancistrobrevine B

has been developed by Hoye et al. [32], who emphasized that Suzuki coupling of the boronic

acid derived from the naphthalene moiety with a THIQ-iodide proved to be the most gener-

ally effective method for forming the hindered biaryl bond. A racemic isochromane analogue

of michellamines has been synthesized by a similar procedure [33].

Vancomycin is well-known as the last line of defense against drug-resistant bacteria. Nic-

olaou and his group reported a Suzuki coupling approach to the AB-COD bicyclic system of

vancomycin [34]. The total synthesis of the vancomycin aglycon was subsequently reported

by the same workers [35].

It has been demonstrated that 2-(3 0,5 0-difluorophenyl)-3-(4 0-methylsulfonylphenyl)-

cyclopent-2-enone (6), which is synthesized by means of a Suzuki reaction (Eq. (14)), dis-

plays high selectivity and potency towards cyclooxygenase [36].

The 4-hydroxy-2H-pyran-2-one moiety is a key structural feature in a recently discovered

new class of non-peptidic HIV protease inhibitors. Therefore, the synthetic methodologies

were extended to allow the functionalization of commercially available chemicals. Direct

arylation of the pyrone ring at the C-3 and C-5 positions had not been reported until the re-
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ð14Þ

cent publication of the palladium-catalyzed cross-coupling of organozinc derivatives with io-

dobenzene [37]. Recently, Pleixats et al. demonstrated that 3-arylpyrones and 5-arylpyrones,

incorporating the 4-methoxy-2H-pyran-2-one moiety, are readily obtained by Suzuki cross-

coupling of the corresponding 3-iodo and 5-iodo derivatives with arylboronic acids (Eq. 15)

[38].

ð15Þ

Diospyrin was first isolated in 1961 as an orange-red constituent of Diospyros montana Roxb.

(Ebenaceae) in India. Mori and Yoshida have reported the first synthesis of diospyrin, em-

ploying Suzuki coupling as a key reaction enabling connection of the two 7-methyljuglone

units (Eq. (16)) [39].

3,7-Dihydroxytropolone derivatives have emerged as the foremost representatives of a new

class of potent, competitive inhibitors of inositol monophosphatase. The first successful

preparations of mono- and disubstituted 3,7-dihydroxytropolones were accomplished by sin-

gle or double Suzuki coupling reactions between these permethylated monobromo- and
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ð16Þ

dibromodihydroxytropolone derivatives and a variety of boronic acids [40]. An example is

outlined in Eq. (17). These compounds were found to be potent inhibitors of inositol mono-

phosphatase with IC50 values in the low-micromolar range.

ð17Þ

Under standard Suzuki reaction conditions, the coupling of tricarbonyl[h6-(diphenylphos-

phino)benzene]chromium(0) with typical arylboronic acids has been achieved, giving biaryl

complexes in high yield (Eq. (18)). This type of reaction sequence serves to generate product

complexes that are not available by other means [41].

ð18Þ

Similar coupling reactions of other chromium(0) complexes with arylboronic acids have also

been reported [42, 43].

Uemura and Kamikawa have presented a review on the stereoselective synthesis of axially

chiral biaryls utilizing planar chiral (arene)chromium complexes [44].

A modification of the Suzuki coupling reaction proved to be a clean and useful method for

the preparation of monosubstituted arylferrocenes. Iodoferrocene was reacted with a series

of substituted arylboronic acids in the presence of sodium carbonate and palladium acetate

in aqueous ethanol at room temperature to produce a range of substituted monoarylfer-

rocenes (Eq. (19)). A systematic investigation undertaken to determine the optimal reaction

conditions indicated that scrupulous deoxygenation of the solvent is critical. The use of
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stronger bases such as barium hydroxide and potassium carbonate is favorable and gives rise

to better yields of monoarylferrocenes. The reactions also proceed efficiently in aqueous

DMF, broadening the scope of the process and allowing efficient reactions with boronic

acids that show low solubility in organic solvents [45].

ð19Þ

Ferrocenyl-substituted aldehydes have also been prepared by a Suzuki reaction [46].

Restricted rotation about the aryl–aryl bond in biaryls can lead to the phenomenon of

atropisomerism. Chiral binaphthalenes constitute an important class of such atropisomeric

compounds, not least because they are among the most useful chiral ligands and auxiliaries

employed in asymmetric synthesis. A small number of asymmetric biaryl syntheses have

been reported. However, variable results have been reported depending on the nature of the

catalyst used (e.g. Ni or Pd), and in all cases a Grignard reagent has been used as the orga-

nometallic component. Recently, Cammidge and Crepy [47] have reported examples of the

use of an asymmetric Suzuki coupling protocol for the construction of binaphthalenes.

Here, the ligand (7) with a tertiary amine moiety was found to lead to the highest selectivity,

suggesting that the high ee obtained may stem from pre-complexation between the nitrogen

in 7 and the boron prior to transmetalation (Eq. (20)).

ð20Þ
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3.2.2

Aromatic–Heteroaromatic and Heteroaromatic–Heteroaromatic Couplings

Many Suzuki reactions have been applied in aromatic–heteroaromatic and heteroaromatic–

heteroaromatic couplings by virtue of their synthetic utility in the pharmaceutical industry.

This section deals with such reactions.

A one-step approach to heteroaryl benzoic acids from readily accessible heteroaryl halides

and benzeneboronic acid esters has been reported. The coupling was carried out in the

presence of Pd(PPh3)4 and sodium carbonate in aqueous acetonitrile (Eq. (21)) [48].

ð21Þ

For the synthesis of a series of 2,5-disubstituted pyrroles as selective dopamine D3 receptor

antagonists, the preparation of 2-arylpyrroles as key intermediates was developed. As a first

approach to 2-arylpyrroles, the reaction of Grignard reagents in a modification of a known

reaction was tested. This method was, however, incompatible with the presence of acidic

protons and basic nitrogens, and each desired substitution pattern required repetition of a

lengthy reaction sequence. Finally, Johnson et al. [49] devised an alternative strategy based

on palladium-catalyzed Suzuki aryl cross-coupling methodology, which showed promise as a

short, direct, and more flexible route (Eq. (22)).

ð22Þ

The deep-red colored prodigiosin alkaloids are endowed with potent antibacterial, cytotoxic,

and antimalaria properties. Additionally, in a series of recent reports it has been claimed that

this family also displays a significant immunosuppressive activity. This finding is particu-

larly noteworthy since the mechanism of action seems to be distinctly different from that of
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cyclosporin or FK-506. Consequently, these alkaloids are viewed as lead structures in the

search for new drugs to prevent allograft rejection. Recently, the first total synthesis of the

cyclic prodigiosin derivative 8 has been demonstrated (Eq. (23)) [50]. The key steps of this

approach comprise a palladium-catalyzed Suzuki cross-coupling reaction of the rather un-

stable pyrroleboronic acid derivative with the electron-rich pyrrolyl triflate, followed by a

ring-closing metathesis reaction.

ð23Þ

Porphyrin synthesis arouses continuing interest in biological, material, and inorganic

chemistry. Substituents at the b-position of porphyrins exert much larger steric and elec-

tronic effects on the porphyrin ring than substituents at the meso-aryl positions. How-

ever, the synthesis of b-substituted porphyrins often requires the relatively inaccessible

3-substituted or 3,4-disubstituted pyrroles for either protic or Lewis acid-catalyzed co-

tetramerization with aldehydes. Furthermore, in the preparation of unsymmetrical porphyr-

ins, regioisomeric mixtures requiring difficult and tedious chromatographic purification are

often obtained. Since b-brominated porphyrins are easily obtained by the controlled bromi-

nation of porphyrins or metalloporphyrins, the transformation of the bromo substituents

into other functional groups would provide facile access to b-substituted porphyrins. Chan

and co-workers have reported on the synthesis of b-aryl-substituted tetraphenylporphyrins by

Suzuki cross-coupling of the corresponding b-bromoporphyrins (Eq. (24)) [51].
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ð24Þ

Similarly, a facile synthesis of b-derivatized porphyrins has been reported by Nocera et al.

[52].

In connection with such syntheses, Chang and Bag [53] also reported a synthetic route to

tetramethyltetraphenylporphyrin from a pyrrole derivative. The required pyrroles were syn-

thesized from bromopyrrole (9) and phenylboronic acid by means of a Pd(0)-catalyzed cross-

coupling. The reaction proceeded well in DMF to give an essentially quantitative yield of the

product 10 (Eq. (25)).

ð25Þ

Recently, undecylprodigiosine (11) was reported to inhibit T-cell proliferation at doses that

are not cytotoxic, which is particularly attractive with regard to its potential clinical applica-

tion. The hitherto published total syntheses of prodigiosines involve several steps and are not

suitable for scale-up in the case of possible lead structure development. D’Alessio and Rossi

[54] have devised a new synthetic pathway allowing the reproducible and consistent produc-

tion of undecylprodigiosine (Eq. (26)).

ð26Þ

Non-steroidal antiinflammatory drugs (NSAIDs) are the main therapeutic agents for the

treatment of the symptoms of arthritis. The drugs seem to inhibit the enzyme cyclo-

oxygenase and consequently the conversion of arachidoic acid into prostaglandins. The main

drawbacks of NSAIDs are severe side effects, including gastrointestinal ulceration and
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bronchospasm. Recently, 2,3-dihydro-1H-pyrrolizine derivatives such as ML-3000 were

proven to selectively inhibit the enzymes cyclooxygenase and 5-lipooxygenase. Thus, ML-

3000 is one of the most potent and well-balanced dual inhibitors of both enzymes. However,

the previous synthesis of ML-3000 proceeds with poor overall yields (<5 %). Most recently,

Cossy and Belotti have reported that ML-3000 may be obtained from 1-chloro-3-phenyl-2-

propyne in eight steps in an overall yield of 19 %. The key step is a Suzuki cross-coupling

reaction between a heteroaryl triflate and (4-chlorophenyl)boronic acid (Eq. (27)) [55].

ð27Þ

In recent years, palladium(0)-catalyzed Suzuki coupling reactions have been reported in

indole chemistry, whereby the indole moiety is usually introduced using an indolylboronic

acid [56], but little work has been carried out with 2- or 3-haloindoles. Recently, Malapel-

Andrieu and Merour [57] reported such a Suzuki coupling using substituted 3-indolyltriflate

and arylboronic acids, which afforded the corresponding 3-substituted indoles. Since 3-

phenylindoles have interesting pharmacological structures, resembling endothelin antago-

nists, these authors have treated the triflate (12) with phenylboronic acid to produce the

coupling product (13) in 90 % yield (Eq. (28)). Although it is well known that inorganic bases

are recommended for the Suzuki reaction, organic bases such as triethylamine gave satis-

factory results in this reaction.

ð28Þ
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2-Bromoindole-3-carbaldehyde, or its N-methyl analogue, was found to undergo Suzuki

coupling with boronic acids in the presence of palladium(0); subsequent treatment of the

coupled products with potassium tert-butoxide gave the desired carbazoles in good yields

(Eq. (29)) [58].

ð29Þ

A versatile and convenient method for the synthesis of substituted benzo[a]carbazoles and

pyrido[2,3-a]carbazoles has recently been developed [59]. Treatment of 2-(o-tolyl)- or 2-(3-

methyl-2-pyridyl)-substituted indole-3-carbaldehydes (obtained by Suzuki reaction) with po-

tassium tert-butoxide in DMF at 70–80 �C under irradiation by a 400 W high-pressure mer-

cury lamp afforded benzo[a]carbazoles and pyrido[2,3-a]carbazoles, respectively, in good

yields (Eq. (30)).

ð30Þ

In the course of an investigation on axial chirality in metal chelates [60], 4- and 5-aryl-

substituted quinolin-8-ols were required. If, in the case of aryl groups bearing bulky sub-
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stituents on the quinoline ring, there is a sufficient energy barrier to rotation about the piv-

otal bond, as in 5-arylquinolin-8-ols, this series of ligands is very fruitful for the development

of a new entry to axial chirality based on quinolin-8-ol chelates. Furthermore, considering

the applicability of these ligands in analytical science, electronic devices, and pharmaceu-

ticals, they are evidently promising and important in various fields of science. Clas-

sically, 5-arylquinolin-8-ols have been prepared by a Skraup synthesis from 2-amino-4-

arylphenols and acrolein or its equivalent. If it is possible to directly introduce the required

aryl groups at the desired position of quinolin-8-ol, the synthetic route is much more ad-

vantageous. Recently, such a direct introduction of aryl groups was reported by Nakano [61],

employing a Suzuki coupling reaction (Eq. (31)).

ð31Þ

During the last decade a series of structurally fascinating and biologically active fused poly-

cyclic aromatic alkaloids has been isolated from marine sources. One such alkaloid, pan-

therinine, has recently been synthesized using the Suzuki reaction (Eq. (32)) [62].

ð32Þ

A highly sterically hindered pyridylphenol derivative has been synthesized by means of a

Suzuki cross-coupling (Eq. (33)) [63].
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ð33Þ

The indazole nucleus is a seldom used but effective pharmacophore in medicinal chemistry,

as illustrated by its application in pharmaceutical agents in fields as diverse as CNS dis-

orders, antiinflammatories, and HIV protease inhibition. However, compared to indoles and

benzimidazoles, indazole chemistry remains poorly studied due to the limited synthetic ap-

proaches to these compounds. Most syntheses of indazoles reported in literature start from

benzene derivatives, and the pyrazole moiety is generated by ring-closure starting from isa-

tins, o-substituted anilines, or phenyl hydrazines. These traditional synthetic routes do not

readily facilitate substitution of at the 3-position with aryl or heteroaryl nuclei. Although YC-

1, a pharmacological agent with potential use in the treatment of cardiovascular diseases or

erectile dysfunction, was obtained synthetically, its overall yield was only 4 % [64]. Recently,

Rault et al. reported a new synthetic method for 3-arylindazoles based on a Suzuki-type

coupling reaction of 3-iodoindazoles with aryl- and heteroarylboronic acids, which offered a

general and flexible route to 3-arylindazoles, including YC-1, in good yields (Eq. (34)) [65].

ð34Þ

The influence of the base and solvent on Suzuki cross-coupling reactions of various 2-

substituted 3-iodoimidazo[1,2-a]pyridines has been reported. The reactivity is mainly influ-

enced by the nature of the substituent. Optimized yields and shortened reaction times were

achieved using strong bases in DME (Eq. (35)) [66].
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ð35Þ

Cypridina luciferin is an imidazopyrazinone involved in the bioluminescence of the crusta-

cean Cypridina (Vargula) hilgendorfii. The first total synthesis of this natural product was

achieved by Kishi in 1966, which was followed by that of White and Karpetsky in 1971. Most

recently, Nakamura et al. developed a convenient, direct procedure for this synthesis, em-

ploying Suzuki coupling (Eq. (36)) [67].

ð36Þ

Biologically interesting 4,5-disubstituted and 2,4,5-trisubstituted imidazoles have been pre-

pared by the Suzuki reaction (Eq. (37)) [68].

ð37Þ
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Since the introduction in 1963 of nalidixic acid (N-ethyl-7-methyl-4-oxo-1,4-dihydro[1,8]-

naphthyridinyl-3-carboxylic acid) as a systemic Gram-negative antibacterial agent, many re-

lated derivatives have been synthesized. These types of compounds have received much at-

tention and interest by virtue of their chemical and clinical properties. The methods reported

in the chemical literature for preparing C-6- and C-3-substituted 4-oxo[1.8]naphthyridines

are somewhat limited. These methods involve the condensation of substituted 2-

aminopyridines with suitable 3-ethoxyacrylates, followed by cyclization. Recently, such sub-

stituted 4-oxo-1,4-dihydro[1.8]naphthyridines have been obtained using the Suzuki reaction

(Eq. (38)) [69].

ð38Þ

Palladium-catalyzed functionalization at the 2-positions of various 5- and 7-azaindoles

has been performed by the Suzuki reaction. The 2-substituted azaindoles were obtained

in moderate to high yields by using Pd(OAc)2, LiCl, and KOAc in DMF at 110 �C (Eq. (39))

[70].

ð39Þ

Starting from the commercially available 3,6-dichloropyridazine, 3-amino-6-arylpyridazines,

which show acetylcholine esterase inhibiting activities, were prepared in good yields under

mild conditions by means of a Suzuki coupling (Eq. (40)) [71].
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ð40Þ

3-Chloro-6-arylpyridazines can also be synthesized in good yields by Suzuki reaction of ar-

ylboronic acids with 3-chloro-6-iodopyridazine, the latter being readily accessible from 3,6-

dichloropyridazine (Eq. (41)) [72].

ð41Þ

The 3-aminopyridazine skeleton has proved to be interesting from a pharmacological point

of view. An interesting group of 3-aminopyridazines are 3-amino-6-(hetero)arylpyridazines

as they are intermediates in the synthesis of several pharmacologically active compounds.

6-(Hetero)arylimidazo[1,2-b]pyridazines, for instance, have been proposed for the treatment

of anxiety and dementia of the Alzheimer type. The 3-amino-6-(hetero)arylpyridazines have

hitherto been prepared by a multistep sequence starting from 3(2H)-pyridazinones. Re-

cently, a new approach towards the synthesis of 3-amino-6-(hetero)arylpyridazines based on

the palladium-catalyzed cross-coupling reaction has been proposed (Eq. (42)) [73].

ð42Þ

Based on a new substantial body of pharmacological and clinical evidence, it is anticipated

that the modulation of the effects of corticotropin releasing hormone or factor (CRH or CRF)

may eventually play a role in the treatment of depression or anxiety-related disorders. This

interest in CRH as a new important target for drug discovery is clearly evident. Recently,

Gilligan et al. [74] have observed that the Suzuki reaction can be used to synthesize a variety

of aryl-substituted heterocyclic antagonists of the CRH receptor (Eq. (43)).
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ð43Þ

Because of the different reactivities of iodo and bromo substituents in the Suzuki reac-

tion, selective coupling can be realized. For example, 8-bromo-2-(4-methoxyphenyl)-1,10-

phenanthroline (15) can be prepared by reacting the 4-boronic acid derivative of anisole with

bromo(iodo)phenanthroline under Suzuki conditions (Eq. (44)) [75].

ð44Þ

Suzuki coupling reactions of 16 with 4-methoxyphenylboronic acid and 2-benzo[b]thiophene-
2-boronic acid in the presence of Pd(PPh3)4 and aqueous NaHCO3 as base, in a mixture of

toluene/ethanol (5:1) at 90 �C for 2 h, afforded the corresponding coupling products in high

yields (Eq. (45)) [76].

ð45Þ
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Many 6-alkylaminopurine nucleosides are important adenosine receptor antagonists, and

acyclic nucleotide analogues derived from 6-dialkylaminopurines are strong antivirals, anti-

neoplastic agents, and immunomodulators. Recently, several 6-(arylalkynyl)-, 6-(arylalkenyl)-,

and 6-(arylalkyl)purines have been reported to exhibit cytokinine activity. Suzuki cross-

coupling reactions of 9-benzyl-6-chloropurine with boronic acids have recently been reported

to provide 6-substituted purines in moderate to excellent yields (Eq. (46)) [77].

ð46Þ

3.2.3

Coupling of Arylboron Compounds Bearing Sterically Bulky or Electron-Withdrawing

Substituents

Although steric hindrance of aryl halides is not a major factor in the formation of substituted

biaryls, low yields are obtained when ortho-disubstituted arylboronic acids are used. For ex-

ample, the reaction with mesitylboronic acid proceeds only slowly because of steric hin-

drance during transmetalation to the palladium(II) complex.

The reaction of mesitylboronic acid with iodobenzene at 80 �C in the presence of

Pd(PPh3)4 and various bases has been reported [78]. The results are summarized in Table 2.

Aqueous Na2CO3 in benzene or DME (dimethoxyethane) is not effective as a base for the

coupling of mesitylboronic acid, and the reaction does not reach completion even after 2

days. Although side reactions such as homocoupling occur to a negligible extent, the for-

mation of mesitylene as a result of hydrolytic deboronation increases with increasing reac-

tion time. It is noteworthy that such hydrolytic deboronation is faster in benzene/H2O than

under the modified conditions using aqueous DME. On the other hand, the addition of

stronger bases, such as aqueous NaOH or Ba(OH)2, both in benzene and DME, has a re-

markable accelerating effect on the rate of coupling. By using aqueous Ba(OH)2 in DME at

80 �C, mesitylboronic acid couples with iodobenzene within 4 h to give the corresponding

biaryl in quantitative yield.

Further coupling reactions of this type are depicted in Eqs. (47) and (48).

ð47Þ
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ð48Þ

For such sterically hindered boronic acids, an alternative procedure using the esters of bor-

onic acids and an anhydrous base has been developed. Thus, the coupling can readily be

achieved by employing the trimethylene glycol ester of mesitylboronic acid and Cs2CO3 or

K3PO4 in DMF at 100 �C, whereby the coupling product is obtained quantitatively (Eq. (49))

[78].

ð49Þ

Even if there is no great steric hindrance, the reaction under aqueous conditions is often

accompanied by undesirable competitive hydrolytic deboronation [79]. Kinetic studies [80]

on the reaction of substituted arylboronic acids indicated that electron-withdrawing sub-

stituents accelerate the deboronation. Although there is no great difference between meta-
and para-substituted phenylboronic acids, substituents at the ortho position may have a

Tab. 2. Reaction of mesitylboronic acid with iodobenzene under different conditions.

Yield/%aBase Solvent Temp/ �C

Time 8 h 24 h 48 h

Na2CO3 Benzene/H2O 80 25(6) 77(12) 84(25)

Na2CO3 DME/H2O 80 50(1) 66(2) 83(7)

K3PO4 DME/H2O 80 70(0)

NaOH DME/H2O 80 95(2)

Ba(OH)2 DME/H2O 80 99(2)

aGLC yields of the coupling product based on iodobenzene and the

yields of mesitylene are shown in the parentheses.
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marked accelerating effect on the rate of deboronation. A 2-formyl group on an arylboronic

acid is known to increase the rate of hydrolytic deboronation [80]. Indeed, the coupling of 2-

formylphenylboronic acid with 2-iodotoluene at 80 �C using Na2CO3 in DME/H2O gives

only a 54 % yield of the corresponding biaryl, accompanied by benzaldehyde (39 %). Aprotic

conditions are desirable for such boronic acids that are sensitive to aqueous base. Thus, the

trimethylene glycol ester of 2-formylphenylboronic acid readily couples with iodotoluene at

100 �C in DMF to give the product in 89 % yield, accompanied by less than 10 % of benzal-

dehyde (Eq. (50)) [78].

ð50Þ

ð51Þ

ð52Þ

Such modified procedures have been utilized by many chemists [81, 82].

Leadbeater and Griffiths developed palladium catalysts for the Suzuki cross-coupling of

aryl halides bearing two ortho substituents with phenylboronic acid, and used them in the

synthesis of sterically hindered biaryls [83].

Zhang and Chan observed that base has a remarkable accelerating effect on the rate of

Suzuki couplings of sterically bulky boronic acids with halopyridines in non-aqueous sol-

vents (Eq. (53)) [84]. For instance, in the reactions of the extremely sterically bulky arylbor-

onic acid 17 with halopyridines 18a–c, the strong base KOtBu gave the best result among the

bases examined (Table 3). During their initial synthetic efforts aimed at obtaining compound

19b, they did not observe any coupling products under the typical Suzuki reaction conditions

using either Na2CO3 or NaOEt. Over 70 % of 17 was recovered from the attempted synthesis

of 19b using Na2CO3, while a complex reaction mixture was formed using NaOEt. On in-

creasing the strength of the base, boronic acid 17 underwent a Suzuki cross-coupling with 2-

bromo-3-methylpyridine (18b), e.g. in the presence of 2.0 equiv. of KOtBu and 5 mol % of

Pd(PPh3)4 in DME, to produce 19b in 83 % yield (Table 3).
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ð53Þ

Generally speaking, stronger bases may give such better yields of coupling products, but the

relationship between the base strength and product yield or reaction time should be consid-

ered more prudentially.

Restricted rotation about the biaryl axis as a result of bulky substituents leads to the exis-

tence of atropisomers. Depending upon the degree of steric hindrance due to the ortho sub-

stituents, three or four substituents are needed to produce a sufficient barrier to rotation

at room temperature. This particular form of axial chirality is not generally resistant to heat.

To produce acceptable yields of hindered biaryls under Suzuki conditions, high tempera-

tures (60–110 �C) [78, 85] and reaction times of several hours are required. In atropisomer-

selective reactions, these conditions would be deleterious to the discrimination between dia-

stereomeric transition states and could racemize the biaryls formed. As a consequence, it is

necessary to carry out such Suzuki reactions at ambient temperature. Recently, conditions

employing Pd(OAc)2 and 95 % ethanol were used to generate mono-ortho-substituted biaryls

at 20 �C (Eq. (54)) [86].

ð54Þ

Tab. 3. Base effect on the cross-coupling of arylboronic acid with

halopyridines, yield (%)/reaction time (h).

Base 19a 19b 19c

Na2CO3 26/90 0/90 0/90

NaOH 40/140 22/24 44/26

NaOEt 74/4 0/12 45/26

KO tBu 86/4 83/16 77/10
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In an approach towards a photochemically bistable molecular rotor, the synthesis of the

sterically overcrowded isomeric alkenes cis-20a and trans-20b, functionalized with an o-xylyl
group as a rotor, has been described (Eq. (55)) [87]. The key step in the synthesis was a Su-

zuki coupling to attach the xylyl moiety.

ð55Þ

3.2.4

Modified Catalysts and Ligands

The (E )-bromides in 1,1-dibromo-1-alkenes can be stereoselectively coupled with aryl- or al-

kenylboronic acids to give the corresponding (Z )-1-aryl(or alkenyl)-1-bromo-1-alkenes. Tris(2-

ð56Þ
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furyl)phosphine (TFP) is used as a ligand for the palladium, and the combination of 1,4-

dioxane and aqueous sodium carbonate produces the best results (Eq. (56)) [88]. Depending

on the reaction conditions and reactants, some by-products are obtained. This work demon-

strates that the soft ligand TFP is effective in the palladium-catalyzed coupling of 1,1-

dibromo-1-alkenes with organoboronic acids. These modified Suzuki reaction conditions are

advantageous compared to the corresponding Stille reaction [89] and the previously reported

Suzuki reaction [90].

In recent years, a large number of palladium-mediated Suzuki syntheses of complex syn-

thetic building blocks, as well as of structurally simple but industrially important interme-

diate products, have been reported and further developed. However, the quality of the cata-

lysts used is generally not sufficient for industrial demands. As a result of the increasing

importance of unsymmetrically substituted biaryl derivatives, for example, as drug inter-

mediates, the transferability of the catalytic properties of the palladacycle complexes (21a,b)

to the cross-coupling between aryl halides and arylboronic acids was examined [91]. It

emerged that palladacycles 21 catalyze this type of reaction with unusual efficiency. When 4-

bromoacetophenone is treated with phenylboronic acid under the appropriate conditions

[bromoacetophenone (10 mmol), phenylboronic acid (15 mmol), K2CO3 (20 mmol), catalyst

21a (0.001 mol %), o-xylene (30 mL), reaction temperature 130 �C], the expected coupling

product (22) is obtained in 75 % yield, and the turnover number (TON) 75000 is achieved

using only 0.001 mol % of 21a as the catalyst (Eq. (57)).

ð57Þ

Najera et al. [92] have reported that for the coupling of aryl halides with organoboronic acids,

complexes 23–26 are adequate catalysts, giving TONs between 102 and 106. These pallada-

cycles exhibit greater aerial and thermal stability than palladium(0) complexes.

Most recently, Monteiro et al. have reported that cyclopalladated compounds derived from

the ortho-metalation of benzylic tert-butyl thioethers are excellent catalyst precursors for the

Suzuki cross-coupling reaction of aryl bromides and chlorides with phenylboronic acid un-

der mild reaction conditions. A broad range of substrates and functional groups are tolerated

in this protocol, and high catalytic activity is attained (Eq. (58)) [93].
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ð58Þ

The Suzuki reaction of aryl bromides and chlorides is efficiently catalyzed by palladium/

phosphite complexes generated in situ. The influence of the ligand, base, and various addi-

tives was examined. The process tolerates various functional groups, and catalyst turnovers

of up to 820,000 were obtained, even with deactivated aryl bromides [94].

The two basic problems of homogeneous catalysis, separation and recycling of the catalyst,

can be solved by using two-phase catalysis. Here, the catalyst is in a hydrophilic phase, in

which the organic products are insoluble. In order to implement this principle, it is neces-

sary to develop new ligands that are soluble in hydrophilic phases. Diphenylphosphinoacetic

acid and the TPPTS ligand (TPPTS, trisodium salt of triphenylphosphane trisulfonate) are

used on the ton-scale for the most important industrial two-phase processes. To attain suffi-

cient solubility of the ligands in polar media (particularly water), inorganic groups (sulfonic

acid and carboxylic acids, quaternary aminoalkyl/aryl groups, and phosphonium salts) are

usually used as substituents on the phosphanes. Beller et al. reported a new class of polar,

hydrophilic triarylphosphanes for two-phase catalysis, consisting of aryl-b-O-glycosides of
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glucose, galactose, and glucosamine [95]. Thus, the ligand 28 shows a high catalytic activity

in the Suzuki reaction (Eq. (59)).

ð59Þ

Palladium-catalyzed Suzuki cross-coupling reactions can be conducted in the ambient tem-

perature ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate (29), in which unprece-

dented reactivities are witnessed, and which allows easy product isolation and catalyst re-

cycling (Eq. (60)) [96].

ð60Þ

Zhang and Allen [97] have recently reported an easily prepared, air- and moisture-stable

resin-bound palladium catalyst for the Suzuki coupling reaction. Commercially available

resin-bound thiourea, Deloxan THP II [98], was used as the starting material. The resin-

bound catalyst was prepared simply by treating the wet Deloxan resin with a solution of

Pd(OAc)2 in methanol. Suzuki coupling reactions were then carried out using the resin at a
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level equivalent to 2–3 mol % Pd in a mixture of water and isopropanol (Eq. (61)). The re-

actions proceeded at a similar rate and gave similar yields to those carried out using con-

ventional homogeneous catalysts such as Pd(PPh3)4.

ð61Þ

One limitation to the scope of the Suzuki reaction has been its inefficiency when aryl chlor-

ides are employed as substrates. Recently, Buchwald and Fu have discovered the palladium-

catalyzed cross-coupling of aryl chlorides with organoboron reagents, employing highly

active palladium catalysts mediated by special ligands. These are discussed in Section 3.4.

3.2.5

Solid-Phase Synthesis (Combinatorial Methodology)

A traceless solid-phase synthetic strategy has been developed. For example, a solid-phase

Suzuki coupling of the Reissert intermediate 30 to 31 has been reported. The process con-

sists of three steps: (a) Solid-phase Reissert formation by the reaction of polymer-supported

benzoic acid chloride resin with an isoquinoline, followed by reaction with TMSCN to afford

the aryl bromide of Reissert 30, (b) Suzuki coupling of the solid-phase Reissert 30 with

phenylboronic acid to provide the coupling product, and (c) subsequent treatment of the

coupling product with aqueous KOH to produce 31 (86 % overall yield based on the starting

bromide) (Eq. (62)) [99].

A 9-phenylfluoren-9-yl polystyrene-based resin has been described for the attachment of

nitrogen and oxygen nucleophiles. Greater acid stability compared to the standard trityl res-

ins that are widely used in solid-phase peptide synthesis make this solid support an inter-

esting alternative in solid-phase organic synthesis. This resin can be used in Suzuki coupling

reactions to furnish biaryls in good yields [100].
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ð62Þ

The scope and limitations of Pd(0)-mediated coupling reactions between aromatic halides

linked to a polystyrene resin and boronic acid derivatives (Suzuki coupling) or arylstannanes

(Stille coupling) have been reported. For all the reactions, the conditions were optimized and

evaluated with various reagents. In most cases, products were obtained in excellent yields

upon cleavage from the solid support (Eq. (63)) [101].

ð63Þ
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It is worthwhile pointing out that coupling results with electron-rich aryltin derivatives (Eq.

(65)) were far inferior to those obtained with the corresponding boronic acids (Eq. (64))

[102].

ð64Þ

ð65Þ

Constructing libraries of nonpolymeric, small organic molecules by solid-phase techniques

has been the recent focus of combinatorial synthesis. While many pharmacologically inter-

esting molecules have been prepared on solid supports in the last few years, most of the

linkers (e.g., OH, COOH, NHR) employed in these syntheses were inherited from those

used in generating peptide, oligonucleotide, and oligosaccharide libraries. Efforts to prepare

boronic acid derivatives on solid-phase using classical methodology have met with little suc-

cess. Piettre and Baltzer [103] found that application of Miyaura’s conditions [pinacol ester

of diboron (34) (2 equiv.), PdCl2(dppf ) (0.03 equiv.), KOAc (3 equiv.) in DMF at 80 �C for 20

h] to a model polymer-bound p-iodobenzamide (33) leads to a solid-phase boronate (35).

Subsequent reaction of 35 with an aryl halide such as 36 in the presence of Pd(PPh3)4 (0.02

equiv.)/K3PO4 (5 equiv.)/DMF at 80 �C gives 37 in 95 % yield (Eq. (66)) [104].

ð66Þ
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In combinatorial chemistry, the reaction times and reaction temperatures required are fre-

quently crucial factors. Microwave irradiation is used to enhance reaction rates [105]. Larhed

et al. recently reported that microwave-assisted, palladium-catalyzed coupling of aryl and

heteroaryl boronic acids with iodo- and bromo-substituted benzoic acids, anchored to Tenta-

Gel S RAM, provides coupling products in excellent yields after a reaction time of just 3.8

minutes (45 W) [106]. The preparative results are summarized in Table 4.

Numerous linkers have been developed with the aim of immobilizing substrates on a solid

support. Commercially available (G)-a-lipoic acid has been employed as a novel, chemically

stable linker for the immobilization of ketones. The utility of this thioacetal-based linker in

solid-phase synthesis has been demonstrated by the synthesis of several 4-acetylbiphenyls by

means of the Suzuki reaction. The products were readily cleaved from the solid support by

treatment with [bis(trifluoroacetoxy)iodo]benzene [PhI(OCOCF3)2] [107].

Recently, the Suzuki reaction has been extensively developed for solid-phase organic

chemistry as a method allowing the parallel synthesis of potential medicinal compounds

[108]. Chan et al. reported a versatile polymer-supported 4-[4-methylphenyl(chloro)methyl]-

phenoxy linker for the solid-phase synthesis of pseudopeptides based on the Suzuki coupling

(Eq. (67)) [109].

Franzen has recently presented a review on the Suzuki, Heck, and Stille reactions on solid

supports [110].

Tab. 4. Suzuki coupling on solid-phase assisted by microwave irradiation.
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ð67Þ

3.3

Reactions with 1-Alkenyl Halides and Triflates

Arylboronic acids are also efficient reagents for the arylation of 1-alkenyl halides and tri-

flates. The first such cross-coupling reactions between arylboronic acids or esters and 1-

alkenyl electrophiles were performed in the presence of a palladium catalyst and a base

[111].

ð68Þ
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It was further discovered that 3-bromochromones readily react with arylboronic acids or their

esters under the Suzuki coupling conditions to provide the corresponding isoflavone deriva-

tives in excellent yields (Eq. (69)) [112].

ð69Þ

Stereodefined enol acetates of ketones can readily be synthesized by palladium-catalyzed

cross-coupling reactions of arylboron compounds with enol acetates of a-bromo ketones (Eq.

(70)) [113].

ð70Þ

Arylcycloalkenes are prepared by cross-coupling with the corresponding triflates [114]. In the

arylation of triflates, higher yields can be obtained in the presence of LiCl or LiBr (Eq. (71)).

ð71Þ

The introduction of substituents at the 3-position of pyrrole has been actively pursued in re-

cent years due to the importance of this class of compound in natural product synthesis. In

contrast to the significant number of preparations of polysubstituted 3-arylpyrroles, there

have been relatively few syntheses of simple 3-arylpyrroles. A literature survey on the prepa-

ration of 3-arylpyrroles showed that the methods reported include the reductive cycliza-

tion of 2-arylsuccinonitriles, the base-induced ring-closure of arylvinamidinium salts, and
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the rhodium-catalyzed hydroformylation of b-alkynylamines with CO/H2. Recently, a facile

synthesis of such 3-arylpyrroles by a tandem Suzuki coupling–dehydrogenation sequence

has been reported by Lee and Chung [115]. Thus, the reaction of 1-benzyl-2,5-dihydro-1H-

pyrrol-3-yl triflate with arylboronic acids in the presence of a palladium catalyst and base

leads directly to the formation of 3-arylpyrroles. Apparently, after Suzuki coupling, subse-

quent dehydrogenation occurs to provide 3-arylpyrroles. Dehydrogenative aromatization can

generally be achieved by heating (300–350 �C) hydroaromatic compounds with a catalytic

amount of palladium on activated carbon. In the Lee reaction, performed under the Suzuki

coupling conditions, the dehydrogenative aromatization of the pyrroline occurs in tandem

mode (Eq. (72)).

ð72Þ

A simple preparation of cyclic vinyl boronates has been achieved from vinyl triflates of N-
protected tetrahydropyridines. Suzuki coupling of the boronates with aryl bromides, iodides,

and triflates proceeds in good yield to give 4-aryl tetrahydropyridines (Eq. (73)) [116].

ð73Þ

Palladium-catalyzed coupling of the 4-chloro- or 4-bromocoumarins (39) with arylboronic

acids constitutes an efficient access to 4-arylcoumarins in good yields [117].

ð74Þ
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Some 3-arylinden-1-ones can be prepared by the Suzuki reaction of pinacol boronate esters

with 3-bromoinden-1-ones. Initially, the Suzuki coupling proved to be difficult due to the

base sensitivity of the bromides at elevated temperature. Eventually, it was found that the

cross-coupling reaction proceeds well when using aqueous NaHCO3 and Pd2(dba)3/PPh3 in

DME at 50 �C to give the coupling products in relatively good yields (Eq. (75)) [118].

ð75Þ

In the course of a study of structure-based design and synthesis of a potent matrix metallo-

proteinase-13 inhibitor based on a pyrrolidinone scaffold, the Suzuki coupling reaction of

a,b-unsaturated g-lactam iodide (40) with 4-methoxyphenylboronic acid was carried out to

give the corresponding coupling product in 77 % yield (Eq. (76)) [119].

ð76Þ

The ubiquitous use of antibiotics for the treatment of infectious disease has resulted in

many bacterial strains acquiring resistance to multiple drugs. One of the most serious re-

sistant strains is the methicillin-resistant Staphylococcus aureus (MRSA), which has become a

worldwide problem, especially in areas where potent antibiotics have been heavily used. Re-

cently, Merck scientists have reported anti-MRSA activity in carbapenems bearing aromatic

substituents at the 3-position. The most recent candidate to emerge from this program is L-

742,728. This compound was prepared in large quantities using the Suzuki cross-coupling as

the key reaction by Yasuda et al. (Eq. (77)) [120].
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ð77Þ

Trifluoromethylated compounds have become increasingly important for a large number

of industrial applications, such as pharmaceuticals, agrochemicals, and polymers. Conse-

quently, there is increasing interest in convenient synthetic methods for such compounds.

There are two general ways of introducing the trifluoromethyl group: (a) by direct substitu-

tion, e.g. by fluorination, halogen-exchange reaction, etc., at a late stage of the synthesis, and

(b) by using trifluoromethyl-substituted building blocks derived from readily available start-

ing materials. As the former route is seldom satisfactory because of low reactivity and

low reaction selectivity, the latter is now becoming an important strategy for the preparation

of trifluoromethylated molecules because it allow us to obtain these compounds under

milder conditions. Deng et al. [121] demonstrated that the Suzuki-type coupling reaction

of arylboronic acids with 2-bromo-3,3,3-trifluoropropene in the presence of dichlorobis-

(triphenylphosphine)palladium as a catalyst and a base readily gives a-(trifluoromethyl)-

styrenes in excellent yields (Eq. (78)).

As mentioned above, palladium-catalyzed couplings of fluoroalkenes are becoming part

of the repertoire of organofluorine chemists. However, the range of fluoroalkenes that

have been coupled is still very limited and a ubiquitous feature is the presence of a

(small) fluorine atom at the a-carbon. Recently, Percy et al. have reported that 1-(N,N-
diethylcarbamoyloxy)-2,2-difluoro-1-iodoethene undergoes smooth Suzuki coupling (Eq. (79))

[122].
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ð78Þ

ð79Þ

3.4

Reactions with Aryl Chlorides and Other Organic Electrophiles

One of the challenges in the Suzuki-type cross-coupling is to extend this reaction from

electron-rich aryl iodides, bromides, and triflates to less reactive aryl sulfonates and aryl

chlorides, which show poor reactivity in terms of oxidative addition in the catalytic cycle. Aryl

mesylates, benzenesulfonates, and tosylates are much less expensive than triflates, and are

unreactive toward palladium catalysts. The Ni(0)-catalyzed Suzuki-type cross-coupling reac-

tion of aryl sulfonates, including mesylates, with arylboronic acids in the presence of K3PO4

has been reported [123].

One limitation in the scope of the Suzuki reaction has been its inefficiency when aryl

chlorides are employed as substrates, although there have been several accounts of the cou-

pling of electron-poor aryl chlorides [124].

The low reactivity of aryl chlorides in cross-coupling reactions is generally ascribed to their

reluctance to oxidatively add to Pd(0). Aryl halides bearing an electron-withdrawing group

oxidatively add to Pd(0) more readily than do the corresponding unactivated aryl halides

[125]. In view of the greater availability and lower cost of aryl chlorides relative to aryl bro-

mides, iodides, and triflates, many chemists have shown an interest in new methodologies

employing aryl chlorides.

Most recently, Fu and co-workers [126] have reported that the use of Pd2(dba)3/PtBu3 as a

catalyst for a wide range of aryl and vinyl halides, including chlorides, facilitates their Suzuki

cross-coupling with arylboronic acids, giving the coupled products in very good yield, typi-
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cally at room temperature. Using Pd(OAc)2/Pcy3, a diverse array of aryl and vinyl triflates

react cleanly at room temperature. These two catalyst systems cover a broad spectrum of

commonly encountered substrates for Suzuki couplings. Furthermore, they display novel

reactivity patterns, such as the selective cross-coupling by Pd2(dba)3/PtBu3 of an aryl chlo-

ride in preference to an aryl triflate, and they can be used at low loadings, even for the re-

actions of aryl chlorides. Some representative results are presented in Tables 5, 6, and 7.

To gain some insight into the Pd2(dba)3/PtBu3 catalyst system, Fu et al. pursued a series

of NMR and reactivity studies, and found that the bis(phosphine) adduct, Pd(PtBu3)2, is fa-

vored over the monophosphine and the tris(phosphine) over a wide range of PtBu3:Pd ratios.

They monitored the Suzuki coupling of 3-chloropyridine and 2-tolylboronic acid by 31P NMR

spectrometry (2.5 % Pd2(dba)3, 5 % PtBu3; [D8]THF), and found Pd(PtBu3)2 to be the sole

species observed during the course of the reaction. Since the overall PtBu3:Pd ratio is 1:1,

Tab. 5. Suzuki couplings of activated aryl chlorides.

(Hetero)Aryl Chloride Boronic Acid Product Yield (%)

99

97

Tab. 6. Suzuki couplings of unactivated aryl chlorides.

Aryl Chloride Boronic Acid Product Temp. ( �C) Yield (%)

70 88

100 75
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this suggests that one-half of the palladium is in the form of Pd(PtBu3)2, while the other half

is in the form of a phosphine-free complex.

Pd(PtBu3)2 does not appear to be the active catalyst in the Suzuki coupling process under

Fu’s conditions, since the reaction of 3-chloropyridine with 2-tolylboronic acid proceeds

sluggishly at room temperature. However, the addition of phosphine-free Pd2(dba)3 to the

Pd(PtBu3)2 leads to a marked increase in the rate of cross-coupling (Eq. (80)).

ð80Þ

These observations suggest that a palladium monophosphine adduct may be the active cata-

lyst in these Suzuki couplings, and that phosphine-free palladium complexes present in the

reaction mixture may play an important role by increasing the concentration of the active

catalyst. The unusual cross-coupling activity promoted by PtBu3 may therefore be attributed

to both its size and its electron-richness: the steric demand favors dissociation (relative to

less bulky phosphines) to a monophosphine complex, which, due to the donating ability of

PtBu3, readily undergoes oxidative addition.

Buchwald [127] and Lohse [128] have independently reported coupling reactions using

aryl chlorides. In order to overcome the sluggish oxidative addition step of aryl chlorides in

Tab. 7. Chemoselective Suzuki couplings.

Aryl Halide Boronic Acid Product Conditions Yield (%)

0.5 % Pd2(dba)3
1.2 % P tBu3

98

0.5 % Pd2(dba)3
1.2 % P tBu3

97

0.5 % Pd2(dba)3
1.2 % P tBu3

98

1.5 % Pd2(dba)3
3.0 % P tBu3

96

3.0 % Pd(OAc)3
6.0 % PCy3

87
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their palladium-catalyzed CaN bond-forming reaction, Buchwald et al. have explored the use

of electron-rich phosphine ligands. They were finally able to demonstrate that use of the

aminophosphine ligand 2-(dimethylamino)-2 0-dicyclohexylphosphino-1,1 0-biphenyl (41) is

superior and significantly expands the scope of the palladium-catalyzed amination of un-

activated aryl chlorides. They also observed that the reaction conditions using Pd(OAc)2/41/

CsF are significantly more effective for the Suzuki coupling of unactivated aryl chlorides

with arylboronic acids (Eq. (81)).

ð81Þ

Thereafter, Buchwald et al. [129] reported that mixtures of palladium acetate and o-(di-tert-
butylphosphino)biphenyl (43) (see Table 8) catalyze the room temperature Suzuki coupling

Tab. 8. Suzuki coupling of aryl chlorides under Buchwald’s conditionsa.

Chloride Bopronic Acid Product Yield (%)

95

98

93

94

aReaction conditions: catalyst Pd(OAc)2, ligand 43 (2L/Pd), KF in THF.
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of aryl bromides and aryl chlorides at a level of 0.5–1.0 mol % Pd, and that the use of o-
(dicyclohexylphosphino)biphenyl (42) allows Suzuki couplings to be carried out at low cata-

lyst loadings (0.000001–0.02 mol % Pd). The process tolerates a broad range of functional

groups and substrate combinations, including the use of sterically hindered substrates. The

following conclusions were made. The catalyst systems based on ligands 42 and 43, which

are easily prepared in one step and are commercially available [130], are new, highly active

catalysts for the Suzuki coupling of aryl halides. While the use of 43 generally gives faster

reaction rates in room temperature Suzuki couplings, 42 is more effective for hindered sub-

strates and operates more efficiently at low catalyst loadings. Of great importance is the fact

that using such ligands the rate of oxidative addition is greatly enhanced, while the rates of

the other steps of the catalytic cycle are probably also increased. Thus, their use avoids the

common pitfall whereby speeding up the rate of one step slows that of another, resulting in

little or no increase in the overall rate of the reaction. The authors consider that the success

of these ligands is due to a combination of (1) their electron-richness, which enhances the

rate of oxidative addition and keeps the palladium in solution, and (2) their steric bulk,

which enhances the rate of reductive elimination and maximizes the concentration of L1Pd

complexes, thereby increasing the rate of transmetalation. It is also being considered that (3)

the presence of the o-biphenyl moiety might be important, helping to confer aerial stability

to the ligand, enhancing the rate of reductive elimination, as well as stabilizing the catalyst

by interacting with the Pd. However, further mechanistic studies to determine the factors

responsible for the high activities of these catalysts are necessary.

Due to the moderate reactivity of aryl triflates and the high cost of the triflate functionality,

aryl fluoroalkanesulfonates [ArOSO2(CF2)nCF3] have recently been proposed as an alterna-

tive to triflates, because they are easily prepared using commercially available fluoroalkane-

sulfonic anhydrides or halides. Especially attractive are aryl nonaflates (ArONf ¼
ArOSO2(CF2)8CF3), which are readily prepared and are stable to flash column chromatogra-

phy. Rottländer and Knochel [131] reported that treatment of the nonaflate with the boronic

acid 44 provides, under typical conditions for Suzuki coupling, the expected product (45) in

89 % yield (Eq. (82)).

ð82Þ

As an alternative to the use of organic electrophiles, Kang et al. employed hypervalent

iodonium compounds in cross-couplings with organoboranes [132]. Thereafter, these au-

thors reported on cross-coupling reactions of organoboron compounds with organolead(IV)

compounds [133]. Of the catalysts tested, Pd2(dba)3�CHCl3, Pd(OAc)2, and PdCl2,
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Pd2(dba)3�CHCl3 was generally found to be superior. A solvent system of CH3CN/DME (1:1)

proved to be most suitable. Also, it is noteworthy that CuI (10 mol %) was added as a co-

catalyst to avoid homocoupling.

3.5

Miscellaneous

Kabalka et al. have reported a solvent-free Suzuki coupling methodology involving the use of

a commercially available potassium fluoride/g-alumina mixture, doped with a ligand-free

Pd(0) catalyst (Eq. (83)) [134]. A number of parameters of the reaction were investigated.

Suzuki reactions require the presence of a base, which is also true of the solid-state reaction.

Both potassium phosphate and potassium fluoride proved effective in inducing the solid-

phase coupling reactions. The quantity of palladium was found to be important; a 4–5 %

loading of palladium was most effective.

ð83Þ

There is currently a great deal of interest in performing chemical reactions under solvent-

free conditions, since there are both financial and environmental benefits. One problem

associated with performing reactions with solid starting materials is the mixing of the

reactants. Another is the difficulty of achieving uniform and controlled heating of large

amounts of powdery materials. Such difficulties may be overcome by a ball-milling proce-

dure, and the Suzuki coupling reaction has been attempted under these conditions [135]. A

factor that needs to be considered for the ball-mill conditions is the degree of stickiness of

the mixture. Peters et al. have observed that the addition of sodium chloride to the reaction

mixtures is efficient in making them sufficiently powdery. Sodium chloride has the follow-

ing favorable characteristics: hard and brittle crystals, chemical inertness, good water solu-

bility, low toxicity, and low price. The order of reactivity is complementary to that of the

normal Suzuki reaction (Eq. (84)).

ð84Þ
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3.6

Applications in Polymer Chemistry

Aromatic, rigid-rod polymers play an important role in a number of diverse technologies,

including high-performance engineering materials, conducting polymers, and nonlinear

optical materials.

Constitutionally homogeneous oligo-p-phenyls are materials of considerable current inter-

est to chemists, physicists, and material scientists because such compounds are excellent

model compounds for developing a profound understanding of the spectroscopic and redox

properties of polyaromatic systems, and of the thermal phase behavior and solution proper-

ties of rod-like liquid-crystalline molecules. Furthermore, functionalized oligo-p-phenyls have
gained some importance as mainchain-stiffening building blocks in semi-flexible polymers

such as aromatic polyesters and polyimides. Despite considerable advantages, parent oligo-p-
phenyls have a serious drawback, however, with regard to the above applications: their solu-

bility decreases dramatically with increasing number of benzene rings. Fortunately, it is

known that the attachment of lateral methyl groups to oligo-p-phenyls increases their solu-

bility. Nevertheless, the solubilizing effect of methyl groups is insufficient in the case of

longer oligo-p-phenyls, and flexible side chains are required to further increase the solubility

of rigid-rod molecules such as aromatic polyesters. By taking advantage of this latter concept,

Galda and Rehahn [136] applied the Suzuki coupling as the oligomer formation reaction,

which was found to furnish the expected oligo-p-phenyls in excellent yields (Eq. (85)).

ð85Þ

Many poly(p-phenylenes) have since been synthesized by such Suzuki reactions [137].

The development of enantioselective polymer catalysts is important with regard to the ef-

ficient production of optically pure chiral organic compounds, including drug molecules.

The major advantage that a polymer catalyst offers is the ease of recovery and reuse of the

expensive catalyst. The use of polymer catalysts may also enable the reactions to be carried

out in flow reactors or flow membrane reactors. Recently, a highly enantioselective hetero-

Diels–Alder reaction catalyzed by chiral polybinaphthylaluminum complexes was reported

[138]. Thus, Jorgensen et al. synthesized the optically active polybinaphthyl 46 as a poly-

meric ligand by Suzuki coupling of the optically active binaphthyl dibromide and a ben-

zenediboronic acid derivative (Eq. (86)). The polymer 46 reacts with Me3Al or Me2AlCl to
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generate the corresponding polymeric chiral aluminum catalyst in situ for the hetero Diels–

Alder reaction.

ð86Þ

Research on dendrimers was first focused on synthetic aspects concerning this new class of

macromolecules, and a broad range of dendrimers is now available, some even commer-

cially. The emphasis of current study has shifted from merely synthetic aspects to questions

of practical applications of dendrimers and the ways in which these unique compounds are

superior to known systems. Consequently, much more useful synthetic procedures are re-

quired. Schlüter et al. have reported the synthesis of dendrimers with poly(p-phenylene)
(PPP) derived cores using the Suzuki polycondensation [139].

The synthesis of a variety of kinked oligophenylene building blocks has recently been

demonstrated. The synthetic strategy is repetitive, utilizes the Suzuki cross-coupling proto-

col, and involves potentially bifunctional building blocks (modules) that bear one functional

group for coupling and another that serves as place holder. After the coupling, the place

holder is converted into a coupling functionality for the next growth step. The building

blocks also bear chloro substituents, which remain unaffected during each transformation.

For one of the large building blocks, it has been shown that it may be cyclized to an oligo-

phenylene macrocycle with a chloro substituent at each corner and a pair of hexyl chains at

each side (Eq. (87)) [140].

Dondoni et al. have recently explored the synthesis of oligomers in which 1,3-(distal)-

calix[4]arenes are linked to a p-phenylene unit by a single carbon–carbon bond emerging

from the upper rim of the macrocycle (Eq. (88)) [141].

Investigations concerning the synthesis and electrochemical behavior of a new class of

acceptor-substituted isoxazolofullerenes have been reported. In this instance, such fullerene

derivatives were synthesized by Suzuki coupling (Eq. (89)) [142].
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ð87Þ

ð88Þ
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ð89Þ

A novel topological strategy has been examined for designing amorphous molecular solids

suitable for optoelectronic applications. In this approach, chromophores were attached to a

tetrahedral point of convergence. For instance, stilbenoid units were covalently linked to a

tetraphenylmethane core by means of a palladium-catalyzed Suzuki coupling reaction [143].

The optical properties of these compounds were examined.
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Boddy, F. Rübsam, J. Chem. Soc., Chem.
Commun. 1997, 1899.

35 (a) K. C. Nicolaou, H. Li, C. N. C.

Boddy, J. M. Ramanjulu, T.-Y. Tue, S.

Tatarajan, X.-J. Chu, S. Bräse, Chem.
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4

Palladium-Catalyzed Amination of Aryl Halides and

Sulfonates

John F. Hartwig

Abstract

The transition metal catalyzed synthesis of arylamines by the reaction of aryl halides or tri-

flates with primary or secondary amines has become a valuable synthetic tool for many ap-

plications. This process forms monoalkyl or dialkyl anilines, mixed diarylamines or mixed

triarylamines, as well as N-arylimines, carbamates, hydrazones, amides, and tosylamides.

The mechanism of the process involves several new organometallic reactions. For example,

the CaN bond is formed by reductive elimination of amine, and the metal amido complexes

that undergo reductive elimination are formed in the catalytic cycle in some cases by NaH

activation. Side products are formed by b-hydrogen elimination from amides, examples of

which have recently been observed directly. An overview that covers the development of

synthetic methods to form arylamines by this palladium-catalyzed chemistry is presented. In

addition to the synthetic information, a description of the pertinent mechanistic data on the

overall catalytic cycle, on each elementary reaction that comprises the catalytic cycle, and on

competing side reactions is presented. The review covers manuscripts that appeared in press

before June 1, 2001. This chapter is based on a review covering the literature up to Septem-

ber 1, 1999. However, roughly one-hundred papers on this topic have appeared since that

time, requiring an updated review.

4.1

Introduction

4.1.1

Synthetic Considerations

Arylamines are commonplace. They are part of molecules with medicinally important prop-

erties, of molecules with structurally interesting properties, of materials with important

electronic properties, and of transition metal complexes with catalytic activity. An aryl–

nitrogen linkage is present in nitrogen heterocycles such as indoles [1, 2] and benzopyr-

azoles, conjugated polymers such as polyanilines [3–9], and readily oxidizable triarylamines

used in electronic applications [10–13]. The ability of aryl halides and triflates to form aryl-

amines allows a single group to be used as a synthetic intermediate in aromatic carbon–
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carbon cross-coupling and amination reactions during structure–activity studies or library

synthesis in drug development.

Despite the simplicity of the arylamine moiety, synthesis of these materials is often diffi-

cult. Procedures involving nitration, reduction, and substitution are incompatible with many

functional groups and often require protection and deprotection steps. Reductive amina-

tion provides a convenient route to some alkyl arylamines, but this procedure requires a pre-

existing aromatic CaN bond [14–17]. The addition of amines or alcohols to benzyne inter-

mediates leads to variable regiochemistry [18, 19], and direct nucleophilic substitution of aryl

halides typically requires a large excess of reagent, a highly polar solvent, and either high

reaction temperatures or highly activated aryl halides [20, 21]. Alternatively, transition metal

arene complexes have been used to accelerate substitution of the aryl halide. In this case,

stoichiometric amounts of the transition metal complex are required [22, 23]. Thus, the new,

mild, general catalytic method for the replacement of aryl halogen or sulfonate with amine

provides an invaluable route to arylamines.

The procedure that is most competitive with the palladium chemistry is the traditional

copper-mediated (Ullmann) substitution. Some recent progress has been made toward in-

creasing the scope of these reactions and reducing the reaction temperatures [24, 25]. How-

ever, the reactions still typically require elevated temperatures [26–29], often precluding

chemistry with sensitive functionalities. Further, these reactions often give products arising

from diarylation of primary arylamine substrates. The Ullmann couplings are also substrate-

specific. Reactions of primary alkylamines and even dialkylamines give lower yields than do

reactions of more acidic substrates such as arylamines, amides, and azoles. Reactions that

form aromatic carbon–nitrogen bonds with weakly nucleophilic nitrogen substrates such as

imidazoles and amides have been recently accomplished by a different copper-catalyzed

process: coupling of arylboronic acids with the nitrogen nucleophile [30–39]. This chemistry

is mild, but requires two steps from an aryl halide because of the intermediacy of the bor-

onic acid.

Prior to the development of palladium-catalyzed amination chemistry, palladium-catalyzed

coupling had been a powerful method of forming new CaC bonds starting from aryl halides

or triflates [40–46]. A variety of main group and transition metal reagents have been used

as the source of the carbon nucleophile. Tin and boron are most commonly used, but alu-

minum, zinc, magnesium, and silicon reagents are also effective in this ‘‘cross-coupling’’

chemistry. Nickel and palladium complexes are now the most common catalysts. The cross-

coupling chemistry has been reviewed a number of times, and several review articles are

cited in the aforementioned references.

4.1.2

Prior CxX Bond-Forming Coupling Chemistry Related to the Amination of Aryl Halides

There is a substantial body of literature on the palladium- and nickel-catalyzed formation of

aryl sulfides, selenides, and phosphines from aromatic and heteroaromatic halides. Progress

on these reactions has continued with several recent contributions [47–50]. A review in 1997

covered the types of transformations that can be conducted and the types of catalysts used

[51]. Particularly useful examples are the conversions of binaphthol to binaphthylphosphines
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via the triflate intermediate in the presence of palladium and nickel catalysts [52, 53]. The

soft, nucleophilic character of thiolates and phosphides favors formation of the palladium

thiolate or phosphide complexes and reductive elimination [54] of phosphine and sulfide.

4.1.3

Novel Organometallic Chemistry

Reductive elimination to form CaC and CaH bonds [55] generates the organic product in

cross-coupling processes, as well as many other transition metal catalyzed reactions. Reduc-

tive elimination reactions comprise an early chapter in any organometallic text. Similarly, the

cleavage of CaH bonds by oxidative addition, including the CaH bond in methane, is now

known [56]. Even some remarkably mild CaC cleavage reactions have now been observed

with soluble transition metal complexes [57–62].

In contrast, examples of complexes that undergo reductive elimination to form the CaN

bond in amines have been uncovered only recently [63–68]. These reductive eliminations are

the crucial CaN bond-forming steps of the aryl halide and triflate amination chemistry dis-

cussed in this review. Information on how these reactions occur and what types of com-

plexes favor this process has been crucial to the understanding and development of new

amination catalysts [64].

The cleavage of alkylamine NaH bonds by late transition metals to form metal amido

complexes is also rare [69, 70]. When the transition metal is a low valent, late metal, the re-

sulting amido complexes are highly reactive [71, 72]. It appears that the amination of aryl

halides can involve an unusual NaH activation process by a palladium alkoxide to form a

highly reactive palladium amide [65, 73].

In general, catalytic organometallic chemistry that forms carbon–heteroatom bonds is less

developed than that which forms CaC bonds, although the Wacker process is classic catalytic

organometallic chemistry [74, 75]. Other processes that form carbon–heteroatom bonds by

homogeneous catalysis include oxidative carbonylations of amines and alcohols [75]. Non-

oxidative carbonylation includes the reaction between an aryl halide, CO, and an alcohol or

amine to form esters or amides [75], but these reactions may not involve alkoxo or amido

intermediates. The amination and aquation of alkenes could form the CaX bonds in alcohols

or amines, but an efficient, intermolecular aquation or hydroamination of alkenes is a highly

sought-after process that remains rare [76]. Some interesting intramolecular examples [77–

79] and some slow intermolecular examples [80, 81] are known. Thus, the selectivities, de-

activation mechanisms, and potential transformations of alkoxo and amido intermediates in

catalytic chemistry are not well understood.

4.1.4

Organization of the Review

This review covers palladium-catalyzed amination of aryl halides and sulfonates. The nickel-

catalyzed process [82–85] requires much higher catalyst loads and has a narrower substrate

scope. Thus, it is not reviewed. Sections 4.2 to 4.5 cover the development of different

palladium catalysts for the synthesis of arylamines and related structures. This work has
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stemmed from Kosugi’s initial finding [86, 87] that palladium complexes catalyze the for-

mation of arylamines from tin amides and aryl halides. Section 4.6 covers the various arenas

in which the palladium chemistry has been applied. Finally, Section 4.7 presents current

mechanistic data concerning these processes with different catalysts.

4.2

Background

4.2.1

Early Palladium-Catalyzed Amination

In the 1980s, a few results suggested that a general metal-catalyzed method of forming

arylamines from aryl halides would be possible. In 1983, Kosugi, Kameyama, and Migita

published a short paper on the reaction of tributyltin amides with aryl bromides catalyzed

by [P(o-C6H4Me)3]2PdCl2 (1), as shown in Eq. (1) [86, 87].

ð1Þ

The scope of this reaction appeared to be limited to dialkylamides and electron-neutral aryl

halides. For example, nitro-, acyl-, methoxy-, and dimethylamino-substituted aryl halides

gave poor yields upon palladium-catalyzed reaction with tributyltin diethylamide. Further,

aryl bromides were the only aryl halides to give any reaction product. Vinyl bromides gave

modest yields of enamines in some cases. Only unhindered dialkyl tin amides gave sub-

stantial amounts of amination product. The mechanism did not appear to involve radicals or

benzyne intermediates.

ð2Þ

Boger reported studies on palladium-mediated cyclization to form the CDE ring system of

lavendamycin, as shown in Eq. (2) [88–90]. These reactions were conducted with stoichio-

metric amounts of [Pd(PPh3)4] (2). When used in a 1 mol % quantity, 2 failed to catalyze

these reactions, presumably because of the absence of a base. Until almost ten years later, no

palladium-catalyzed amination chemistry was reported, and there were few citations of the

early amination chemistry.

In 1994, Paul, Patt, and Hartwig showed that the Pd(0) catalyst in Kosugi’s process was

fPd[P(o-C6H4Me)3]2g (3), which underwent oxidative addition of aryl halides to give dimeric

aryl halide complexes (4) [91]. These aryl halide complexes reacted directly with tin amides

to form arylamine products (Eq. (3)). Thus, this chemistry could formally be viewed as being

roughly parallel to Stille coupling.
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ð3Þ

In the same year, Guram and Buchwald showed that the use of in situ derived tin amides

extended this chemistry beyond just electron-neutral aryl halides [92]. However, reactions

that gave yields of 80 % or more were still limited to tin amides derived from secondary

amines.

4.2.2

Initial Synthetic Problems to be Solved

The initial results concerning aryl halide amination and related results in chemistry forming

aryl sulfides [93–96] and phosphines [97] strongly suggested that a mild, convenient route to

arylamines from aryl halides could be developed. However, the source of the amido group

had to be less toxic, more thermally stable, and less air-sensitive than a tin amide. The type

of aryl halide amenable to this reaction had to be extended beyond electron-neutral aryl ha-

lides. Aryl chlorides and iodides, along with aryl triflates and less reactive, but more conve-

nient, sulfonates needed to be included in the substrates capable of undergoing amination.

Of course, heteroaromatic amines and halides are also important substrates and also needed

to be included. Perhaps most importantly, reactions of primary amines needed to be devel-

oped. Finally, the rates and turnover numbers provided by the catalysts had to be much

higher than those in the Kosugi and Migita chemistry and in Boger’s stoichiometric cycli-

zation reaction. Faster rates would allow for the use of weaker bases and lower reaction

temperatures. Over the past seven years, each of these goals has been achieved.

4.3

Palladium-Catalyzed Amination of Aryl Halides with Amine Substrates

4.3.1

Early Work

4.3.1.1 Initial Intermolecular Tin-Free Aminations of Aryl Halides

In 1995, Hartwig and Buchwald published concurrently their respective groups’ results on

tin-free amination of aryl halides [98, 99]. Instead of isolating or generating a tin amide in

situ, the amination reactions were conducted by allowing an aryl halide to react with a com-

bination of an amine and either an alkoxide or silylamide base (Eq. (5)).

ð5Þ

These reactions were typically conducted between 80 and 100 �C in toluene solution. The

catalysts used initially were 1, 3, or a combination of [Pd2(dba)3] (5a) (dba ¼ trans,trans-
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dibenzylidene acetone) and P(o-C6H4CH3)3. Catalysts used subsequently will be described

below. Secondary amines were viable substrates, but primary amines gave substantial yields

only with electron-poor aryl halides.

4.3.1.2 Initial Intramolecular Amination of Aryl Halides

Intramolecular aryl halide aminations were also conducted with the original catalysts [99].

For example, the reactions in Eq. (6) proceeded with yields in excess of 80 %. In this case,

the halide could be iodide or bromide, and [Pd(PPh3)4] proved to be a more effective catalyst

than fPd[P(o-C6H4Me)3]2Cl2g.

ð6Þ

Buchwald later provided an extensive account of the intramolecular amination reactions

[100]. Catalysts and conditions were optimized using triaryl and chelating phosphines, but

the catalysts discussed in Section 4.4, developed after this work was published, would most

probably provide milder conditions for these reactions. Screening of a variety of combina-

tions of phosphine ligands and palladium precursors showed that chelating ligands such

as Ph2P(CH2)nPPh2 (n ¼ 2–4) or 1,1 0-bis(diphenylphosphino)ferrocene (DPPF) gave good

yields of cyclized product, as did a combination of Pd2(dba)3 and P(2-furyl)3, but none were

better than [Pd(PPh3)4].

4.3.2

Second Generation Catalysts: Aryl Bis-phosphines

4.3.2.1 Amination of Aryl Halides

With the exception of the intramolecular amination reactions, all of the chemistry described

above involved reactions catalyzed by palladium complexes containing the sterically hindered

P(o-C6H4Me)3. Mechanistic studies, as described below, showed that the catalytic cycle

involved exclusively mono-phosphine intermediates. However, stoichiometric studies on

reductive elimination from PPh3-ligated palladium amides [63, 101] and on b-hydrogen

elimination from related d8 square-planar iridium amides [102] suggested that palladium

complexes with chelating ligands would be particularly effective catalysts for the amination

chemistry. In fact, many of the reasons why such complexes should be effective for this

amination process parallel the reasons why they are effective for cross-coupling of aryl

halides with main group alkyl reagents [103].

In papers published back-to-back in 1996, Hartwig and Buchwald reported amination

chemistry with palladium complexes of DPPF and BINAP as catalysts [64, 104]. These pal-

ladium complexes facilitated aminations of aryl bromides and iodides with primary alkyl

amines, with cyclic secondary amines, and with anilines. It is ironic that the amination

chemistry was first discovered by using a particularly labile phosphine, but was dramatically

improved by the use of tightly bound chelating ligands.
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ð7Þ

ð8Þ

DPPF-ligated palladium provided nearly quantitative yields for the amination of aryl halides

with anilines (Eq. (7)). Electron-rich, electron-poor, hindered or unhindered aryl bromides or

iodides all participated in the amination chemistry with only a few exceptions. Nitro halo-

arenes gave no amination product with aniline substrates. Aryl halides with carbonyl groups

bearing enolizable hydrogens gave poor yields, and esters were converted to the tert-butyl
ester by the tert-butoxide base. These groups have since been shown to be amenable to ami-

nation processes with Cs2CO3 as the base [105]. DPPF-ligated palladium also gave good

yields of mixed alkyl arylamines with a variety of substrates (Eq. (8)). With electron-poor aryl

halides, excellent yields of N-alkyl anilines were obtained. With electron-neutral aryl halides,

60–92 % yields were obtained, depending on the positions of the alkyl substituents [64, 106].

In the cases of unhindered and electron-neutral aryl halides coupled with unhindered

primary amines, diarylation can occur. In these cases, excess amine suppressed the forma-

tion of diarylation products [107]. For most of these reactions, 5 mol % catalyst was em-

ployed, although 1 mol % can be used in most cases.

A full account of the palladium-catalyzed amination reactions involving BINAP complexes

was published in 2000 [108]. BINAP-ligated palladium provides higher yields than DPPF in

the case of electron-neutral aryl halides and primary alkyl amines, as shown in Table 1. The

increased yields result largely from the lack of diarylation products. Slightly less reduction

product is also observed, although the amount of arene formed when using BINAP or DPPF

is low in both cases. Further, in favorable cases, it was shown that 0.05 mol % of the BINAP-

ligated catalyst may be used. Racemic and resolved BINAP give identical results. Again, aryl

iodides are suitable substrates. A subtle but sometimes important advantage of the chelating

ligands is their ability to prevent racemization of amines that possess a stereogenic center a

to nitrogen. Reactions of optically active amines have been evaluated; the racemization that

sometimes occurs with the original P(o-tolyl)3 catalyst system does not occur when rac-
BINAP is used as a ligand [109].

In general, BINAP-ligated palladium is exquisitely selective for the monoarylation of pri-

mary amines and is the preferred catalyst for reactions of primarily alkylamine substrates.

This result is mutually exclusive with mild, high-yielding reactions of secondary amines with

aryl halides to form tertiary amines. Thus, reactions of secondary amines with aryl halides

catalyzed by BINAP-ligated palladium are less reliable. For example, reactions of morpholine

gave good yields, but those of piperidine and of acyclic secondary amines gave low to modest

yields. Exceptions to this rule include reactions of N-methyl aniline, of ortho-substituted aryl

bromides, and of electron-poor aryl bromides. In fact, a particularly favorable case is the re-
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action of 2-bromo-p-xylene with N-methyl piperazine, which requires only 0.05 mol % cata-

lyst. Reactions of primary and secondary amines with electron-poor aryl halides were also

conducted with weak bases, as outlined in Section 4.5.

Related bis(phosphine) ligands and some additional aryl bis(phosphine)s and hemilabile

arylphosphines have been used in the amination chemistry and may be valuable for certain

aryl halide aminations (Figure 1). For example, PHANEPHOS has been shown to give

good yields in the specific case of the resolution of 2,2 0-dibromo[2,2]paracyclophane [110].

More extensive studies have not been reported. Buchwald has reported that reactions with

DPEphos [bis(2,2 0-diphenylphosphino)diphenyl ether] gave higher yields in the formation

of certain diarylamines than did reactions with BINAP or DPPF as ligand [111]. As described

in more detail below, solutions to the problem of coupling acyclic dialkylamines and the

employment of milder bases began with the use of Kumada’s phosphino ether ligand 6 [105,

112]. In addition, Uemura has reported the amination of aryl bromides in the presence of

arene-chromium complexes 7a,b as phosphino ether and phosphino amine analogues of

Kumada’s ferrocene-based ligands. Good yields were observed for reactions of cyclic and

acyclic secondary amines [113]. Finally, Boche has used a sulfonated BISBI ligand 8 to conduct

aminations in a two-phase aqueous solution containing water/methanol, water/methanol/

Tab. 4.1. Selected aryl bromide aminations catalyzed by BINAP/Pd2(dba)3

Halide Amine Product Cat. (%) t (h) Isolated

Yield (%)

1 RNH2 R ¼ hexyl

0.5

R ¼ Bn

0.5

0.05

2

4

7

88

79

79

2 H2NBn 0.5 2 81

3 H2NBn 0.5 3.5 71

4 1.0 39 66

5 0.5 36 94
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toluene, or water/2-butanol. Electron-poor aryl halides reacted with aniline under these

aqueous palladium-catalyzed conditions to give diarylamines [114].

In general, the fastest rates for the amination of aryl bromides with bis(phosphine) ligands

are seen when sodium tert-butoxide is used as the base. However, Prashad has recently

reported that bases containing b-hydrogens may be used, and, in some cases, reactions

with sodium methoxide as the base occurred in higher yields than those with sodium tert-
butoxide [115]. The improvement in reaction yield was first observed for a coupling of

benzophenone imine with a pendant carbamate. However, this study showed high yields for

reactions of primary and secondary amines, including anilines, when using BINAP as the

ligand and methoxide or isopropoxide as the base.

ð9Þ

ð10Þ

ð11Þ

4.3.2.2 Amination of Aryl Triflates

Palladium(0) complexes containing P(o-C6H4Me)3 as a ligand show low reactivity toward aryl

triflates [116, 117]. Thus, the original catalyst is not effective for the amination of aryl tri-

Fig. 1. Chelating and hemilabile ligands used in palladium-catalyzed amination of aryl halides.
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flates. However, palladium complexes with the chelating phosphines DPPF and BINAP are

effective [118, 119]. Selected aminations of aryl triflates by aniline are shown in Eq. (9), and

selected aminations of aryl triflates by alkylamines are shown in Eq. (10). As in the case of

the amination of aryl halides, DPPF is an effective ligand for amination reactions involving

anilines or aminations involving electron-poor aryl triflates. The yields for formation of

mixed diarylamines have exceeded 90 % in all the examples explored [118]. Reactions of

electron-neutral aryl halides with alkylamines gave yields in the range 42–75 % when DPPF

was the ligand. This combination of substrates gave yields in the range 54–77 % when BINAP

or Tol-BINAP was the ligand; several examples, particularly the triflate derived from the p-
OMe-substituted phenol, showed higher yields in reactions conducted with BINAP as the

ligand than in those conducted with DPPF.

The reactions of electron-poor aryl triflates were plagued by triflate cleavage to form phe-

nol, presumably due to the stable phenolate that initially results from cleavage. In some

cases, this problem could be overcome by slow addition of the triflate, whereby high-yielding

amination could be achieved [118]. The problem of triflate cleavage was reduced in a more

general fashion by using Cs2CO3 as the base, as shown in Eq. (11) [120]. Under these con-

ditions, primary and secondary amines reacted in high yields with both electron-poor and

electron-rich aryl triflates in the presence of BINAP-ligated palladium as the catalyst. How-

ever, no reactions of unhindered, unactivated aryl triflates with primary amines were re-

ported with Cs2CO3 as the base, and this combination gave modest yields of 47–65 % when

NaOtBu was the base. Reactions performed in toluene solution gave higher yields than those

performed in THF, although good yields were obtained in THF in some cases.

Recently, Torisawa reported that the addition of 18-crown-6 promotes the reactions of aryl

triflates when Cs2CO3 is used as the base [121]. This study focused on the reactions of N-Boc
piperazine. In the absence of the crown ether, bis-N-Boc piperazine was produced as a by-

product, and reaction times were long. Yields for the reaction of 3,4-dichlorophenyl triflate

with N-Boc piperazine were 35 % and 65 %, respectively, in the absence and presence of the

crown ether. A similar effect was also observed for the reaction of the analogous dichloro

bromoarene.

4.3.2.3 Amination of Heteroaromatic Halides

Many nitrogen heterocycles bind strongly to late transition metals. As a result, hetero-

aromatic halides with basic nitrogens can displace weakly binding ligands such as P(o-
C6H4Me)3. The original catalyst system containing P(o-C6H4Me)3 as ligand was conse-

quently ineffective for aminations of heteroaromatic substrates that could bind to palladium.

Indeed, pyridine displaces P(o-C6H4Me)3 from isolated palladium complexes to form

pyridine-ligated species [122]. Chelating phosphines are less readily displaced by pyridines.

Thus, the advent of amination reactions conducted with chelating ligands allowed the ami-

nation of pyridyl halides [123]. However, studies discussed below on third-generation cata-

lysts show that chelating ligands are not required for the amination of pyridines.

Results on the amination of pyridyl halides conducted with two phosphine ligands and

two different palladium precursors have been published (Table 2) [123]. The most general

palladium precursor proved to be palladium acetate. Again, BINAP was found to be gener-

ally effective for amination with either primary or secondary amines. However, yields were

lower with unbranched primary amines than those with branched amines, such as cyclo-
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hexylamine. DPPP [bis(diphenylphosphine)propane], which is less expensive than BINAP,

in combination with either 5a or Pd(OAc)2 (9), acted as an effective catalyst system for the

amination of pyridyl bromides by secondary amines or amines lacking hydrogens a to the

nitrogen. As was the case for aminations of aryl halides conducted with DPPF and BINAP as

ligand, acyclic secondary amines gave only low yields of the amino pyridines.

Hydrazinopyridines are important in the preparation of triazines and as intermediates in

the production of agrochemicals and pharmaceuticals. Thus, Arterburn et al. investigated

the reaction between hydrazine derivatives and pyridyl halides and triflates [124]. These

workers found that 2-bromo- and 2-chloropyridine reacted with benzophenone hydrazone

Tab. 4.2. Palladium-catalyzed amination of pyridyl halides.

halopyridine Amine product catalyst yield (%)

1 Pd2(dba)3/DPPP 86

2 Pd2(dba)3/DPPP 87

3 Pd2(dba)3/(G)BINAP 77

4 Pd2(dba)3/(G)BINAP 82

5 Pd3(OAc)6/DPPP 91

6 H2Nhexyl Pd3(OAc)6/(G)BINAP 67

7 H2Nhexyl Pd3(OAc)6/(G)BINAP 71
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(see Section 4.4.5 for the use of hydrazones) to give good yields of the coupled product.

However, pyridines with ester functionalities in the 5-position gave lower yields unless the

pyridyl triflate was used. These reactions were conducted with BINAP as the ligand and

NaOtBu as the base. In addition, these authors investigated the reactions of tert-butyl
carbazate (tert-butylOC(O)NHNH2) with 2-bromopyridine. Using DPPF as the ligand and

Cs2CO3 as the base, they obtained a 45 % yield of the pyridylhydrazine after acidic work-

up. Reactions of 2-bromo- and 2-chloropyridine with di-tert-butyl hydrazodiformate

(tBuOC(O)NHNHC(O)OtBu) gave the coupled product in 45–85 % yield when this ligand

and base were used. These reactions are surprising if one considers the potential for reduc-

tion of palladium by hydrazines. Pd(PPh3)4 is generally prepared using Pd(II) precursors

and hydrazine as a reducing agent [125].

Aminations of five-membered heterocyclic halides, such as furans and thiophenes, are

limited. These substrates are particularly electron-rich. As a result, oxidative addition of the

heteroaryl halide and reductive elimination of the amine are slower than for simple aryl

halides (see Sections 4.7.1 and 4.7.3). In addition, the amine products can be air-sensitive

and require special conditions for their isolation. Nevertheless, Watanabe has reported ex-

amples of successful couplings between diarylamines and bromothiophenes [126]. Triaryl-

amines are important for materials applications because of their redox properties, and these

particular triarylamines should be especially susceptible to electrochemical oxidation. Chart

1 shows the products formed from the amination of bromothiophenes and the associated

yields. As can be seen, 3-bromothiophene reacted in higher yields than 2-bromothiophene,

but the yields were more variable with substituted bromothiophenes. In some cases, accept-

able yields for double additions to dibromothiophenes were achieved. These reactions all

employed a third-generation catalyst (vide infra), containing a combination of Pd(OAc)2 and

P(tBu)3. The yields for reactions of these substrates were much higher in the presence of this

catalyst than they were in the presence of arylphosphine ligands.

Chart 1

4 Palladium-Catalyzed Amination of Aryl Halides and Sulfonates118



4.3.2.4 Aminations of Solid-Supported Aryl Halides

Two groups [127, 128] have reported results on the solid-phase amination of aryl halides

using both P(o-C6H4Me)3 and chelating ligands. It has been shown that Stille and Suzuki

reactions are reliable, high-yielding processes for substrates loaded on solid supports [129].

Thus, supported aryl halides can now be used to form new CaC and CaN bonds, and pre-

sumably CaS, CaP, and CaO bonds as well.

Both Farina and Ward [127] at Boehringer Ingelheim and Willoughby and Chapman [128]

at Merck have reported successful amination reactions of aryl halides supported on poly-

styrene Rink and Rapp TentaGel S RAM resin. The results closely parallel those obtained in

the solution phase. Secondary amines were successfully coupled with solid-supported aryl

halides in high yields with P(o-C6H4Me)3 as the ligand on palladium. Primary amines

required either BINAP or DPPF for successful coupling with the aryl halides, and similar

results were obtained with either ligand. NaH groups for which no arylation chemistry

had been reported in the solution phase were likewise unreactive on the solid supports. For

example, nitroanilines, aminotriazine, 5-aminouracil, 6-diaminoanthraquinone, histidine, 2-

aminobenzimidazole, imidazole, and pyrazole gave no products of CaN bond formation in

attempted solid-phase reactions in the presence of P(o-C6H4Me)3, DPPF, or BINAP-ligated

palladium.

4.3.2.5 Amination of Polyhalogenated Aromatic Substrates

Multiple arylations of polybromobenzenes have been conducted to generate electron-rich

arylamines. Tris(4-bromophenyl)amine and 1,3,5-tribromobenzene both react cleanly with N-
aryl piperazines in the presence of either P(o-tolyl)3 or BINAP-ligated catalysts to form

hexaamine products [130]. Reactions of other polyhalogenated arenes have also been re-

ported with DPPF as the ligand [131, 132]. Competition between aryl bromides and iodides

or aryl bromides and chlorides has been investigated in relation to the formation of aryl

ethers [133], and similar selectivity should presumably be observed for the amination. In this

case, bromochloroarenes reacted preferentially at the aryl bromide position. Sowa showed

complete selectivity for amination of aryl-chloro, -bromo, or -iodo linkages over aryl-fluoro

linkages [134]. This selectivity contrasts the faster fluoride substitution in uncatalyzed aro-

matic substitutions.

4.3.3

Third-Generation Catalysts with Alkylmonophosphines

Until recently, alkylphosphines had been used less often than arylphosphines in cross-

coupling chemistry. However, several studies pointed to the potential of such ligands in the

palladium-catalyzed amination of aryl halides. Alkylphosphines in combination with palla-

dium catalyst precursors have now been shown to allow milder conditions for the amination

of aryl bromides, to improve yields with acyclic secondary amines, to give high turnover

numbers, and to induce mild aminations of inexpensive aryl chlorides and tosylates.

As discussed in more detail in Section 4.7, which reviews studies on the reaction mecha-

nism, the major product that competes with the arylamine is the arene resulting from hy-

drodehalogenation of the aryl halide. Hartwig showed that steric hindrance was crucial to

minimize formation of this side product when monophosphines are used [135]. A second

side product from reaction of a primary amine is diaryl alkyl tertiary amine, resulting from
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arylation of the secondary amine product. Buchwald showed that chelating ligands such as

BINAP minimize the formation of this product, presumably because of the increased steric

demand at the metal center created by the four-coordinate amido intermediate containing a

bis(phosphine) [104].

4.3.3.1 High-Temperature Aminations Conducted with P(tBu)3 as Ligand

Subsequent to these mechanistic and synthetic findings, Yamamoto, Nishiyama, and Koie at

Tosoh Corporation reported high yield formation of aryl piperazines with turnover numbers

as high as 7000 when P(tBu)3 was used as a ligand for palladium at high temperatures [136].

They found that unprotected piperazine reacted with aryl bromides at 120 �C to form good

yields of the monoarylated piperazines, which are useful pharmaceutical intermediates. The

high turnover numbers demonstrate that the amination chemistry may be industrially fea-

sible on a large scale for even the less expensive of speciality chemicals. In a subsequent

paper, these authors showed that triarylamines, which are useful as components of light-

emitting diodes, can be prepared from aryl halides and diamines with the same catalyst sys-

tem with turnover numbers of 4000 [137]. These studies suggested that sterically hindered

alkylphosphines can generate highly active catalysts for cross-coupling reactions.

4.3.3.2 Use of Sterically Hindered Bis(phosphine) Ligands

Amination of aryl bromides and chlorides: Hartwig first reported the high yielding amina-

tion of unactivated aryl chlorides under mild conditions by using D tBPF bis(di-tert-butyl-
phosphino)ferrocene [138, 139] and similar sterically hindered bis(phosphine) ligands devel-

oped by Spindler, Togni, and Bläser for asymmetric hydrogenations [140–142]. Activated

aryl chlorides react much like unactivated aryl bromides, and reactions of these substrates

with the original catalyst based on tri-ortho-tolyl phosphine were reported [143]. Nickel

complexes are also known to react readily with aryl chlorides in cross-coupling chemistry

[144–149], and they have also been used in the catalyzed amination of aryl chlorides [82,

83]. In general, the nickel-catalyzed chemistry occurs with lower turnover numbers and

has a narrower substrate scope than the palladium-catalyzed reactions with third-generation

ligands. For example, primary alkylamines are not suitable substrates for unhindered aryl

halides when the nickel catalysts are used, although cyclic secondary amines and anilines can

give good yields. Thus, the palladium, rather than nickel, chemistry will be described in detail.

ð12Þ
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Motivated by the mechanistic and synthetic studies with hindered monophosphines de-

scribed in the previous paragraph and by the benefits of chelating ligands in controlling the

selectivity in reactions with primary amines, Hartwig and Hamann employed the three ster-

ically hindered alkyl bis(phosphine) ligands in Eq. (12) for the amination chemistry [150].

Reactions conducted with D tBPF (10) as the ligand gave high yields of amination products

under mild conditions (80–100 �C) with unactivated aryl halides and either anilines or cyclic

secondary amines. Reactions of aryl bromides were remarkably fast and, for the first time,

could be carried out at room temperature. However, this ligand did not give the anticipated

high yields in reactions with primary amines. This result and additional results on the use of

this ligand in ketone arylation and in the formation of diaryl ethers from aryl halides suggest

that D tBPF acts as a monodentate ligand during the catalytic cycle.

Thus, commercially available sterically hindered bis(phosphine)s were tested for their se-

lectivity with primary amines. The ligands 11 and 12 in Eq. (12) [142] are more constrained

to a geometry that ensures chelation and may improve selectivity. Indeed, reactions of pri-

mary amines with unactivated aryl chlorides gave high yields of the coupled product with

high selectivity for CaN coupling over hydrodehalogenation and for monoarylation of the

primary amine. These ligands generate catalysts that provide the most favorable combina-

tion of monoarylation over diarylation, amination over hydrodehalogenation, and mild acti-

vation of aryl chlorides.

ð13Þ

Amination of aryl tosylates: Aryl tosylates are, of course, more convenient to prepare and

are more stable reagents than aryl triflates, and they are generated from phenols using a

cheaper sulfonating agent. However, the palladium-catalyzed coupling of aryl tosylates is

rare. Only one paper has contained palladium-catalyzed coupling with arene sulfonates, and

this work involved an electron-deficient aryl fluoroarene sulfonate [151]. One report of the

carbonylation of an activated aryl tosylate has appeared [152]. Thus, it was remarkable that

the complexes derived from ligand 11 were found to catalyze the amination of aryl tosylates

as shown in Eq. (13). These reactions required 110 �C for unactivated aryl tosylates, but the

yields were high. Because of the tight chelation of these ligands, high selectivity is observed

for reactions of primary amines with the unhindered and unactivated p-tolyl tosylate.

4.3.3.3 P,N Ligands and Dialkylphosphinobiaryl Ligands

Buchwald’s group showed that phosphino ether ligands developed by Kumada and Hayashi

for asymmetric cross-coupling [153, 154] gave high yields in the formation of tertiary amines

from aryl bromides and acyclic secondary amines [112]. Kocovsky showed that complexes of

MAP, an amino analogue of MOP that is based on a binaphthyl structure, gives fast rates in

the arylation of anilines [155]. To convert palladium complexes of these ligands into catalysts

suitable for amination of aryl chlorides, Buchwald’s group prepared cyclohexyl analogues

of MAP and of BINAP, one of which (ligand 13) is shown in Eq. (14) [156]. These ligands

generate catalysts for high-yielding aminations of unhindered aryl bromides with secondary
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amines and of ortho-substituted aryl bromides with primary amines at room temperature.

The catalysts bearing these ligands also allow the amination of activated aryl chlorides at

room temperature and of unactivated aryl chlorides at 80–100 �C. The cyclohexyl MAP

analogue 13 is generally more suitable for reactions of secondary amines than primary

amines, but it does permit mild coupling chemistry of primary amines and ortho-substituted
aryl halides.

ð14Þ

Although the P,O and P,N structures and their potential hemilability were part of the design

and selection of these ligands [157], the nitrogen substituent proved to detract from rather

than enhance the catalytic performance of palladium complexes of these ligands. Thus, their

desamino analogues, dialkylphosphino-2-biphenyl ligands 14 and 15 in Eq. (15) generated

more active catalysts and are simpler to prepare [156]. The dicyclohexylphosphino-2-biphenyl

and di-tert-butylphosphino-2-biphenyl ligands allow room temperature amination of aryl

chlorides in selected cases. For example, reactions that required elevated temperatures when

the cyclohexylphosphino P,N ligand was used could be performed at room temperature with

the 2-di-tert-butylphosphinobiphenyl ligand.

ð15Þ

A full account of the scope and limitations of the amination chemistry of these ligands has

recently appeared [158]. With ligand 15, a number of aminations were conducted at room

temperature. In the absence of an ortho substituent, couplings of primary amines with un-

activated aryl chlorides at room temperature required 5 mol % catalyst. However, a variety of

secondary amines, both cyclic and acyclic, reacted with activated or deactivated aryl chlorides

at room temperature. Thirteen examples were demonstrated. The scope of this process was

broader, however, when reactions were conducted at 80 or 110 �C. Under these conditions,

unactivated aryl chlorides reacted with a variety of amines in high yields. In favorable cases,

such as reactions of aryl chlorides bearing one ortho methyl group, reactions of N-methyl
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aniline, or reactions of morpholine with chlorotoluene, catalyst loadings of 0.05 % gave

complete conversion and high yields. As for hindered monodentate ligands discussed below,

reactions of chloropyridines with amines occurred, thus demonstrating that chelation is

not necessary for coupling of this class of electrophile. However, reaction temperatures of

110 �C, which are significantly higher than those needed for aryl chlorides, were necessary

for reaction of these heterocyclic substrates. Finally, these ligands generated catalysts that

induced clean chemistry with substrates containing base-sensitive groups. For these sub-

strates and this ligand system, K3PO4 was an effective base.

A variety of aryl bromides also reacted with amines at room temperature. Nevertheless,

reactions at 80 �C were generally the most suitable for catalyst loadings of 0.5 mol %. In

general, reactions of secondary amines or of primary amines with ortho-substituted bro-

moarenes were most favorable. The two examples of primary alkylamines reacting with un-

hindered aryl halides required long reaction times or higher catalyst loadings. Reaction of

benzylamine with 3,5-dimethylbromobenzene required a reaction time of 42 h, while reac-

tion of butylamine with bromobenzonitrile required 3 mol % catalyst and 22 h. In this case,

small amounts of the diarylamine were also formed. Aryl triflates were also suitable sub-

strates and reacted with similar scope. Reactions at room temperature were conducted with

NaOtBu as the base, while reactions at 80 �C were conducted with K3PO4. Most recently,

conditions have been optimized for reactions of aryl iodides. In this case, the dicyclohexyl

ligands 13 and 14, as well as Xantphos [159], provided the best yields between room tempera-

ture and 100 �C [160]. Despite some remaining limitations, these studies showed the broad

scope of reactivity generated by catalysts with sterically hindered alkylphosphine ligands.

4.3.3.4 Phenyl Backbone-Derived P,O Ligands

A related set of ligands was discovered from a screening study conducted at Symyx Tech-

nologies by Guram et al. They found that phenyl backbone-derived P,O and P,N ligands

were effective for amination chemistry and that a cyclohexylphosphino version of these

ligands, 17, gave high yields in the amination of aryl chlorides with secondary amines at

105 �C [161, 162]. The ligand 16 in Eq. (16) provided good yields of tertiary amines from

aryl bromides and acyclic secondary amines. Simply replacing the diphenylphosphino group

with a dicyclohexylphosphino group, as in ligand 17, generated catalysts that are similar in

activity to those bearing the cyclohexylphosphino biphenyl ligands 13 and 14. Unactivated

aryl chlorides reacted with secondary cyclic or acyclic amines in good yields, and unactivated

ortho-substituted aryl chlorides reacted with primary aryl- or alkylamines in good yields

when this ligand was used in combination with Pd(dba)2. Reactions of primary amines with

unhindered aryl halides were not reported.

ð16Þ
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4.3.3.5 Low-Temperature Reactions Conducted with P(tBu)3 as a Ligand

As discussed above, the group at Tosoh reported high turnover numbers for the arylation of

piperazine at high temperatures when an excess of P(tBu)3 was used. During preliminary

kinetic studies on this process, it was discovered that the reactions occurred under much

milder conditions when the isolated Pd(0) complex was used as catalyst and under even

milder conditions when a 1:1 ratio of ligand to Pd(dba)2 was used [163]. Moreover, this cat-

alyst system gave essentially quantitative yields with all secondary amines tested, including

acyclic dialkylamines. Aryl chlorides were also suitable substrates, and in all cases this cata-

lyst system provided high yields at 70 �C for reactions of secondary amines or anilines. Pri-

mary amines reacted at 100–110 �C [164]. In some cases, including an example of an un-

activated aryl halide, room temperature reactions were observed with aryl chlorides. The 1:1

ratio of ligand to palladium, low molecular weight of the ligand, and simple structure (and

therefore cost) make this catalyst system an economical one for large-scale synthesis. This

ligand is more air-sensitive than the biphenylyl ligands 13–15, but is available as a 10 %

solution in hexanes in a Sure/Seal bottle from Strem. Several examples of coupling reactions

conducted with this ligand are shown in Table 3.

4.3.3.6 Heterocyclic Carbenes as Ligands

A large body of literature has recently emerged on the use of heterocyclic carbenes as ligands

for many catalytic processes, and amination is no exception. These compounds can be made

in a sterically hindered form, and they are strongly electron-donating. Chart 2 shows several

ligand structures that have been used for palladium-catalyzed amination. In general, these

ligands are added to the reaction mixture in their air-stable protonated form, and the base

present in the system leads to deprotonation and subsequent coordination of the neutral

carbene to palladium. These ligands are commercially available as the protonated precursors.

For the amination of aryl halides, the 2,6-diisopropylphenyl-substituted carbene with a satu-

rated backbone (18) is the most active.

Nolan reported the use of the 2,6-diisopropylphenyl imidazolium carbene precursor,

which contains an unsaturated backbone, for the reaction of aryl chlorides with a variety of

amines at 100 �C [165, 166]. This temperature is lower than those conventionally used for

reactions of aryl chlorides, but is higher than those used with P(tBu)3 or the 2-biphenylyl

di-tert-butylphosphines. Reaction yields were high when 2 mol % palladium was used. Re-

actions of primary amines occurred in good yield, even when unhindered aryl halides were

used. The monoarylamine was obtained in 86 % yield, and only a 5 % yield of the diaryl-

amine by-product was isolated. Notably, reactions of both aryl bromides and iodides pro-

ceeded at room temperature.

Subsequently, as part of an effort to analyze ligand libraries in a high-throughput fash-

ion, Hartwig and co-workers showed that the carbene precursor with 2,6-diisopropyl-

phenyl groups and a saturated backbone 18 generated complexes that catalyzed the reactions

of aryl chlorides at room temperature and with high turnover numbers at elevated temper-

atures [167]. As for the catalysts formed from imidazolium salts, the ligand precursor is

stable to air, simple to prepare, and is now available from Strem. In fact, complete conver-

sion was observed for a reaction conducted without degassing the toluene solvent. These re-

actions are summarized in Table 4.

In general, reactions of secondary amines and of anilines occurred in high yields with
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Tab. 4.3. Reactions of aryl bromides and chlorides with amines catalyzed by Pd(0)/P(t-Bu)3

Entry Aryl Bromide Amine Product Cond.a Yieldb (%)

1 RT

1 % Pd

1 h

91

2 RT

1 % Pd

4 h

97

3 RT

1 % Pd

1 h

97

4 RT

1 % Pd

1 h

94

5 RT

1 % Pd

1 h

85

6 RT

1 % Pd

1 h

87

7 HNBu2 RT

1 % Pd

4 h

90

8 HNBu2 RT

2 % Pdc

6 h

81

9 RT

1 % Pdc

6 h

96

10 RT

1 % Pd

6 h

99

11 RT

1 % Pd

5 h

95
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1 mol % palladium. Even electron-rich substrates such as 4-chloroanisole gave nearly quan-

titative yields. As mentioned in Section 4.3.2.3, pyridyl halides can behave differently to aryl

halides because of their ability to coordinate to palladium and displace the phosphine

ligands. However, the high binding energy of these heterocyclic carbene ligands [168] ap-

parently prevents displacement of the ligand in the active form of the catalyst. Both 2- and 3-

chloropyridine give complete conversion. Reactions at 100 �C provide high turnover num-

Tab. 4.3. (continued)

Entry Aryl Bromide Amine Product Cond.a Yieldb (%)

12 1 % Pd

RT

12 h

90

13 HNBu2 1 % Pd

70 �C
12 h

88

14 HNPh2 1 % Pd

RT

5.5 h

89

15 H2NPh HNPh2 5 % Pd

RT

25 h

75

16 HNPh2 4 % Pd

70 �C
16 h

80

aReactions run with 1 mmol of aryl halide in 1–2 mL of toluene at

room temperature. Pd(dba)2 used in combination with 0.8 equiv of

ligand/Pd.
b Isolated yields are an average of at least two runs.
cPd(OAc)2 used in place of Pd(dba)2.

Chart 2
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Tab. 4.4.

ArCl
1:0 mmol

þNHRR 0
1:2 mmol

�����������������!PdðdbaÞ2=18
1:5 eq NaOt-Bu; DME

Ar-NRR 0

entry ArCl amine product T/þC time yieldb

1 rt 3 h quant.

2 rt 20 h 86 %c

3 NH2-n-C6H13 70 8 h 40 %c

4 H2NaPh rt 18 h 82 %c,d

5 55 18 h 94 %c

6 100 3 h 71 %c,e

7 100 7 h quant.f

8 rt 16 h 97 %c

9 rt 4 h 88 %

10 rt 3 h 97 %

11 rt 5 h 96 %

12 rt 3 h 98 %
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bers. Morpholine reacts with 4-chlorotoluene in quantitative yield when using 0.02 mol %

catalyst. These 5000 turnover numbers are equal to the highest obtained for the amination of

aryl chlorides. Piperazine, however, reacts more sluggishly, and a temperature of 100 �C was

necessary even when 2 mol % of catalyst was used. Reactions of primary amines were slower

than those of secondary amines, and low conversions were observed at room temperature.

In addition, Caddick and Cloke [169] have recently reported the use of isolated bis(1,3-di-N-
tert-butylimidazol-2-ylidine)palladium(0) (see Chart 2) as a catalyst for the reactions of 4-

chlorotoluene with morpholine and piperidine to give yields of 95 % and 70 %, respectively,

at 100 �C.

4.3.3.7 Phosphine Oxide Ligands

A clever ligand design that makes use of phosphine oxides and their tautomeric phosphi-

nous acids has recently been reported by Li at DuPont [170, 171]. As shown in Chart 3, the

coordinated di-tert-butylphosphinous acid becomes a strongly donating ligand when de-

protonated, and the ligand is air-stable when free in solution. This strategy generated cata-

lysts for a variety of cross-coupling reactions, including aryl halide amination. Although the

substrate scope was not demonstrated to be particularly broad, and substrates that cannot be

tackled effectively with other ligands were not studied, the approach to ligand design was a

significant departure from conventional systems.

Tab. 4.4. (continued)

entry ArCl amine product T/þC time yieldb

13 rt 20 h 93 %c

aperformed at 1 mol % Pd/2 (1/1) and 1.0 M unless indicated

otherwise; see [22] for furthe details.
b isolated yields are average of at least two runs; products > 95 % pure

as judged by 1H NMR and GC.
c2 mol % Pd/2.
d substrate conc. 2.0 M.
e4 equiv of amine.
f substrate conc. 2.9 M, 0.02 mol % Pd and 0.08 mol % ligand 2.

Chart 3
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4.3.4

Heterogeneous Catalysts

Three papers have appeared in the past two years on catalysts that are either supported on

polymers or are heterogeneous. Djakovitch first reported amination reactions catalyzed by

palladium particles immobilized on metal oxide supports, as well as by palladium complexes

contained in NaY zeolites [172]. In most cases, these reactions were conducted at high tem-

peratures, generally 135 �C. When NaOtBu was used as the base, competing amination

through a benzyne intermediate was observed. Thus, para:meta regioselectivity was not high,

and reaction yields were modest.

Lipshutz has reported nickel on carbon catalysts for the amination of aryl chlorides [173].

The reactions were conducted with added DPPF as the ligand. The scope of the process is

similar to that seen with homogeneous nickel species. Secondary amines provide good yields

with electron-poor or electron-rich aryl chlorides, and anilines are suitable for coupling with

a range of aryl chlorides.

In addition, Buchwald has reported polymer-bound versions of the biphenylyl dialkyl-

phosphines. As shown in Chart 4, the ligand is tethered to Merrifield resin through a 2 0-OH
on the biphenylyl group. The scope for reactions was similar to that of homogeneous cata-

lysts bearing these types of ligands. Catalysts were recycled four times starting with 2 mol %

catalyst, and they largely retained their activity.

4.4

Aromatic CxN Bond Formation with Non-Amine Substrates and Ammonia Surrogates

The scope of the aromatic CaN bond formation extends beyond simple amine substrates.

For example, selected imines, sulfoximines, hydrazines, lactams, azoles, carbamates, and

amides all give useful products following aromatic CaN bond formation. In addition, allyl-

amine undergoes arylation, providing an alternative to the ammonia surrogates benzyl-

amine, tert-butyl carbamate, and benzophenone imine. Although it is an amine substrate,

the reaction of this reagent is included here because of its special purpose.

ð17Þ

Chart 4
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ð18Þ

4.4.1

Amides, Sulfonamides, and Carbamates

The initial reports on the arylation of amides and sulfonamides involved intramolecular ex-

amples and monodentate triarylphosphine ligands [100]. A paper has recently appeared that

reports improved yields for intramolecular reactions when are used MOP, DPEphos, or

Xantphos are used as the ligand [174] (Eqs. (17) and (18)). In general, Cs2CO3 was used for

the cyclization of acetamides and carbamates, but K2CO3 proved to be the best base for the

cyclization of benzamides. In the initial report, P(furyl)3 and P(o-C6H4Me)3 were the ligands

that gave the most effective catalysts. Five- and six-membered rings, but not seven-mem-

bered rings, could be formed with acceptable yields. The more recent report improved upon

the original procedures, extended the chemistry to carbamates, and included the formation

of five-, six-, and seven-membered rings with benzamides, acetamide, N-carbobenzyloxy, and
tert-butyl carbamate substituents tethered to aryl halides, as shown in Eq. (18). The optimal

ligand depended on the particular substrate.

ð19Þ

In addition, the coupling of lactams with aryl halides has been conducted in certain

cases using arylphosphines, in this case DPPF. Shakespeare showed that a combination of

Pd(OAc)2 and DPPF formed N-aryl lactams in good yields from five-membered lactams (Eq.

(19)) [175]. Reactions involving electron-neutral aryl halides required long reaction times,

but did proceed in good yield. Four-, six-, and seven-membered lactams gave poor yields with

unactivated aryl halides, but good yields with electron-poor aryl halides. No reaction was, of

course, observed in the absence of catalyst.

ð20Þ
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ð21Þ

Most recently, significant improvements have been made with regard to the reaction of aryl

halides with amides, sulfonamides, and carbamates (Eq. (20)) [176]. Yin and Buchwald re-

ported that palladium complexes containing Xantphos as a ligand gave good yields in a

number of reactions between aryl bromides and these nucleophiles. The scope of the reac-

tion remains narrower than that for amine substrates, but a variety of benzamides, acet-

amides, formamides, sulfonamides, and carbamates reacted with electron-poor aryl bro-

mides to form good yields of the respective products. In addition, unactivated aryl bromides,

iodides, and triflates reacted with benzamides, acetamides, N-methylformamide, and four-,

five-, and six-membered ring lactams. Aryl chlorides, ortho-substituted aryl bromides, and N-
alkyl acetamides were not suitable substrates. Moreover, the reactions were highly sensitive

to temperature, as outlined in a footnote. Reactions performed at 100 �C for 16 h led to full

conversion, but those performed at 120 �C, even with higher catalyst loadings, gave only low

conversions. In addition, Edmundson reported the reaction of aryl halides with vinylogous

amides using P,N ligand 13 (Eq. (21)) [177].

ð22Þ

Prior to the recent paper by Buchwald, an intermolecular version of the arylation of carba-

mates was published by Hartwig et al. (Eq. (22)) [163]. His group showed that reactions cat-

alyzed by a combination of Pd(OAc)2 and P(tBu)3 formed N-aryl carbamates from aryl bro-

mides or chlorides and tert-butyl carbamate, but that this system was inactive for reactions of

amides or sulfonamides. Again, the reaction conditions were not as mild as those used for

amination, but they were similar to those employed in the reactions with Xantphos. For the

intermolecular reactions, the use of sodium phenoxide as base was crucial.

4.4.2

Allylamine as an Ammonia Surrogate

Allylamine can serve as an ammonia surrogate [178]. In the presence of palladium catalysts

ligated by P(o-tolyl)3, diallylamine reacts with aryl bromides in modest yields. Reactions of

allylamine with aryl and heteroaryl bromides catalyzed by (DPPF)PdCl2 give higher yields.

Presumably, these reactions can be conducted in a more general fashion with the improved

catalysts described above. Cleavage of the allyl group to give the parent arylamine was ach-

ieved using methanesulfonic acid and Pd/C.
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4.4.3

Imines

Benzophenone imine is commercially available and serves as an ammonia surrogate that

reacts with aryl halides in high yields under standard palladium-catalyzed conditions. Cata-

lysts based on both DPPF- and BINAP-ligated palladium give essentially quantitative yields

in reactions with aryl bromides (Eq. (23)). These reactions can be conducted with either

Cs2CO3 or NaOtBu as the base [179, 180]. The products are readily isolated by chromato-

graphic techniques or by crystallization. Alternatively, they can be cleaved to the parent ani-

line by addition of hydroxylamine, acid, or Pd/C [180].

ð23Þ

Sulfoximines have also proven to be suitable substrates for palladium-catalyzed CaN bond

formation, as shown in Eq. (24), but the chemistry is less general than that with benzophe-

none imine [181]. Instead of serving as protected anilines, the products may be used as

ligands for asymmetric catalysis. S-Methyl-S-phenyl sulfoximine was coupled with aryl bro-

mides using P(o-tolyl)3, BINAP-, and DPPF-ligated palladium catalysts and alkoxide or car-

bonate as the base. Reaction times were long, but good yields were obtained in the case of

electron-deficient aryl halides when either BINAP or DPPF was used as the ligand. Reactions

of unactivated aryl halides gave good yields when an excess of the aryl halide was used or

when the sulfoximine was added slowly. A full account of this work, including the synthesis

of unsymmetrical, non-racemic, chiral N,N ligands, has recently appeared [182].

ð24Þ

4.4.4

Protected Hydrazines

Azoles can be produced from the products of palladium-catalyzed hydrazone arylation and

can themselves serve as substrates for arylation reactions to produce N-aryl azoles by the

Fischer indole synthesis. N-Aryl pyrazoles and related heterocycles can also be prepared after

obtaining N-aryl hydrazines by palladium-catalyzed procedures. Benzophenone hydrazone

was first found by both the Yale and MIT groups to be a particularly effective substrate for

palladium-catalyzed reactions, as summarized in Eq. (25) [183, 184]. Reactions of benzo-

phenone hydrazone with either aryl bromides or iodides occur in high yields in the presence

of either DPPF- or BINAP-ligated palladium. These reactions are general and proceed with

electron-rich, electron-poor, hindered, or unhindered aryl halides. The products of these re-
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actions can be converted to hydrazones that bear enolizable hydrogens and that are suitable

for indole synthesis in the presence of an acid and a ketone [183].

Most recently, Wagaw, Yang, and Buchwald published a full account of the synthesis of

indoles using the palladium-catalyzed amination process [185]. From the standpoint of ca-

talysis, new results included improved turnover numbers and rates when Xantphos was

used as ligand. Moreover, this ligand allowed diarylation of the hydrazone, including a one-

pot sequential diarylation to provide mixed diaryl hydrazones. A procedure for the alkylation

of N-aryl hydrazones was also reported. These procedures allow the formation of N-aryl and
N-alkyl indoles after subjecting the products to Fischer conditions for indole synthesis.

ð25Þ

An addition to the literature on the arylation of protected hydrazines was recently con-

tributed by Skerlj et al. [186]. In addition to the reactions of halopyridines with tert-butyl
carbazate (H2NNHBoc) discussed in Section 4.3.2.3, these authors have reported the reac-

tion of electron-deficient aryl bromides with this substrate. Reactions occurred when using

DPPF or the ferrocenyl 11 as the ligand along with Cs2CO3 as the base at temperatures of

100–110 �C.

4.4.5

Azoles

Indoles, pyrroles, and carbazoles are themselves suitable substrates for palladium-catalyzed

amination. An initial study of this reaction using DPPF-ligated palladium as the catalyst

showed that these reactions occurred readily with electron-poor aryl halides. With unacti-

vated aryl bromides, reactions with pyrrole or indole resulted in good yields, but reaction

times were long and a temperature of 120 �C was required. Thus, an improved catalyst sys-

tem was necessary to make the reaction more general and amenable to temperature- or base-

sensitive substrates.

Sterically hindered alkylmonophosphines provided improved catalyst systems (Table 5)

[163]. In this case, reactions occurred within 8 h at 100 �C for both activated and deactivated

aryl bromides and with electron-poor or electron-neutral aryl chlorides. Reactions of ortho-
substituted aryl halides were unusual, providing a mixture of 1- and 3-substituted indoles,

but these aryl halides were suitable substrates when the 3-position of the indole was also

substituted. The origin of this C- vs. N-arylation is unknown. The Tosoh group has also used

this catalyst system for the arylation of the parent pyrrole, indole, and carbazole. They ob-

served that Rb2CO3 was a particularly effective base [187].
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Old, Harris, and Buchwald most recently reported the use of their 2-biphenylyl ligands for

the arylation of indoles [188]. Similar problems of multiple and non-regiospecific arylation

were observed, but some of the ligands alleviated these problems. NaOtBu was the most

useful base with these ligands, but K3PO4 could also be used with base-sensitive function-

alities. Pd2(dba)3 proved to be superior to Pd(OAc)2 as precursor. The ligands in Chart 5

proved most effective for these reactions. Ligands 19 and 20 gave the highest rates, and li-

gand 21 was most effective in generating the N-aryl indole rather than the products of C3-

arylation in reactions of 2- and 7-substituted indoles.

Beletskaya has shown that the reaction of benzotriazoles with aryl halides catalyzed by a

Tab. 4.5. Reactions of aryl halides with azoles catalyzed by Pd(0)/P(t-Bu)3

Entry Aryl Halide Azole Product Cond.a Yieldb (%)

1 4 % Pd

12 h

72

2 3 % Pd

12 h

88

4 3 % Pd

6 h

83

5 3 % Pd

6 h

77

6 5 % Pd

12 h

64

aReactions were run with 1 mmol of azole in 1–2 mL of toluene at

100 �C. Pd(dba)2 used in combination with 0.8–1.0 equiv. of ligand/Pd.
b Isolated yields are an average of at least two runs.

Chart 5
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mixture of dppe (bis(diphenylphosphino)ethane) and copper(I) iodide or copper(II) carbox-

ylates proceeds in good yield in DMF solution with a phase-transfer catalyst [189]. The

mechanism of these reactions is unknown, although copper is known to catalyze them.

However, it was shown that both copper and palladium are required for these reactions to

occur at the N-1 position in high yields. Similar results were observed in aqueous solution

with aryliodonium salts as electrophiles [131].

ð25Þ

A remarkable process was recently reported by Mori in which dinitrogen is the source of

the nucleophile to form anilines, as shown in Eq. (26) [190]. In this chemistry, dinitrogen is

used to generate ‘‘titanium nitrogen fixation complexes’’ by reactions of titanium tetra-

chloride or tetraisopropoxide, lithium metal, trimethylsilyl chloride, and dinitrogen. These

complexes are then allowed to react with the aryl halide and a palladium catalyst to generate

a mixture of the aryl- and diarylamine. In general, palladium ligated by DPPF gave higher

yields of the arylamine product, which were as high as 77 % when using 4-biphenyl bromide

and 80 % when using 1-naphthyl triflate.

ð26Þ

4.5

Amination of Base-Sensitive Aryl Halides

The use of a strong base in the palladium-catalyzed amination of aryl halides precludes the

use of many substrates, such as those with aromatic nitro groups or enolizable hydrogens,

esters other than tert-butyl esters, and many substrates with base-sensitive stereochemistry

such as some protected amino acids and heterocyclic substrates [191]. Thus, conditions that

employ milder bases are required. A solution that involves reaction temperatures as low as

those used for reactions conducted with sodium tert-butoxide has not been developed. How-

ever, carbonate and phosphate bases can be used with certain catalysts at reaction temper-

atures comparable to those of reactions involving the first- and second-generation catalysts.

ð27Þ
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As discussed above, the reactions of amines with aryl triflates instead of aryl halides allow

the use of Cs2CO3 as the base. Further, reactions of activated aryl halides and some hetero-

aryl halides can be conducted with Cs2CO3 as the base instead of tert-butoxide, without re-
quiring a change of catalyst [105, 191]. However, reactions of unactivated aryl halides with

this weaker base require a different catalyst. A solution to the problem of coupling un-

activated aryl halides in the presence of base-sensitive functionalities began with the use of

one of Kumada’s phosphino ether ligands (Eq. (27)) [105, 112]. Catalysts containing Kuma-

da’s P,O ligand allowed aminations of unactivated aryl halides in the presence of Cs2CO3 as

base. More recently, Buchwald has used the biaryl ligands 13–15 for the amination of aryl

halides with Cs2CO3 and the less expensive and less toxic K3PO4 [156]. The catalyst con-

taining commercially available P(tBu)3 also allows the reaction of unactivated aryl halides

with secondary amines in the presence of Cs2CO3 or K3PO4 as the base, as shown in Eq. (28)

[163]. Thus, simple tert-butyl monophosphines appear to generate active catalysts for re-

actions involving weaker bases, albeit at temperatures in the range 85–100 �C. Presumably

the amine can coordinate to the three-coordinate, 14-electron, monophosphine intermediate

formed after oxidative addition of aryl halides to complexes with hindered monophosphines

[122, 192].

ð28Þ

4.6

Applications of the Amination Chemistry

Studies on the applications of the amination chemistry have begun to emerge. The results

demonstrate the utility of the amination in the construction of complex, biologically active

molecules, in the synthesis of electronically important structures, and in the synthesis of

ligands for other catalytic chemistry.

4.6.1

Synthesis of Biologically Active Molecules

Stoichiometric, palladium-mediated cyclization was used in natural product synthesis by

Boger a number of years ago, as was noted in the introduction. More recently, an intra-

molecular palladium-catalyzed amination of a heteroaromatic halide has been used as a step

in the synthesis of an a-carboline natural product analogue [193]. As discussed above, the

diphenylhydrazone arylation can also be used for nitrogen heterocycle synthesis [183].

4.6.1.1 Arylation of Secondary Alkylamines

N-Arylpiperazines are common substructures of molecules that influence various biological

processes and, therefore, the arylation of monoprotected and the single arylation of unpro-

tected piperazines has been studied. As discussed above, the monoarylation of piperazines
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was the reaction for which Nishiyama, Koie, et al. initially applied catalysts bearing P(tBu)3
as a ligand to obtain high turnover numbers at high temperatures [136]. Two other reports

of piperazine arylation have appeared, one of a Boc-protected piperazine [194] and one

of an unprotected piperazine (the original P(o-tolyl)3/Pd(0) catalyst system) [195]. Morita

has used the arylation of piperazines as a crucial step in the synthesis of a metabolite of ari-

piprazole, as shown in Eq. (29) [196]. This reaction involved the use of a tetrasubstituted di-

chlorobromoarene as substrate to give a product that could be readily converted to the final

target. Researchers at Sepracor have conducted the amination of an N-aryl aryl triazolone
with a piperazine to generate the two enantiomeric versions of hydroxyitraconazole (Figure

2) [197]. Finally, Schmid reported the use of a piperidine or morpholine group installed by

palladium chemistry as a directing and then leaving group in a concise synthesis of ralox-

ifene. Reaction of the cyclic secondary amines with 2-bromobenzo[b]thiophene generated a

structure that could be acylated and then reacted at the amino position to deliver an aryl

Grignard for synthesis of a 2-aryl benzothiophene [198].

ð29Þ

Buchwald has used the intramolecular reaction of acyclic secondary amines with an aryl ha-

lide in the total synthesis or the formal total synthesis of a series of tetrahydropyrroloquino-

lines using palladium-catalyzed amination [199]. A brief description of the methods em-

ployed is provided in Eqs. (30) and (31). The approach in Eq. (30) involves formation of the

six-membered ring system by means of a palladium-catalyzed intramolecular amination. The

reaction conditions contained K2CO3 as the base for the cyclization and involved high tem-

peratures. However, the use of NaOtBu, which might have allowed reaction at lower tem-

peratures, led to cleavage of the carbamate. The cleavage products apparently inhibited cata-

lyst activity.

Fig. 2. The disconnection used to form hydroxyitraconazole.
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ð30Þ

A second approach involved formation of the indole five-membered ring by amination

chemistry and the six-membered ring by Zr-benzyne chemistry (Eq. (31)). In this case, the

optimal cyclization conditions could be employed, and the reaction temperature was lower.

The product of the cyclization is an intermediate in the previous total syntheses of makaluv-

amine C and of damirones A and B.

ð31Þ

4.6.1.2 Arylation of Primary Alkylamines

Several reports on the application of the intermolecular arylation of primary alkylamines

have appeared. For example, the reaction of primary amines with chloro-1,3-azoles has been

used to produce the H-1-antihistaminic norastemizole [200]. As shown in Eq. (32), the se-

lectivity of the palladium chemistry is controlled by the steric properties of the amines. This

property creates selectivity that complements the thermal chemistry, which is dictated by the

amine nucleophilicity. The same researchers have also shown that this high selectivity for

arylation of primary over secondary amines with catalysts containing BINAP as ligand allows

the rapid assembly of other multiamino-based structures [201].

ð32Þ

Chida has coupled glycosylamines with 6-chloropurines to prepare models of spicamycin

and septacidin, two Streptomyces metabolites that show antitumor activity [202]. As shown in

Eq. (33), 5 mol % catalyst was used, and the reaction temperature was high (140 �C). Never-
theless, good yields of the desired N-aryl glycosylamine were obtained when BINAP was

used as the ligand, NaOtBu as the base, and either MPM or SEM as the N9 protective group.
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The gluco isomer was also amenable to the palladium-catalyzed arylation, although two

anomers were obtained as products.

ð33Þ

Recently, the arylation of several specific primary amines have been studied because of the

potential biological relevance of the products or products further downstream in a synthetic

sequence. For example, cyclopropylamine was shown to be a viable substrate for the cou-

pling under standard conditions [203]. Reactions of 7-azabicyclo[2.2.1]heptane have also

been conducted [204] under relatively standard conditions, but with bis(imidazol-2-ylidene)

as ligand. Complexes of this ligand and DPPF showed similar catalytic activities, which proved

to be superior to those of most bis(phosphine)s. ortho-Halo anilines were also studied, in this

case to provide access to carbolines after use of the halogen as a means of effecting cycliza-

tions by an electrophilic or reductive CaC bond formation with the other N-aryl group [205].

In other cases, unusual aryl halides have been used. Reactions of morpholine and amino-

pyridine with iodoarylporphyrins have been reported [206]. These reactions take advantage

of the ability of chelating ligands to provide activity and were conducted with either DPPF or

BINAP as the ligand, depending on the amine substrate. Protected benzimidazoles have

been used to prepare (benzimidazolyl)piperazines that show affinity for the 5-HT1A receptor.

Yields varied with the amine, but catalysts bearing DPPP or BINAP gave sufficient product

for biological evaluation [207, 208].

The palladium-catalyzed formation of diarylamines has been used in several contexts

to form molecules of biological relevance. The ability to prepare haloarenes selectively by

an ortho-metalation–halogenation sequence allows the selective delivery of an amino group

to a substituted aromatic structure. Snieckus has used directed metalation to form aryl ha-

lides that were subsequently allowed to react with anilines to form diarylamines (Eq. (34))

[209]. Frost and Mendonça have reported an iterative strategy to prepare, by the palladium-

catalyzed chemistry, amides and sulfonamides that may act as peptidomimetics. Diaryl-

amine units were constructed using the DPPF-ligated palladium catalysts, and the products

were then acylated or sulfonated with 4-bromobenzoyl or arylsulfonyl chlorides [210]. Le-

mière has coupled primary arylamines with 4-chloro-3(2H)-pyridazinones to form com-

pounds with possible analgesic and antiinflammatory properties.

ð34Þ

Several recent papers have reported the palladium-catalyzed formation of diarylamines to

prepare nucleosides of damaged DNA. Sigurdsson, Hopkins et al. reported the formation of
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a precursor to an interstrand cross-link by the reaction in Eq. (35) [211]. Improved yields

were reported by De Riccardis and Johnson when using Cs2CO3. Lakshman reported the

reaction of bromonucleosides with amines shown in Eq. (36) as a route to the DNA adducts

of carcinogenic aminobiphenyls [212]. In this case, a number of different reaction conditions

were investigated, and those involving K3PO4 and the P,N ligand 13 proved most effec-

tive for the transformation, albeit with high catalyst loadings. Johnson et al. have also re-

cently reported several preparations of carcinogenic amine adducts of 2 0-deoxyguanosine and
2 0-deoxyadenosine. In one case, they allowed protected derivatives of dG or dA to react with

o-nitroaryl bromides or triflates, and in another case they coupled 2 0-deoxy-2-bromoinosine

with several different amines. The latter method offered more flexibility because of the

greater generality of the procedures involving the reaction of amines with electron-deficient

aryl halides [213, 214]. This general strategy was also followed by Wang and Rizzo [215].

An 8-bromo-2 0-deoxyguanosine derivative was coupled to the food mutagen 2-amino-3-

methylimadazo[4,5- f ]quinoline (IQ). To obtain satisfactory yields, they used hexamethyldi-

silazide as the base and BINAP as the ligand. Several other arylamines and benzylamine

were successfully coupled to this guanosine. Finally, Arterburn et al. have recently reported

the nickel-catalyzed amination of a nucleobase [216]. They conducted a series of reactions

that coupled amino heterocycles and amines tethered to piperazine and piperidine in the

presence of a nickel catalyst bearing DPPF as the ligand.

ð35Þ

ð36Þ

An interesting application of the amination in carbohydrate chemistry has been reported by

Buchwald and Seeberger [217]. In this work, the amination chemistry was used as a de-
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protection method for 4-halo benzyl ethers. After the amination, a Lewis or protic acid will

readily induce cleavage of the benzyl group. The differential reactivity of aryl chlorides, bro-

mides, and iodides allows each of the halobenzyl groups to be deprotected selectively. The

iodobenzyl protective group reacts with amines more readily than the other halides and,

therefore, can be deprotected first. The bromobenzyl group is the next most reactive toward

coupling with amine and subsequent deprotection, and the chlorobenzyl group is the least

reactive. The halobenzyl substituents, therefore, serve as orthogonal protective groups to

PMB, TIPS, acetyl, and simple benzyl substituents.

4.6.2

Applications in Materials Science

Arylamines display electronic properties that are favorable for materials science. In particu-

lar, they are readily oxidized to the aminium form, and this oxidation leads to conductivity

in polyanilines, hole-transport properties in triarylamines, stable polyradicals with low-

energy or ground-state high-spin states, and the potential to conduct electrochemical sens-

ing. The high yields of the palladium-catalyzed formation of di- and triarylamines has al-

lowed ready access to these materials as both small molecules and discrete oligomeric or

polymeric macromolecules.

ð37Þ

4.6.2.1 Polymer Synthesis

Several reports on the synthesis of polymeric arylamines by palladium-catalyzed chemistry

have appeared. One group used the initial amination of aryl halides with dialkylamines to

prepare arylamine polymers [218] by coupling a bifunctional diamine and a dihaloarene, as

shown in Eq. (37). The highest molecular weights achieved were in the range 5000–6000,

indicating an average of 20 monomers each in a chain. Subsequent to this paper, the same

group published work with BINAP and P(tBu)3 as ligands instead of P(o-tolyl)3. Several sur-
prising results were obtained, including higher molecular weights when using P(o-tolyl)3
than when using P(tBu)3, despite the higher yields for the formation of triarylamines in

small molecule studies on triarylamine synthesis when using P(tBu)3 [137, 163, 219]. The

molecular compositions of these materials were not characterized in detail. Branching and

end-capping as a result of phosphine incorporation [220], molecular weight limiting cycliza-

tion [219], and precipitation of the polymer may account for these results.

More recently, Buchwald has reported the polymerization of the monomer in Eq. (38)

[220]. This monomer was polymerized at 80 �C for 24 h in the presence of a catalyst com-

prised of Pd2(dba)3 and ligand 14. The polymers generated from this monomer bearing a

Boc group are soluble in THF and chloroform with the aid of sonication. After isolation, the

Boc group could be removed by thermolysis at 185 �C or by protonolysis in air. Emeraldine

or the emeraldine salt forms of polyaniline result.
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ð38Þ

ð39Þ

Polymers containing chromophores such as acridine and azobenzene have also been pre-

pared by palladium-catalyzed amination according to two approaches [222–224]. The first

approach involved the polymerization of monomers containing the chromophore. For ex-

ample, 4-aminoazobenzene was condensed with 1,3-dibromobenzene (Eq. (39)) or 4,4 0-
dibromobiphenyl ether to form polymeric materials with Mw values of 9:0� 103 and

19� 103, respectively. Alternatively, polymers prepared by polymerization of 4-bromostyrene

or copolymerization of styrene and 4-bromostyrene were coupled with N-phenyl-4-amino

azobenzene. Substitution of the aryl bromides by the amino azobenzene unit was essentially

quantitative when using P(tBu)3 as the ligand.

A related approach to the formation of triarylamine-containing polymers involves synthe-

sis of a monomer containing the triarylamine unit and a second functional group that is

amenable to polymerization. Grubbs, Marder et al. reported the synthesis of norbornene

monomers containing a tethered triarylamine, using DPPF-ligated palladium as a catalyst to

form the triarylamine unit. Ruthenium-catalyzed ring-opening metathesis polymerization

then forms the triarylamine-containing polymer [225–226].

ð40Þ

Poly(m-aniline) has been prepared by palladium-catalyzed condensation of 1,3-dibromo-

benzene and 1,3-phenylene diamine by two different research groups (Eq. (40)) [227, 228]. In

this case, reactions with BINAP as the ligand gave the highest molecular weights. Kanbara

has reported Mw and Mn values in formamide solution of 42,400 and 20,100. Meyer has

carefully analyzed the products of these reactions, and these results cast doubt on the mo-

lecular weight data obtained by Kanbara, as shown in Eq. (40). First, studies on the reaction

yields using small molecules suggest that an Mn value near 7000 should be obtained. Sec-

4 Palladium-Catalyzed Amination of Aryl Halides and Sulfonates142



ond, Mw values in NMP and THF solutions are dramatically different: 24,000–39,000 in

NMP and 6300–8200 in THF. Thus, the values in THF would appear to be more realistic.

Some incorporation of the BINAP ligand into the polymer product was also observed. A

small degree of cross-linking may also be present, although small molecule studies showed

only a 0.05 % yield of triarylamine. In addition to the linear poly(m-aniline), a hyper-

branched version of this polymer was prepared [227].

Kanbara has since generated a family of poly(iminoarene)s by reaction of 1,3-dibromo-

benzene, 4,4-dibromodiphenyl ether, 2,6- and 3,5-dibromopyridines, 2,4-dibromothiophene,

and 1,1 0-dibromoferrocene with a variety of bifunctional arylamines [229]. In many cases,

no polymer was obtained, but for polymerizations involving dibromobenzene and 2,6-

dibromopyridine, materials with Mn values of over 10,000 were obtained. Spectral data were

provided for poly(2,6-aminopyridine) and a polymer made from dibromobenzene and a dia-

rylamino sulfone. These authors have also investigated nickel catalysts for the polymeriza-

tion of diamines with dichloroarenes, but the materials generated had molecular weights

below 10,000 in most cases [230].

Triarylamine polymers that possess oxetane rings for subsequent cross-linking have been

generated [231]. N,N-Diphenyl diaminobiphenyl was copolymerized with a dibromo mono-

mer containing the pendant oxetane. Using a catalyst comprised of Pd2(dba)3 and P(tBu)3 at
97 �C for 5 d, Braig et al. generated materials with Mn values of 7300–9400 and Tg values of

66–79 �C. Films of the polymers were deposited onto indium tin oxide with a photochemi-

cally active acid. The materials were then cross-linked under UV irradiation at elevated tem-

peratures and were investigated by UV/vis spectroscopy before and after washing with THF.

After heating at 150 �C under irradiation, the polymers became insoluble.

Detailed chemical studies on the formation of triarylamine polymers based on an early

communication [232] have now appeared [219]. Goodson, Hauck, and Hartwig reported the

use of improved catalysts and synthetic strategies to prepare pure, soluble, linear triaryl-

amine polymers with high molecular weights (Scheme 1). A large number of ligands were

prepared and tested for their ability to catalyze the formation of triarylamines in quantita-

tive yields. A phosphino ether ligand and P(tBu)3 were shown to be the most effective. True

polymeric N-aryl versions of poly(p-anilines), poly(m-anilines), alternating poly(m-and p-
aniline)s, and alternating donor–acceptor copolymers were all prepared. In the case of

polymerizations of substrates with meta-linkages, cyclization to form tetraazacyclophanes

occurred in competition with polymerization. The polymerization of oligomeric fragments

and/or the separation of the macrocycles from the polymer by size-exclusion chromatogra-

phy provided purely linear material. Incorporation of phosphine into the polymer by PaC

bond cleavage or ligand metalation processes is common in the formation of polymers by

palladium-catalyzed cross-coupling [233, 234]. The materials formed with P(tBu)3 as the

catalyst contained no phosphorus, as determined by long 31P NMR spectroscopic acquis-

itions and by 1H NMR spectroscopy. Thus, the use of P(tBu)3 as the ligand is important to

observe coupling in yields that are high enough to generate a polymer, to employ low catalyst

loads, and to prevent metalation or PaC cleavage reactions of the phosphine ligand.

4.6.2.2 Synthesis of Discrete Oligomers

Buchwald’s and Hartwig’s groups have both used exponential growth strategies to prepare

discrete arylamine materials. Buchwald, Sadighi, and Singer prepared oligomers based on
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diarylamine structures [235, 236], while Hartwig and Louie prepared discrete triarylamine

oligomers [237]. Janssen has since prepared N-methyl versions of alternating meta,para-
diarylamine octamers without exponential growth by coupling dibromobenzene with two

tetramers containing amino termini [238]. These materials generate high-spin structures

after oxidation. The exponential growth strategy used by Buchwald and Hartwig to generate

the larger oligomers relies on orthogonal protection of two functional groups at the termini

of the oligomers. Buchwald’s group used N-aryl benzophenone imines as protected anilines

and trimethylsilylarenes as masked aryl halides. In addition, Boc groups were used to protect

internal diarylamine nitrogens in the monomer units. This protection served to solubilize

the materials and to make them less susceptible to air or chemical oxidation. BINAP-ligated

palladium complexes were used to conduct the couplings to form the diarylamine linkages.

Deprotection of the Boc group and the end-functionalized termini produced materials suit-

able for studies on the electronic properties of polyanilines with variable chain lengths.

Triarylamine materials of variable chain length [237] were synthesized by using palladium

chemistry to couple diarylamines with aryl nonaflates as shown in Scheme 2. The diaryl-

amines were protected with an N-benzyl group, and the aryl nonaflate was masked as a TBS-

protected phenol. The TBS-protected phenol was directly converted to the nonaflate by CsF

and FSO2C4F9, and the benzyl group was, of course, removed by hydrogenolysis. The

building blocks were prepared prior to the use of P(tBu)3 for this chemistry. The CaN bonds

of the chain were, therefore, constructed using a complex containing DPPF as ligand; a

bromide additive appeared to increase reaction yields, but it is unclear as to how large an

effect this additive had on this amination process. The materials produced were soluble in

organic solvents by virtue of the methoxy substituents on the pendant N-aryl groups.
Hyperbranched triarylamine materials have also been prepared by the amination chemis-

try, as shown in Scheme 3. The material contains exclusively p-phenylene diamine linkages

Scheme 1
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and triarylamines. The triarylamines were constructed with a combination of benzyl-pro-

tected 4,4 0-dibromodiarylamines and lithium diarylamides. The formation of the triaryl-

amine linkage with aryl bromides and lithium diarylamides proceeded in >90 % yield under

mild conditions in the presence of tris(o-tolyl)phosphine-ligated palladium as the catalyst.

These materials were characterized by conventional spectroscopic means, as well as by mi-

croanalysis. Each carbon was resolved in the 13C NMR spectrum, and a molecular ion was

observed by mass spectrometry. The electrochemical behavior of the three-fold symmetric

dendrimer was complex and showed a large number of reversible electrochemical waves.

The radical cation was generated in solution, which proved to be stable and could be ob-

served by ESR spectroscopy. This material also shows a high glass-transition temperature.

Scheme 2

Scheme 3. Synthesis of triarylamine dendrimers.
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Multiple arylations of polybromobenzenes have also been conducted to generate electron-

rich arylamines. Tris(4-bromophenyl)amine and 1,3,5-tribromobenzene both react cleanly

with N-aryl piperazines with either P(o-tolyl)3 or BINAP-ligated catalysts to form hexaamine

products [130]. Reactions of other polyhalogenated arenes have also been reported [189].

4.6.2.3 Synthesis of Azacyclophanes

In 1998 and 1999, two groups reported macrocyclizations to form tri- and tetraazacyclo-

phanes [239–242]. These classes of arylamine have more defined structures than the linear

oligomers. Tanaka has prepared cyclic, meta-linked trimers of N-methylaniline. Both Tanaka

and Hartwig have prepared alternating meta,para,meta,para-tetraazacyclophanes. Tanaka’s

structures bear N-methyl groups, while Hartwig’s bear N-aryl groups of varying electronic

structure. Both research groups showed that the high-spin state of the dication is the ground

state or is energetically low lying relative to the singlet state. The N-methyl cyclophanes

generated dications that were unstable except at well below room temperature. The N-aryl
cyclophanes were stable for hours at room temperature. The most recently developed cata-

lysts bearing P(tBu)3 as the ligand have led to high yields of the N-aryl tetraazacyclophanes
in the last cyclization step and yields of 20–30 % from a one-pot synthesis. The N-methyl

materials were produced in less than 5 % yield.

4.6.2.4 Synthesis of Small Molecules for Materials Applications

Palladium-catalyzed amination has also been used to prepare small arylamines that can

function as sensors, nonlinear optical materials, magnetic materials, electrode modifiers,

hole-transport materials, and dyestuffs. N-Arylpolyamines that have the potential for multi-

ple applications have also been prepared.

Azacrown ethers with chromophores bound to the nitrogen for metal cation selective de-

tection systems have been prepared by several groups. Aza-18-crown-6 reacts in modest

yields with 9-bromoanthracene in the presence of palladium catalysts to form the N-aryl
azacrown [243]. Among reactions conducted with the four ligands P(o-tolyl)3, BINAP, DPPP,
and DPPF (DPPP ¼ 1,3-diphenylphosphinopropane), the DPPF as one with ligand fur-

nished the highest yield, 29 %. Improved yields have recently been reported with electron-

poor aryl bromides, such as bromobenzonitrile, bromobenzophenone, 2-bromopyridine, and

dibromo analogues of the latter two substrates [244]. For these substrates, P(o-tolyl)3 and

PPh3 were used as ligands. In addition, Witulski et al. prepared an alkali metal chemosensor

by an amination to form a 10-cyano-9-N-anthryl-azacrown ether. The nitrogen donor and cy-

ano acceptor create a material showing intramolecular charge transfer that allows spectro-

scopic detection of metal ions [245]. Concurrently, Zhang and Buchwald employed dialkyl

biphenylylphosphines in the synthesis of N-aryl azacrowns. They showed that ligand 13

generates catalysts with improved activity, relative to those generated from P(o-tolyl)3 or

PPh3, for the coupling with azacrown ethers. Beletskaya has used the DPPF-ligated palla-

dium system to conduct selective monoarylation of ethylene diamine, diethylene triamine,

triethylene tetraamines, and 2,2-dimethylbutane-1,3-diamine [246]. These polyamines could

also be used for ion sensing by attaching chromophoric aryl groups to the polyamine.

A number of groups have used the palladium chemistry to prepare triarylamines that are

relevant to electronic materials. Barlow and Marder showed that N,N-diarylaminoferrocenes

can be prepared by this methodology. Aminoferrocene [247] was allowed to react with 4-

bromotoluene under rigorously anaerobic palladium-catalyzed conditions with DPPF as the
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ligand to produce N,N-di-p-tolylferrocene in 58 % yield [248]. This material is readily oxi-

dized to the radical cation. The radical resides predominantly on the ferrocene, but the

metal–ligand charge-transfer band is red-shifted. Lin, Tao and co-workers have generated

green light-emitting carbazole derivatives using the palladium-catalyzed amination [249].

Using catalysts generated from P(tBu)3 and Pd(dba)2 in a 1:1 ratio, they prepared N-phenyl
carbazole and, after bromination, a structure with two diarylamino groups on the carbazole.

One of the N-aryl substituents of each diarylamino group was a pyrenyl group, while the

other was a phenyl, tolyl, or anisyl group.

Marder et al. were the first to show that unsymmetrical triarylamines could be prepared,

as shown in Eqs. (41) and (42), by sequentially reacting aniline with two different aryl ha-

lides, or by reacting 4,4 0-dibromobiphenyl with an arylamine and then a second aryl halide

with DPPF-ligated palladium as the catalyst [250]. Buchwald subsequently published similar

results on the formation of mixed alkyl diarylamines starting from a primary alkylamine

[251] or a primary arylamine [252]. With ligand 15, good yields were obtained in one-pot

syntheses of triarylamines. Meerholz used DPPF to prepare TPD analogues containing cross-

linkable groups analogous to those used to generate the triarylamine polymers discussed

above [253].

ð41Þ

ð42Þ

The amination chemistry has also been applied to dyes. Ipaktschi and Sharifi reported the

palladium-catalyzed synthesis of 2,7-diaminofluorenones by two indirect routes due to the

base sensitivity of fluorenones [254]. In the first, 2,7-dibromofluorene was initially treated

with secondary amines, and subsequent oxidation of the product formed the diamino-

fluorenone. Alternatively, reaction of aminostannanes derived from secondary amines with

2,7-dibromofluorenone gave yields of the fluorenone ranging from 42–58 %. Most recently,

Mullen et al. have prepared thermotropic perylene dyes [255]. Using benzophenone imine as

an ammonia surrogate and palladium-BINAP catalysts, they generated an amino-substituted

perylene dye from the corresponding brominated dye. After acid-mediated hydrolysis of

the benzophenone imine and the introduction of two Boc groups on the nitrogen, the dye

changes from one color at low temperature to a second at higher temperature due to release

of the Boc groups and regeneration of the free arylamine.

4.6.3

Palladium-Catalyzed Amination in Ligand Synthesis

Amido compounds are gaining increasing importance in early transition metal chemistry as

supporting ligands, and structures with both phosphorus and nitrogen donor atoms are
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finding increased use as non-C2 symmetric ligands for asymmetric catalysis. Thus, the ami-

nation chemistry can provide a useful method for ligand synthesis. In the past few years,

the number of ligands that have been generated using this chemistry has increased rapidly.

Schrock reported a palladium-catalyzed synthesis of triamido ligands that are useful for

performing a-olefin polymerization chemistry with Group IV metals (Eq. (43)) [256]. For

Schrock’s group, this reaction has become a mainstay for the synthesis of related ligands

for early transition metal chemistry. Arylation and subsequent alkylation of diethylene tri-

amine led to a set of diamido amine ligands with terminal mesityl groups and an internal

tertiary amine [257]. In addition, a diamido ether ligand was prepared with N-mesityl groups

by the arylation of o,o 0-diamino diphenyl ether [258]. The coordination, organometallic, and

polymerization chemistry of these Group IV complexes has been studied in depth.

An interesting approach to generating ligands for late transition metal polymeriza-

tion catalysts has recently been reported by Hicks and Brookhart [259]. A series of 2-

anilinotropones was prepared by the amination of a pseudoaromatic triflate. This reaction

features a novel substrate for the amination process. As shown in Eq. (44), the uncatalyzed

reaction of 2-tosyloxytropone with aniline gave low yields of the desired anilinotropone, but

the palladium-catalyzed amination of the corresponding triflate with a variety of anilines

gave high yields of the desired material.

ð43Þ

ð44Þ

A number of nonracemic, chiral ligands have also been prepared using the aromatic ami-

nation process. A small library of C2-symmetric N,N 0-diaryldiamine ligands was prepared

using BINAP-ligated palladium as the catalyst. A variety of chiral diamines were coupled

with a variety of aryl bromides to give the N,N 0-diaryldiamines in modest to excellent yields

[260–262]. Some of these ligands have been used for Lewis acid-catalyzed reactions [260,

261] and others for transfer hydrogenations [262]. Kocovsky has treated his NOBIN amino-

alcohol (Eq. (45)) with bromobenzene to modify this basic ligand structure [155, 263, 264].

Use of the P,N ligand MAP led to significant rate enhancements. Buchwald and Singer have

also conducted palladium-catalyzed amination on binaphthyl ligand substructures. They

coupled benzophenone imine with the triflate formed from optically pure binaphthol to

prepare similar N,O ligands without a need for resolution [265]. Finally, Diver et al. targeted

a different type of ligand that contained a phenylene backbone and chiral N-alkyl groups
[266]. They prepared this ligand by the reaction of dibromobenzene with enantiopure phe-

nethylamine. The highest yields were obtained with ligand 13, and the enantiopurity of the

starting phenethylamine was retained in the coupled product.
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ð45Þ

4.7

Mechanism of Aryl Halide Amination

The previous sections described synthetic methods involving palladium- and nickel-catalyzed

additions of amines to aryl halides and triflates. The development of procedures and cata-

lysts for these processes has occurred hand in hand with mechanistic analysis of the

amination chemistry. The following section describes the current understanding of the

mechanistic origin of the effectiveness of these procedures and catalysts and how this

understanding has led to some of the breakthroughs described above.

4.7.1

Oxidative Addition of Aryl Halides to L2Pd Complexes (LFP(o-tolyl)3, BINAP, DPPF) and its

Mechanism

L2Pd(0) complexes bearing the three ligands P(o-tolyl)3, BINAP, and DPPF are the resting

states of the catalyst when the isolated Pd(0) complex is used as the catalyst in mechanistic

studies and when Pd(OAc)2 is used as a catalyst precursor in more synthetically convenient

procedures [98, 150]. Pd(0) ligated by dba and BINAP [267] in combination with the L2Pd(0)

complex is the resting state of reactions catalyzed by BINAP and Pdn(dba)m complexes [268].

Thus, oxidative addition is the turnover-limiting step with these catalyst systems, and the

mechanism and rate of these reactions determines the generation of arylamine products.

ð46Þ

fPd[P(o-tolyl)3]2g undergoes oxidative addition of aryl halides to provide the unusual dimeric

aryl halide complexes fPd[P(o-tolyl)3](Ar)(Br)}2 (Eq. (46)) [91, 122]. These complexes remain

dimeric in solution, as determined by solution molecular weight measurements, but react as

the monomers.

These oxidative addition products have been used as precursors to aryl halide complexes

containing several of the P,O and P,N ligands discussed in Section 4.3.3. In these cases,

monomeric complexes with or without O- or N-coordination are observed. With these sys-

tems, it is difficult to determine whether the heteroatom is coordinated in the complex that

lies on the reaction pathway or whether the observed complexes are simply the most stable

structures; coordination and dissociation of the heteroatom are generally kinetically un-

detectable. The three structures obtained are shown in Figure 3. Both Kumada’s [112] and

Guram’s [161] ligand systems derived from o-acetyl phosphines generate monomeric,

monophosphine structures. Guram’s ligand derived from the o-formyl phosphine forms
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standard monomeric, bis(phosphine) aryl halide complexes. Kocovsky has shown that MAP

adopts an unusual conformation involving PdaC coordination [269], which is observed in

some binaphthol complexes [270] as part of a complex equilibrium between the expected

P,N ligation mode and a third binding mode without C or N coordination.

The mechanism of the oxidative addition of aryl bromides to the bis-P(o-tolyl)3 Pd(0)

complex 3 was surprising [271]. It has been well established that aryl halides undergo oxi-

dative addition to L2Pd fragments [272–275]. Thus, one would expect oxidative addition of

the aryl halide to occur directly to 3 and ligand dissociation and dimerization to occur sub-

sequently. Instead, the addition of the aryl halide to fPd[P(o-tolyl)3]2g occurs after phos-

phine dissociation, as shown by an inverse first-order dependence of the reaction rate on the

phosphine concentration and the absence of any tris(phosphine) complex in solution [271].

A similar mechanism presumably operates for the oxidative addition of aryl halides to

Pd(0) complexes coordinated by two P(tBu)3 ligands, but the thermodynamics of this oxida-

tive addition is unusual. Roy and Hartwig obtained the unexpected result that oxidative ad-

dition to Pd[P(tBu)3]2, and presumably to related, highly hindered bis(phosphine) palla-

dium(0) complexes as well, is close to thermonometal or is endoergic [276]. Reaction with

aryl chlorides is even less favorable than addition of aryl bromides, which is less favorable

than addition of aryl iodides. Although oxidative addition is generally rate-limiting with

these systems and the thermodynamics is less favorable for addition to these Pd(0) com-

plexes than for addition to more conventional palladium-phosphine complexes, the rates of

addition are sufficiently fast to allow room temperature reaction of aryl bromides and chlor-

ides in some cases.

Alcazar-Roman and Hartwig have conducted kinetic studies on the oxidative addition of

aryl halides to L2Pd(0) complexes ligated by BINAP and DPPF [268]. It was shown that full

dissociation of the chelating ligand occurs to generate an LPd(0) (L ¼ DPPF or BINAP) spe-

cies prior to oxidative addition of the aryl halide. The relative rates for reassociation of the

ligand and addition of aryl halide were depended on the ligand and altered the kinetic be-

havior of the systems. Thus, the LPd(0) fragment with L ¼ BINAP reacts faster with aryl

bromide than with BINAP when the aryl bromide concentration is high. The reactions are

zero order in aryl bromide under these conditions. If the (BINAP)2Pd(0) complex is part of

the catalytic cycle, this result implies that the catalytic cycle will be zero order in all reagents

because the aryl bromide concentration is much higher than the free ligand concentra-

tion in synthetic reactions. Under these conditions, ligand dissociation from (BINAP)2Pd

is the turnover-limiting step. For complexes of DPPF, ligand reassociation to LPd(0) is

faster than aryl bromide addition, making the stoichiometric oxidative addition reversible

Fig. 3. Structures of various aryl halide complexes containing P,O and

P,N ligands used in the amination of aryl halides.
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and, therefore, the catalytic cycle first order in aryl bromide and inverse first order in free

ligand.

4.7.2

Formation of Amido Intermediates

4.7.2.1 Mechanism of Palladium Amide Formation from Amines

In the original process conducted with tin amides, transmetalation formed the amido inter-

mediate. However, this synthetic method is outdated and the transfer of amides from tin to

palladium will not be discussed here. In the tin-free processes, reaction of a palladium aryl

halide complex with an amine and a base generates a palladium amide intermediate. One

pathway for the generation of the amido complex from an amine and a base would be reac-

tion of the metal complex with the small concentration of amide that is present in the reac-

tion mixtures. However, this pathway seems unlikely considering the two directly observed

alternative pathways discussed below and the absence of benzyne and radical nucleophilic

aromatic substitution products that would be generated from the reaction of an alkali amide

with an aryl halide.

ð47Þ

Paul, Patt, and Hartwig showed that the dimeric aryl halide complexes fPd[P(o-
C6H4Me)3](Ar)(Br)g2 react with a variety of amines to form the monometallic, amine-ligated

aryl halide complexes fPd[P(o-C6H4Me)3](amine)(Ar)(Br)g in Eq. (47) [122]. Buchwald and

Widenhoeffer subsequently published similar results and showed that primary amines can

even displace the phosphine ligand [192, 277, 278]. It is likely that similar amine-ligated

monophosphine complexes are formed when other hindered phosphines are employed,

such as the tert-butyl- and cyclohexylphosphine ligands discussed in Section 4.3.3. These

amine complexes are important in the catalytic cycle because the acidity of the NaH bond is

enhanced upon coordination of the amine to the metal.

ð48Þ

The amine-ligated aryl halide complexes react with alkoxide or silylamide bases to form

arylamine products (Eq. (48)) [279]. The reaction of fPd[P(o-C6H4Me)3](HNEt2)(p-Bun)(Br)g
and LiN(SiMe3)2 occurred immediately at room temperature to form the arylamine in

greater than 90 % yield. Low-temperature reactions conducted in the NMR spectrometer

probe allowed direct observation of the anionic halo amido complex fPd[P(o-
C6H4Me)3](NEt2)(Ar)(Br)g� [279]. Thus, one experimentally supported mechanism for gen-
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eration of the amido aryl intermediate is coordination of the amine to form a square-planar

16-electron complex that reacts with the base.

An alternative pathway when soluble alkoxide or silylamido bases are used involves reac-

tion of an arylpalladium halide complex with the alkoxide or silylamide to form an interme-

diate alkoxide or amide. These complexes can react with amines to form the required amido

aryl intermediates. The reaction of fPd(PPh3)(Ph)(m-OH)}2 with primary alkylamines to

generate palladium amido complexes and water (Eq. (49)) [70, 280] gave an early indication

that the conversion of an alkoxide to an amide could be occurring during the catalytic cycle.

These reactions are reversible, but the equilibrium favors the amido complex.

ð49Þ

Alkoxo intermediates may be formed when monophosphines are used, but the stability of

the amine complexes favors the mechanism involving deprotonation of the coordinated

amine. Instead, the alkoxo complexes are likely to be important in catalytic systems involving

chelating ligands [65]. Indeed, the DPPF complex fPd(DPPF)(p-Bu tC6H4)(OtBu)g reacted

with diphenylamine, aniline, and piperidine, as shown in Eq. (50) to give, in each case, the

product of amine arylation in high yield [65]. Since no alkali metal is present in this stoi-

chiometric reaction, the palladium amide is formed by a mechanism that cannot involve ex-

ternal deprotonation by an alkali metal base. Of course, reactions involving the carbonate

and phosphate bases, which are insoluble and would act as poor ligands, are more likely to

occur by a coordination and deprotonation mechanism even when chelating ligands are

used.

ð50Þ

4.7.3

Reductive Eliminations of Amines from Pd(II) Amido Complexes

Reductive elimination of amines is the key bond-forming step in the catalytic amination

processes. These reactions were unknown a couple of years ago. There are now several ex-

amples of this reaction, and the factors that control the rates of this process are beginning to

be understood. The identity of the intermediates in some of these reductive elimination re-

actions has recently been uncovered.
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The best-understood examples of reductive eliminations that form the CaN bond in

amines involve palladium complexes. Both Boncella et al. [66] and Hartwig et al. [63, 64,

101] have observed these reactions with palladium amido aryl complexes. Hartwig’s group

has studied the mechanism of this process in detail [101, 280]. Although monomeric and

dimeric amido complexes have been isolated, the monomeric species undergoes reductive

elimination. For complexes with monodentate ligands, kinetic studies have indicated that the

actual CaN bond formation occurs simultaneously from both three- and four-coordinate in-

termediates. With chelating phosphines, therefore, the chemistry is likely to occur directly

from the four-coordinate complexes observed in solution. The reductive elimination of aryl-

amines is favored by increasing nucleophilicity of the amido group and by increasing elec-

trophilicity of the aryl group.

The mechanisms of the reductive eliminations shown in Scheme 4 have been studied

[101, 280]. Potential pathways for reductive elimination are shown in Scheme 5. The reduc-

Scheme 4. Reductive elimination of arylamines from PPh3-ligated PdII amido complexes.

Scheme 5. Potential mechanisms for reductive elimination of

arylamines from PPh3-ligated PdII amido complexes.
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tive eliminations from the monomeric diarylamido aryl complex 23 illustrate two important

points concerning the elimination reactions. First, these reactions were found to be first

order, demonstrating that the actual CaN bond formation occurred from a monomeric

complex. Second, the observed rate constant for the elimination reaction contained two

terms (Eq. (51)), corresponding to the two concurrent mechanisms, Path B and Path C in

Scheme 5. One of these mechanisms involves initial, reversible phosphine dissociation fol-

lowed by CaN bond formation from the resulting 14-electron, three-coordinate intermediate.

The second mechanism involves reductive elimination from a 16-electron, four-coordinate

intermediate, presumably after trans-to-cis isomerization. The dimeric amido complexes un-

dergo reductive elimination after cleavage to form two monomeric, three-coordinate, 14-

electron amido complexes.

�d½22�=dt ¼ kobs½22�
ð51Þ

kobs ¼ K2k2 þ K3k3
½PPh3�

The observation that the reductive elimination process involves a pathway proceeding via

four-coordinate, presumably cis, monomeric amido aryl complexes led to the preparation of

palladium amido complexes with chelating ligands [64]. Results with these complexes con-

firmed this conclusion and led to the development in our laboratory of second-generation

catalysts based on palladium complexes with chelating ligands [281]. The DPPF-ligated

palladium amido aryl complexes in Scheme 6 were found to undergo reductive elimination

of arylamines in high yields [64, 101]. The rates of these reactions were first order in palla-

dium and zero order in the trapping ligand. Thus, the data on the reductive elimination re-

actions are consistent with a direct, concerted formation of the CaN bond from the cis, four-
coordinate DPPF complex.

Because the reductive elimination from DPPF-ligated palladium does not involve geomet-

ric rearrangements or changes in coordination number before the rate-determining step, the

DPPF complexes allowed an assessment to be made of the electronic properties of the tran-

sition state in this reaction. The relative rates for elimination from amido groups were found

Scheme 6. Reductive elimination of arylamines from DPPF-ligated palladium amido complexes.
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to decrease in the order alkylamido > arylamido > diarylamido. This trend implies that the

more nucleophilic the amido group, the faster the elimination process. Variation of the aryl

group led to similar results as those seen in an extensive study of the electronic aspects of

CaS bond-forming eliminations of sulfides [54]. The data for electronic effects on sulfide

and amine eliminations (Figure 4) show that electron-withdrawing groups accelerate the re-

ductive elimination process and that substituents with large sR values affect the reaction

rates more than substituents with large sI values. Resonance effects are stronger than in-

ductive effects, perhaps due to arene coordination during the reaction. In a more rough

sense, the amido group acts as a nucleophile and the aryl group as the electrophile.

Although it focused on the reductive elimination of ethers and not amines, a recent study

revealed the importance of steric hindrance in accelerating the reductive elimination pro-

cess. Until recently, reductive elimination of acyclic aryl ethers had only been achieved from

palladium complexes containing highly electron-poor palladium-bound aryl groups [65]. The

lower nucleophilicity of alkoxides and aryl oxides, relative to amides, makes the elimina-

tion process sufficiently slow that reactions occur only with palladium complexes bearing

strongly electrophilic aryl groups. However, the use of ligands with demanding steric prop-

erties was found to accelerate this reaction to the point that reductive elimination was ob-

served from complexes containing electron-neutral aryl groups bound to palladium [282].

The dimeric phenoxide complex fPd[FcP(tBu)2](o-tolyl)(OC6H4-4-OMe)}2 gave diaryl ether at

70 �C in roughly 20 % yield. Addition of P(tBu)3 to this complex led to some phosphine ex-

change that ultimately provided the diaryl ether in close to quantitative yield. Thus, the

strong electron-donating property of alkylphosphines is dominated by the steric demands,

and this steric demand appears to have a large accelerating affect on the rate of reductive

elimination.

4.7.4

Competing b-Hydrogen Elimination from Amido Complexes

The amination chemistry depends on preventing irreversible b-hydrogen elimination from

the amido complexes before reductive elimination of the amine. At the early stages of the

development of the amination chemistry, it was remarkable that the unknown reductive

elimination of arylamines could be faster than the presumed rapid [71, 72] b-hydrogen

Fig. 4. Electronic analysis using a combination of sI, and sR0 for the

reductive elimination of aryl arylamines.
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elimination from late transition metal amides. In fact, directly observed b-hydrogen elimi-

nation from late transition metal amido complexes was rare ADDIN and there were no

known examples of its irreversible occurrence from a simple monomeric amido species

[283].

ð52Þ

Recently, Hartwig prepared 16-electron, square-planar amido complexes that undergo irre-

versible b-hydrogen elimination [102]. This observation allowed the beginning of a mecha-

nistic understanding of this process and highlighted the unfounded assumption that this b-

hydrogen elimination process is typically rapid. The N-benzyl anilide 25 in Eq. (52) produced

the stable imine and iridium hydride 26 in nearly quantitative yields. b-Hydrogen elimina-

tion from 25 required temperatures of 100 �C or above, while elimination from an alkyl-

amide required 70 �C. In contrast, Schwartz showed that the analogous alkyl complexes un-

derwent b-hydrogen elimination below room temperature [284, 285].

ð53Þ

The intermediate that underwent CaH bond cleavage was a 14-electron, three-coordinate

complex that formed by reversible phosphine dissociation (Eq. (53)). Importantly, there was

no detectable competing b-hydrogen elimination from a 16-electron, four-coordinate com-

plex. The mechanism for b-hydrogen elimination from a 14-electron intermediate parallels

that for b-hydrogen elimination from square-planar alkyl complexes [286, 287]. b-Hydrogen

elimination from analogous alkoxides has been studied by Zhao, Hesslink, and Hartwig

[288]. b-Hydrogen elimination from the alkoxide complexes occurs at similar rates to that

from the amides. Detailed mechanistic studies have shown that alkoxide b-hydrogen elimi-

nation is reversible and that the irreversible step is the displacement of the resulting alde-

hyde or ketone from the metal center by free phosphine.

4.7.5

Selectivity : Reductive Elimination vs. b-Hydrogen Elimination

Two studies have been conducted that outline the effects of the steric and electronic prop-

erties of the ligand on the relative rates for reductive elimination of amine and b-hydrogen

elimination from amides. One study focused on the amination chemistry catalyzed by P(o-
C6H4Me)3 palladium complexes [135], while the second focused on the chemistry catalyzed

by complexes containing chelating ligands [106].

Studies of aryl halide amination with secondary aminostannanes and palladium catalysts

bearing P(o-C6H4Me)3 ligands are summarized in Scheme 7. These studies revealed four
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factors that control the amount of product formed from aryl halide hydrodehalogenation vs.
the amount formed by amination. First, aryl halides bearing electron-withdrawing groups on

the aryl ring gave more amination product and less hydrodehalogenation product than did

those bearing electron-donating groups. This result is consistent with the faster reductive

elimination of amines from complexes with electron-poor aromatic groups discussed above.

Second, reactions of N-alkyl arylamides gave more hydrodehalogenation product than did

those of dialkylamides, consistent with reductive elimination from complexes of arylamides

being slower than that from complexes of dialkylamides. Third, deuterium-labeling experi-

ments showed that the majority of the dehalogenation product after catalyst initiation came

from b-hydrogen elimination from the amido group.

The final point concerns the steric effects of the phosphine aryl groups on the relative

amounts of arene and arylamine products. Careful monitoring of the products formed

from both stoichiometric and catalytic reactions of palladium complexes containing P(o-
C6H4Me)3, P(o-C6H4Me)2Ph, P(o-C6H4Me)Ph2, and PPh3 showed steadily decreasing ratios

of amine to arene as the size of the ligand was decreased. Thus, larger phosphine ligands

enhance the rate of reductive elimination of amines relative to the rate of b-hydrogen elimi-

nation. Reductive amine elimination decreases the coordination number of the metal,

whereas b-hydrogen elimination from an amide either increases the coordination number of

the metal because of the formation of a coordinated imine along with the hydride, or leaves

it unchanged if imine is extruded without coordination. Large groups on the phosphine

ligand enhance the rates of reactions that decrease the coordination number, and will,

therefore, increase the rate of reductive elimination [289] of amines relative to the rate of b-

hydrogen elimination. This study foreshadowed the ability of even larger tert-butylphosphine
ligands to drive the amido intermediate toward reductive elimination to form the arylamine

instead of undergoing b-hydrogen elimination, even when sterically undemanding primary

amines are used as substrates [164, 290].

Results obtained with chelating ligands displaying varied steric properties contrasted those

obtained with monodentate ligands [106]. Large, chelating phosphine ligands such as bis-

1,1 0-(di-o-tolylphosphino)ferrocene gave more hydrodehalogenation product than did DPPF.

Reactions catalyzed by complexes of electron-poor DPPF derivatives, which should generate

a more electron-poor metal and favor reductive elimination of amine, gave more arene than

did those catalyzed by complexes of electron-rich DPPF derivatives. Further, ligands with

large bite angles gave more arene than those with small bite angles, in contrast to what

Scheme 7. Factors controlling selectivity for amination vs. hydrodehalogenation of aryl halides.
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would be expected from previous studies that showed an increase in the rate of CaC bond-

forming reductive elimination with increasing bite angle [291]. Surprisingly, the arene

product produced by these substrates contained no deuterium when formed from reactions

catalyzed by complexes of many chelating phosphines. The source of hydrogen remains un-

clear, but these results demonstrated that much of the arene generated in reactions con-

ducted with DPPF or BINAP as ligand does not form by a simple b-hydrogen elimination

and CaH bond-forming reductive elimination sequence.

4.7.6

Overall Catalytic Cycle with Specific Intermediates

At this time, one can combine the results on reductive elimination and oxidative addition to

construct a mechanism for the amination chemistry catalyzed by palladium complexes con-

taining several types of both monodentate and chelating ligands. These catalytic cycles differ

in the coordination number and charge of the palladium complexes that lie on the catalytic

cycle, the factors that control amination vs. aryl halide reduction, and the role of base in in-

ducing rapid oxidative addition. It has been shown that the catalytic cycle for the amination

of aryl halides catalyzed by P(o-C6H4Me)3 involves exclusively intermediates with a single

phosphine ligand. In contrast, the chemistry catalyzed by DPPF or BINAP palladium com-

plexes involves bis(phosphine) complexes as a result of ligand chelation

4.7.6.1 Mechanism for Amination Catalyzed by P(o-C6H4Me)3 Palladium Complexes

Scheme 8 shows an experimentally supported mechanism for amination catalyzed by P(o-
C6H4Me)3 phosphine complexes. The Pd0 complex is a 14-electron, two-coordinate species,

from which one of the phosphine ligands dissociates before aryl halide oxidative addition.

The aryl halide complexes react with an amine to generate amine-ligated aryl halide com-

plexes either by reaction with the monomer or by an associative reaction with dimeric 4.

Reactions of these amine complexes with base generate three-coordinate amido species,

which undergo rapid reductive elimination. In the case of reactions catalyzed by complexes

containing monodentate ligands, large phosphines accelerate the overall rate by favoring

monophosphine complexes and provide good selectivity by accelerating reductive elimina-

tion relative to b-hydrogen elimination.

Scheme 8. Overall mechanism for aryl halide amination catalyzed by

P(o-C6H4Me)3-ligated palladium complexes.
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4.7.6.2 Mechanism for Amination Catalyzed by Palladium Complexes with Chelating

Ligands

Scheme 9 shows a mechanism for the amination of aryl halides catalyzed by DPPF- or

BINAP-ligated palladium complexes, and a similar mechanism is presumably followed by

reactions catalyzed by structurally related bis(phosphine) complexes. As discussed in the

section on oxidative addition of aryl halides, the monochelate Pd(0) complex is formed by

dissociation of BINAP or DPPF, and these 14-electron intermediates add aryl halide. The

monochelate complex containing DPPF as the ligand undergoes recoordination of phos-

phine faster than oxidative addition of aryl halide, while the monochelate complex contain-

ing BINAP adds aryl bromide faster than it recoordinates ligand when an excess of aryl bro-

mide is present. The amido complex is generated by either deprotonation of coordinated

amine or by reaction of amine with an intermediate alkoxide complex [65]. When aryl sul-

fonates are used as substrates, a third pathway for amide generation is possible. The triflate

ligand can be displaced by amine to generate a cationic amine complex. The coordinated

amine in this species would then be deprotonated by even weak phosphate or carbonate base.

The resulting amido aryl complexes undergo reductive elimination directly from the

16-electron, four-coordinate complex, rather than from the three-coordinate, 14-electron,

monophosphine complex generated when catalysts bearing sterically hindered mono-

phosphines are used. For reactions involving chelating phosphines, the selectivity for reduc-

tive elimination, rather than b-hydrogen elimination, results from chelation, which blocks

phosphine dissociation and accompanying pathways for b-hydrogen elimination from 14-

electron, three-coordinate species. Many mechanistic questions remain poorly understood at

this point, but these results provide a general, experimentally supported pathway for re-

actions catalyzed by complexes with monodentate and chelating phosphines.

As described in the section on catalyst development, Xantphos is an effective ligand for

certain aryl halide aminations. This ligand has a particularly large bite angle and a central

Scheme 9. Overall mechanism for aryl halide amination catalyzed by

bis(phosphine)-ligated palladium complexes.
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oxygen that can coordinate to the metal center. Van Leeuwen et al. have recently studied the

mechanism of the reaction catalyzed by palladium Xantphos complexes [292]. Several inter-

esting results were found. First, aryl triflate complexes with this ligand are cationic and the

central oxygen of the ligand is coordinated to the metal. Second, the reaction of the aryl

halide or triflate complexes with amine and base to generate the amido complex is rate-

limiting. Oxidative addition is faster than generation of the amido intermediate. These

authors deduced that the cationic arylpalladium complexes react by coordination of amine

and subsequent deprotonation by the alkoxide base. For reactions proceeding through the

neutral arylpalladium bromide complexes with this type of ligand, the mechanism is more

complex. Reaction of alkoxide appears to be rate-limiting, and this rate behavior can be at-

tributed to slow reaction of a palladium alkoxide complex with amine to generate the amido

species. An accelerating effect of bromide is observed for this system at low bromide con-

centrations, and this effect has been attributed to activation of the alkoxide base by the gen-

eration of a less tightly bound ion pair. Alternatively, these authors suggested that higher

ionic strength might favor reaction of the arylpalladium halide complex with the alkoxide. At

high bromide concentrations, this accelerating effect was attenuated.

4.7.6.3 Mechanism of Amination Catalyzed by Palladium Complexes with Sterically

Hindered Alkyl Monophosphines

Most recently, Alcazar-Roman and Hartwig have evaluated the amination of aryl chlorides

catalyzed by palladium complexes with P(tBu)3 as the ligand [293]. In particular, they

were interested in evaluating why couplings of aryl chlorides in the presence of different

bases occurred at different rates when oxidative addition is generally believed to be turnover-

limiting. Their results suggested that the base is intimately involved in the oxidative addition

step, most likely by direct coordination of the metal to generate an anionic Pd(0) species.

Rate equations were consistent with reaction in the presence of NaOtBu occurring by two

mechanisms, one being zero-order- and the other first-order in base.

Amatore and Jutand have shown that reactions of aryl bromides and iodides are accel-

erated by added halide, and have observed direct coordination of the halide to form an

anionic Pd(0) species that undergoes oxidative addition [294, 295]. Thus, the one mechanism

that is consistent with the observed first-order behavior in alkoxide and that is consistent

with Amatore and Jutand’s studies involves initial displacement of phosphine by tert-but-
oxide to form an anionic Pd(0) species fPd[P(tBu)3](OtBug�. Oxidative addition of the aryl

chloride would then occur to this anionic species. These concurrent mechanisms are shown

in Scheme 10.

4.8

Summary

The amination of aryl halides and triflates catalyzed by palladium complexes is suitable for

use in complex synthetic problems. Many amines couple with a variety of aryl halides and

sulfonates to produce high yields of mixed arylamines with at least one of the existing cata-

lyst systems. Nevertheless, there are many combinations of substrates for which the amina-

tion chemistry may be substantially improved. For the most part, these reactions involve ni-

trogen centers, such as those in pyrroles, indoles, amides, pyrazoles, and other heterocyclic

groups that are less basic than those in standard alkylamines. Although mild reaction con-
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ditions have been developed for many substrates, the harsh conditions used in many of the

applications indicate that continued studies on developing milder conditions are warranted.

Further, turnover numbers must be improved for the use of this reaction in many industrial

applications. In particular, high turnover numbers for reactions conducted with less expen-

sive and weaker bases need to be developed. Finally, mechanistic information is emerging

with some of the second-generation catalysts, but data on the most recent catalysts is sparse.

Data on reactions of substrates more complicated than simple amines and aryl halides is not

presently available.
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5

From Acetylenes to Aromatics: Novel Routes –

Novel Products

Henning Hopf

Abstract

Alkynes have been used as precursors for aromatic compounds since Berthelot converted

acetylene to benzene in 1867. The review presents new evidence on the mechanism of this

first total synthesis of an aromatic compound. Presumably, its last step involves the thermo-

cyclization of hexa-1,3-dien-5-yne to benzene. Trapping experiments as well as the study of

derivatives of this highly unsaturated hydrocarbon show that the reaction takes place via

isobenzene intermediates (1,2,4-cyclohexatrienes) at lower temperatures. Under high tem-

perature pyrolysis conditions, carbenes as well as radical routes compete with the pericyclic

process. In another recent application of acetylenes in the synthesis of aromatic compounds,

the use of the isomeric diethynylbenzenes is discussed, which, depending on the actual

substitution pattern, may be used for the construction of long extended p-systems or cyclic

derivatives. When the number of triple bond substituents at the aromatic core is increased,

subsystems of novel carbon allotropes become available (‘‘graphyne’’). Cyclooligomerization

of acetylenes in the presence of cobalt catalysts leads to phenylenes, a class of condensed

aromatic compounds hitherto available only with difficulty. Debromination of bis(propargyl

bromide)-substituted aromatics provides highly reactive intermediates, which cyclodimerize

to cyclophanes possessing unsaturated molecular bridges (cyclophynes). Cyclophynes are not

only of interest for structural and stereochemical reasons but also as precursors of novel

fullerene derivatives.

5.1

Introduction

Based on earlier studies on the total synthesis of benzene (2), which he called the ‘‘keystone

of the total aromatic edifice’’, Berthelot in 1867 carried out a remarkable experiment: heating

acetylene (1) – which he had prepared from the elements – in a ‘‘bent bell-jar at a tempera-

ture where the glass began to soften’’, he noticed the formation of ‘‘polymeric substances’’.

When these were subjected to fractional distillation, benzene, styrene, and other aromatic

hydrocarbons could be isolated, with 2 constituting approximately half of the product mix-

ture (Scheme 1) [1].

In the long period following Berthelot’s courageous efforts, not only was the thermal tri-
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merization of 1 and many of its derivatives repeated many times (under safer conditions),

but it was also shown that this ring-generating oligomerization could be brought about by

irradiation with ultraviolet light as well as catalytically in the presence of metals, metal salts,

and – in particular – metal p-complexes, notably those of nickel, iron, cobalt, rhodium,

and many others [2]. Many of these metal-mediated transformations, which became of great

value for the industrial and academic synthesis of aromatic compounds, go back to Reppe’s

celebrated studies on the use of 1 in synthetic organic chemistry [3].

Although the Berthelot benzene synthesis must obviously be a multi-step process, its de-

tailed mechanism surprisingly remains unknown to the present day. Being interested in the

actual ring-producing step (see below), several years ago we postulated [4] that the overall

process might be initiated by the isomerization of 1 to vinylidene carbene (3), a reaction that

has been studied in detail by Brown and co-workers (Scheme 2) [5]:

In the next step, 3 could insert into one of the CaH bonds of 1 to provide vinylacetylene

(4, butenyne), a compound that is indeed generated when 1 is pyrolyzed. Repetition of the

carbene formation step could then produce 5, which, by another insertion step, would lead to

hexa-1,3-dien-5-yne (6, mixture of isomers). This is already an isomer of benzene, and that it

can cyclize to 2 was shown by us many years ago [6]. Obviously, 6 could also be a precursor

of styrene and other oligomers of 1. The mechanism proposed in Scheme 2 could also be of

importance in connection with soot formation from smaller hydrocarbon fragments, and

account for the formation of 2 in interfeller space.

Scheme 1. Berthelot’s benzene synthesis.

Scheme 2. Berthelot’s benzene synthesis: a possible mechanism.
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This chapter first addresses the mechanism and preparative uses of the 6 ! 2 cyclization

in modern aromatic chemistry, and then proceeds to the construction of larger aromatic

systems (‘‘carbon networks’’ incorporating benzene rings), acetylenes serving as starting

materials in both cases. In a third and final section, devoted to the construction of novel

bridged aromatics (cyclophanes) from acetylenes, it is shown that substrates containing tri-

ple bonds have lost little of their importance and fascination since Berthelot’s days, and that

highly topical problems of synthetic aromatic chemistry can be solved starting from alkynes.

Clearly, in a chapter for a monograph like the present one, the author’s own contributions to

this field of hydrocarbon chemistry will dominate the discussion.

5.2

The Aromatization of Hexa-1,3-dien-5-yne to Benzene: Mechanism and

Preparative Applications

Formally, the aromatization of 6 is the dihydro variant of the Bergman cyclization [7]; how-

ever, compared to the latter process, the ring-closure of 6 does not require additional (‘‘ex-

ternal’’) hydrogen atoms to proceed. Whereas the mechanism of the Bergman cyclization,

involving a benzene-1,4-diyl intermediate, is comparatively clear-cut [8], the aromatization of

6 is more complex and at least three different mechanisms are presently discussed for the

process (Scheme 3) [9].

In alternative (a), ring-formation takes place electrocyclically and leads to isobenzene

(7; 1,2,4-cyclohexatriene) as the primary reaction intermediate [10]. This highly strained cy-

cloallene subsequently aromatizes to 2 by hydrogen migration. In the second route, pathway

(b), reversible generation of a vinylidene carbene (8; see above) constitutes the first step, and

is followed by 1,6-carbon hydrogen insertion. Finally, in pathway (c), vinyl radicals of type 9

Scheme 3. Three routes from hexa-1,3-dien-5-yne (6) to benzene (2).
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are produced by hydrogen atom addition to the triple bond. Cyclization is again achieved by

a pericyclic step, and 2 is ultimately produced by the splitting off of a chain-carrying hydro-

gen atom. Because of their different activation energies [8, 9], these three mechanisms show

a different response to an increase in temperature. Whereas up to ca. 550 �C, the cyclo-

aromatization preferentially follows route (a), beyond this temperature the other alternatives

become increasingly competitive. At 625 �C, the radical route dominates the aromatization

reaction, and at 750 �C the process is almost exclusively governed by the carbene mecha-

nism.

That isobenzene (7) is indeed produced as a reactive intermediate during the 6 ! 2 cycli-

zation was demonstrated by pyrolyzing acetylene in the presence of styrene (10) at 200 �C
(Scheme 4) [11]:

Besides other homo and hetero dimers and trimers of 6, the trapping products 11 and 12

were obtained, with the conjugated diene 12 presumed to be a secondary product formed by

thermal equilibration of the [2þ2] cycloadduct 11 of 7 and 10.

Preparatively important applications of the isobenzene route to aromatics were discovered

by thermolysis of the dibenzofulvene derivative 13 (Scheme 5). When this hydrocarbon,

which incorporates the hexa-1,3-dien-5-yne unit as a subsystem, is heated in toluene in a

sealed ampoule at 350 �C, the condensed aromatic hydrocarbon 14 is produced in excellent

yield (87 %) [11].

Repeating the cycloaromatization at lower temperatures (250 �C, toluene) leads to forma-

tion of the highly crowded dispiro compound 15, which is again produced in good yield

(74 %) and represents a formal dimer of 13. Taking authentic 15 to the original temperature

again provides 14, also in good yield (80 %).

To account for this novel route to condensed aromatic systems, which – as the examples in

Scheme 6 illustrate – can apparently be generalized, it has been suggested [9, 11, 12] that

the isobenzene derivatives 17 are initially produced from their acetylenic precursors 16 by

electrocyclization (Scheme 6).

Scheme 4. The trapping of isobenzene (7).
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Scheme 5. A new route to condensed aromatic hydrocarbons.

Scheme 6. The dimerization of an isobenzene intermediate.
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As in the case of the parent molecule 6, 17 can subsequently stabilize itself to 18 by hy-

drogen migration or, as a highly reactive cycloallene, participate in a [2þ2]cycloaddition.

This process, which can only be observed at lower isomerization temperatures, leads to the

bis(methylene)cyclobutane intermediate 19 [13]. Cleavage of its weakest bonds (see wavy

lines) could subsequently generate a resonance stabilized diradical, which, by reformation of

a carbon–carbon single bond, would furnish 20, with the generation of two fluorene moi-

eties and a bis(methylene)cyclobutene core providing the driving force. Whether a reversal of

these steps takes place at higher temperatures or the intermediate 20 finds an alternative

route to the final product 18 is an open question at present. The yields have been satisfactory

in all cases studied so far, and the substitution pattern can presumably be varied over a con-

siderable range. The starting acetylenes are easily available in good yield [11, 12] by Wittig or

Peterson olefination of the appropriate mono and diacetylenic aldehydes and ketones.

So far, only the cycloaromatization of precursors possessing an acyclic hexadienyne unit

has been discussed. That this route probably also has considerable potential as a cyclic vari-

ant has been shown by the thermal ring-closure of the cyclic dienynes 21 and 24 (Scheme 7).

Hydrocarbon 21, a highly reactive cyclic acetylene has only been generated in situ and

rearranges immediately to 23, presumably via the bicyclic isobenzene 22 [14]. The

‘‘tetramethylene-bridged’’ cis-hexadienyne 24 can be characterized, but cyclizes to tetralin

(26) even at room temperature [15]. When the length of the oligomethylene bridge is ex-

tended, the thermal stability of the starting acetylene is strongly increased [15].

The most thorough analysis of the relative contributions of the three competing pathways

(see Scheme 3) is due to Zimmermann and co-workers, who have addressed this problem by

studying the thermocyclization of various substituted and D-labeled dienynes, in which, inter
alia, one of the double bonds was part of a benzene ring. As summarized in Scheme 8 for

the two acetylenes 27 and 30, which cycloaromatize to naphthalene (31) and its two mono-

deuterio derivatives 28 and 29 on flash vacuum pyrolysis, the radical route (pathway (c))

plays a significant role in the formation of all these aromatization products [9, 16].

The carbene insertion route (pathway (b)) has most frequently been implied to explain the

thermal cyclizations of various ethynyl-substituted aromatic precursors. Although the other

two alternatives cannot be excluded at present, since in many cases (see below) no careful

mechanistic studies have been undertaken, the carbene hypothesis has the advantage of

Scheme 7. Thermal cyclization of cyclic hexa-1,3-dien-5-ynes.

5 From Acetylenes to Aromatics: Novel Routes -- Novel Products174



greater simplicity and hence will also be employed here. The prototypical experiment here is

Brown’s famous cyclization of 2-ethynylbiphenyl (32) to yield a mixture of phenanthrene (34)

and 1,2-benzazulene (36; total yield 99 % at 700 �C, 0.2 Torr; product ratio 2.6:1) [17]

(Scheme 9):

Scheme 8. Three different routes from 1-phenyl-buten-3-yne to biphenyl.

Scheme 9. The thermal cyclization of 2-ethynylbiphenyl (32) to
phenanthrene (34) and 1,2-benzazulene (36).
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The initially generated vinylidene carbene intermediate 33 has two options for further re-

action: it can either undergo 1,6-carbon hydrogen insertion to give 34 or participate in a car-

bene addition to the phenyl substituent. The latter process leads to the formation of the

highly strained norcaradiene derivative 35, which is ring-opened to give 36 under the reac-

tion conditions. If this process occurred in a stepwise manner, the intermediately produced

diradical could also participate in a hydrogen-shift process, opening up a second pathway to

phenanthrene (34).

The importance of this cycloaromatization in modern aromatic chemistry only became

obvious when it was realized that it constitutes an optimal route to bowl-shaped aromatics

and fullerene partial structures [9, 18, 19]. The key experiment, Scott’s synthesis of cor-

annulene (40) from 7,10-diethynylfluoranthene (37) [20], was quickly adapted to more ex-

tended systems, the examples 38 ! 41 [21] and 39 ! 42 [22] in Scheme 10 being just two of

many:

In many of these applications, the ethynyl group is present in the starting material only in

latent form, e.g. as a chlorovinyl substituent, from which it is liberated during the pyrolysis

step. That even non-terminal acetylenes can be employed in these cycloaromatizations is il-

lustrated by the protected cross-conjugated diacetylene 43 in Scheme 11. When this was

subjected to hydropyrolysis at 900 �C, the diacetylene 44 was generated in situ and double-

cyclized to corannulene (40) immediately [23].

Scheme 10. Bowl-shaped aromatics by high temperature pyrolysis of acetylenes.
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5.3

The Construction of Extended Aromatic Systems from Ethynyl Benzene Derivatives

In the examples described so far, the acetylene unit ended up as an integral part of an aro-

matic system. There is, however, a vast and structurally very varied area of modern aromatic

chemistry in which acetylenes that already contain an aromatic system – very often a ben-

zene ring – are used to construct extended aromatic hydrocarbons of sometimes very large

dimensions and high structural complexity. In these cases, the acetylene unit(s) is (are) used

for connectivity purposes only, and it (they) remain(s) intact and recognizable in the product.

Over the years, numerous coupling protocols to achieve these synthetic ends have been de-

veloped. At least one of these is as old as Berthelot’s work on the thermal trimerization of

acetylene (1) to benzene (2), namely the oxidative dimerization of terminal acetylenes dis-

covered by Glaser in 1869 [24]. Over the years, acetylene coupling reactions have not only

steadily been improved (inter alia Eglinton [25] and Hay variations [26] of the Glaser cou-

pling, Cadiot–Chodikiewicz coupling [27], Stephens–Castro coupling [28]), but the arrival of

the Heck [29], the Sonogashira [30, 31], and many other metal-mediated coupling reactions

[31] have made it possible to construct practically any desired acetylene-containing aromatic

framework, whether the coupling reactions are carried out in a symmetrical or unsym-

metrical fashion. Acetylenic coupling reactions are the current methods of choice for the

preparation of novel oligomers of ethynylbenzene, of dehydroannulene systems, and of new

cyclic and polycyclic hydrocarbons containing aromatic rings and triple bonds simulta-

neously. These compounds are of interest for the study of aromaticity problems, as model

compounds for molecular electronics, as subunits of novel allotropes of carbon, and as guest

molecules with large cavities. Rather than attempting to cover the vast literature, the discus-

sion here will concentrate on the fundamental aspects of this building block approach to

new aromatic hydrocarbons, present a selection of important building units, and show how

they are coupled to form greater aggregates. Some of the frequently used building blocks are

depicted in Scheme 12.

Beginning with diethynylbenzene derivatives, it is obvious that the para-isomer 45

could lead to rod-like hydrocarbons, whereas the meta- (46) and the ortho-isomers (47),

respectively, could provide angular and circular structures. Of course, an increase in the

number of ethynyl groups results in an increased number of coupling possibilities. 1,3,5-

Triethynylbenzene (48), for example, is of interest since it can be used for the construction of

bicyclic hydrocarbons – it constitutes a ‘‘blown-up’’ version of a bridgehead. Clearly, hexa-

ethynylbenzene (49) [32] can function as a ‘‘tile’’ for the preparation of novel forms of

Scheme 11. Corannulene (40) from a cross-conjugated enediyne precursor.
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graphite, and the three transition metal complexes 50–52 are shown here not only because

they will be used for the building purposes described below, but also since they illustrate

that the aromatic core unit may be replaced by metal complexes of anti-aromatic and non-

benzenoid aromatic systems. Furthermore, if one bears in mind that the role of the center

unit can also be played by a heteroaromatic system, the structural variability becomes almost

endless.

Rod-shaped systems such as 54, extended versions of the widely studied poly(phenylene)s,

are available by coupling the para-isomer 45 with a para-dihaloaromatic unit in the presence

of a palladium catalyst [33] (Scheme 13):

Another coupling strategy, often used in this area of aromatic chemistry, has been widely

applied by Moore and co-workers for the preparation of shape-persistent molecular archi-

tectures of nanoscale dimensions [34]. Thus, as illustrated in Scheme 14, coupling of the

Merrifield resin 55 with the diazonium salt 56 provided the triazene 57, with the tert-butyl
groups serving as solubilizing substituents in the higher oligomers. The ethynyl group was

then introduced by Pd-catalyzed reaction of 57 with trimethylsilylethyne, and the resulting

58 could either be desilylated to give (the still resin-bound) 59 or treated with methyl iodide

to give the bisfunctional coupling component 60. In this latter step, the triazene group

functions as a diazonium equivalent.

The two units 59 and 60 could then be coupled to give 61 and, by repetition of this se-

quence, oligomers such as 62 were obtained, which, in the terminating step to yield 63, were

Scheme 12. A selection of building blocks for the preparation of large

aromatic systems containing triple bonds.

Scheme 13. The synthesis of rod-like oligomers and polymers of 1,4-diethynylbenzene (45).
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removed from the solid support by methyl iodide treatment. Using this methodology, not

only could discrete oligomers with up to 32 monomer units be obtained, but also cyclic sys-

tems such as 64 and the bicyclic derivative 65, the latter illustrating the aforementioned use

of 48 as an enlarged bridgehead (Scheme 15).

The ortho-diethynylbenzene motif 47 can be recognized in countless novel aromatic hy-

drocarbons, whether these are acyclic or cyclic.

A prototypical acyclic oligomer of 47 is the oligo[1,2-phenylene(2,1-ethynediyl)] deriva-

tive 71 prepared by Grubbs and co-workers [35] by the sequence described in Scheme 16.

Heck-type coupling of 2-ethynyltolane (66) – itself readily available by Heck reaction

from ortho-dibromobenzene – with ortho-diiodobenzene (67) initially provided the ortho-
diethynylbenzene derivative 68. This was ethynylated to give the terminal acetylene 69,

which, on coupling with 67 and another ethynylation/deprotection step, furnished 70. To

obtain the phenylacetylene octamer 71 from 70, this latter building block was finally coupled

with the diiodide 67.

Interest in preparing cyclic oligomers of 47 has been high not only because these dehy-

drobenzoannulenes are important model compounds for the study of aromaticity phenom-

ena, but also because they can be regarded as subsystems of two planar carbon allotropes:

graphyne (72) and graphdiyne (73). As can be recognized in Scheme 17, these two carbon

sheets can be deconstructed in countless ways to give various subsystems: hexaethynyl-

benzene (49) [32] and hexa(butadiynyl)benzene [36, 37], ortho-diethynylbenzene (47), tetrae-

thynylbenzene, etc.

Whether 72 and 73 can be prepared in a stepwise (‘‘rational’’) synthesis is extremely un-

likely, but the preparation of ‘‘highly evolved’’ subunits is a goal that has been realized by

several groups in recent years.

Subjecting 47 and some of its derivatives to copper-mediated oligomerization leads to the

Scheme 15. Cyclic oligomers based on 46.
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results shown in Scheme 18. Whereas in the case of the parent system 47 only the dimer 75

is produced [38], the derivatives 74 with R ¼ butyl or O-decyl also give rise to trimer (76) and

tetramer (77) formation [39]. Whereas the trimers 76 represent a substructure of graph-

diyne, the tetramers 77 possess an unusual box-like structure.

Scheme 16. The synthesis of acyclic oligomers of 1,2-diethynylbenzene (47).

Scheme 17. Graphyne (72) and graphdiyne (73): novel allotropes of carbon.
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Haley and co-workers in particular have been successful in preparing graphyne and

graphdiyne substructures and have synthesized numerous hydrocarbons such as 76 and 78–

81 during the last few years (Scheme 19) [40, 41].

To demonstrate their approach, the preparation of the parent system 76 and the so-called

bow-type hydrocarbon 78 is discussed here [42]. To prepare the trimer of 47 (which was not

among the oxidative dimerization products, see above), the triyne 82 was coupled with ortho-

Scheme 18. Cyclooligomerization of 1,2-diethynylbenzene (47) and some of its derivatives.

Scheme 19. A selection of graphdiyne substructures.
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diiodobenzene (67) in a modified Sonogashira coupling. The resulting 83 was subsequently

deprotected by treatment with tetrabutylammonium fluoride (TBAF) and the hexayne thus

formed was ring-closed by Eglinton coupling to give 76 (Scheme 20).

Analogously, 82 (R ¼ Dec) was coupled with the tetraiodide 84 to give the polyacetylene

85, which, after desilylation, could be oxidized to the desired 78 [42]. The largest subsections

of graphdiyne reported to date have been the hydrocarbons 86 (R ¼ tert-Bu and Dec) [43] and

87 (R ¼ tert-Bu) [44] (Scheme 20).

To study the aromatic character of dehydrobenzoannulenes by 1H NMR spectroscopy, it is

desirable to replace one or more of the benzene rings in the above and related hydrocarbons

Scheme 20. The synthesis of several graphdiyne substructures.

5.3 The Construction of Extended Aromatic Systems from Ethynyl Benzene Derivatives 183



by double bonds, and many of the respective model compounds have been prepared by cou-

pling reactions similar to those presented so far [45]. Derivatives of several of the above hy-

drocarbons bearing polarizing functional groups have also been reported [46], as has the

preparation of several derivatives in which the benzene ring has been replaced by a thio-

phene ring [47].

Compared to the purely organic dehydroannulenes, much less is known about systems

that incorporate metal organic fragments. Nevertheless, due to the efforts of Bunz and co-

workers, there has been steady progress in this area as well, and again interest in these

compounds stems from their spectroscopic properties (especially their NMR behavior)

and their potential uses in material science, one attractive goal being the preparation of

metal-containing nanostructures. The preparation of the cyclobutadiene complex 91 is typi-

cal (Scheme 21).

Coupling of the cyclobutadiene complex 88 [48] with the protected acetylene 89 furnished

the tetrayne 90, copper-mediated coupling of which, after removal of its acetylenic trime-

thylsilyl groups, yielded the organometallic complex 91 [49]. 1H NMR analysis of this

Scheme 21. The preparation of dehydrobenzannulenes containing metal organic fragments.
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and related dehydro[14]annulenes incorporating the bis(trimethylsilyl)cyclobutadiene-(cyclo-

pentadienyl-cobalt) moiety suggest that the aromaticity of the fused cyclobutadiene complex

might be stronger than that of benzene according to the ring-current criterion. The butterfly

complex 92 [50] and the ferrocene derivative 93 [51] (Scheme 21) were synthesized by com-

parable coupling routes, starting from the building blocks 51 and 52, respectively. According

to X-ray structural analysis, complexes such as 92 possess a concave structure and are of in-

terest since the tetraethynylcyclobutadiene motif has been to suggested to play an important

role in the formation of fullerenes such as C60 [52].

The central role of ortho-diethynylbenzene (47) as a construction unit in modern aromatic

chemistry is also demonstrated by two other developments.

In 1982, Vollhardt and co-workers made a discovery that turned out to be of major impor-

tance with regard to the synthesis of numerous natural and non-natural products: addition

of bis(trimethylsilyl)ethyne (94) to 47 in the presence of a Co catalyst led to the biphenylene

derivative 95 in practically quantitative yield [53]. In fact, because of the steric bulk of the

TMS substituents, self-trimerization of 94 does not take place, and it can be used as a solvent

for the reaction. For the preparation of the [n]phenylenes, of which biphenylene is the

smallest member, this conversion of acetylene units into aromatic rings remains the only

general known protocol [54]. For example, when 95 was iododesilylated, the resulting diio-

dide 96 could be coupled with trimethylsilylethyne to give the bis(acetylene) 97, which, by

repeating the addition step with 94 and removal of the protecting groups, was transformed

into [3]phenylene (98, Scheme 22).

When 47 was replaced by the tetraacetylene 99, the route to 98 could even be shortened:

cycloaddition as described above provided the [3]phenylene derivative 100, which was desi-

lylated to give 98 by treatment with potassium tert-butoxide in methanol [55].

The vast scope of this annelation sequence [54] has not only been demonstrated by the

preparation of further linear [n]phenylenes such as 101, but also by the synthesis of angular

representatives such as 102 and triangular systems such as 103 and 105 (Scheme 23) [56].

Scheme 22. A general route to linear [n]phenylenes.
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These latter aromatic compounds are of interest for the study of structural and bonding is-

sues, since some of them show extreme bond alternation, suggesting the presence of dis-

crete double and single bonds in aromatic rings [57].

In another recent development in aromatic synthesis, the Bergman cyclization [7] is be-

ginning to be exploited for preparative purposes. This process has been studied for many

years because of its importance with regard to the biological action of several marine anti-

tumor antibiotics such as calicheamicin [58] and because of its interesting reaction mecha-

nism [8]. Now, more and more synthetic applications are beginning to be reported in the

literature [59].

A case in point, again involving a derivative of 47, is illustrated by the cycloaromatization

of 106, a starting material that has two in-built radical traps. After the diradical 107 has been

generated by the Bergman process, the 1,4-diyl is intercepted by the two a,b-unsaturated

ester groups and the tetracyclic product 108 is formed (Scheme 24) [60].

Scheme 23. Linear, angular, and triangular [n]phenylenes.
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In another example, the hexaacetylene 109 – after deprotection with potassium carbonate

in methanol – is subjected to typical Bergman trapping conditions, resulting in the forma-

tion of the anthracene derivative 110 [61]. As a third, more complex illustration, the aroma-

tization of the triacetylene 111 may be considered. Here, the 1,4-diradical intermediate faces

another triple bond as an internal trap, and, after hydrogen transfer from 1,4-cyclohexadiene,

the tricyclic allylic alcohol 112 is produced [61].

5.4

Bridged Aromatic Hydrocarbons Containing Triple Bonds (Cyclophynes)

Ever since Cram started his systematic efforts to study bridged aromatic hydrocarbons and

their derivatives half a century ago [62, 63], this field has had a strong influence on the de-

velopment of aromatic chemistry [64–67]. In fact, after a period during which numerous

cyclophane hydrocarbons were prepared and their chemical and structural properties were

studied, their derivatives are now enjoying growing attention as chiral ligands in reagents

Scheme 24. Using the Bergman cyclization for preparative purposes.
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used for asymmetric synthesis [68], as novel liquid crystalline materials [69], and as mono-

mers in polymer chemistry [70], to name but a few recent applications. However, as in any

active field, there is a strong need for the development of new synthetic methods providing

these interesting aromatic compounds in ever increasing variety.

As found a few years ago [71], acetylenes that can be traced back to the diethynylbenzenes

45 and 47 are useful starting materials for the preparation of cyclophanes that possess triple

bonds and triple-bond derived functionalities in their molecular bridges. Compared to cy-

clophanes bearing functional groups in benzene ring positions, relatively little is known

about bridge-functionalized cyclophanes. That these – and especially acetylenic derivatives –

have considerable potential in synthetic aromatic chemistry will be shown below.

Treating 113 (easily available from 45 by reaction of its dilithio derivative with formalde-

hyde and treatment of the resulting diol with phosphorus dibromide) with the so-called Mori

reagent [72], a trimethylsilyl(tri-n-butyl)stannane/cesium fluoride combination that has been

used very successfully in many debromination reactions [73], results in the production of the

[6.6]paracyclophane 115 in acceptable yield. Since p-xylylene (p-quinodimethane) is known

to dimerize to [2.2]paracyclophane, it may well be that the bis(cumulene) 114 is formed as

an intermediate in this reaction. Since a stepwise process is also conceivable, further clarifi-

cation of the mechanism is obviously desirable (Scheme 25).

Analogously, 116 and 117 have been prepared from the corresponding dibromides [74].

Applying the elimination protocol to the ortho-isomer of 113, the dibromide 118, results in

the formation of the ‘‘orthocyclophane’’ 120, i.e. in this case no dimerization of a reactive

Scheme 25. A new route to cyclophanes with bridges containing triple bonds.
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intermediate takes place. Nevertheless, 119 might have been formed initially, but since its

two reactive [3]cumulene groups are in close proximity, intramolecular ring-closure to 120 is

preferred over dimerization. At 77 %, the yield is again very good (Scheme 26) [74].

Hydrocarbon 120 is a very reactive species since it can be reduced to the bis(olefin) 122

with lithium aluminum hydride in diethyl ether at room temperature, and trapped with

tetracyclone (tetraphenylcyclopentadienone) to give the bis-adduct 121 in refluxing toluene.

In both cases, the yields exceed 90 % [74].

When the carbocyclic aromatic core in the starting material is replaced by a hetero-

aromatic ring, systems such as 123 arise and Mori elimination/dimerization provides the

dioxa- and dithia[6.6]cyclophanes 125 (Scheme 27) [74].

The scope of this new approach to extended cyclophanes is further demonstrated by the

conversion of the tetraethynyl derivatives 126 to the [10.10]cyclophane 128, the reactive

[5]cumulene 127 formally being passed en route. The yields for the latter three reactions are

low (between 20 and 30 %), but are still acceptable considering what has been accomplished

[74].

Tetraacetylenes such as 115 and 116 contain the 1,5-hexadiyne group as a bridging ele-

ment. Since the base-catalyzed isomerization of this unit to hexa-1,3-dien-5-yne (6) con-

stitutes the basic reaction of Sondheimer’s annulene chemistry [75], it appeared attractive to

attempt to apply this classic reaction of planar aromatic chemistry to a layered precursor and

create three-dimensional relatives of Sondheimer’s dehydroannulenes. Indeed, both 115 and

116 could be isomerized to their fully conjugated isomers 129 and 130, respectively, by

treatment with potassium tert-butoxide in tert-butanol, the original Sondheimer conditions

(Scheme 28). From the X-ray structure obtained for 130, it was concluded that both hydro-

Scheme 26. Preparation and properties of the highly strained aromatic diyne 120.

5.4 Bridged Aromatic Hydrocarbons Containing Triple Bonds (Cyclophynes) 189



Scheme 27. Heterophanes with bridges containing triple bonds.

Scheme 28. The preparation of the three-dimensional annulenes 129 and 130.
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carbons 129 and 130 have a figure-8 structure (as indicated for 129), and are hence chiral

[74].

Another type of chiral cyclophyne was obtained by applying the coupling methods devel-

oped by Haley to the chiral pseudo-ortho diacetylene 131 [76]. When this was connected to 2-

(trimethylsilylethynyl)iodobenzene (132) the open tetraacetylene 133 resulted, which, after

deprotection, was oxidatively closed to give 135. By a similar route, the non-benzo variant

134 was prepared, which could be characterized by X-ray structural analysis (Scheme 29)

[76].

Hydrocarbons such as 134 and 135, so-called [2.2]paracyclophane/dehydrobenzoannulene

hybrids (PC/DBAs), are not only of interest because of their stereochemical properties. Their

electronic absorption spectra indicate that there must be electron delocalization through

their open circuits. With their high degree of unsaturation, these layered hydrocarbons are

also a step on the way to the triply-bridged cyclophane polyynes 136 and 138, generated in

situ by Rubin [77] and by Tobe [78] by laser desorption time-of-flight mass spectrometry

from appropriate precursor systems (these, in turn, produced by coupling reactions of vari-

ous acetylenic building blocks). In the ICR mass spectrum (operating in the negative mode)

of 136, partial dehydrogenation down to C60H16
� was observed, suggesting the possibility of

complete dehydrogenation to C60 (137). In the negative mode laser desorption mass spec-

trum of 138, the polyyne anion C60H6
� was detected. Size-selective formation of C60

þ and

C60
� was also observed, indicating a possible polyyne cyclization to the fullerene cage

(Scheme 30).

Scheme 29. Chiral paracyclophane/dehydrobenzannulene hybrids.
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Although representing rational syntheses of 137 – compared to the mode of formation of

this parent fullerene from graphite [79] – it should be mentioned that these approaches do

not provide isolable and spectroscopically charaterizable amounts of the precursor systems

136 and 138. Thus, it appears that for the time being the directed synthesis of these inter-

mediates based on organochemical transformations is out of reach.

The first cyclophyne, incidentally, for which this name was also coined, was 1-cyclophyne

(140), generated as a highly reactive intermediate from the vinyl chloride 139 by treatment

with tert-butyllithium and heating of the resulting organolithio intermediate. Not surpris-

ingly, 140 is unstable under the reaction conditions and trimerizes (inter alia) to trifolia-

phane (141, Scheme 31) [80].

Although chemistry has clearly come a long way since the days of Berthelot – once again

an acetylene has been converted into an aromatic ring.
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Scheme 30. Multibridged cyclophynes as precursors for C60 (137)?

Scheme 31. A modern version of Berthelot’s benzene synthesis:

trifoliaphane (141) from [2.2]paracyclophyne (140).
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Schreiner, A. Krüger, Chem. Eur. J.
2001, 7, 4386–4394.

16 J. Hofmann, K. Schulz, A. Altman, M.

Findeisen, G. Zimmermann, Liebigs
Ann./Recueil 1997, 2541–2548; cf. K.
Schulz, J. Hofmann, G. Zimmermann,

Eur. J. Org. Chem. 1998, 2135–2142.
17 R. F. C. Brown, F. W. Eastwood, K. J.

Harrington, G. L. McMullen, Aust. J.
Chem. 1974, 27, 2393–2402; cf. R. F. C.
Brown, F. W. Eastwood, G. P. Jackman,

Aust. J. Chem. 1977, 30, 1757–1767.
18 For a recent summary of the extensive

literature, see H. Hopf, Classics in
Hydrocarbon Chemistry, Wiley-VCH,

Weinheim, 2000, Ch. 12.2, pp. 330–

336.

19 S. Hagen, H. Hopf, Top. Curr. Chem.
1998, 196, 45–89.

20 L. T. Scott, M. M. Hashemi, D. T.

Meyer, H. B. Warren, J. Am. Chem. Soc.
1991, 113, 7082–7084; cf. L. T. Scott, Pure
Appl. Chem. 1996, 68, 291–300 and refs.

cited therein.

21 P. W. Rabideau, A. H. Abdourazak,

H. E. Folsom, Z. Marzinow, A. Sygula,

R. J. Sygula, J. Am. Chem. Soc. 1994, 116,
7891–7892.

22 M. Matsuda, H. Matsubara, M. Sato, S.

Okamoto, K. Yamamoto, Chem. Lett.
1996, 157–158.

23 G. Zimmermann, U. Nüchter, S. Hagen,
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6

Functional Conjugated Materials for Optonics and

Electronics by Tetraethynylethene Molecular

Scaffolding

Mogens Brøndsted Nielsen and Fran�cois Diederich

Abstract

The physical properties of scaffolds based on tetraethynylethene (TEE; 3,4-diethynylhex-

3-ene-1,5-diyne) are strongly enhanced by arylation. Indeed, owing to the coplanarity of

anilino-substituted TEE scaffolds, very high third-order optical nonlinearities are obtained.

Moreover, arylated TEEs are able to undergo photochemically induced cis-trans isomer-

ization, paving the way for applications as light-driven molecular switches in optoelectronic

devices. Suitably functionalized TEE modules are readily incorporated into linear and cy-

clic p-conjugated scaffolds, employing stepwise acetylenic coupling protocols. Thus, TEE

molecular scaffolding has provided access to large, macrocyclic, all-carbon cores and long

poly(triacetylene) (PTA) oligomers.

6.1

Introduction

Acetylenic scaffolding [1] of derivatized tetraethynylethenes (TEE; 3,4-diethynylhex-3-ene-

1,5-diyne; Figure 1) has provided access to advanced materials for electronic and photonic

applications, such as chromophores with high second- and third-order optical nonlinearities,

molecular photochemical switches, large two-dimensional carbon cores, and linearly p-

conjugated molecular rods [2]. The physical properties of these materials rely strongly on the

presence of arene units. Indeed, the six potential two-dimensional conjugation pathways

(Figure 1) within the TEE unit can be controlled by arylation, hence providing the functional

properties of the molecules.

In this chapter, we demonstrate how aryl groups, of either electron-donating or -accepting

nature, determine the properties of a number of linear and cyclic scaffolds based on TEE.

These scaffolds have been assembled by employing a number of metal-catalyzed coupling

reactions. Thus, arylated TEEs are readily prepared by Pd-catalyzed cross-coupling of ar-

ylacetylenes with vinylic dibromides under Sonogashira [3] conditions (Scheme 1). Synthetic

strategies developed during the last ten years have allowed access to TEEs with almost any

desired substitution pattern about the central ten-carbon core. These methods have been

covered in some recent review articles [4].

The construction of conjugated advanced materials based on functionalized TEE mono-
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mer units proceeds by oxidative acetylenic coupling [1f ], according to the protocol dis-

covered by Glaser [5] in 1869, and modified procedures, such as the Eglinton [6] and Hay [7]

variants for homo-coupling and the Cadiot–Chodkiewicz [8] variant for hetero-coupling

(Scheme 2).

Fig. 1. Schematic representation of the possible conjugation pathways

in perarylated TEEs. Paths a and b depict trans- and cis-linear

conjugation, whereas path c depicts geminal cross-conjugation.

D ¼ electron donor, A ¼ electron acceptor.

Scheme 1. Synthesis of geminally bis-arylated TEEs [4].

Scheme 2. Acetylenic coupling reactions [1f, 5–8]. TMEDA ¼ N,N,N 0,N 0-tetramethylethylenediamine.
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6.2

Arylated Tetraethynylethenes

The unique TEE framework facilitates p-conjugation with pendant aromatic substituents by

allowing coplanar orientation throughout the molecular core, as was first witnessed in the X-

ray crystal structure of tetrakis(phenylethynyl)ethene 1 determined by Hopf and co-workers

[9]. In contrast, coplanarity is prevented by steric interactions in molecules such as cis-
stilbenes or tetraphenylethene 2 [10] (Figure 2). The planarity makes it possible for 1 to

form highly ordered 1:2 stoichiometric donor–acceptor p-complexes in the solid state with

electron-deficient molecules such as 2,4,7-trinitrofluoren-9-one and (2,4,7-trinitrofluoren-9-

ylidene)malonitrile [11]. In solution, relatively weak 1:1 complexes with each of these two

acceptors are formed, with association constants of 7.9 m
�1 and 31.5 m

�1, respectively, at

300 K in CDCl3.

The coplanarity has endowed arylated TEEs with some of the highest known third-order

optical nonlinearities and, in the case of acentricity, also very large second-order nonlinear

optical effects. Furthermore, the strain-free planarity allows cis- and trans-arylated TEEs to

interconvert upon photochemical excitation without competition from undesirable thermal

isomerization.

6.2.1

Nonlinear Optical Properties

The development of highly active third-order nonlinear optical (NLO) materials is impor-

tant for all-optical signal processing. A comprehensive study by Günter, Bosshard, and

co-workers [12] on the NLO properties of derivatized TEEs established useful structure–

property relationships and provided insight into routes leading to desired optical non-

linearities. The following fundamental conclusions were drawn by comparison of com-

pounds 3–11 depicted in Figure 3: (i) Donor substitution (e.g. with N,N-dimethylanilino)

gives higher second hyperpolarizabilities (g) than acceptor substitution (4-nitrophenyl)

(trans-6 versus trans-4), and the magnitude of g increases with donor strength (7 versus 5).
Similar increases in g as a result of increased electron density have been observed in one-

dimensional systems such as stilbenes [13], polyenes [14], as well as various carotenoid sys-

tems [15]. (ii) Acentricity leads to larger g values (trans-9 versus trans-8). The significance of

asymmetry in third-order NLO chromophores was initially postulated by Garito et al. [16],
and this prediction has been confirmed experimentally for other linearly conjugated mole-

cules [14, 17]. (iii) TEEs with donor and acceptor groups in trans or cis configurations exhibit
much higher nonlinearities on account of favorable linear donor–acceptor conjugation

(routes a and b in Figure 1) than TEEs with substituents in a geminal configuration, in

Fig. 2. The phenyl-substituted TEE 1 is planar in contrast to 2 [9, 10].
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which only the weaker cross-conjugation is effective (route c in Figure 1) (trans-8 versus 7,
trans-9 versus 3). (iv) A substantial increase in g is observed upon extending the conjugation

length (as in TEE dimers, vide infra). (v) Full, two-dimensional conjugation with as many as

six conjugation pathways leads to very large g values (11).

Since benzenoid aromaticity is reduced in thiophene as compared to benzene, thiophene

exhibits an increased capacity to transmit linear p-electron conjugation, which can lead to an

enhanced NLO response. This capacity has been demonstrated theoretically [18] and experi-

mentally for both second- [19] and third-order [20] NLO effects. Replacement of one 4-

nitrophenyl ring in 11 by a 5-nitro-2-thienyl moiety leads to an increase in g by a factor of

1.3, as revealed by third-harmonic generation measurements at a laser wavelength of 2.1 mm

(third-harmonic wavelength 700 nm) [12e]. However, this enhancement is more a result of

the lowered molecular symmetry than of the nitrothienyl group itself, since substituting

both nitrophenyl groups only increases g by a factor of 1.1. Thus, within the uncertainty of

the measurements, g remains essentially unchanged when both nitrophenyl groups in 11 are

replaced.

6.2.2

Photochemically Controlled cis–trans Isomerization: Molecular Switches

One very interesting property of arylated TEEs is their ability to undergo reversible, photo-

chemical cis-trans isomerization [21], a property that is not exhibited by the non-arylated de-

rivatives. The trans-to-cis isomerization is of preparative use for the synthesis of cis-TEEs that

Fig. 3. The second hyperpolarizability g and third-

order nonlinear optical susceptibility wð3Þ100%
increase in the sequence from 3 to 11 [12a]. The

values given for 3 and 11 were determined under

non-resonant conditions by third-harmonic genera-

tion experiments at a laser wavelength of 1.907 mm

(third-harmonic wavelength 636 nm). wð3Þ100% was

measured relative to wð3Þ of fused silica (fs) [12g],

for which a value of wð3Þ fs ¼ 1:16� 10�14 esu was

used (adjusted value relative to ref. [12a]).
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are otherwise difficult to prepare. For example, trans-9 is converted to its cis isomer (37 %

yield) by irradiation at 366 nm [22]. Moreover, the isomerization process has been em-

ployed for the construction of light-driven molecular switches [23]. Recently, the complex,

highly programmed system trans-12a (Scheme 3) was developed, combining the cis/
trans-isomerizable TEE unit with two other addressable subunits, a photoswitchable dihy-

droazulene (DHA)/vinylheptafulvene (VHF) moiety, and a proton-sensitive dimethylaniline

(DMA) group [23a, 23c]. This three-way chromophoric molecular switch is, in principle, able

to perform individual, reversible switching cycles between as many as eight states. DHA de-

rivatives are known to undergo, upon light irradiation, a 10-electron retro-electrocyclization

to the isomeric VHF compounds [24], which, in turn, undergo a thermal cyclization back to

the DHA forms. However, this switching capacity of the DHA chromophore is affected when

it is incorporated into the TEE derivative trans-12a. Thus, irradiation of trans-12a results only
in reversible trans–cis isomerization of the TEE core, leaving the DHA moiety unchanged.

On the other hand, protonation of the third subunit, the DMA substituent, triggers the

DHA ! VHF photoreaction. Indeed, irradiation of the protonated species trans-12b causes

retro-electrocyclization to trans-12c, which can thermally cyclize back to trans-12b. Clean iso-

bestic points in the UV/vis spectra imply that only this DHF/VHF equilibrium is operative,

which can be explained by the fact that the TEE trans–cis isomerization process is much

Scheme 3. ‘‘Three-dimensional’’ switching diagram of TEE-DHA-DMA

hybrid derivative trans-12a, a three-way chromophoric molecular switch.

Six out of eight possible states can be attained [23c].
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slower. Deprotonation of trans-12c by triethylamine does not offer a route to trans-12d, but
is accompanied by retro-electrocyclization to trans-12a. Thus, the non-protonated VHF-

containing conjugate trans-12d (as well as the VHF isomer cis-12d) cannot be reached in the

three-dimensional switching diagram. Consequently, of the eight potential states of 12, six

are accessible and can be individually addressed by the various switching modes.

The failure of photochemical DHA ! VHF isomerization in trans-12a was rationalized

through a joint experimental and computational study by Lüthi and co-workers [25]. The

neutral conjugate showed a strong fluorescence emission that almost completely disap-

peared after protonation to trans-12b. The maximum of this intense emission was found to

be strongly dependent on solvent polarity, and in hexane a dual fluorescence (lmax ¼ 505 and

541 nm; lexc ¼ 420 nm) was observed. In more polar solvents, such as CH2Cl2, the emission

spectrum featured only a single, strongly red-shifted band (lmax ¼ 602 nm). Time-dependent

density functional calculations on the excited state of related DMA-substituted TEEs sug-

gested that the DHA ! VHF isomerization channel is quenched in trans-12a by an efficient

relaxation of the vertically excited singlet state to an emitting twisted intramolecular charge-

transfer (TICT) state [26], which would explain the experimentally observed dual fluores-

cence. In this lower-energy TICT state, either the dimethylamino group is twisted into an

orthogonal position with respect to the planar arylated TEE moiety or the entire DMA group

adopts an orthogonal orientation with respect to the TEE moiety. The calculations suggested

that the twist of the dimethylamino group is more probable.

6.2.3

Electrochemically Controlled cis–trans Isomerization

A combined computational and electrochemical investigation revealed that arylated TEEs

may also have potential as electrochemically driven molecular switches [27]. The electro-

chemical studies showed that the first reduction potentials of mono- and bis(4-nitrophenyl)-

substituted TEEs occur at similar values (around �1.35 to �1.38 V versus the ferrocene/

ferricinium couple, Fc/Fcþ) on steps involving one and two electrons, respectively.

Moreover, the first reduction potential of nitrophenyl-substituted TEEs is hardly affected

by the presence of other aryl substituents, such as the DMA donor groups, attached to the

TEE frame. These findings suggest that the nitrophenyl redox centers behave as indepen-

dent redox centers. However, ab initio calculations on singly-reduced trans-13 (Figure 4)

Fig. 4. Bis(4-nitrophenyl)-substituted TEEs. The linear conjugation

pathway between the two nitrophenyl groups makes the second one-

electron reduction of trans-14, generating the trianion, more difficult

(by @80 mV) than for the geminally substituted 15 [27].
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suggested that the charge is actually localized on the TEE core. Indeed, the second reduction

of the Si(iPr)3-protected derivative of trans-13, that is trans-14, in which the two nitrophenyl

groups are linearly conjugated, was found to be more difficult (by@80 mV) than that of the

geminally substituted, cross-conjugated TEE 15. Thus, charge delocalization into the TEE

core of dianionic trans-14 augments the energetic requirements for the second reduction

step forming the trianion. For the generated dianion of trans-14, linear delocalization results

in a cumulenic/quinoid structure, in which the central TEE bond acquires significant single-

bond character. This structure allows rotation about this central bond and hence isomer-

ization. Spectroelectrochemical experiments on the cis-enediyne cis-16 offered support for

this theoretically predicted cumulenic-type intermediate, since it was found to isomerize

irreversibly, via 17 and 18, to its trans isomer (Scheme 4). However, cis-16 can be photo-

chemically regenerated, although the photoequilibrium only slightly favors it relative to

trans-16 (Kphoto ¼ [cis]/[trans] ¼ 1:2 in n-hexane, 27 �C, lexc ¼ 360 nm) [28]. Accordingly, cis/
trans-16 behaves as a molecular switch that is turned on (trans) by electrons and off (cis/trans
mixture) by light. The quantum yield for the trans ! cis conversion is ftrans!cis ¼ 0:14,

and for the opposite conversion it is fcis!trans ¼ 0:27 (lexc ¼ 360 nm). Replacing one 4-

nitrophenyl acceptor group in cis-16 with a DMA donor group has a substantial impact on

both the photoequilibrium constant and the quantum yields: Kphoto ¼ 33:5, ftrans!cis ¼ 0:080,

fcis!trans ¼ 0:0080 (lexc ¼ 405 nm) [28].

6.3

Tetraethynylethene Dimers

The simplest scaffolding with TEE is the linking of two ten-carbon cores by a C(sp)aC(sp)

single bond under oxidative conditions. By selective deprotection of the trimethylsilyl group

with K2CO3 in MeOH/THF, leaving the triisopropylsilyl group unreacted, followed by an

oxidative Eglinton or Hay coupling, a selection of TEE dimers (19–24) was prepared

(Scheme 5) [29].

Scheme 4. Proposed mechanism for electrochemical cis-trans isomerization of enediyne 16 [27].
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The electronic properties of these dimers were studied by UV/vis spectrophotometry. The

absorption spectra of the anilino-substituted compounds 20, 21, and 24 display broad ab-

sorption shoulders at low energy (lmax in the range 550–580 nm), with end-absorptions ex-

tending to 600 nm and beyond. These bands were assigned to charge-transfer (CT) tran-

sitions; this was confirmed by protonation with conc. aqueous HCl of the electron-donating

anilino groups, which resulted in complete loss of the CT transition [29d]. From these

studies it was inferred that the central conjugated C20 core in the TEE dimers, with its 16

C(sp) atoms, is a strong electron-acceptor and that the electron-accepting properties are only

weakly enhanced by the two 4-nitrophenyl substituents in the donor–acceptor push–pull

system 24. Indeed, this strong acceptor property is not surprising, taking into account the

ability of nitrophenyl-substituted TEEs to convey a negative charge from the nitrophenyl

group into the carbon framework, as described in the previous paragraph. Moreover, ab-

sorption spectra of anilino-substituted TEE monomers reveal a CT transition that is lost

upon protonation [12b, 22]. For both the TEE monomers and dimers, this quenching proved

to be reversible: treatment of the protonated forms with NaOH regenerated the neutral spe-

cies, and the UV/vis spectra became virtually identical to those measured before acid treat-

ment. In addition, the first reduction of 20 (Eo ¼ �1:61 V versus Fc/Fcþ in CH2Cl2 [29d]) is

cathodically shifted relative to that of 19 (Eo ¼ �1:52 V versus Fc/Fcþ in THF [29b]) as a re-

sult of electron donation from the anilino groups into the carbon core of 20. The anilino

groups of 20 are oxidized in two reversible two-electron steps at þ0.37 and þ0.54 V.

Further extension of the chromophores in 25, by two anilinoethynyl groups (Figure 5),

leads to a significant bathochromic shift of the longest-wavelength absorption band

(lmax ¼ 616 nm (shoulder), end-absorption@750 nm). Thus, the chromophoric properties of

Scheme 5. Synthesis of TEE dimers by selective desilylation-oxidative

coupling methodology [29]. i) K2CO3, MeOH, THF; ii) anhydrous

Cu(OAc)2, pyridine, air (for 19) or CuCl, TMEDA, CH2Cl2, air (for 20–

24). TMEDA ¼ N,N,N 0,N 0-tetramethylethylenediamine.
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TEE dimers are readily tunable upon aryl substitution, extending the absorption range into

the near-IR region [29d].

The long linear conjugation in TEE dimers 20 and 24 causes almost a doubling of the

second hyperpolarizabilities relative to that of TEE monomer 11 (Figure 3), containing the

same number of aryl groups [29d]: g ¼ 2036� 10�36 esu for 20, g ¼ 2243� 10�36 esu for 24,

measured by third-harmonic generation experiments at a wavelength of 1.907 mm (third-

harmonic wavelength: 636 nm). However, it is important to note that this increase in g cor-

responds to an increase in the molecular weight, leaving the macroscopic nonlinearities al-

most unaltered: wð3Þ100%=wð3Þfs ¼ 519 for 20, wð3Þ100%=wð3Þfs ¼ 570 for 24 (fs ¼ fused silica:

wð3Þfs ¼ 1:16� 10�14 esu).

6.4

Two-Dimensional Scaffolding: Expanded Carbon Cores

Based on either cis-substituted or geminally substituted TEE derivatives, two families of

macrocycles have been constructed, namely perethynylated dehydroannulenes and expanded

radialenes.

6.4.1

Perethynylated Dehydroannulenes

Glaser–Hay macrocyclization of cis-bis(trialkylsilyl)-protected TEEs generated the perethyny-

lated octadehydro[12]annulenes 26a,b and dodecahydro[18]annulenes 27a,b (Figure 6) with

fully planar p-conjugated carbon cores as evidenced by X-ray crystallography [30]. The

4nþ 2 ðn ¼ 4Þ p electron cycles 27a,b possess a large HOMO-LUMO gap (2.57 eV in pen-

tane) and are aromatic, as is the parent, unsubstituted dodedecahydro[18]annulene prepared

by Okamura and Sondheimer in 1967 [31]. In contrast, the 4n ðn ¼ 3Þ p electron cycles

26a,b possess a small HOMO-LUMO gap (1.87 eV) and are anti-aromatic like the parent,

unsubstituted octadehydro[12]annulene that was synthesized simultaneously by two dif-

ferent groups in 1966 [32, 33]. Electrochemical studies [29b, 30b] showed that [12]annulene

26b is more readily reduced than [18]annulene 27b (E� ¼ �0:99 and �1.46 V for 26b,

E� ¼ �1:12, �1.52, and �1.91 V for 27b, versus Fc/Fcþ, in THF). Indeed, 27b loses its

Fig. 5. Extended TEE dimer, containing a long linear conjugation path (shown in bold) [29d].
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Hückel aromaticity upon reduction, whereas 26b gains aromaticity ð4nþ 2; n ¼ 3Þ when

converted to its dianion. The effect of substituting the peripheral silyl groups by aromatic

groups still needs to be explored for these perethynylated dehydroannulenes.

6.4.2

Perethynylated Expanded Radialenes

Expanded radialenes are a family of macrocycles derived from radialenes [34] by the formal

insertion of ethynediyl or buta-1,3-diynediyl moieties into the cyclic framework between each

pair of vicinal exo methylene units. Geminally substituted TEEs, as well as TEE dimers, are

perfect building blocks for the construction of perethynylated expanded radialenes. Thus, by

bis-deprotection of a suitable bis-silylated TEE precursor, followed by oxidative coupling

under high-dilution conditions, the expanded [n]radialenes 28a–c (n ¼ 3–5) were prepared

(Figure 7) [29]. The expanded [6]radialene 28d, as well as the expanded [n]radialenes 29a,c

ðn ¼ 4; 6Þ and 30a–c ðn ¼ 4; 6; 8Þ were prepared in a similar manner by cyclization of TEE

dimers 21, 19, and 23, respectively, after their desilylation by treatment with tetrabutyl-

ammonium fluoride. The expanded [5]radialene 29b was obtained by cyclizing dimer 19,

after bis-deprotection, with a related TEE trimer. A study of the electronic properties of these

three differently substituted series of expanded radialenes (R ¼ Si(iPr)3, 3,5-di(tBu)Ph, or p-
(C12H25)2NPh) provided fundamental information regarding p-electron delocalization in cy-

clic systems, where both linear and cross-conjugative pathways can be operational [29d].

Fig. 6. Planar, perethynylated aromatic (27a,b) and anti-aromatic (26a,b) dehydroannulenes [30].

Fig. 7. Expanded radialenes bearing peripheral substituents of different electron-donating strengths [29].
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The absorption spectra of the expanded radialenes were compared to those of their related

TEE dimers, which serve as models for the longest linearly conjugated p-electron fragment

in the macrocycles. Within each radialene series, the optical end-absorption remained almost

constant, and hence was independent of the ring size. For the per(silylethynylated) expanded

radialenes 29a–c, this end-absorption was seen to be bathochromically shifted by only

@20 nm compared to that of dimer 19. However, the introduction of aryl substituents re-

sults in dramatic spectral changes (Figure 8). Thus, for the series 30a–c versus 23, a batho-

chromic shift of @45 nm is observed, and for the series 28a–d versus 21, the shift is as

much as 100 nm. These large bathochromic shifts are interpreted as resulting from a

high degree of macrocyclic cross-conjugation in the arylated macrocycles 28a–d and 30a–c.

Thus, it transpires that arylation is of major importance for inducing macrocyclic cross-

conjugation, which becomes increasingly efficient with increasing donor strength of the

substituents.

Another interesting property of expanded radialenes is their strong ability to accommodate

electrons upon reduction, as revealed by an electrochemical study by Gross, Gisselbrecht,

and Boudon [29d]. Thus, in all three series, the first reduction occurred at anodically shifted

potentials relative to the reference TEE dimers; the following shifts were observed: þ170–

440 mV for 29a–c relative to 19, þ210–330 mV for 30a,b relative to 23, and þ240–320 mV

for 28a–c relative to 21 (Figure 9). Thus, the radical anions of expanded radialenes are very

stable, particularly those of the expanded [3]- and [4]radialenes, whatever the nature of the

substituents.

Donor-substituted expanded radialenes also display huge nonlinear optical coeffi-

cients: 28a: g ¼ 18000� 10�36 esu, wð3Þ100%=wð3Þfs ¼ 2700; 28b: g ¼ 7000� 10�36 esu,

wð3Þ100%=wð3Þfs ¼ 800 (wð3Þfs ¼ 1:16� 10�14 esu). These values are, however, to some extent

resonance-enhanced owing to absorption at the third-harmonic wavelength of 700 nm (laser

wavelength: 2.1 mm) [29c, 29d].

Interestingly, the perethynylated core of an expanded [6]radialene contains 60 carbon

atoms and can therefore be viewed as an isomer of Buckminsterfullerene C60. X-ray crystal

structure analysis of 30b (Figure 10) revealed that the cyclic core adopts a non-planar, ‘‘chair-

like’’ conformation, with an average torsional angle of 57.2� [29d]. Each buta-1,3-diynediyl

moiety only deviates slightly from linearity. Thus, the corresponding bond angles vary from

174 to 180�. The six individual TEE units are almost planar, with deviations of no more than

0.03 Å from the mean plane.

Fig. 8. Comparison of the end-absorptions of TEE dimers and

expanded radialenes reveals that the degree of cyclic cross-conjugation

in the radialenes increases with increasing donor strength of the

peripheral substituents [29d].
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Fig. 9. Comparison of first reduction potentials (vs. Fc/Fcþ) for the
three differently substituted series of TEE dimers/expanded radialenes

[29d]. Solvent: THF for 19, 29a–c; CH2Cl2 for 21, 23, 28a–c, and 30a,b.

Fig. 10. X-ray crystal structure of expanded [6]radialene 30b; H-atoms

have been omitted for clarity. Atomic displacement parameters at 203 K

are drawn at the 20 % probability level. The perethynylated C60-core is

highlighted in bold; it adopts a chair-like conformation [29d].
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The synthesis of all-carbon networks, representing artificial counterparts of the two natu-

rally occurring allotropes, graphite and diamond, has attracted considerable interest in re-

cent years [1c]. A fascinating allotrope, still elusive, is the ‘‘superdiamond’’ network depicted

in Figure 11. It is tempting to compare this network with an expanded [6]radialene, rec-

ognizing that they contain chair-form cyclic parts of the same size, the only difference being

the hybridization of the corner carbon atoms, sp3 versus sp2. In this context, the class of

perspirocyclopropanated macrocyclic oligo(diacetylene)s, [n]rotanes, should be mentioned.

These macrocycles are structurally similar to the expanded radialenes, but have insulating

sp3 carbon centers separating the buta-1,3-diynediyl fragments. Indeed, [6]rotanes also adopt

chair-like conformations [35].

6.4.3

Cyclic Platinum s-Acetylide Complex of Tetraethynylethene

By Pt-TEE scaffolding, the macrocyclic complex 31 (Figure 12) was prepared by deprotec-

tion and Hay coupling of dimer 32 [36]. This macrocycle can be envisaged as an expanded

Fig. 11. ‘‘Superdiamond’’ network, an elusive allotrope of carbon.

Fig. 12. Linear and cyclic Pt-TEE complexes [36].
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[4]radialene containing two platinum centers as an integral part of the cyclic core. The

end-absorption of 31 is bathochromically shifted relative to that of the dimer 32 and extends

well beyond 500 nm to about the same onset as observed for 30a. Thus, it seems that there is

electronic communication along the rectangular perimeter of 31.

6.5

Linearly p-Conjugated Oligomers and Polymers: Poly(triacetylene)s

Polyacetylene (PA) is the simplest conjugated polymer [37] with an all-carbon backbone not

composed of aromatic rings (Figure 13), and has been extensively exploited for its electrical

conductivity upon doping [38]. The poly(diacetylene)s (PDAs) and poly(triacetylene)s (PTAs)

are the next representatives in a progression that ultimately leads to carbyne. PTAs were first

synthesized in 1994 [39], after suitable monomeric tetraethynylethene and trans-1,2-
diethynylethene (DEE) building blocks had become available [40]. The p-electron conjuga-

tion in the PTA backbone is best described as cylindrical and is maintained upon rotation

about C(sp)aC(sp2) and C(sp)aC(sp) single bonds, since UV/vis studies on PTA oligomers

33a–e, 34a–c, and 35a,b, dendritically encapsulated by shells of Fréchet-type dendrons [41],

demonstrated that the electronic properties were not altered upon distorting the backbone

out of planarity as a result of steric compression of the bulky dendritic wedges (Figure 14)

[42].

Fig. 13. Progression of linearly p-conjugated all-carbon backbones from

trans-polyacetylene (PA) through trans-poly(diacetylene) (PDA), trans-

poly(triacetylene) (PTA), to carbyne.

Fig. 14. Dendritic PTA oligomers with the linearly p-conjugated all-

carbon backbone encapsulated by dendrons of first to third generation

[42].
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The question that needs to be addressed is how the physical properties of PTAs are influ-

enced by aryl groups, in either the lateral positions or within the carbon backbone, or by

donor–donor or acceptor–acceptor substitution in the end groups.

6.5.1

Lateral Aryl Substitution

The effect of lateral aryl donor functionalization can be understood by comparing the two

PTAs 36 [39] and 37 [29c], the first containing lateral silyl groups and the second lateral

anilino groups (Figure 15). They were readily obtained by oxidative Glaser–Hay polymeriza-

tion of trans-bis-deprotected TEEs in the presence of the end-capping reagent 3,5-di(tert-
butyl)phenylacetylene. By 1H NMR signal integration, the average molecular weight Mn and

the degree of polymerization Xn were determined. Comparison of their physical properties

reveals a significant enhancement upon lateral donor functionalization. Thus, the solution-

state optical gap of 37 (Eg ¼ 1:6 eV) is substantially reduced relative to that of 36 (Eg ¼ 2:0

eV). The PTA 37 only showed one irreversible reduction at �1.28 V (versus Fc/Fcþ, in

CH2Cl2), this being anodically shifted by þ350 mV relative to the first reduction of TEE

dimer 21. Thus, the longer linear conjugation length in 37 facilitates the first reduction rel-

ative to that in 21. Moreover, as is generally observed for anilino-substituted TEE scaffolds,

37 undergoes reversible oxidation centered on the anilino groups (E� ¼ þ0:45 V versus Fc/
Fcþ in CH2Cl2).

6.5.2

Aromatic Spacer Units

The modulation of the electronic properties of PTA oligomers by p-electron-deficient and

-rich aromatic and heteroaromatic spacer units was first tested in DEE dimers 38a–j and

39a,b (Figure 16) [43]. The insertion of such spacers was found to have a profound influence

on the molecular properties, such as the fluorescence behavior. Thus, whereas the quantum

yields of compounds 39a,b and hybrid trimer 38j were below 5 % in chloroform (lexc ¼ 356

nm), hybrid derivatives 38a, 38e, 38g, and 38i exhibited quantum yields between 20 and

Fig. 15. PTAs containing lateral silyl [39] or anilino [29c] groups.

Mn ¼ average molecular weight; Xn ¼ average number of TEE

monomer units.
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50 %. The quantum yields were even increased above 50 % in hybrid trimers 38b–d, 38f,

and 38h.

Whereas DEE trimer 39b experiences a large bathochromic shift of the longest-wavelength

absorption maximum relative to that of DEE dimer 39a (lmax ¼ 407 nm, shoulder (39b),

lmax ¼ 376 nm (39a)), hybrid trimers 38a–c display about the same longest-wavelength ab-

sorption maxima, as well as end-absorptions, as 39a. Thus, benzenoid spacers are less effec-

tive in transmitting p-electron delocalization along the oligomeric backbone. In contrast, in-

troduction of the anthracene spacer in 38d produces a remarkable red-shift of all the bands

in the UV/vis spectrum. Insertion of electron-rich heterocyclic spacers, as in thiophene de-

rivative 38i and furan derivative 38j, results in very efficient p-electron delocalization, shifting

the longest wavelength absorption maximum to 404 nm (shoulder) and 398 nm (shoulder),

respectively. While a pyridine spacer (in 38g) does not produce a bathochromic shift, the

pyrazine-spaced compound 38h exhibits a longest-wavelength absorption at lmax ¼ 392 nm

(shoulder). Indeed, the benzenoid aromaticity is more pronounced in pyridine than in pyra-

zine. Pyridine derivative 38g represents an interesting example of a molecular system in

which both the electron absorption and emission characteristics can be reversibly switched

as a function of pH. Thus, protonation results in a large bathochromic shift of the most in-

tense electronic absorption band from lmax ¼ 337 to 380 nm and a decrease in the fluores-

cence quantum yield from 40 % to 7 % (lexc ¼ 356 nm) [43c].

Based on the biphenyl spacer, a long-chain oligomer (40) was prepared (Figure 17) [43d].

This PTA retained the strong emission behavior of 38b, displaying a quantum yield of 44 %

in chloroform. Its potential in light-emitting diodes is currently under investigation.

Recently, Pt-TEE molecular scaffolding yielded PTA oligomers with [Pt(PEt3)2] as spacer

units [44]. Both the linear and nonlinear optical properties of these compounds revealed an

Fig. 16. Dimers of trans-1,2-diethynylethene (DEE) containing aromatic spacer units [43].
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almost complete lack of p-electron conjugation along the backbones, that is, the Pt groups

act as insulating centers in these linear systems. This insulating behavior of the [Pt(PEt3)2]

spacer units is in contrast to their ability to convey, at least to some extent, p-electron deloc-

alization in the macrocyclic complex 31.

6.5.3

Donor–Donor and Acceptor–Acceptor End-Functionalization

The PTA mono-, di-, tri-, tetra-, penta-, and hexamers 41a–f and 42a–f (Figure 18) provide

useful information regarding the influence of donor–donor (D–D) and acceptor–acceptor

(A–A) substitution in the end groups of PTAs based on the trans-1,2-diethynylethene repeat

unit [45]. As reference points for the infinitely long polymers, compounds 41g and 42g (@18

and 12 DEE units) were studied. From the longest-wavelength absorption maxima of the

compounds in each of these two series, the effective conjugation length (ECL) was estimated.

The ECL indicates the number of repeat units required to furnish size-independent proper-

ties in a conjugated polymer. The electronic properties of the end caps were found to have a

strong bearing on the ECL. Thus, the ECL of the A–A PTA oligomer 42g was determined to

be n ¼ 10, this being of the same length as found for silyl group end-capped PTA oligomers.

However, the D–D PTA oligomer 41g exhibits a much shorter ECL of only n ¼ 4. This de-

crease in ECL is probably explained by the appearance of strong CT bands that dominate the

absorption properties. Raman scattering measurements suggested an even smaller value of

n ¼ 3 for this PTA.

6.6

Conclusions

Tetraethynylethene molecular scaffolding has provided conjugated materials with properties

that are greatly enhanced upon incorporating functional arene units. Indeed, third-order

nonlinear optical properties are increased by aryl groups; photochemical cis-trans isomer-

Fig. 17. PTA comprised of biphenyl-spaced DEE units [43d].

Fig. 18. PTAs containing either donor or acceptor end-caps [45].
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ization can be controlled, providing molecular photoswitches; absorptions up to the near-IR

region are obtained upon extending the linear conjugation, cyclic cross-conjugation in ex-

panded radialenes is enforced by donor groups; the optical gap of PTA oligomers is de-

creased; strong fluorescence behavior can be introduced in PTAs, and the effective conjuga-

tion length in PTAs can be adjusted by changing the donor strength of the end groups.

Abbreviations

A acceptor

Ac acetyl

Bu butyl

CT charge-transfer

D donor

DEE trans-1,2-diethynylethene
DHA dihydroazulene

DMA dimethylaniline

ECL effective conjugation length

Et ethyl

Fc ferrocene

fs fused silica

IR infrared

Me methyl

NLO nonlinear optics

PA polyacetylene

Ph phenyl

PDA poly(diacetylene)

Pr propyl

PTA poly(triacetylene)

TEE tetraethynylethene

UV ultraviolet

TICT twisted intramolecular charge-transfer

TMEDA N,N,N 0,N 0-tetramethylethylenediamine

VHF vinylheptafulvene

vis visible
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Bosshard, G. Knöpfle, P. Günter, R. R.

Tykwinski, M. Schreiber, F. Diederich,

J. Phys. Chem. B. 1998, 102, 4451–4465; d)
R. R. Tykwinski, U. Gubler, R. E.

Martin, F. Diederich, C. Bosshard,

P. Günter, J. Phys. Chem. B. 1998, 102,
4451–4465; e) U. Gubler, R. Spreiter, C.

Bosshard, P. Günter, R. R. Tykwinski,

F. Diederich, Appl. Phys. Lett. 1998, 73,
2396–2398; f ) C. Bosshard, in Non-
linear Optical Effects and Materials (Ed.:
P. Günter), Springer Verlag, Berlin,

2000, pp. 7–161; g) U. Gubler, C.

Bosshard, Phys. Rev. B 2000, 61, 10702–
10710.

13 L.-T. Cheng, W. Tam, S. R. Marder, A. E.

Stiegman, G. Rikken, C. W. Spangler, J.
Phys. Chem. 1991, 95, 10643–10652.

14 C. W. Spangler, K. O. Havelka, M. W.

Becker, T. A. Kelleher, L.-T. Cheng,

Proc. SPIE – Int. Soc. Opt. Eng. 1991, 1560,
139–147.

15 a) J. Messier, F. Kajzar, C. Sentein, M.

Barzoukas, J. Zyss, M. Blanchard-

Desce, J.-M. Lehn, Nonlinear Opt. 1992, 2,
53–70; b) G. Puccetti, M. Blanchard-

Desce, I. Ledoux, J.-M. Lehn, J. Zyss, J.
Phys. Chem. 1993, 97, 9385–9391; c) M.

Blanchard-Desce, J.-M. Lehn, M.

Barzoukas, C. Runser, A. Fort, G.

Puccetti, I. Ledoux, J. Zyss, Nonlinear
Opt. 1995, 10, 23–36.

16 a) A. F. Garito, J. R. Heflin, K. Y.

Wong, O. Zamani-Khamiri, in Organic
Materials for Nonlinear Optics (Eds.: R. A.
Hann, D. Bloor), The Royal Society of

Chemistry, London, 1989, pp. 16–27; b)

J. W. Wu, J. R. Heflin, R. A. Norwood,

K. Y. Wong, O. Zamani-Khamiri, A. F.

Garito, P. Kalyanaraman, J. Sounik, J.
Opt. Soc. Am. B 1989, 6, 707–720.

17 S. R. Marder, W. E. Torruellas, M.

Blanchard-Desce, V. Ricci, G. I.

Stegeman, S. Gilmour, J.-L. Brédas, J.

Li, G. U. Bublitz, S. G. Boxer, Science
(Washington D.C.) 1997, 276, 1233–1236.

18 a) I. D. L. Albert, J. O. Morley, D. Pugh,

J. Phys. Chem. 1995, 99, 8024–8032; b) V.
Keshari, W. Wijekoon, P. N. Prasad, S.

P. Karna, J. Phys. Chem. 1995, 99, 9045–
9050; c) P. R. Varanasi, A. K.-Y. Jen, J.

Chandrasekhar, I. N. N. Namboothiri,

A. Rathna, J. Am. Chem. Soc. 1996, 118,
12443–12448; d) I. D. L. Albert, T. J.

Marks, M. A. Ratner, J. Am. Chem. Soc.
1997, 119, 6575–6582.

19 a) L.-T. Cheng, W. Tam, S. R. Marder,

A. E. Stiegman, G. Rikken, C. W.

Spangler, J. Phys. Chem. 1991, 95, 10643–
10652; b) S. P. Karna, Y. Zhang, M.

Samoc, P. N. Prasad, B. A. Reinhardt,

A. G. Dillard, J. Chem. Phys. 1993, 99,
9984–9993; c) V. P. Rao, A. K.-Y. Jen, K.

Y. Wong, K. J. Drost, J. Chem. Soc.,
Chem. Commun. 1993, 1118–1120; d) A.
K.-Y. Jen, V. P. Rao, K. Y. Wong, K. J.

Drost, J. Chem. Soc., Chem. Commun.
1993, 90–92; e) K. Y. Wong, A. K.-Y. Jen,

V. P. Rao, K. J. Drost, J. Chem. Phys.
1994, 100, 6818–6825; f ) V. P. Rao, K. Y.
Wong, A. K.-Y. Jen, K. J. Drost, Chem.
Mater. 1994, 6, 2210–2212; g) P. Boldt,
G. Bourhill, C. Bräuchle, Y. Jim, R.
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7

The ADIMET Reaction: Synthesis and Properties of

Poly(dialkylparaphenyleneethynylene)s

Uwe H. F. Bunz

Abstract

A mixture of molybdenum hexacarbonyl and 4-chlorophenol is effective in performing al-

kyne metathesis of dipropynylated dialkylbenzenes. Alkyne metathesis of these precursors

leads to the clean formation of dialkyl poly(paraphenyleneethynylene)s (PPEs) in high yield

and with high molecular weights. This facile yet effective access to the PPEs has allowed

study of their spectroscopic, structural, and thermal properties. While PPEs have been

made before, the dialkyl-PPEs turned out to have particularly interesting optical and liquid-

crystalline properties that can be explained in terms of the conformation of the main chains.

The PPEs have also been utilized to construct light-emitting diodes and other semiconductor

devices. This chapter discusses the interplay of structure, chromicity, and electronic proper-

ties of the dialkyl-PPEs.

7.1

Introduction

7.1.1

Scope and Coverage of this Review

This contribution describes the synthesis and properties of organic alkyne-bridged materials

that have been made by alkyne metathesis or by Acyclic Diyne Metathesis (ADIMET). This

review covers mostly poly(aryleneethynylene)s made at the author’s laboratory in South Car-

olina. A comprehensive review covering poly(aryleneethynylene)s listing important contri-

butions in adjacent areas has appeared [1, 2]. This chapter discusses the synthesis and

properties of dialkyl-poly(paraphenyleneethynylene)s (dialkyl-PPEs) in relation to the con-

cept of ADIMET with simple catalyst systems.

7.1.2

Historical Perspective

The metathesis of carbon–carbon multiple bonds has ‘‘exploded’’ in the last ten years.

In particular, alkene metathesis, that is the transition metal promoted 1,2-permutation of
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substituents in alkenes (Scheme 1), has made great strides since the commercialization of

Grubbs’ and Schrock’s ruthenium and molybdenum alkylidenes. Herrmann discovered that

imidazolium ligands boost the reactivity of the Grubbs catalysts. Alkene metathesis has been

applied in all fields of organic and materials chemistry, and has been covered by excellent

review articles [3, 4].

On the other hand, alkyne metathesis (Scheme 1, 2), is the permutation of substituents

in alkynes in a process that involves the transition metal catalyzed scission of the carbon–

carbon triple bond [5]. The first example of this reaction in homogeneous solution was

found by Mortreux [6]; when he heated a mixture of diphenylacetylene, ditolylacetylene,

Mo(CO)6, and catechol in a high-pressure reactor, he observed the formation of the mixed

phenyltolylacetylene 3 in the reaction mixture (Scheme 2). Although this reaction set-up is

simple, Mortreux did not exploit this attractive system for the preparation of organic target

molecules. He did not address the question of the catalytically active species, even though

several more interesting papers covering the topic appeared in the literature [5].

In the early 1980s, Schrock prepared a series of tungsten- and molybdenum-based carbyne

complexes, and demonstrated that they are viable catalysts for performing stoichiometric

and catalytic alkyne metathesis [7]. With the defined carbyne complexes, he laid the foun-

dation for the mechanistic understanding of alkyne metathesis, and was the first to demon-

strate that vinyl-substituted carbyne complexes are stable [8] and that alkyne metathesis

could be performed in the presence of CbC double bonds.

From a mechanistic point of view (Scheme 3), a transition metal carbyne undergoes a

½2þ2� cycloaddition with an alkyne to form a metallacyclobutadiene as an intermediate, or

possibly as a transition state. The four-membered ring then cycloreverts, expelling a di-

substituted alkyne with regeneration of a catalytically active carbyne complex. In a subsequent

Scheme 1

Scheme 2
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reaction, another ½2þ2� cycloaddition to give a metallacyclobutadiene occurs. Cycloreversion

again regenerates the catalytically active species, and ejects the final product of the meta-

thesis.

Schrock and Krouse utilized alkyne metathesis to ring-open cyclooctyne 4 [9]. They ob-

tained a polycyclooctynamer 5. This ROMP is the first known application of a carbyne com-

plex in polymer science. Bazan showed in 1994 elegantly that alkyne metathesis of silicon-

containing diynes 6 with tungsten carbynes of the Schrock-type furnishes conjugated

polymers 7 [10]. However, while both of these seminal papers were of high importance and

exciting, the results lacked their well-deserved impact (Scheme 4).

Further interest in the use of alkyne metathesis in polymer science arose through a

collaborative effort of Bunz and Müllen, exploring the synthesis of poly(paraphenylene-
ethynylene)s (PPEs) by Pd-catalyzed couplings [11]. The PPEs that were isolated were

of relatively low molecular weight and had a significant amount of defects, a consequence

inherent to the Pd methodology. The presence of diyne units, the occurrence of phospho-

nium end groups, and dehalogenation generally plague this – per se valuable and generally

applicable – synthetic approach. Alkyne metathesis is proposed as an alternative route to

PPEs that may circumvent the problems associated with Pd catalysis.

Scheme 3

Scheme 4
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In 1995, Mori revived alkyne metathesis with simple Mo(CO)6-based catalyst systems, and

successfully prepared a series of diaryl- and arylalkylacetylenes (Scheme 5) [12]. The yields of

the dimerization reactions were not particularly high. The simplicity of the method utilizing

off-the-shelf catalyst precursors in combination with technical quality solvents made these

systems potentially valuable for the synthesis of novel aromatic oligomers and polymers

(Scheme 5). Mori offered an alternative mechanistic picture as to how alkyne metathesis

might work in these simple catalyst systems, which invoked a transient molybdenacyclo-

pentadiene 9a; the classic interpretation of alkyne metathesis according to Schrock involves

an intermediate 9b as shown in Scheme 5.

7.2

Syntheses

7.2.1

PPEs by Acyclic Diyne Metathesis (ADIMET) Utilizing Schrock’s Tungsten Carbyne

Complex 11

The first conjugated polymer to be made by the ADIMET process was dihexyl-PPE (12a) [13].

Reaction of 1,4-dipropynyl-2,5-dihexylbenzene (10a) with (tBuO)3WcCtBu (11) at 80 �C in

vacuo in a high boiling solvent furnished dihexyl-PPE 12a as a yellow powder in 80 % yield

and with a degree of polymerization (Pn) of 94 repeat units (Scheme 6). The material was

characterized by NMR spectroscopy, and did not show any defects that could be attributed to

Scheme 5

Scheme 6
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cross-linking, electrophilic addition of aryl oxides, or partial reduction. In an extension of

this approach, 1,4-dipropynyl-2,5-diphenylbenzene 10b and 1,3-dipropynylbenzene were

metathesized to give poly(aryleneethynylene)s in good yields but with a relatively low degree

of polymerization. The successful performance of alkyne metathesis inspired Fürstner [14]

to utilize ADIMET to close large rings in a clever exploitation of alkyne metathesis in natural

product synthesis. While the defined carbyne complex 11 is successful in the synthesis of

PPEs, this alkylidyne is not commercially available. It has to be synthesized in a multistep

procedure utilizing glove-box techniques, a task that the preparative by working organic

chemist wants to avoid! As a consequence, it was of great importance to explore whether the

simple in situ catalysts formed from Mo(CO)6 and 4-chlorophenol could be used for the

synthesis of PPEs 12 and other target molecules.

7.2.2

Synthesis of Diarylalkynes Utilizing the Mori System

The low yields of the Mori dimerization presented a challenge for the utilization of the sim-

ple catalyst systems [12]: optimization by increasing the reaction temperature from 105 to

130–150 �C combined with the slow introduction of N2 into the reaction mixture increased

the isolated yield of 8 from 52 % to 82 % (Scheme 7). If the propynylated aromatics (13, 14)

Scheme 7
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bear an alkyl group in a position ortho or meta to the propyne group, the yield (after crys-

tallization and chromatography) of the dimers 18 or 19 exceeds 90 %, suggesting that their

formation is quantitative.

Propynylnaphthalene 15 furnishes dinaphthylacetylene 20 in near quantitative yield. On

the other hand, the Mori system performs somewhat less well if heteroatoms are present in

the substrates, suggesting that the catalytic system is poisoned by the presence of the het-

eroatom through complexation and/or chelation of the active molybdenum center. Cyano

groups and bromides/iodides inhibit the reactivity of the catalyst system. However, both

propynylated phenols (16) and esters (17) give satisfactory dimerization results (21, 22).

Grubbs and Zuercher [15] have shown that alkene metathesis in the presence of alkynes

leads to the transformation of the alkynes into alkenes in the final product. Thus, it was of

importance to check if the reverse was true for alkyne metathesis utilizing the simple Mori

system. Subjecting a series of propynylated styrenes and stilbenes 23–27 to the ‘‘shake-and-

bake’’ catalysts led to the isolation of the dimers 28–32 in good to excellent yields after their

precipitation from methanol (Scheme 8) [16]. It is noteworthy that unsupported double

bonds are tolerated in the metathesis process forming divinyltolane 28 in good yields. Like-

wise, butadiene (25) and thiophene (26) containing substrates are dimerized, providing that

the heteroatom or large p-system is far enough away from the reactive metathesis center.

Scheme 8
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The yields are lower in these more difficult cases. It was demonstrated that the metathesis

conditions do not exert any oxidative stress on the substrates. Dimerization of 27 furnished

spectroscopically pure 32 in 99 % yield after precipitation from methanol. Under oxidative

stress, the ferrocene nucleus would have been oxidized and paramagnetic material would

have been isolated.

While butadiene units and thiophenes are tolerated in ADIMET with simple catalyst sys-

tems, the thiophene nucleus has to be relatively far away from the reacting propyne group

(Scheme 8); 2-propynylthiophene 33 did not undergo ADIMET with simple catalyst systems

(Scheme 9). Fürstner [14] reported a highly active catalyst system that was formed from

Cummins’ tris(amide) [Mo(NHR)3] [17] and dichloromethane in situ. According to the au-

thors, this is the most active and heteroatom-tolerant catalyst available to date. Attempts to

dimerize 33 with Fürstner’s catalyst failed (Scheme 9), although co-metathesis with a second

alkyne proceeded smoothly. Weiss [18] reacted 2,5-dipropynylthiophene 35 with 11, whereby

small thiophenyleneethynylene oligomers 36 formed in moderate yields (Scheme 10).

7.2.3

Cycles

Having demonstrated that the dimerization of propynylated substrates works well, it

was important to explore ring-forming metathesis (RCM) [14]. The first experiments uti-

lizing 1,2-dipropynylbenzene 37 were unsuccessful, and led to the isolation of unreacted

starting material along with a small amount of an infusible and intractable dark solid. Per-

haps the second alkyne group in 37 chelates the molybdenum center and prevents meta-

thesis activity. More successfully, subjecting 1,3-dipropynyl-5-tert-butylbenzene 39 to RCM

conditions provided the cyclohexameric phenyleneethynylene 40 in an isolated yield of 8 %

after repeated chromatography. According to mass spectrometry, the heptameric and octa-

meric cycles are also formed, albeit in much lower yields. The other identified product of

this reaction is a poly(metaphenyleneethynylene) of relatively low molecular weight [19]. To

confirm the structure of 40, Adams, Bunz, and Herrmann performed a single-crystal X-ray

Scheme 9

Scheme 10
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structure analysis [19]. The geometry of the ring is hexagonal, although the packing of the

cycles is of more interest. Moore has recently described a packing motif of a hexaphenolic

phenyleneethynylene cycle. This macrocycle forms extended channels, and the rings are

packed in a coplanar fashion [20] on top of one another. In the simpler hydrocarbon system

Scheme 11
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40, a related packing motif is observed, but stacks of the rings that form channels are

mutually arranged in a herringbone pattern. This would be expected for large aromatic

molecules where only van der Waals and electrostatic forces play a role.

To explore other ring-forming metatheses, the trimeric precursor 41 was subjected to

ADIMET, which produced a small percentage of the cycle 42 in addition to large amounts of

a weakly fluorescent but not very soluble polymer. The substrate that proved most ideal for

ring-forming ADIMET was 43, which, upon metathesis, furnished the trimeric cycle 44a

ðn ¼ 1Þ in 14 % and the tetrameric cycle 44b ðn ¼ 2Þ in 18 % isolated yield after chroma-

tography and crystallization. While larger ring sizes could be detected by mass spectrometry,

it was not possible to isolate these rings by column chromatography [21].

7.2.4

Alkyne-Bridged Polymers by ADIMET

Conjugated polymers are organic semiconductors, and as such they are of great importance

in the fabrication of organic semiconductor devices. These devices include, but are not re-

stricted to, light-emitting diodes (LEDs), thin-film transistors, photovoltaic cells, and plastic

lasers. The most important polymers in this field are the PPVs, despite their moderate sta-

bility, delicate processing requirements, and less than ideal photophysical properties [22].

The dehydrogenated congeners of the PPVs, the PPEs (12), show considerably higher stabil-

ity, are more easily processible, and have superior photophysical properties in solution com-

pared to those of the PPVs [1]. The PPEs have attracted much less attention in device fabri-

cation, even though they have been popularized by Swager [23] as sensory materials and by

Tour [24] as ‘‘molecular wires’’.

The classic synthesis of PPEs is the Pd/Cu-catalyzed coupling of diethynylbenzenes 45

with diiodo- or dibromobenzenes 46 [1]. This coupling reaction is widely applicable, quite

Fig. 1. (a) Ball-and-stick plot of 40, (b) packing diagram of 40. The tert-

butyl groups and the hydrogens are omitted for clarity. The squares

indicate highly disordered solvent, probably hexanes.
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general in scope, and was first utilized by Giesa and Schulz to prepare soluble PPEs [25].

However, the method is not without its problems, and the polymers 47 contain numerous

defects, including diyne groupings. This is due to oxidative dimerization (by traces of oxygen

or other oxidants in the reaction mixture) of the bis(alkyne) component. In addition, the end-

groups of Pd-made PPEs are not well defined because of dehalogenation or phosphonium

salt formation [26]. The reaction is a classic polycondensation, and is quite sensitive to im-

balances in the stoichiometry. Furthermore, the degree of polymerization of the Pd-made

PPEs is not very high (Pn < 50 repeating units) [1] unless acceptor-substituted dihalides are

utilized [27]. The best polymers made by this method were described by Swager [28], who

reacted diiodo aromatic coupling partners and a Pd(0) catalyst to minimize side reactions.

Because of the problems associated with Pd-catalyzed polycondensations, it became nec-

essary to develop an independent, simple synthetic access that was not based on the Pd

methodology. Alkyne metathesis was deemed appropriate, and with optimization of the

simple ‘‘shake and bake’’ catalysts it was expected that it would be well-suited for forming

PPEs [29]. The high yields obtained in the dimerization reactions of propynylated arenes

(Schemes 7 and 8) strongly supported this notion, and from the work of Bunz, Müllen, and

Weiss it was clear that PPEs 12 could be made by ADIMET, at least if Schrock’s tungsten

carbyne complex 11 was employed [13]. A reaction mixture containing dihexyldipropynyl-

benzene 10a and the ‘‘shake and bake’’ catalyst Mo(CO)6/4-chlorophenol became strongly

fluorescent after approximately 1 h at a reaction temperature of 130 �C, suggesting that

productive metathesis had commenced (Scheme 13).

Work-up furnished dihexyl-PPE 12a in an almost quantitative yield with a degree of poly-

merization (Pn) of approximately 100. It was noticed that 12a was only sparingly soluble in

hot 1,2-dichlorobenzene. Dodecyl-, 2-ethylhexyl-, and bis(3,8-dimethyloctyl)dipropynylben-

Scheme 12

Scheme 13
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zenes 10c,d,f were prepared by standard Pd-catalyzed reactions to improve the solubility and

molecular weight. The ADIMET of 10c,d,f with the Mo(CO)6/4-chlorophenol mixture gave

polymers 12c,d,f of higher molecular weight. The samples showed a degree of polymeriza-

tion in the range Pn ¼ 200–700 [30, 31], as estimated by gel permeation chromatography

(GPC). In rare cases, the Pn values exceeded 1000 repeat units. The degree of polymerization

increases with the scale of the reaction and the purity of the monomers. An interesting point

is the temperature window in which these reactions are successful. At 120 �C, these poly-

merizations give low molecular weight oligomers, as is also the case above 160 �C. From the

data collected in South Carolina, the optimum conditions for ADIMET with Mori catalysts

are 135–150 �C, an excess of phenol, and a small amount of solvent. 4-Chlorophenol is not

the only potent co-catalyst; 4-(trifluoromethyl)phenol/Mo(CO)6 is likewise effective in pro-

moting ADIMET.

The PPEs are isolated by precipitation from methanol after washing with acid and base to

remove Mo-containing residues. The polymers are obtained as light-yellow to bright-yellow

powders (branched side chains give paler polymers), flakes, or rubbery fibrous materials de-

pending upon the nature of the side chain and the degree of polymerization. After 16 h,

ADIMET gives materials of substantial molecular weight, and the reaction is finished after

approximately 24–30 h, beyond which no increase in molecular weight is observed [31].

After 30 h, the concentration of reactive end-groups is very low, and it may be that the cata-

lytic system slowly decomposes under these conditions. The reaction can be scaled-up; 10 g

of PPE was prepared in a 250 mL Schlenk flask, suggesting that industrial scale synthesis of

PPEs will be facile.

The 13C NMR spectra of dialkyl-PPEs (12) feature three signals in the aromatic region and

one signal due to the alkyne units. No other resonances are detected in the region d ¼ 80–

200, excluding cross-linking by formation of networked PPV-type structures.

The synthetic utility of the ADIMET process with simple catalyst systems would be re-

stricted if only PPE (albeit very pure and in high yields) could be made. Fortunately, this

is not the case, and a series of different propynylated aromatics underwent ADIMET

to give the polymers 48, 49, and 51–53 in good to excellent yields with respectable Pn values

[32–35]. Most of these polymers were not known (49, 52, 53) or had never been appropri-

ately characterized (48, 51). The PPVEs 52 are hybrids of PPEs and PPVs that have not

been described previously. They may combine the stability of the PPEs with the exciting

properties of the PPVs. Utilizing a series of dipropynylated stilbene derivatives accessible by

a Horner–Wittig approach, alkyl-substituted PPVEs 52 of high molecular weight (Pn up

to 400 aryleneethynylene units) and purity were obtained by ADIMET as stable, deep-yellow

Tab. 1. Substituent pattern and molecular weights for representatitve PPEs 12.

Substituent Hexyl a Hexyl a Hexyl a 2-Ethylbutyl

e

2-Ethylhexyl

d

Dodecyl c

Temp. (�C) 120 170 150 150 150 150

Co-catalyst 4-Cl-phenol 4-Cl-phenol 4-CF3-phenol 4-CF3-phenol 4-CF3-phenol 4-Cl-phenol

Yield 70 76 99 80 99 96

Pn (GPC) 22 10 94 insoluble 510 770
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or greenish emitting materials. PPVEs are of interest as active materials in organic light-

emitting diodes [16].

Heteroatoms are tolerated in these polymerization reactions as long as they are spatially

separated from the reacting propyne groups. An excellent example is the poly(carbazylene-

ethynylene) 51, which is made by ADIMET from N-alkyldipropynylcarbazoles [32]. The

presence of oxygen functionalities is likewise tolerated, but the formation of dialkoxy-PPE

50 gives polymers of relatively low molecular weight, even though it proceeds in high

yields. Polymer 50 is only formed when the active co-catalyst 4-(trifluoromethyl)phenol

is employed. ADIMET allows the synthesis of copolymers, as exemplified by the forma-

tion of poly(naphthyleneethynylene)/PPE hybrid 53 when dipropynyldialkylbenzenes 10

and dipropynyldi-tert-butylnaphthalene are co-metathesized. Typically, Pn values of 50–

100 are achieved, and the polymers are formed in high yields. The copolymers are,

like the poly(fluorenyleneethynylene)s 48, strongly solid-state blue-fluorescent emitting, and

have been utilized in the fabrication of PPE-based OLEDs (vide infra). ADIMET-made

poly(dialkylfluorenyleneethynylene)s 48 are now commercially available and are marketed by

Aldrich.

ADIMET is not restricted to the synthesis of simple poly(aryleneethynylene)s. If somewhat

more complex monomers (54, 56, 58) are employed, organometallic and arylenevinylene-

containing modules can be embedded into the polymer backbone. The introduction of elec-

troactive and other modules of interest is possible whenever propynylbenzene groups can be

attached to the target core. The polymers 55, 57, 59 are stable under the reaction conditions,

and the c[aAacaAacaBac]n sequence is not disturbed according to 13C NMR spectroscopy.

That is to say, no scrambling of the arene units is observed under ADIMET conditions. By

the same token, it was not possible to degrade 12c by the Mori catalysts in the presence of an

excess of either dodecyne or diphenylacetylene (Scheme 16).

Overall, the most difficult part of the ADIMET process is the synthesis of the monomers.

Monomer synthesis can be a challenge, considering that the necessary aromatic diiodides

Scheme 14
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are often either not described in the literature or are difficult to prepare. Given the absence

of chelating heteroatoms, most monomers bearing two propyne groups will be polymer-

izable by ADIMET with simple catalyst systems to give high molecular weight polymers in

good yields and with high purity.

7.3

Reactivities of PPEs

The determination of the absolute molecular weights of rigid rods by GPC is problematic,

because molecular weight standards for GPC are almost all (for an exception, see ref. [36])

based on polystyrene. Polystyrene is coiled and much more flexible than PPE. PPEs behave

like tough rods with a persistence length of several tens of nm, as reported by Cotts and

Swager [37]. Numerical values of by how much GPC overestimates the molecular weight

of PPEs are difficult to determine, but Tour reported that the GPC values for phenylene-

ethynylene oligomers overestimate their real molecular weights by roughly a factor of two

[38]. An interesting situation would arise if the PPEs could be transformed from rigid-rod

polymers into flexible coils. Thus, a rigid rod could be compared to a flexible coil with the

same polydispersity and the same molecular weight. PPEs should be uniquely suited for

this purpose because catalytic hydrogenation of their triple bonds should lead to a coiled

polymer with only a slightly increased molecular weight. The hydrogenated PPE would be

an isomeric polystyrene 60 [39], in which the polymer connection is made through the 1,4-

positions of the benzene ring instead of the benzene units substituting a polyethylene chain.

Scheme 15

Scheme 16
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The polymer 60 is expected to be coiled and thus better amenable to reliable molecular

weight determination by GPC using polystyrene standards.

Attempts to reduce PPEs 12 under moderate pressures (2–3 bar H2) at temperatures of

around 70–80 �C were unsuccessful. PPEs seem to be very stable chemically, and only when

the reduction was performed in an autoclave under drastic conditions successful hydroge-

nation was observed. Hydrogen pressures of 300–500 bar at temperatures of around 300 �C
are necessary for complete reduction of the PPE to the hydrogenated polymer 60 [40]. The

yield of 60 is high; the aromatic rings are not affected under these conditions and side

products are not detected in the colorless materials formed. Attempts to use shorter reaction

times, lower temperatures, or lower hydrogen pressures failed, and partially reacted material

of undefined structure resulted.

The hydrogenation of several low to medium molecular weight PPEs showed that the

molecular weights of the PPEs and their hydrogenated congeners 60 can differ by a factor

ranging from 1.1 to 1.6 depending upon the side chain. Further experiments are necessary

to evaluate the relationship between the molecular weights of the rods and the correspond-

ing coils.

Generally, the reactivity of PPEs is not well established. Weder has recently reported

an interesting means of functionalizing PPEs via an organometallic route. Thus, treatment

of PPE 61 with the styrene complex of platinum dichloride (62) furnished the polymeric PPE

complexes 63, in which the content of the organometallic units could be controlled by

the amount of Pt complex added. The labile styrene ligand in the platinated polymer 63

may be removed at a later stage to give three-dimensionally conjugated organometallic PPE-

heterostructures [41].

PPEs should offer a potent platform for polymer-analogous reactions, and a family of new

materials should be accessible by either complexation or cycloaddition via their bridging tri-

ple bonds. A difficulty is the relatively low reactivity of the alkyne units in PPEs. Steric

shielding by the adjacent alkyl or alkoxy groups, as well as electronic effects, reduce the re-

Scheme 17
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activity of the alkynes in the highly conjugated polymer and present formidable obstacles to

the exploitation of this concept.

7.4

Solid-State Structures and Liquid-Crystalline Properties of the PPEs

PPEs are formally linear and rigid molecular rods with a high molecular anisotropy. As a

result, PPEs have a large aspect ratio (aspect ¼ length/width). In the early contributions that

dealt with the synthesis of dialkoxy-PPEs, it was claimed that PPEs were liquid crystalline

[1]. However, no convincing proof was obtained. Optical micrographs showed shear-induced

birefringence, but no identifiable liquid-crystalline textures pointed to a smectic or nematic

phase [42]. In addition, the dialkoxy-PPEs are not thermally robust and they do not generally

give a stable isotropic melt but decompose at temperatures above 120 �C. Swager, Weder,

and Wrighton [43], and Le Moigne [42] observed the lamellar packing of the PPEs by powder

diffraction analysis, which provided evidence of a smectic ordering in these materials. In

1997, Weder [44] demonstrated that dialkoxy-PPEs form lyotropic-nematic liquid-crystalline

phases in highly concentrated solutions in 1,2-dichlorobenzene. However, there have been

no reported cases of thermotropic dialkoxy-PPEs in the literature.

7.4.1

Organometallic Poly(aryleneethynylene)s

The first reported thermotropic and lyotropic liquid-crystalline poly(aryleneethynylene)s

were not parent PPEs, but organometallic derivatives 65 made by the Pd-catalyzed conden-

sation of Vollhardt’s diethynyl 64 with diiodobenzenes 46 [45]. The polymers were isolated

in good to excellent yields as amorphous tan or red powders with moderate Pn values of

Scheme 18

Scheme 19
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12–30 repeating units. The thermal and phase behaviors of 65a and 65c were investigated

in detail. Both 65a and 65c form lyotropic nematic phases, as was evident from polarizing

microscopy and powder diffraction analyses.

However, only 65a exhibits thermotropic nematic behavior if amorphous thin films are

heated to 155 �C, at which a Schlieren texture develops. The material decomposes above

Tab. 2. Substituent pattern, yield, molecular weight, and polydispersities of 65a–c.

65 R1 R3 Yield (%) Mn (103) Pn Mw=Mn

a SiMe3 Hexyl 74 5.1 18 2.6

b SiMe3 Dodecyl 79 4.9 12 4.1

c SiMe3 80 21 29 3.0

Fig. 2. a) Polarizing micrograph of 65c. b) Transmission electron micrograph of 65a.

Fig. 3. Single chain geometry of a segment of the organometallic PPE

derivative 65a. Planarization of the backbone in these materials is not

favorable due to the added-on cyclopentadienylcobalt fragments that

bulk up the main chain.
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170 �C without attaining the isotropic phase. At room temperature, both polymers show a

higher than nematic order, as is evident from their polarizing micrographs. The textures

(Figure 2a) suggest an ordering of the lamellar smectic type. This ordering is unusual be-

cause the organometallic main chains cannot form a planar board-like structure. Investiga-

tion of the organometallic polymer 65a by transmission electron microscopy (TEM) revealed

an ordered lamellar superstructure with a lamellar width of approximately 18 nm. The

lamellae are several hundred nm long. The extended length of the polymer chain 65a is

18 nm. This result was based on the Pn value obtained by gel permeation chromatography,

with the extended length of the macromolecule and the width of the lamellae conforming.

The extended length of 65c is 21 nm, while the observed lamellae are 24 nm wide by TEM.

According to powder and electron diffraction data, the polymer chains must be aligned per-

pendicularly to the axis of the lamellae and are responsible for their width. These polymers

show a highly ordered lamellar phase, although their ordering principle is fundamentally

different to that observed for the dialkyl-PPEs (vide infra, Figure 4b).

7.4.2

Poly(dialkylparaphenyleneethynylene)s 12

High molecular weight PPEs obtained by ADIMET are stable and do not decompose up to

250 �C in air and up to 300 �C under nitrogen. The high stability is a testimony to both their

Fig. 4. Supramolecular arrangements of organometallic (65) and
organic poly(aryleneethynylene)s (12) in the solid state.
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defect-free structure and the absence of electron-releasing oxygen substituents, which make

the dialkoxy-PPEs so prone to oxidative decomposition at elevated temperatures. As a con-

sequence of their high thermal stabilities, most ADIMET-made dialkyl-PPEs (didodecyl-,

bis(ethylhexyl)-, and bis(3,7-dimethyloctyl)-substituted) 12c–f melt reversibly without de-

composition. They attain the isotropic phase at temperatures in the range 100–250 �C de-

pending upon their Pn and the nature of their side chain. Increasing Pn and decreasing the

length of the side chains raises the melting point [46, 47]. For example, dihexyl-PPE 12a with

a Pn of 100 cannot be melted, but decomposes above 270 �C with darkening.

The favorable stability of the ADIMET PPEs allowed a determination of their temperature-

dependent X-ray diffraction and optical microscopy data. Didodecyl-PPE 12c is crystalline at

Fig. 5. Variable-temperature powder X-ray diffraction of didodecyl-PPE 12c.

Fig. 6. Single-crystal X-ray diffraction analysis of 2,5-bis(ethylhexyl)-1,4-dipropynylbenzene 10d [48].
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room temperature and shows diffraction peaks in both the small-angle and wide-angle re-

gions of the powder diffraction spectrum (Figure 5). At 110 �C, all of the wide angle peaks

have disappeared and only the intense small-angle peak at d ¼ 25:0 Å remains. This suggests

the transition into the smectic liquid-crystalline state. At 140 �C, all of the diffraction peaks

have disappeared, an isotropic melt has formed, and samples of 12c appear black under

crossed polarizers in optical microscopy. Differential scanning calorimetry (DSC) confirms

Fig. 7. Packing model of didodecyl PPE 12c in the solid state. The

packing was derived from single-molecule MM2 calculations utilizing

powder diffraction and electron diffraction data obtained for the PPEs.
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the phase transitions. From X-ray/electron diffraction data and single-crystal structures

of a series of dipropynyldialkylbenzenes 10 (Figure 6), a valid packing model of PPEs (12) at

ambient temperatures was developed. This is a refined version of the models suggested by

Wrighton [43] and by Le Moigne [42]. Dialkyl-PPEs 12 form a doubly lamellar structure in

the solid state [48]. The optimum space filling of the long alkyl chains forces the PPE

backbone into planarity, and enables the packing of their backbones on top of one another.

The polymer chains pack in an AB pattern, in which the positions of the vertically adjacent

polymer chains are displaced by 3.5 Å to accommodate the spatial requirements of the side

chain and to ensure optimum electrostatic interaction of the main chains as shown in

Figure 7.

Above 110 �C, this arrangement becomes mobile, and a smectic C liquid-crystalline phase

is entered. Samples cooled down from the isotropic melt (140 �C) show Schlieren and

banded textures when viewed under crossed polarizers (Figure 8). These textures look similar

to nematic Schlieren textures, but from the X-ray diffraction data it is clear that 12c forms a

homeotropically oriented smectic C phase. In a nematic phase, the small-angle diffraction

peak would be absent, and a broad scattering feature, a ‘‘nematic streak’’, would be observed.

Polymer 12c was the first example of a PPE derivative for which three states of matter, i.e.

crystalline, thermotropic liquid crystalline, and a highly viscous isotropic liquid, were acces-

sible [46].

7.5

Spectroscopic Properties of Dialkyl-PPEs 12 [47–49]

An important point in the science of conjugated polymers is the dependence of their op-

tical properties as a response to their physical state (solution, aggregated, liquid crystalline,

solid state, thermal treatment) [50]. Processable PPEs, particularly dialkoxy-PPEs, have been

known since the early 1990s [1], and their spectroscopic behavior has been studied both in

Fig. 8. Liquid-crystalline textures of didodecyl-PPE 12c. Bars represent

20 microns. These PPEs form homeotropic smectic phases; the textures

are typical for an edge-on view of lamellae that show apparent nematic

ordering in this projection [46].
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good solvents (chloroform) and in the solid state. Early on, it was noticed by Wrighton,

Weder, and Swager [43] that the absorptions of PPEs in the solid state were red-shifted from

those observed in solution. Annealing of thin dialkoxy-PPE films at elevated temperatures

led to a further red shift of the primary absorption band [43]. The underlying reason for this

phenomenon was not well explained nor examined in depth [1]. The dialkoxy-PPEs are not

well-behaved with respect to aggregation-induced changes in their optical properties and

might not be the best examples for studying aggregation behavior by electronic spectroscopy.

However, Swager has recently re-examined these issues utilizing self-assembled monolayers

at the air–water interface (Langmuir–Blodgett technique) in order to gain a better under-

standing of the electronic properties of dialkoxy-PPEs [51].

There has also been discussion about the origin of the spectroscopic signature of dialkyl-
PPEs upon aggregation, both in absorption and emission. It is clear for PPEs that excimer

and aggregate formation have a substantial influence on their emission properties in the

solid state. However, the contribution of multichain phenomena to the UV/vis spectra of the

aggregated phases of dialkyl-PPEs is not clear. For the dialkyl-PPEs 12, a strong case can be

made for conformational changes of single polymer chains inducing the ‘‘aggregation band’’

observed at 439–445 nm (Figure 9).

7.5.1

UV/vis Spectroscopy of Dialkyl-PPEs 12

The UV/vis spectra of 12 are broad and featureless in chloroform, showing an absorption

maximum at 388 nm. If methanol is added, the colorless and purplish-emitting solutions

turn yellow and almost non-emissive, but remain clear (Figure 9) [48, 49]. Similarly, thin

films of 12e (Figure 10) form highly viscous melts above 190 �C, which are almost colorless

and their UV/vis spectra resemble those obtained for PPEs in chloroform solution at ambi-

ent temperatures.

Addition of methanol to a solution of 12c gives rise to a new band at 442 nm and a reso-

lution of the high energy features into three bands at 416, 407, and 382 nm (Figure 9). The

spacing between the 442 nm band and the other bands is 3554, 1928, and 1414 cm�1, which

is not readily interpretable in terms of defined molecular vibrations. The energetic separa-

Fig. 9. Solvatochromic behavior of didodecyl-PPE 12c upon addition of methanol.
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tion of the high energy features translates into vibronic spacings of 2140 cm�1 (382 !
416 nm) and 1608 cm�1 (407 ! 382 nm), respectively, which can be interpreted as vibronic

fine structure resulting from the CaC triple bond stretching (2140 cm�1) and an aromatic

stretching (1608 cm�1) vibration.

What is the underlying reason for the the sharp and red-shifted band observed for dialkyl-

PPEs 12 at 439–442 nm upon aggregation and in the solid state? This band could have sev-

eral different origins: it could be (i) of strictly intramolecular nature, due to conformational

processes of single polymer chains, (ii) of intermolecular nature, i.e. true aggregate forma-

tion between two or more polymer chains in a process that is similar to the formation of

J-aggregates in the cyanines, (iii) a mixture of inter- and intramolecular processes, or (iv) a

property of a single chain that is nevertheless elicited by aggregation and involves several

chains resulting in a conformational change of single chains. The 439 nm band would then

be an aggregate-induced band.

To explain the optical properties of the PPEs, comparison of their behavior with that of

other conjugated polymers was helpful. The poly(3-alkylthiophene)s 66 show a similar spec-

tral behavior (but in a more bathochromic regimen) as the PPEs. Thus, on entering the ag-

gregated phase or on forming thin films, a substantial red shift of lmax and a significant

sharpening of the bands is seen for 66. Wudl and Heeger [52] explained the spectroscopic

changes in the poly(3-alkylthiophene)s 66 in terms of single chain planarization.

To confirm the qualitative agreement between the spectra of the polythiophenes and those

of the PPEs, temperature-dependent UV/vis spectra of 12e were measured (Figure 10). The

UV/vis spectrum recorded at ambient temperature shows the typical solid-state feature at

Fig. 10. Thermochromicity of a co-hexyl-dodecyl-PPE 12e.

Fig. 11. Conformational preference of the poly(alkylthiophene)s according to Wudl et al. [51].
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439 nm. When the film of 12e was heated, the band at 439 nm slowly diminished and com-

pletely disappeared at temperatures above 185 �C, at which point the spectrum resembled

those obtained in dilute chloroform solution. A variable-temperature powder diffraction

study showed that 12e loses all its ability to diffract or scatter X-rays at temperatures above

190 �C. Under crossed polarizers, films of 12e appear ‘‘black’’ above 190 �C, indicating that

this PPE transits from the liquid-crystalline form to the isotropic melt at this temperature.

To understand the implication of this experiment, knowledge of the conformational pref-

erence of diphenylacetylene in solution and in the solid state is necessary. According to

Wudl, ‘‘we chemists are married to the concept of rotational invariance of modules con-

nected by alkynes’’ [53]. This holds true in solutions of phenyleneethynylene oligomers and

polymers, for which the barrier to rotation about the triple bonds is small (a1 kcal mol�1)

according to quantum chemical calculations [54] and photoacoustic measurements [55].

However, this picture is no longer correct for solid PEs, where full planarization occurs even

in the case of diphenylacetylene [56]. While the difference between the planar and twisted

conformations is too miniscule to prohibit deplanarization of PE oligomers in solution, the

small energy difference is sufficient in the solid state to force them to adopt structures

in which they have planar backbones. This effect is more pronounced in the case of alkyl-

substituted PEs, where the accommodation of the side chains reinforces and ‘‘freezes’’ the

coplanar packing of the conjugated backbones.

While deplanarization has a small effect on the total energy of the phenyleneethynylenes,

its influence on the frontier orbitals (HOMO and LUMO), which are mostly responsible for

the optical properties of conjugated molecules, is much more dramatic. Semiempirical cal-

culations on an octameric phenyleneethynylene model compound, utilizing the AM1 and

PM3 methods, revealed a significant increase in the band gap on going from the fully planar

form to the more twisted forms (Figure 12). The band gap was calculated to be largest when

all adjacent benzene units were twisted by 90�. In collaboration with Garcia-Garibay [57], a

phenyleneethynylene model trimer was carefully analyzed, revealing a small band gap in the

solid state and a larger gap in solution. A semiempirical calculation including configuration

interaction supported the experimental evidence that planarization leads to an increased lmax

in the UV/vis spectrum of phenyleneethynylenes.

A self-consistent picture arises, in which the optical changes of the PPEs upon thin-film

formation can be attributed to an aggregation-induced planarization of single polymer

chains. While the aggregation process involves many chains that enforce their mutual pla-

Fig. 12. Conformational preferences of dialkyl-PPEs 12 in solution and in the solid state.
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narization invoking Ockham’s razor, the spectroscopic changes of dialkyl-PPEs 12 can be

explained in terms of conformational changes of single polymer chains (Figure 12). However,

interchain interactions may also play a minor role. PPEs bearing donor and/or acceptor

substituents are fundamentally different because charge-transfer effects will enhance their

interchain interactions, and the influence of these on their optical properties will be more

significant [50].

7.5.2

Fluorescence Spectroscopy : The Excited State Story [58]

The UV/vis spectra of 67 and 12a–f are sharp in the solid state, but broad and featureless in

good solvents. This is due to the fact that the rotation of the PE units about the CcCaAr

single bonds is unrestricted, and deviation of planarity between PE units in single chains

increases the HOMO-LUMO gap [47]. The emission spectra of 12 and 67 are narrow and

show a well-resolved shoulder (Figure 13a). For rigid molecules such as 67, one would expect

approximate mirror symmetry of absorption and fluorescence with a relatively small Stokes’

shift. Thus, the question arises as to why this is not the case.

The optical and emissive properties of 12 and 67 are almost identical, confirming that 67

has reached the convergence length of PPEs and is thus a good model for 12. The use of 67

avoids issues of energy migration along single polymer chains, chain entanglement, energy

transfer between multiple chains, and excimer formation. The optical behavior of PPEs may

therefore be explained by investigating 67. When a solution of 67 in polystyrene is cooled to

77 K, its absorption spectrum narrows slightly. However, significant changes are seen in the

emission spectrum (Figure 13b), which, according to Berg et al. [58], is broadened towards

the blue side. In a time-resolved fluorescence experiment (Figure 15; 297 K, chloroform), the

blue component of the emission decreases over time and the narrow fluorescence spectrum

is reconstituted.

These experiments are consistently interpretable. The ground state of 67 features a shal-

low potential energy profile with respect to rotation about the PE units (CHCl3 solution at

297 K; Figures 13 and 14). In the excited state, this may not be the case. The spectroscopic

data can be explained if the potential energy profile of 67* (Scheme 20) is much steeper than

that of 67, and symmetric with respect to rotation (Figure 13a). This makes sense: in a va-

Fig. 13. (a) Overlay of absorption and emission spectra of 67 in

chloroform at room temperature. (b) Overlay of absorption and

emission spectra of 67 in low molecular weight polystyrene at 77 K.
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lence bond picture, the excited state of 67 has a diradicaloid/cumulenoid character and rota-

tion about the PE units is not facile anymore because the allenic structure has a strong

preference for planarity of the conjugated backbone, eliminating the twisted double bonds.

In good solvents at ambient temperature, the excited state (67*) will quickly relax to the

planar form, so that only the 0–0 emission from S1 is detected in steady-state emission. If

the same experiment is performed at low temperature and in a viscous solvent, the molecu-

lar torsion of 67* in attaining its planar form is hampered by the medium, and planarization

is slow on the timescale of the fluorescence lifetime (355 ps). Emission will not only occur

from the potential minimum of the lowest excited state, but from virtually all frozen ro-

tamers resulting in a broad and blue-shifted spectrum. Only after planarization of 67* is

complete narrow emission from the lowest excited-state conformation will reoccur. Conse-

quently, planarization of the excited state rather than energy migration is likely to govern the

emission behavior in PPEs such as 12.

In linear coupling models, the lowest-energy configuration is different in the ground and

excited states, but the restoring forces are identical. The strong torsional coupling between

the ground and excited states of 67 features a restoring force that is much stronger in the

excited state than in the ground state, although the lowest-energy configuration is very sim-

ilar. This situation is called quadratic coupling [58]. Quadratic coupling mimics spectro-

scopic effects in PPEs that have been attributed to energy migration, mode mixing, and

other processes. It may be important but unrecognized in other conjugated polymers [52].

Scheme 20

Fig. 14. (a) Potential energy profile of 67 in the excited state with

respect to the torsional angle about the spasp2 single bond. Note that

the excited state has a much steeper torsional profile than the ground

state. (b) Expected time-dependence of the emission in a system for

which quadratic coupling is significant.
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7.6

Self-Assembly of PPEs on Surfaces: From Jammed Gel Phases to Nanocables and Nanowires

PPEs 12 are rigid and linear conjugated organic polymers, and it is expected that due to their

shape anisotropy, self-assembly processes of PPEs will be facile. In bulk PPE samples, solid-

state organization leads to lamellar phases with high order, whereas in thin films additional

supramolecular features may be possible. Casting a dilute yellow solution of PPE in toluene

onto a silicon wafer followed by slow evaporation of the aromatic solvent led to thin films

that were investigated by atomic force microscopy (AFM). AFM showed two different self-

assembly modes in these thin films. One is on the 1–2 nm, i.e. molecular scale and corre-

sponds to the lamellae observed by powder diffraction analysis. The second features are

much larger in their dimensions (Figure 16a). Long, cable-like structures form, that are ap-

proximately 30 nm in diameter and between 700 nm and 2 mm in length. Samori, Müllen,

and Rabe [59] had earlier observed that PPEs 12a display a rich self-assembly, and these au-

thors demonstrated that depending on the conditions under which these films were grown

Fig. 15. Time-resolved spectrum of the emission of 67 in chloroform at 298 K.

Fig. 16. (a) Nanocable arrangement of didodecyl-PPE 12c on a silicon

wafer [60]. The observed superstructure exceeds the size of single

lamellae. (b) Nanowires and (c) nanoribbons of PPEs 12a as observed

by Samori, Mu€llen, and Rabe [59]. Single polymer chains are visible in

(c).
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(solvent, evaporation rate, support), either nanowires (Figure 16b) or nanoribbons (Figure

16c) could be formed. The Müllen–Rabe wires are 3–5 microns long and 30–40 nm wide.

They correspond to the features observed by Perahia et al. [60, 61]. Using more concentrated

solutions, Müllen and Rabe observed the formation of these structures on a smaller scale,

and dense nanoribbons were observed by a combination of transmission electron micros-

copy and AFM. These features are approximately 1 nm wide and several hundred nm long,

and represent single polymer lamellae in which the ‘‘wing span’’ of 12a dictates the width of

the lamellae. In simple terms, each of the structures in Figure 16c would represent one or

several polymer chains stacked on top of one another.

While the formation of the nanoribbons can be explained in terms of a crystallization

process that leads to these structures on solid surfaces, the formation of the nanocables and

nanowires is not so straightforward. The origin of the cable-like structures thus became a

topic of interest. They could either arise by a crystallization process when a homogeneous

solution of 12 is dried on a surface, or these superstructures could be preformed in solution

and act as seeds for the subsequent growth of cables.

It was observed early on that solutions of PPEs in toluene are colorless at temperatures

above 35 �C, while they turn yellow at room temperature. Almost all PPE samples prepared

for 13C NMR spectroscopy show gel-like behavior at concentrations exceeding 5 % weight.

Perahia et al. [61] investigated the behavior of the yellow/colorless toluene solutions of PPEs.

At elevated temperatures, colorless PPEs form molecular solutions in which the rigid PPE

chains are almost fully extended. On cooling these solutions below 30 �C, a slightly exother-

mic phase transition (0.02 kcal mol�1 (repeating unit)�1) occurs, accompanied by a color

change to yellow. In these yellow solutions, neutron scattering is enhanced by a factor of 40–

50, indicative of the presence of large superstructures. Calculational fitting of the scattering

data suggests the formation of a jammed gel phase in these yellow solutions (Figure 17).

This gel phase has not been described, and consists of aggregates that are approximately

7 nm in diameter and several mm long (Figure 17). Due to their size, the flat aggregates

cannot flow freely, restrict the movement of the solvent, and form a gel. Upon casting onto

surfaces, these nanocylinders seed the growth of the nanocables observed in thin solid films.

The nanostructures observed in thin films must be preformed in solution. Several of these

cylinders (from their dimensions, approximately 10–15) aggregate to form nanocables (Fig-

ure 16a). Schnablegger et al. [62] reported similar behavior for a different PPE derivative.

However, their polymer was a highly carboxylated polyelectrolyte, in which strong intermolecular

interactions are expected due to the preeminent electrostatic forces between charged par-

ticles. The dialkyl-PPEs 12 are devoid of any strong intermolecular forces, and so only van

der Waals interactions and p–p stacking interactions need to be considered. The principles

Fig. 17. Formation of gel phases upon cooling solutions of dialkyl-PPEs 12 in toluene.
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that guide the size and the shape of these fascinating intermolecular complexes must be

subtle and are under investigation by Perahia et al.

7.7

PPE-Based Organic Light-Emitting Diodes (OLEDs)

Conjugated polymers are superb candidates for applications as active emissive layers in

light-emitting diodes [63]. Flexibility in synthesis and processing allows the fabrication of

large-area devices by spin-coating and doctor-blade techniques, while their electronic and

mechanical properties can be easily modified by selection of the appropriate substituent

pattern and polymer backbone. Until recently, the conjugated polymer that has found the

most widespread application in OLEDs is PPV, either as the unsubstituted parent or as di-

alkoxy-PPV. PPVs possess well-balanced properties for applications in OLEDs. PPVmultilayer

LEDs with hole-blocking and/or electron-injecting layers combine long lifetimes with high

brightness of more than 2000 Cd m�2 at reasonable turn-on voltages [64].

Despite the overall excellent profile of the PPVs, they have delicate processing require-

ments and are not particularly stable under ambient conditions. This leads to the formation

of photo-oxidized products and device degradation. In addition, the band gap of PPVs is rel-

atively small so that only green, yellow, orange, and red emitters can be realized; for organic

blue emitters other backbone structures have to be employed [64]. PPEs are easily prepared

in large quantities, are stable, and show emission in the solid state that can range from

bluish-green to yellow depending on the side chain and the solid-state ordering of the sam-

ple.

First attempts by Barton and Shinar [65] to utilize PPE types as active emitter layers were

somewhat disappointing, and the fabricated devices performed poorly. Subsequently, Weder

[66, 67] and Neher and Bunz [68] reinvestigated PPEs as active emitter layers in OLEDs.

According to both groups, there are big differences between PPEs and PPVs, and one reason

for the poorer performance of the PPEs is the unsatisfactory hole injection. The presence of

alkyne groups instead of vinyl groups in the backbone leads to an increased band gap with

a considerably lowered HOMO and LUMO. The lowered HOMO stifles hole injection,

but the lowered LUMO has the advantage that electron injection from the cathode is less

difficult than in the case of PPVs. As a positive consequence of the decreased LUMO, alu-

minum works considerably better as a cathode material than calcium does in PPE-based

light-emitting devices. This gives testimony to the facilitated electron injection into the

lower-lying LUMO of the PPEs. To increase the performance of PPEs, Neher et al. [67] fab-

ricated multilayer diodes. The known problems with hole injection were overcome by adding

a hole-injecting layer, Baytron P (a water-soluble mixture of polystyrene sulfonate and oxi-

dized poly(ethylenedioxythiophene); PEDOT), onto the indium tin oxide (ITO) substrate. To

increase the emissive intensity of the PPE-types in the solid state, as well as the band gap, a

copolymer 53 was utilized in which 25–75 % of the phenyl rings were replaced by naphtha-

lene units (53a 25 %; b 33 %; c 50 %; d 75 % naphthyl units). Increasing naphthalene con-

tent increased the solid-state quantum yield and led to a hypsochromic shift of the solid-state

emission. Figure 18 shows the solid-state emission spectra of 53a–d, and Figure 19 displays

a typical OLED architecture that was utilized for 53. The organic emitter layer is capped with

an evaporated layer of LiF, upon which Al is sublimed in a high vacuum metal evaporator.
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On charging, the sandwich emits blue or blue-green light depending upon the naphthalene

content in 53. The higher the naphthalene content the more blue-shifted the emission. The

brightest diodes (see Figure 20), up to 100 Cd m�2 at 10 V, were obtained for a PPE copoly-

mer that contained 33 % naphthyl units. The electroluminescence spectrum of this diode is

shown in Figure 20. The pure blue emitter 53b shows peak brightness values of 20 Cd m�2

at a driving bias of 18 V.

Recently, Weder [67] demonstrated that PPEs can show a device brightness of up to 300

Cd m�2 in OLEDs if Alq3 is utilized as a hole-injecting and emissive layer. At the moment,

it is not clear as to what limits the efficiency and brightness of PPEs in OLED applica-

tions because charge transport does not seem to be a problem. The exploration of different

hole-injecting layers combined with other cathode materials, interspersed inorganic nano-

particles, or carbon nanotubes would be directions worth exploring when optimizing PPE-

based device architectures.

7.8

Conclusions and Outlook

Alkyne metathesis is an exciting method that furnishes small molecules, oligomers, and cy-

cles in excellent yields, and at the same time ADIMET makes conjugated alkyne-bridged

polymers of high molecular weight available. A series of different catalysts for alkyne meta-

thesis and ADIMET is available; these range from the sophisticated but sensitive defined

tungsten and molybdenum carbynes of the Schrock, Cummins, and Fürstner types to sim-

Fig. 18. Solid-state emission of copolymers 53a–d.

Fig. 19. OLED architecture used for 53b,c.
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Fig. 20. (a) Normalized electroluminescence (EL) spectra of devices

with 53b and 53c as emissive layers. (b) Spectrally integrated EL

intensity vs. voltage characteristics for multilayer devices made from

53b and 53c.

Scheme 21
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ple but robust ‘‘shake-and-bake’’ catalysts formed in situ. The in situ catalysts give excellent

results in the formation of polymers and oligomers, and most of the described targets have

been made utilizing this reliable ‘‘ low-tech’’ approach.

The main thrust of this contribution has been to present results obtained for PPEs. While

processible PPEs have been known for more than a decade, many of their fundamental

properties, including liquid crystallinity, aggregation and emission behavior, as well as

thermo- and solvatochromicity, have been explored only recently. Although the PPEs repre-

sent the dehydrogenated congeners of the PPVs, their physical and spectroscopic properties

are more different than one might expect from the small changes in chemical structure. The

facile access to large amounts of PPEs of high molecular weight and purity by ADIMET has

been the key to the discovery of most of the interesting properties of these unusual poly-

mers. The simplicity and ease of scale-up make the ADIMET process with mixtures of

Mo(CO)6 and phenols valuable for industrial applications. At the same time, this process is

useful in an academic environment as a tool for the discovery and synthesis of novel alkyne-

bridged polymers due to its simplicity, reliability, and low cost. Many future developments

are anticipated, and so far we have only scratched the surface of the possibilities offered by

this powerful and exciting reaction and these fascinating structures.
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H. F. Bunz, K. Müllen, Macromol. Rapid
Commun. 1995, 16, 571.

12 N. Kaneta, K. Hikichi, M. Mori, Chem.
Lett. 1995, 1055. N. Kaneta, T. Hirai, M.

Mori, Chem. Lett. 1995, 8627.
13 K. Weiss, A. Michel, E. M. Auth, U. H.

F. Bunz, T. Mangel, K. Müllen, Angew.
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8

The Chromium-Templated Carbene Benzannulation

Approach to Densely Functionalized Arenes (Dötz

Reaction)

Karl Heinz Dötz and Joachim Stendel jr.

Abstract

The benzannulation of readily accessible aryl- or vinylcarbene chromium complexes by al-

kynes provides a straightforward synthesis of densely functionalized benzenoid and fused

arenes selectively labeled with a Cr(CO)3 fragment. The reaction occurs under mild con-

ditions, is regioselective, and tolerates a variety of functional groups both on the alkyne and

on the carbene ligand. The chromium fragment undergoes a haptotropic metal migration

controlled by the substitution pattern of the arene; moreover, it activates the coordinated

benzene ring towards selective nucleophilic addition and aromatic substitution. Final de-

complexation occurs upon ligand exchange or oxidation reactions. Chiral information im-

posed on either the carbene ligand or the alkyne allows for a diastereoselective benzannula-

tion providing optically active arene-Cr(CO)3 complexes.

8.1

Introduction

The regiospecific preparation of polyfunctionalized aromatic compounds still represents a

major challenge. Aiming at the realization of complex substitution patterns, conventional

synthetic methodologies starting from a given aromatic starting material, such as electro-

philic or nucleophilic substitutions, coupling reactions, and metalation–functionalization

reactions, are often inconvenient. This inconvenience is caused by the (linear) multistep re-

action sequence needed, the different activating or deactivating and orientating effects of the

substituents, and the difficulties associated with the regioselective introduction of a specific

substitution pattern (especially in the case of polycyclic compounds).

As a consequence, new methodologies have been designed to overcome these bottlenecks.

In this context, strategies that simultaneously construct the aromatic skeleton and the target

substitution pattern are both elegant and powerful solutions to the problem because only a

few steps are required and the formation of regioisomeric mixtures can be avoided in most

cases. Reppe’s research [1] with nickel catalysts in the 1940s initiated the development of

the alkyne cyclotrimerization with organometallic compounds leading to benzene deriva-

tives. An elegant result of this development has been the work by the Vollhardt group [2] in

Modern Arene Chemistry. Edited by Didier Astruc
Copyright 8 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30489-4
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applying cobalt templates to the synthesis of natural products such as steroids [2a] and

strained polycyclic compounds such as oligophenylenes [2b].

Another attractive route to densely substituted arenes is based on transition metal carbene

chemistry. In Fischer-type carbene complexes, the carbene carbon atom is linked by a formal

double bond to a metal carbonyl fragment incorporating a low-valent metal of Groups VI to

VIII [3]. The electron-deficient carbene carbon typically bears at least one stabilizing hetero-

atom p-donor substituent. The second carbene substituent may be either a saturated or an

unsaturated hydrocarbon chain. The metal center is coordinated by p-acceptors such as car-

bon monoxide, phosphines, or cyclopentadienyl ligands. Reactions of carbene complexes [4]

may either proceed at the metal center or occur within the carbene ligand. The metal car-

bene fragment represents a potent electron-acceptor moiety, which activates adjacent CbC

and CcC bonds towards the addition of nucleophiles or cycloaddition reactions; moreover, it

considerably enhances the CaH acidity of a-hydrogen atoms, which allows for CaC coupling

reactions via metal carbene anions.

On the other hand, as demonstrated by early examples, carbene complexes may serve as

stable carbene equivalents and undergo [2þ1] cycloaddition with alkenes to give cyclo-

propanes [5]. However, no indication of a free carbene intermediate has yet been obtained;

in contrast, the principal reaction mechanism involves a carbene transfer within the coordi-

nation sphere of the metal, which acts as a ‘‘template’’. In an early extension of this idea,

when pentacarbonyl(a-methoxybenzylidene)chromium was reacted with tolane, our aim

was the in situ generation of an alkyne–carbene–carbonyl complex in which the carbonyl

chromium ‘‘template’’ keeps these three different ligands in a facial configuration favorable

for subsequent interligand coupling. The experimental result was quite exciting: We did not

observe any type of two-ligand (alkyne/carbene, alkyne/CO, or carbene/CO) coupling to give

cyclopropene or ketene derivatives; instead, a three-ligand coupling of the alkyne, phenyl-

carbene, and carbonyl ligand to afford a naphthohydroquinone skeleton had occurred at the

Cr(CO)3 template, which remained h6-coordinated to the benzannulation product (Scheme

1) [6].

The benzannulation product may be viewed as a formal [3þ2þ1] cycloaddition product, in

which the alkyne (C2 synthon) is connected to the carbon monoxide ligand (C1 unit) and the

carbene carbon atom of the unsaturated carbene ligand (C3 building block), the b-carbon

Scheme 1. Reaction of pentacarbonyl(a-methoxybenzylidene)chromium

with diphenylethyne: the first example of benzannulation.
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atom of which, in turn, is further coupled to the carbon monoxide ligand. However, a closer

insight into the mechanism of this reaction, as discussed in Section 8.2, indicates a stepwise

carbon–carbon bond formation starting from the alkyne–carbene–carbonyl complex B as the

key intermediate, formed in a decarbonylation equilibrium from the pentacarbonyl carbene

complex A and the alkyne (Scheme 2). The Cr(CO)3 template assists the interligand coupling

and remains coordinated to the newly formed arene ring C.

Chromium(0) in an octahedral configuration is the metal of choice for this type of reac-

tion. There have been a few examples in which metals other than chromium, such as tung-

sten and molybdenum [7a], manganese [7b, 7c], and iron [7d] have been reported as alter-

native templates, but all of them turned out to be far less efficient and general.

The benzannulation of a,b-unsaturated chromium carbene complexes with alkynes,

sometimes referred to as the ‘‘Dötz reaction’’ [8], has stimulated organic synthesis along the

borderline of organometallic and synthetic organic chemistry. Since the end of the 1970s, the

reaction has been applied to the synthesis of biologically active compounds by Dötz, Sem-

melhack, and Wulff and their groups, in order to define its scope. In the early 1980s, Dötz

and co-workers started to elucidate the mechanism of the reaction. At the end of the 1980s,

the research temporarily shifted to amino chromium carbene complexes in order to deter-

mine the factors that control the competitive formation of benzannulation and pentan-

nulation products. In the 1990s, related additional and useful benzannulation procedures

employing chromium carbene complexes, such as the photochemical benzannulation meth-

odology of Merlic, were developed. More recently, part of the focus has been shifted to

strained arenes and to the chiral plane present in the benzannulation products, and efforts

Scheme 2. Connectivity in the chromium-templated benzannulation reaction.
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to control the diastereoselectivity of the reaction have met with considerable success. Alto-

gether, after more than two decades, the benzannulation of a,b-unsaturated chromium car-

bene complexes with alkynes has been developed to a versatile and widely used strategy for

the synthesis of densely functionalized mono- and polycyclic benzenoid arenes.

The present overview deals with the application of Fischer chromium carbene complexes

in the benzannulation reaction for the preparation of highly substituted aromatic com-

pounds. Before focussing on specific arenes (Section 8.5), details of the mechanism are

given (Section 8.2), and the scope and limitations of the reaction are defined (Section 8.3). A

short description of the experimental procedure is given thereafter (Section 8.4). Finally, the

contribution deals with the application of the chromium carbene benzannulation to natural

compounds and molecules with biological activity (Section 8.6).

8.2

Mechanism and Chemoselectivity of the Benzannulation

8.2.1

Mechanism

The mechanism of the benzannulation reaction involves the stepwise construction of the

aromatic ring within the coordination sphere of the chromium template (Scheme 3). This

idea is strongly supported by experimental evidence for model intermediates and by theo-

retical calculations [9] highlighting the course of the reaction (see below).

Starting from carbene complex A, ligand exchange of one cis-carbonyl ligand by the alkyne

leads to the h2-alkyne complex intermediate B. The equilibrium between A and B is sup-

ported by kinetic and inhibition studies under CO atmosphere [10] and has been shown to

be the rate-determining step of the benzannulation process. In the course of the decarbon-

ylative ligand exchange, the coordinatively unsaturated 16-electron tetracarbonyl carbene

intermediate may be stabilized by the solvent. Recently, based on DFT calculations, an alkyne

coordination prior to decarbonylation has been proposed [11a], although this idea is in

severe conflict with overwhelming experimental evidence supporting CO dissociation as the

first step [11b]. Analogues of intermediate B (linking the alkyne and carbene moieties by a

rigid C2-ortho-phenylene) have been isolated as stable alkyne–carbene chromium chelates

and structurally characterized by X-ray diffraction analysis, which indicated a weak alkyne–

metal interaction in complexes of type 3 (Scheme 4) [12]. This finding is in agreement with

Extended Hückel MO studies [13].

Insertion of the alkyne into the chromium carbene bond in intermediate B affords vinyl

carbene complex D, in which the CbC double bond may be either (Z ) or (E ). A putative

chromacyclobutene intermediate resulting from a [2þ2] cycloaddition of the alkyne across

the metal–carbene bond on the way to chromium vinylcarbene D, as was sometimes sug-

gested in early mechanistic discussions, has been characterized as a high energy species on

the basis of theoretical calculations [9c]. Its formation and ring-opening cannot compete

with the direct insertion path of the alkyne into the chromium–carbene bond. An example of

an (E )-D alkyne insertion product has been isolated as the decarbonylation product of a

tetracarbonyl chromahexatriene (4, Scheme 4) [14], and has been characterized by NMR

spectroscopy and X-ray analysis.
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Intramolecular insertion of carbon monoxide into the metal–carbene bond of the (E )-
isomer of D leads to the h4-vinyl ketene complex intermediate E. Experimental support for

this type of intermediate has been provided by the isolation of Cr(CO)3-coordinated dienyl

ketenes related to 5 (Scheme 4) [15a], and by trapping the vinyl ketene intermediates as vinyl

lactone derivatives in the course of the reaction of chromium carbene complexes with 1-

alkynols [15b].

Electrocyclization of E is expected to give cyclohexadienone complex F; a related molybde-

num complex 6 (Scheme 4), in which two carbonyl ligands have been replaced by alkyne li-

gands, has been isolated from the reaction of a vinyl molybdenum carbene complex with 3-

Scheme 3. Mechanism of the benzannulation reaction (intermediates

(E)- and (Z)-D and E serve as branch points, from which side products

originate, see Section 8.2.2 for further discussion).
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hexyne [16]. If substituents such as R ¼ H, SiR3 are present in one of the positions adjacent

to the carbonyl group in F allowing a 1,3-shift, the cyclohexadienone undergoes tautomeri-

zation to phenol C as the final product of the benzannulation sequence. DFT calculations

reveal that the CaC bond-forming steps are characterized by rather low activation barriers

(10–25 kJ mol�1) and that the thermodynamic driving force for the benzannulation results

from the aromatization energy in the final step (ca. 175 kJ mol�1). The tautomerization can

be blocked in the presence of ortho-alkyl substituents, and the reaction stops at the cyclo-

hexadienone [17].

The stepwise coupling of two cis ligands as depicted in Scheme 3 has been verified as in-

volving a sequence of three discrete steps at low temperatures, allowing the isolation of the

relevant intermediates as individual compounds [18]. When a chelated tetracarbonyl amino-

vinyl carbene complex (chelated analogue of intermediate B in Scheme 3) was reacted with

an electron-deficient alkyne under controlled conditions, a 1,4,5-h3-dienylcarbene tetra-

carbonyl chromium complex (corresponding to intermediate D in Scheme 3) was formed. It

underwent thermal decomposition to give phenol derivatives as the final products.

8.2.2

Chemoselectivity

The intermediate D in Scheme 3 represents a branching point in the benzannulation

mechanism, from which side products may arise. Their formation depends on the solvent

and on the substitution pattern within the carbene ligand and the alkyne.

The intermediate D resulting from alkyne insertion may be formed in either the (Z )- or

Scheme 4. Isolated analogues of intermediates in the benzannulation reaction.
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(E )-configuration, which will be retained in the course of subsequent carbonylation to give

vinyl ketene complexes (Z )-E or (E )-E. Vinyl ketenes (E )-E provide the appropriate geometry

for the 6p-electrocyclization leading to benzannulation. An alternative 4p-electrocyclization,

which is favored by internal chelation, strongly coordinating solvents, and o,o 0-aryl di-

substitution, affords cyclobutenones H. (Z )-Vinyl ketenes (Z )-E are presumed to be the pre-

cursors of furans G, which are believed to result from a cyclization/alkyl migration sequence

(Scheme 5) [19].

Replacing the alkoxy carbene substituent by a better electron-donating amino group sta-

bilizes the metal carbonyl bond. As a result, CO insertion in vinyl carbene D is hampered;

instead, cyclopentannulation via the chromacyclohexadiene I leads to aminoindenes K,

which are readily hydrolyzed to indanones L (Scheme 6) [20].

The formation of side products depends on the choice of substituents and solvent [21].

The role of the solvent is illustrated by the reaction of phenyl carbene complex 1 with

diphenylethyne (Scheme 7). An ethereal solvent such as THF leads exclusively to the benz-

annulation product isolated as quinone 7 after oxidative work-up, while use of the non-

coordinating solvent hexane results in comparable amounts of cyclobenzannulation and

cyclopentannulation products 7 and 8a. Strongly coordinating acetonitrile suppresses benz-

annulation product 7 in favor of the cyclobutenone 9, which is accompanied by minor

amounts of cyclopentannulation products 8a and 8b. Indene 8a is obtained exclusively if the

polar solvent DMF is employed.

Scheme 5. Potential side reactions of the benzannulation leading to furans G and cyclobutenones H.
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8.3

Scope and Limitations

8.3.1

The Carbene Complex

8.3.1.1 Availability

Although not yet commercially available, Fischer carbene complexes are readily accessible by

well-elaborated synthetic methods.

The most general access to Fischer-type metal carbenes (‘‘Fischer route’’) is based on

sequential addition of a carbon nucleophile and a carbon electrophile across a metal-

coordinated carbon monoxide ligand (Scheme 8) [22]. Addition of an organolithium reagent

to hexacarbonyl chromium affords acyl metalate 11, which undergoes in situ O-alkylation by

hard alkylating reagents such as trialkyloxonium tetrafluoroborates or alkyl fluorosulfonates

to give alkoxycarbene complex 12 in typical yields of 60–90 % [23, 24]. Alkylation of the acyl

metalate has also been performed with methyl iodide under phase-transfer catalysis [25].

Scheme 6. Cyclopentannulation of amino carbene complexes.
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Scheme 7. Influence of the solvent on the competition of

cyclobenzannulation, cyclopentannulation, and cyclobutenone

formation.

Scheme 8. The Fischer route to chromium carbene complexes.
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The alkoxy substituent in 12 may be replaced by thio or amino groups upon treatment with

thiols and amines to give thiocarbene 13 and aminocarbene complexes 14, respectively.

Alternatively, alkoxycarbene complexes are formed upon alcoholysis of strongly electro-

philic acyloxycarbene complexes 16 [26] generated by in situ acylation of tetraalkylammo-

nium acyl metalates 15. These compounds are obtained from lithium precursors 11 and can

be stored in a refrigerator for months. This is the method of choice for the synthesis of chiral

metal carbenes 17 bearing terpene or sugar auxiliaries (Scheme 9).

A complementary access to alkoxy- and aminocarbene complexes (‘‘Semmelhack–

Hegedus route’’) involves the addition of the pentacarbonylchromate dianion 18 (obtained

from the reduction of hexacarbonylchromium with C8K) to carboxylic acid chlorides and

amides [27] (Scheme 10). While alkylation of acyl chromate 19 leads to alkoxycarbene com-

plexes 12, addition of chromate dianion 18 to carboxylic amides generates the tetrahedral

intermediates 20, which are deoxygenated by trimethylsilyl chloride to give amino carbene

complexes 14.

8.3.1.2 The Carbene Ligand

Although mostly alkoxy carbene complexes have been benzannulated, other types of carbene

complexes are equally well suited. These include aryloxy carbene complexes as well as acyla-

mino and thioalkylidene complexes, and even complexes with no heteroatoms, such as diaryl

carbene complexes, are suitable (see below). Besides the commonly used methoxy and

ethoxy carbene complexes, alkoxy carbene complexes with a longer alkyl chain have also

been successfully reacted. The benzannulation of aryloxy carbene complexes has recently

been studied to probe electronic effects [28a]. Aryloxy alkylidene complexes of type 21 have

been used to prepare diaryl ethers 22, which constitute a common substructure in many

important types of natural products [28b]. The benzannulation methodology provides an

access to phenyl naphthyl ethers in yields of 60–93 % under mild conditions (Scheme 11).

Scheme 9. Chiral alkoxy carbene complexes from the alcoholysis of acyloxy carbene complexes.
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Besides alkyloxy carbene complexes, acyloxy carbene complexes have also been proven to

be effective in the benzannulation reaction. For example, Yamashita and Ohishi have re-

ported the synthesis of various naphthoquinones in yields of 47–71 % using acetyloxy phe-

nyl chromium carbene complex and terminal alkynes with different alkyl chain lengths [29].

Even Lewis acid adducts of the acyl metalate 11 (Section 8.3.1.1, Scheme 8) proved effec-

tive in generating benzannulation products. The reaction of a trimethylsilyloxy chromium

carbene complex with 3-hexyne to give the respective semi-silylated hydroquinone tricarbo-

nylchromium complex in 35 % yield [30a] and the use of titanoxycarbene complexes [30b]

constitute such examples. Thiocarbene complexes form hydrothioquinones in a Lewis acid

supported benzannulation reaction [32].

Scheme 10. Semmelhack–Hegedus route to alkoxy and amino carbene complexes.

Scheme 11. Benzannulation of aryloxy carbene complexes affording diaryl ethers.
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As discussed above, dialkylamino carbene complexes result in the formation of indenes

due to the increased donor ability of the nitrogen compared to the oxygen heteroatom. The

formation of benzannulation products is favored, however, if the electron density at nitrogen

is lowered by substitution with electron-withdrawing acyl groups [33]. The example in

Scheme 12 demonstrates the effect.

The facile decarbonylation of pentacarbonyl complexes 23a and 23b results in tetra-

carbonyl carbene complex intermediates 24a and 24b, respectively. Their annulation can

produce benzene and/or cyclopentadiene derivatives 25 and/or 26. In the case of aryl acyla-

mino complex 23a, the reaction course is shifted towards the benzannulation reaction

(25a : 26a ¼ 84 : 16). With the vinyl carbene complex 23b, the benzannulation product 25b

(25b : 26b ¼ 100 : 0) is produced exclusively.

Recently, Barluenga et al. have introduced some electron-deficient dialkylamino carbene

complexes that bear a carboxylic functionality at the vinyl moiety and undergo exclusively the

benzannulation process [34].

The benzannulation reaction tolerates phenyl carbene complexes bearing both electron-

donating [35a] and -withdrawing [35b] substituents. Additionally, carbene complexes con-

taining condensed systems such as naphthalene and other carbocyclic hydrocarbons as well

as heterocycles have also been successfully submitted to the reaction (see Section 8.5).

Representatives of Fischer carbene complexes possessing no heteroatom at the carbene

carbon are diaryl chromium carbene complexes. Due to the lack of p-stabilization, they react

more readily than the heteroatom-functionalized carbene complexes (already at ambient

Scheme 12. Acylamino carbene complexes as amino carbene complex

synthons for the benzannulation process.
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temperature). Diaryl carbene complexes are interesting candidates for synthesizing arenes

bearing an extended carbocyclic skeleton [28a, 36]. Scheme 12 shows one example of such a

benzannulation [28a, 36a] involving the annulation of a carbene complex bearing two aryl

substituents of different electron densities. Reaction of compound 27 with diphenylethyne

provides a mixture of two regioisomeric benzannulation products 28a and 28b in a 3:1 ratio

in a modest yield of 18 % (Scheme 13). Remarkably, the benzannulation occurs preferen-

tially at the aromatic ring having the lower electron density.

In contrast to aryl carbene complexes, vinyl carbene complexes are known to yield only the

benzannulation products [37]. For instance, carbohydrates [38], tetramethyl ketals of qui-

nones [39], heterocycles, and oxacycloalkenylidene carbene complexes [40] have been used as

part of a (cyclic) vinyl carbene complex. For example, complex 29 and diphenylethyne were

converted to the acyl hydroquinone 30. Thus, 29 serves as a synthon for the (electron-poor)

benzoyl vinyl carbene complex (Scheme 14) [40].

The only example of a vinyl carbene complex bearing fluoro substituents that has been

benzannulated is presented in Scheme 15 [41]. Carbene complex 31 was reacted with di-

phenylethyne to give hydroquinone 32. Interestingly, one of the fluoro substituents in the

educt is lost in the reaction.

Scheme 13. Benzannulation of diaryl chromium carbene complexes.

Scheme 14. Complex 29 acting as an acyl vinyl carbene complex

synthon in the benzannulation reaction.
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8.3.1.3 The Chromium Template

The overwhelming majority of benzannulations with chromium carbene complexes involve

compounds in which the metal bears only carbonyl ligands. However, phosphine ligands

may also be present in the chromium coordination sphere.

The effect of phosphine ligands differing in their donor–acceptor properties on the

benzannulation reaction has been studied with chromium carbenes (33a,b) (Scheme 16)

[36a]. The yield of the tricarbonylchromium complex 2 starting from the pentacarbonyl

carbene complex 1 (62 %) was essentially unchanged at a slightly higher reaction tem-

perature (60 �C for 33a compared to 45 �C for 1) when a cis-CO ligand was replaced by

tris(p-fluorophenyl)phosphine (33a). In contrast, the yield significantly dropped and the re-

action temperature had to be increased to 90 �C when the tris(n-butyl)phosphine complex

33b was subjected to the benzannulation reaction.

Very recently, the benzannulation has been applied to chromium(phosphine)carbonyl

complex 34, which is suited for subsequent immobilization by sol-gel methodology; the tri-

    

Scheme 15. Benzannulation of a fluorovinyl carbene complex.

Scheme 16. Effect of phosphine ligands on the benzannulation of

methoxy phenyl carbene complexes with diphenylethyne.
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carbonylchromium complexes 35a (33 %) and 35b (15 %) were obtained, along with the

dicarbonyl(phosphine)chromium complexes 36a and 36b (inseparable mixture in 40 %

combined yield) (Scheme 17) [42].

Finally, the a,b-unsaturated carbene complex may be generated in situ by alkyne insertion

into a chromium–carbene bond of a saturated chromium carbene leading to a chromium

vinyl carbene (equivalent to intermediate (E )-D in the mechanism of the benzannulation re-

action, see Section 8.2.1, Scheme 3), which may undergo subsequent benzannulation with a

second equivalent of the alkyne [43a]. This strategy was subsequently applied to the synthe-

sis of (Z )-enediynes and related compounds [43b], and to that of substituted benzofurans

(see also Section 8.5) [43c, 43d].

8.3.2

The Alkyne

The benzannulation reaction tolerates a range of alkyl and aryl alkynes, which may bear

additional functionalities. The simultaneous presence of two bulky substituents directly

attached to the CcC bond, as for example in bis(trimethylsilyl)ethyne, however, blocks the

final electrocyclization and causes the reaction to stop at the vinyl ketene stage [44]. Neither

very electron-rich nor very electron-poor alkynes can undergo benzannulation. Strongly

electron-deficient alkynes such as hexafluorobut-2-yne cannot adequately compete with car-

Scheme 17. Synthesis of dicarbonyl(phosphine)carbene complexes by

means of the benzannulation reaction.
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bon monoxide in the initial ligand-exchange process. On the other hand, strongly electron-

rich alkynes, especially those having a polarized CcC bond such as ynamines, tend to pref-

erentially add to the carbene carbon atom and subsequently insert into the metal–carbene

bond. The insertion products may undergo cyclopentannulation at elevated temperatures

[45].

Few examples are known in which acetylenic ethers have been incorporated into benzan-

nulation products [46]. Propargyl ethers have been reported to afford variable amounts of

indenes and furans depending on the carbon chain [47]. Other heteroatoms that support the

benzannulation reaction when adjacent to the CcC bond in the alkyne are boron (see Section

8.3.6), silicon, and tin (see Section 8.3.3). Haloalkynes give only inseparable product mix-

tures.

Furthermore, the successful [3þ2þ1] cycloaddition of alkynes bearing a cyclopropane ring

and a carbene complex unit has been reported. These benzannulations result in the forma-

tion of bimetallic naphthohydroquinone chromium tricarbonyl complexes [48]. Additionally,

(non-strained) cyclic alkynes are potent reaction partners in the cycloaddition of chromium

carbene complexes [49].

The CcC bond is distinctly more reactive towards the metal carbene than the CbC bond

[50]. This distinction allows a benzannulation approach to vitamins K and E (see Section

8.6.1). Bis(alkynes) have been shown to participate in the [3þ2þ1] cycloaddition with either

one or both of their triple bonds (see Section 8.5).

The benzannulation approach has been applied to aromatic molecules of biological inter-

est. Alkynes bearing porphyrin (for example 37) [51a, 51b], ferrocene (for example 39) [51c],

and carbohydrate functionalities [51d, 51e] have been incorporated into the (hydro)quinone

skeleton, as demonstrated for porphyrinyl and ferrocenyl naphthoquinones 38 and 40

(Scheme 18).

tert-Butylphosphaethyne 42 is the only heteraalkyne known to be amenable to benzannu-

lation [52]. In a competitive experiment, it was demonstrated [52c] that this phosphaalkyne

is about six times more reactive than the corresponding tert-butylethyne. This is due to the

higher electron density in tert-butylphosphaethyne.
A benzannulation was carried out with 42 and carbene complex 41 to give phosphaphe-

nanthrene 43 in high yield (Scheme 19), whereas yields of phosphabenzenes were only

marginal [52].

8.3.3

Regioselectivity

One of the main features of the benzannulation reaction of Fischer carbene complexes is the

regiochemistry of the incorporation of alkynes into the assembled hydroquinone [53]. While

terminal alkynes are incorporated with high regioselectivity (regardless of alkyl and aryl

substituents), internal alkynes are prone to much poorer regioselectivity. Regioselectivity is

virtually lost in the case of diarylacetylenes.

Scheme 20 presents the regiochemical outcome of some benzannulations with both ter-

minal and internal alkynes. With similar alkyl substituents attached to the triple bond, the

regioselectivity in favor of 44 gradually drops on going from 1-pentyne (entry A; exclusive

formation of 44) through 2,2-dimethyl-3-pentyne (entry B; 44 : 45 ¼ 90 : 10) to 3-pentyne
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Scheme 18. Applications of ferrocenyl and porphyrinyl alkynes in the benzannulation reaction.

    

Scheme 19. Synthesis of a phosphaphenanthrene via the benzannulation path.
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(entry C; 44 : 45 ¼ 70 : 30), but incorporation of the larger alkyl substituent next to the phe-

nolic hydroxy group remains favored. Entry D shows the poor selectivity observed when two

similar aryl substituents are attached to the acetylene moiety; here, isomers 44 and 45 are

obtained in comparable quantities.

The regioselectivity is mainly governed by the steric demands of the two alkyne sub-

stituents (Scheme 21). The discrimination between the two possible regioisomers is sup-

posed to occur at the stage of the vinyl carbene intermediates 46 and 48, respectively. While

48 suffers from steric repulsion between the apical carbonyl ligand and the larger RL sub-

stituent, this unfavorable interaction does not occur in regioisomer 46; as a result, re-

gioisomer 47 generally prevails over 49.

The incorporation of alkynes bearing substituents of similar steric bulk next to the triple

bond results in only poor regioselectivity. This restriction may be overcome by an intra-

molecular version of the benzannulation, in which the alkyne and the carbene complex are

linked by a suitable spacer that may be detached upon oxidation [31, 54].

An advanced approach used a silyloxyethylene linker as in complex 53 (Scheme 22) [31].

Benzannulation in the presence of an excess of diphenylethyne (‘‘xenochemical effect’’) gave

naphthoquinone 54, which was subjected to oxidative cleavage and demetalation to afford

regioisomer 52b exclusively. The complementary intermolecular benzannulation protocol

Scheme 20. Regioselective incorporation of terminal and internal

alkynes in the benzannulation reaction.
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involving chromium carbene 50 and alkyne 51 resulted in a 2.5 : 1 preference for the other

naphthoquinone regioisomer 52a.

The regiochemistry of the intermolecular benzannulation can be reversed to some extent

by an appropriate substitution pattern of the alkyne. While incorporation of silylacetylene

occurs with the expected regiopreference in favor of the 2-silylphenols, the homologous

stannylacetylene gives the reverse regiochemistry [55]. The origin of this reversal is not quite

clear; it has been attributed to a stabilizing interaction between the tin and the adjacent api-

cal carbon monoxide ligand at chromium in intermediate 48 (see Scheme 21) [55a]. A simi-

lar reversal of regiochemistry in the benzannulation product results from the ring-opening

of arylcyclopropenes in the presence of hexacarbonylchromium [55b]. This rearrangement is

believed to involve a metal-coordinated vinylcarbene intermediate, and thus parallels the

benzannulation methodology of carbene complexes with alkynes.

Scheme 21. Origin of the regioselectivity of alkyne incorporation in benzannulation reactions.
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8.3.4

Diastereoselectivity

The benzannulation affords arene-Cr(CO)3 complexes possessing a plane of chirality result-

ing from the unsymmetrical arene substitution pattern. This aspect is relevant to stereo-

selective synthesis, in which enantiopure arene tricarbonyl chromium complexes play a ma-

jor role [56]. The benzannulation reaction avoids both harsh conditions incompatible with

the retention of chiral information and the cumbersome separation of enantiomers, and is

thus attractive for the diastereo- and enantioselective synthesis of arene complexes [17b, 57].

                      

        

Scheme 22. Improved regioselectivity by intramolecular benzannulations.
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Three different strategies have been envisaged. The chiral information can either be incor-

porated into the alkyne or linked to the heteroatom or to the a,b-unsaturated substituent at

the carbene complex carbene carbon. High diastereoselectivities (57a:57b > 96 : 4) have been

observed in reactions of vinyl carbene complex 55 with the chiral propargylic ether 56 bear-

ing the bulky trityloxy substituent [57a]. A more general approach is based on chiral alcohols

incorporated into the alkoxycarbene complex. Upon benzannulation with tert-butylethyne,
the menthyloxy carbene complex 58 gave a diastereoselectivity of 10:1 in favor of the naph-

thalene tricarbonylchromium complex 59a [57c, 57d]. Finally, the tandem benzannulation–

Mitsunobu reaction of optically active carbene complex 60 with 5-hexyn-1-ol afforded the

anti-benzoxepine complex 61 as the only diastereomer (Scheme 23) [57b].

                        

                            

                      

Scheme 23. Diastereoselective benzannulation of vinyl and phenyl carbene complexes.
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8.3.5

Thermal and Photochemical Benzannulation

The benzannulation reaction is usually performed in ethereal solvents under mild con-

ditions of gentle warming. Modifications of this general protocol involve the use of ultra-

sound or a dry-state adsorption (DSA) methodology, which involves the adsorption of the

reactants onto silica gel, which may speed up the reaction and simplify the work-up proce-

dure in some cases [58a, 58b]. Similarly, photoirradiation of the reaction mixture with light

from a xenon lamp has been employed to produce the uncoordinated phenol derivatives

without subsequent oxidative work-up [58c].

Stimulated by the photochemical generation of chromium-coordinated ketenes [59d],

which have been used in in situ nucleophilic additions and cycloadditions, efforts have been

directed towards photoinduced benzannulation. Based on earlier observations of photo-

decarbonylation processes [59a–c], a photobenzannulation was performed starting from a

pre-assembled a,b,g,d-dienyl alkoxy carbene complex [60]. Reacting the alkoxy carbene com-

plex with carbon monoxide, o-methoxyphenols [60a, 60d] were obtained, thus complement-

ing the thermal benzannulation route to p-methoxyphenols. This approach has been ex-

tended to the generation of o-aminophenols by reacting dienyl alkoxy carbene complexes

with isonitriles [60b, 60c], and dienyl amino carbene complexes with carbon monoxide [60b,

60e]. Examples of this strategy are given in Sections 8.5 and 8.6. Thermal intramolecular

benzannulation of dienyl carbene complexes of chromium and tungsten leads to tri- and

tetracyclic benzene derivatives [60f ]. These carbene complexes react with alkynes to give

eight-membered carbocycles via 8p-electrocyclization. Benzannulation, however, occurs if the

terminal double bond is part of a benzene ring [60g].

The photochemical protocol may be the method of choice in cases where the thermal re-

action fails. This is true for exo-alkylidene oxacyclopentylidene chromium complexes such as

62, which are inert under thermal conditions but undergo a photoinduced benzannulation

with, for example, 3-hexyne to give benzofuran 63 (Scheme 24) [61].

8.3.6

Subsequent Transformations

The benzannulation products may be modified by subsequent transformations, by demeta-

lation or by oxidation. To stabilize the coordination of the Cr(CO)3 fragment and thus to re-

Scheme 24. Photochemical benzannulation of an exo-alkylidene-oxacyclopentylidene chromium complex.
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tain both the stereochemical information based on the plane of chirality and the activation of

the arene towards the addition of nucleophiles, it is recommended that the phenolic hydroxy

group is protected by silylation or esterification to prevent degradation by oxidation [57c,

57d, 62].

The scope and value of the benzannulation reaction is further increased by the substitu-

tion pattern of the arene ring, which can be modified by the incorporation of alkynes bearing

additional functional groups such as silyl, stannyl, or boryl substituents. These functional

groups have been used in various palladium-catalyzed (cross)-coupling reactions [63, 64].

Further structural elaboration may be based on benzannulation followed by nucleophilic

aromatic addition [63b].

A special type of reaction, in which the organometallic moiety changes its coordination to

the aromatic p-system, is haptotropic metal migration in polycyclic arene chromium tri-

carbonyl complexes. The reaction feature is best known for naphthalene chromium tri-

carbonyl complexes [65]. Since the benzannulation allows a regioselective complexation of

polycyclic arenes, the benzannulation products are ideal starting materials for studies of the

haptotropic migration. Upon warming the primary (kinetic) benzannulation products, in

which the metal fragment is coordinated to the hydroquinoid ring, the metal migrates to the

less substituted arene ring to give the thermodynamic regioisomer.

A special application of the haptotropic rearrangement is the reaction of diastereopure

complex 59a (Section 8.3.4, Scheme 23). Upon warming to 90 �C in di-n-butyl ether, hapto-
tropic migration of the chromium tripod occurs intramolecularly along the same face of the

naphthalene system to produce pure diastereomer 59c (Scheme 25) [57d].

Demetalation of the benzannulation product can be achieved by careful oxidation in air or,

more elegantly, by ligand exchange with acetonitrile or carbon monoxide under pressure to

give the uncoordinated hydroquinone.

More vigorous oxidation leads directly to quinones. This approach has been employed in a

regioselective synthesis of polysubstituted quinones based on benzannulation with trime-

thylsilyl alkynes followed by oxidation, iododesilylation, and cross-coupling [66].

8.4

Typical Experimental Procedure

The thermal benzannulation is a well-elaborated synthetic technique that provides direct ac-

cess to Cr(CO)3-activated, densely substituted arenes. While it is possible to obtain the free

Scheme 25. Stereoselective haptotropic rearrangement in naphthalene tricarbonylchromium complexes.
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arene upon careful oxidation [67], most examples include an oxidative work-up of the reac-

tion mixture and thus afford the corresponding quinones. The reactions are typically per-

formed in an ethereal solvent such as tert-butyl methyl ether or THF in the temperature

range 45–70 �C to induce the primary decarbonylation. Reflux conditions are beneficial in

order to remove the carbon monoxide evolved. The reaction can be conveniently monitored

by either thin-layer chromatography or infrared spectroscopy, which allows selection of the

appropriate reaction time and temperature and prevents undesired decomposition of the

arene tricarbonyl chromium. Most benzannulations are accompanied by a color change from

red to orange or yellow. After consumption of the starting material, the reaction mixture

is cooled to ambient temperature, and the benzannulation product may then be subjected

to a protection protocol (for example, tert-butyldimethylsilyl chloride/triethylamine or tert-
butyldimethylsilyl triflate/2,6-lutidine) in order to increase its stability towards oxidation. Al-

ternatively, in situ protection can be carried out in the course of the benzannulation reaction.

Demetalation of the benzannulation product may be achieved by substitution of the arene

ligand by typical two-electron ligands such as acetonitrile, triphenylphosphine, or carbon

monoxide; the latter, applied at a pressure of 40 bar, is especially attractive since it is a clean

process that allows the recovery of hexacarbonyl chromium, which serves as starting material

for the carbene complex. Oxidative cleavage of the chromium–arene bond is usually effected

by CAN (cerium(IV) ammonium nitrate) or, more selectively, by silver(I) oxide.

8.5

Synthesis of Specific Arenes

8.5.1

Biaryls

Biaryls merit special interest due to their axial element of chirality and are among the most

widely used ligands in enantioselective synthesis and catalysis. Their coordination by a tri-

carbonyl chromium fragment following benzannulation provides an additional stereogenic

element in terms of a chiral plane to the molecule [68]. Biaryl quinones are similarly rele-

vant to natural product synthesis and enantioselective catalysis.

The binaphthohydroquinone skeleton is accessible by a double benzannulation of a bi-

phenylbis(carbene) complex using two equivalents of alkyne. Application of one alkyne

equivalent affords the mono-benzannulated product; the second benzannulation step

proceeds with distinctly lower yield [68a]. A complementary approach to biaryls is based on

1,3-dialkynes (for example, 64) which undergo a stepwise benzannulation sequence (for

example, yielding 65 and 66) (Scheme 26) [68c]. A one-step protocol starting from the

ethylene-bridged bis-carbene complex 67 affords the conformationally less flexible biaryl 68,

albeit in only moderate yield.

A bidirectional benzannulation strategy allows the extension of an existing biaryl skeleton.

The BINOL-derived bis-carbene complex 69, accessible through a sequence of regioselective

double ortho-lithiation/Fischer carbene complex synthesis, undergoes bidirectional benz-

annulation to give the dinuclear biphenanthrene complex 70. The optical induction exerted

by the binaphthyl core is, however, only moderate; a mixture of C2- and C1-symmetrical

bis(phenanthrohydroquinone) bis-chromium complexes is formed, in which the C2-
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symmetrical diastereomer predominates [68e]. The in situ benzannulation/oxidation se-

quence affords the bis(phenanthroquinone) 71 in higher yield and in enantiopure form

(Scheme 27).

The benzannulation reaction further allows the concomitant generation of an axial and

chiral plane in a single reaction step (Scheme 28) [68f ]. The diastereomeric ratio of the

benzannulation products depends on the protocol used for phenol protection. Thus, in situ

protection gives the kinetic ratio of 74a : 74b ¼ 11 : 89, whereas a two-step benzannulation/

protection sequence results in thermodynamic control to give a ratio of 74a : 74b > 99 : 1.

These results can be explained in terms of a possible or arrested rotation around the biaryl

axis in the benzannulation product before protection to give either 74a or 74b.

Scheme 26. Inter- and intramolecular approaches to binaphthyls.
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8.5.2

Cyclophanes

Coordinated and uncoordinated cyclophanes receive considerable interest due to the influ-

ence of strain on aromaticity [69]. Benzannulation adds a mild synthetic strategy to the

known synthetic methods for their production, especially for coordinated cyclophanes, which

have been mostly synthesized by the harsher direct coordination of pre-assembled cyclo-

phanes.

Benzannulation is compatible with the construction of non-planar or strained aromatic

rings. This is demonstrated by both the annulation of boat-like arene decks in [2.2]meta-

cyclophanes and by an intramolecular benzannulation to form a hydroquinone deck itself.

The first effort concentrated on the annulation of the strained ethene bridge in the [2.2]para-

Scheme 27. Synthesis of bis(phenanthroquinones) and -(hydroquinones).
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cyclophane-based carbene complex 75, which resulted in a combined 40 % yield of hydro-

quinone derivatives 76a and 76b (Scheme 29) [70].

The non-planar boat-like arene deck in the [2.2]metacyclophane carbene complex 77 un-

dergoes benzannulation to give a diastereomeric mixture of naphthalenophanes 78a and

78b; reflecting the steric shielding by the unaffected benzene deck, the anti-diastereomer 78a

is formed preferentially to the syn-diastereomer 78b (combined yield: 52 %) (Scheme 30)

[71]. The steric influence of the benzene deck is further evident from a study of the hapto-

Scheme 28. Concomitant generation of a chiral axis and a planar axis.

Scheme 29. Benzannulation of the ethene bridge in [2.2]paracyclophanes.
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tropic migration of the chromium fragment along the naphthalene p-system. Whereas the

anti-diastereoisomer 78a rearranges upon warming to 80 �C to give 79a, the metal migra-

tion to the inner naphthalene ring in the syn-diastereomer 78b is hampered by the combined

steric repulsion between the Cr(CO)3 fragment, the inner hydrogen of the benzene deck,

and the benzylic hydrogen atoms of the ethylene bridges. Instead, demetalation occurs under

identical conditions to give the uncoordinated naphthalenophane 79b. The benzannulation

methodology provides a regiodefined access to chromium-labeled cyclophanes and is com-

plementary to the complexation protocol using traditional chromium-transfer reagents such

as Cr(CO)3(NH3)3 [72].

Even the distorted boat-like deck in [2.2]metacyclophanes can be constructed by an

intramolecular version of the benzannulation. A suitable precursor bears a chromium

vinylcarbene and an alkyne moiety linked to a meta-phenylene core by two-atom bridges,

as shown for complexes 80. Benzannulation under the typical conditions affords hydro-

quinonophanes 81 in fair yields (Scheme 31) [73]. Interestingly, the intramolecular benzan-

nulation approach even tolerates heteroatom bridges, which impose both additional strain

and helicity on the cyclophane skeleton [73b].

Another independent intramolecular approach to cyclophanes was based on a macro-

cyclization [74].

Scheme 30. Synthesis and haptotropic rearrangement of meta-

benzonaphthohydroquinonophane tricarbonylchromium complexes.
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8.5.3

Annulenes and Dendritic Molecules

The benzannulation technique is also applicable to the benzene homologation and func-

tionalization of annulenes, as well to a quadruple arene modification of dendritic cores. The

reaction of chromium carbene functionalized 1,6-methano[10]annulene 82 with 3-hexyne

under standard conditions afforded a fair yield of the benzannulation product 83 after pro-

tection and oxidative work-up (Scheme 32) [75]. The chromium complex 84 evidently partly

survived the oxidation conditions using FeIII; a syn-stereochemistry with respect to the

Cr(CO)3 fragment and the methano bridge was suggested on the basis of NMR data, which

is in contrast to the preferred formation of anti-annulation products bearing cyclophane

skeletons [75b].

Scheme 31. An intramolecular benzannulation approach to [2.2]meta-

and [2.2](hetera)metacyclophanes.

Scheme 32. Benzannulation of chromium [10]annulene carbenes.
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The tetrafunctional alcohol pentaerythritol is a popular core in dendrimer chemistry; it

has been modified into a tetrakis chromium phenylcarbene 85, which underwent a quadru-

ple benzannulation upon reaction with 3-hexyne. The reaction proceeded with only moder-

ate diastereoselectivity in terms of the planes of chirality formed; demetalation by mild oxi-

dative work-up gave the tetrakis-hydroquinone derivative 86 (Scheme 33) [76].

8.5.4

Angular, Linear, and Other Fused Polycyclic Arenes

The benzannulation of naphthyl carbene complexes may be used as a direct route to func-

tionalized phenanthrenes (Scheme 34) [37a]. While it is obvious that 1-naphthyl carbene

complexes such as 87 lead to phenanthrenes 88 (see also Section 8.3.2, Scheme 19), chro-

mium 2-naphthylcarbenes 89 offer two alternatives for annulation, giving either phenan-

threne or anthracene derivatives. Generally, angular benzannulation affording phenan-

threnes 90 is favored over linear benzannulation to give anthracene derivatives 91. A

rationale for this regiopreference is the higher electron density at C-1 compared with that at

Scheme 33. Quadruple benzannulation of chromium carbenes with a dendritic core.
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C-3 of the naphthalene nucleus that controls the electrophilic ring-closure of the vinyl ketene

intermediate; moreover, the degree of aromaticity of the angular rings in the phenanthrene

skeleton exceeds that in the anthracene analogues. This regioselectivity observed in the benz-

annulation of chromium carbenes is paralleled by results observed for 2-naphthyl cyclo-

butenones [77] and for the palladium-catalyzed cyclocarbonylation of 2-naphthyl allyl ace-

tates [78].

To date, reports of linear benzannulation are very limited [55b, 79]. One example referred

to the annulation of a 2-naphthohydroquinoid chromium carbene, which was employed

in the synthesis of anthracycline (see Section 8.6.2) [79]. Later, a complementary approach

in this area started from 2-naphthylcyclopropenes which, in the presence of hexacarbonyl-

molybdenum, served as precursors for the vinyl ketenes required for linear annulation

[55b].

The cycloaddition of naphthyl carbene complexes has found application in the synthesis of

biphenanthryl derivatives (see Section 8.5.1) [68c, 68d].

An alternative route to oxygenated phenanthrenes is based on a photocyclization protocol;

starting from chromium biphenylcarbene 92, methoxyphenanthrols 93a and 93b are ob-

tained (Scheme 35) [60d]. The regioselectivity of the cyclization depends on the solvent used;

while in THF the ortho product 93a is slightly favored, a marked 12 : 1 preference for para
annulation is observed in toluene, giving 93b as the major isomer.

Scheme 34. Benzannulation of 1- and 2-naphthyl carbene complexes.
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A similar competition of angular versus linear benzannulation has recently been observed

in the dibenzofuran series (Scheme 36) [80]. The results obtained for carbene complex 94

suggest that the regiochemistry depends on the substitution pattern of the alkyne and,

moreover, that this has an influence on whether or not the chromium fragment remains

coordinated to the annulation product. When internal alkynes such as 3-hexyne or terminal

alkynes bearing bulky alkyl substituents were used, the formation of angular-fused ben-

zo[b]naphtho[1,2-d]furan tricarbonyl chromium complexes (95a, 95b) was accompanied by

that of comparable amounts of uncoordinated benzo[b]naphtho[2,3-d]furans (96a, 96b) as

linear annulation products. Diarylethynes such as tolane, however, gave exclusively the an-

Scheme 35. Regioselective phenanthrene formation via photobenzannulation.

                           

Scheme 36. Angular versus linear benzannulations of dibenzofurylcarbene complex 94.
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gular annulation product 95c in moderate yield. Angular benzannulation may also hamper

phenol protection with a bulky silyl group.

Apart from the construction of phenanthrenes, carbene complexes have also been used for

the synthesis of more extended polycyclic arenes. An unusual dimerization of chromium

coordinated ortho-ethynyl aryl carbenes results in the formation of chrysenes (Scheme 37)

[81]. This unusual reaction course is presumably due to the rigid C2 bridge that links the

carbene and alkyne moieties, and thus prevents a subsequent intramolecular alkyne insertion

into the metal–carbene bond. Instead, a double intermolecular alkyne insertion favored by

the weak chromium–alkyne bond is believed to occur forming a central ten-membered ring

that may then rearrange to the fused arene system. For example, under typical benzannula-

tion conditions, carbene complex 97 affords an equimolar mixture of chrysene 98a and its

monochromium complex 98b. The peri-interactions between the former alkyne substituent

(in the 5- and 11-positions) and the aryl hydrogen induce helicity in the chrysene skeleton.

Scheme 37. Chromium-assisted dimerization of ortho-alkynylarylcarbene ligands to chrysenes.
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Whereas the torsion angle across the central arene CbC bond is small (< 6�) for 5,11-dialkyl
substitution, it increases with diaryl substitution and terminal Cr(CO)3 coordination to > 30�

for 5,11-diphenylchrysene-6,12-dione, obtained from 98a upon careful ether cleavage and

oxidation.

Another route to chrysenes was based on the benzannulation of bis(chromium carbenes)

of 1,6-methano[10]annulenes [75b].

A series of other polycyclic hydrocarbons has been synthesized in moderate to good yields

by benzannulation of tricyclic diarylcarbene complexes [36b].

8.5.5

Fused Heterocycles

Benzannulated five-membered heterocycles have been synthesized starting from furyl-,

thienyl-, and pyrrolylcarbene complexes. With the exception of thiophene (for example, the

transformation of 101 into 102), the corresponding 2- and 3-heteroarylcarbene complexes

have been prepared and subjected to the benzannulation reaction (Scheme 38) [35a, 82].

Scheme 38. Benzannulation of furyl-, thienyl-, and pyrrolylcarbene complexes.
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While both 2- and 3-furylcarbene complexes 99 and 103 gave [b]-annulated benzofurans (100

and 104), only the 2-pyrrolyl carbene complex 105 afforded the aromatic indole skeleton

(106). In contrast, annulation of the 2,5-dimethylated 3-pyrrolylcarbene complex 107 oc-

curred at the 4-position to give isoindole quinone 108 after oxidative work-up [82g].

A complementary access to extended indole and carbazole systems is based on the thermal

intramolecular benzannulation of ortho-alkynylanilinocarbene complexes or on a photo-

induced benzannulation of phenylpyrrolylcarbene complexes. The first example involves an

intramolecular access to the carbazole skeleton. Refluxing a solution of ortho-alkynylphenyl
amino carbene complex 109 in acetonitrile gave a 63 % yield of benzocarbazole 110. Less

strongly coordinating solvents (TBME, THF, or di-n-butyl ether) or other substituents less

bulky than 2,4,6-trimethylphenyl (for example, phenyl or 4-methylphenyl) led to a consider-

ably reduced yield (Scheme 39) [83].

Benzoindole 114 has been synthesized by a remarkable sequence, in which the benzan-

nulation precursor 113 is pre-assembled starting from two different chromium carbenes. It

is formed in a [3þ2] cycloaddition, in which the acylamino carbene complex 111 acts as the

dipolar component and the alkynylcarbene complex 112 serves as the dipolarophile. The re-

sulting 3-pyrrolylcarbene complex 113 undergoes a photoinduced intramolecular benzannu-

lation to give the benzoindole 114 [84a]. This strategy complements an approach towards

carbazoles [84b]. Isoindolines and 1,2,3,4-tetrahydroisoquinolines are accessible from the

reaction of pentacarbonyl (a-methoxyethylidene) chromium with p,o-dialkynes bearing a ni-

trogen atom in the carbon ether [84c].

Pyrazolyl- [85], dihydropyridyl- [86], and pyrrolizinylcarbene complexes [87] have

also been subjected to the benzannulation to give the respective oxygenated benzo-N-
heterocycles. Finally, a,b,g,d-dienyl carbene complexes containing a heterocycle at the inter-

nal double bond have been utilized to prepare 2,3-dihydro-1,2-benzisoxazoles and indazoles

by intramolecular benzannulation [60h].

Scheme 39. Fused carbazoles by intramolecular benzannulation.
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8.6

Synthesis of Biologically Active Compounds

Due to its versatility with respect to the scope and substitution pattern, both in terms of the

chromium carbene and the alkyne, the benzannulation reaction has been recognized as a

valuable methodology for the synthesis of complex biologically active compounds.

8.6.1

Vitamins

Soon after its discovery, the benzannulation reaction was applied to an organometallic syn-

thetic approach to vitamins of the K and E series in order to test its scope [88]. The route

leading to vitamin K1(20) has been optimized; its key step, the benzannulation involving

chromium phenylcarbene 1 and enyne 116 finally gave a 92 % yield of a 2 : 1 regioisomeric

mixture (both regioisomers ultimately afford the identical naphthoquinone (vitamin K) upon

oxidation) of the Cr(CO)3-coordinated hydroquinone monomethyl ether after chromato-

graphic work-up. Since this method avoids the acidic conditions typically required for the

attachment of the allylic terpenoid side chain to the arene nucleus, no undesired (E )/(Z )-

equilibration in the alkene part occurs, which is known to hamper the biological activity of

vitamin K [88b]. The related synthesis of vitamin E is outlined in Scheme 41. Starting from

(E )-2-butenylcarbene complex 115 and enyne 116, it afforded a 36 % non-optimized yield of

hydroquinone complex 117 as a mixture of two regioisomers. Demetalation under CO at-

mosphere, ether cleavage, and ZnCl2-promoted cyclization afforded vitamin E 119 in an

overall yield of 20 %.

Scheme 40. Tandem cycloaddition/photobenzannulation approach to benzoindoles.
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8.6.2

Antibiotics

There are several classes of antibiotics that contain adjacent quinone and hydroquinone

moieties. Since both functionalities are directly accessible by chromium carbene benzannu-

lation, this organometallic methodology offers an attractive strategy towards targets of this

type. Special attention has been payed to antitumor agents having naphthoquinone and an-

thraquinone skeletons, such as anthracyclins, which contain a sugar moiety attached to the

anthracyclinone [79, 89]. Depending on whether quinone ring C or hydroquinone ring D is

to be constructed by benzannulation, there is a choice of complementary key steps combin-

ing the appropriate chromium carbene and alkyne precursors, as illustrated for daunomyci-

none 120 in Scheme 42 [89c, 90].

The route for the assembly of the C ring of 11-deoxydaunomycinone 124 is shown

in Scheme 43 and corresponds to path C in Scheme 42. Reacting tetracarbonyl carbene

complex 121 (available in quantitative yield by heating the corresponding pentacarbonyl

carbene complex in boiling tert-butyl methyl ether) with the propargylic A-ring synthon

122 forms ring C in the tricarbonylchromium complex 123. Subsequent demetalation, C1-

homologation of the ketone to the carboxylic acid, and Friedel–Crafts-type cyclization leads

to ring B, and final functionalization of ring A completes the total synthesis of 11-

deoxydaunomycinone 124.

Scheme 41. Total synthesis of vitamin E involving a benzannulation.
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Scheme 42. Synthetic strategies towards the anthracyclinone daunomycinone.

Scheme 43. A chromium carbene route to 11-deoxydaunomycinone.
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Apart from anthraquinone antibiotics, the benzannulation approach has also been applied

to naphthoquinone antibiotics, as demonstrated for the antitumor agent fredericamycin A

128 [91]. This hexacyclic compound has a significant degree of complexity, including a series

of functional groups and a stereogenic spirocenter. Its total synthesis relied on a regio-

specific intermolecular benzannulation to form ring B as the final key step (Scheme 44) [91c,

92]. This involved assembly of the relatively simple chromium carbene 126 and the densely

functionalized bulky alkyne 125 to give the desired regioisomer 127 in 35 % yield after oxi-

dative demetalation. The final C/D-spirocyclization completed the total synthesis of freder-

icamycin A.

Scheme 44. Total synthesis of fredericamycin A.
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8.6.3

Steroids

A less common ‘‘two-alkyne’’ benzannulation approach (a formal [2þ2þ1þ1] cycloaddition

involving two alkyne, one carbon, and one carbonyl synthon [15a]) has been exploited in a

tandem Diels–Alder benzannulation sequence leading to the tetracyclic steroid skeleton

(Scheme 46) [93]. The triynylcarbene complex precursors 129a and 129b were first subjected

to an intermolecular Diels–Alder reaction with the Danishefsky diene, which occurred at the

activated CcC bond adjacent to the metal carbene fragment and generated the D-ring in the

diynylarylcarbene complex 130 (87 % yield for the Diels–Alder reaction giving the chromium

complex 130a and 82 % for that giving the tungsten complex 130b). The remaining rings A–

C were constructed by a two-alkyne benzannulation affording ring B attached to a central six-

membered and a terminal five-membered ring in a meta connectivity. Whereas the cycliza-

tion of the chromium carbene complex 130a was accompanied by competing formation of

lactone 131a, the tungsten analogue 130b selectively afforded the desired steroid skeleton

132b in 51–78 % yield depending on the solvent used [93]. The influence of the metal is

determined by the sequence of carbene carbonylation and insertion of the second alkyne into

the metal–carbene bond; the more reactive chromium carbonyl bond has been suggested to

favor both ketene formation prior to alkyne insertion and a final carbonylation to give lac-

tone 131a.

Scheme 45. The ‘‘two-alkyne’’ benzannulation sequence as applied to steroids.
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The benzannulation approach has also been used to generate a steroid D ring bearing

both a tunable donor (ferrocenyl substituent) and an acceptor site (benzoquinone function-

ality), which allows for modification of the electron-transfer properties [94].

Another application aimed at the synthesis of novel steroidal systems, for example hetero-

steroids such as oxasteroids [95].

8.6.4

Alkaloids

Some selected alkaloids are readily accessible via the corresponding chromium carbenes. A

versatile synthesis of indolocarbazoles 133 and 134, bioactive natural products with interest-

ing protein kinase C inhibiting properties, is based on photobenzannulation. Depending on

the nature of the C1-synthon, dioxy and oxyamino derivatives have been synthesized in good

to very good yields (Scheme 46) [96].

The benzannulation allows a facile incorporation of a hydrogen-bonding functionality,

which complements the pharmacophore in naturally occurring indolocarbazoles. Orthogo-

nally protected indolocarbazole nitrogen atoms allow a concise and selective glycoside for-

mation en route to synthetic indolocarbazoles as natural product analogues.

A model compound from a second group of alkaloids related to colchicine (allocolchici-

noid 137) has been synthesized by benzannulation of racemic benzocycloheptenyl carbene

complex 135 with 1-pentyne; the annulation product 136 was obtained in 48 % yield after

oxidative demetalation (Scheme 47) [97].

Scheme 46. Synthetic approach towards bioactive indolocarbazoles.
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8.7

Summary and Outlook

The chromium-templated benzannulation of Fischer carbene complexes with alkynes pro-

vides a flexible synthetic tool for a wide range of both natural and theoretically interesting

compounds. The key features of this [3þ2þ1] cycloaddition are the regioselective and (in the

presence of a chiral auxiliary) diastereoselective, mild, one-pot assembly of the alkyne, the

carbene ligand, and one carbonyl ligand, as assisted by the template effect of the transi-

tion metal, to give densely functionalized Cr(CO)3-labeled arenes. Beyond the traditional

strategy for preparing arene tricarbonylchromium complexes by Cr(CO)3-transfer onto a pre-

assembled arene, the benzannulation allows a regioselective complexation of polycyclic hy-

drocarbons under mild conditions. The regioselectivity is virtually complete with terminal

alkynes, and can be accomplished for internal alkynes by the intramolecular version of

the reaction. The resulting hydroquinone tricarbonylchromium complexes are valuable

building blocks possessing a plane of chirality; they can be demetalated to give either

densely substituted arenes or, after oxidative work-up, the corresponding quinones. More-

over, the tricarbonylchromium fragment can be exploited in further arene functionalization

by stereocontrolled nucleophilic addition or substitution. Finally, the Cr(CO)3 fragment per se
incorporated into polycyclic arenes by benzannulation provides a label that can be shifted

Scheme 47. Formation of the allocolchicinoid C ring by benzannulation.
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along the aromatic p-face in a haptotropic metal migration, and may thus serve as a movable

functional group.
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Chem. Soc. 2000, 122, 8145–8154.
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Organometallics 1998, 17, 1492–1501; b) H.

Fischer, P. Hofmann, Organometallics
1999, 18, 2590–2592.
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Nieger, J. Organomet. Chem. 2001, 621,
77–88.
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M. Nieger, K. H. Dötz, Chem. Eur. J.
1999, 5, 700–707; f ) L. Fogel, R. P.
Hsung, W. D. Wulff, R. G. Sommer, A.

L. Rheingold, J. Am. Chem. Soc. 2001,
123, 5580–5581.

69 a) A. de Meijere, O. Reiser, M. Stöbbe, J.
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Dötz, J. Glänzer, Z. Naturforsch. 1993,
48b, 2969–2972.

83 a) T. Leese, K. H. Dötz, Chem. Ber. 1996,
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9

Osmium- and Rhenium-Mediated Dearomatization

Reactions with Arenes

Mark T. Valahovic, Joseph M. Keane, and W. Dean Harman

Abstract

The fragments fOs(NH3)5g2þ and fTpRe(CO)(L)g (where L ¼ 1-methylimidazole, pyridine,

PMe3, or tert-butylisonitrile) form stable h2-coordinate complexes with a wide variety of are-

nes. The act of coordination greatly reduces the aromatic character of these ligands and, as a

consequence, activates them towards various organic reactions. In particular, the addition of

carbon-based electrophiles to arenes is notably enhanced relative to the free aromatic mole-

cules. The resulting arenium intermediates are stabilized by metal backbonding to the point

that they may be isolated and subsequently subjected to a variety of carbon-based nucleo-

philes. The overall vicinal difunctionalization of two ring carbons may be accomplished with

excellent stereo- and regiocontrol.

9.1

Introduction

Arenes are attractive building blocks for the synthesis of complex carbocyclic species. In ad-

dition to being inexpensive and available in a variety of substitution patterns, they possess

ring structures composed entirely of unsaturated carbons. Because of this unsaturation, they

have the potential for extensive functionalization. However, the realization of this potential

requires synthetic methods that overcome the energetic barrier associated with aromatic

stabilization.

Transition metals continue to be enticing reagents for the dearomatization of aromatic

molecules [1]. Not only do they allow transformations to be performed on the dearomatized

species at (sub)ambient temperatures, but they also serve to stabilize the reaction inter-

mediates. This latter facet allows a much broader range of manipulations than those acces-

sible through the typical electrophilic/nucleophilic aromatic substitution pathways.

During the past 40 years, two complementary general methodologies for transition metal

based dearomatization have been developed. The fCr(CO)3g fragment [2, 3] and related cat-

ionic fragments (fMn(CO)3gþ [3–7], fCpRugþ [8, 9], and fCpFegþ [10]) are coordinated by

aromatic molecules in a hexahapto fashion and have been shown to behave like electron-

withdrawing groups. The coordinated arene is rendered electron-deficient and susceptible to

nucleophilic attack. The resulting cyclohexadienyl anion is stabilized by the withdrawal of

electron density from the metal fragment (Figure 1).

Modern Arene Chemistry. Edited by Didier Astruc
Copyright 8 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30489-4

297



Alternatively, the fOs(NH3)5g2þ fragment (hereafter abbreviated as [Os]) and the elec-

tronically similar fTpRe(CO)(L)g fragment (Tp ¼ hydridotris(pyrazolyl)borate, L ¼ a strongly

s-donating ligand) are coordinated by aromatic molecules in a dihapto fashion. Despite the

2þ charge on the Os and the p-acidic CO on the Re, these fragments are electron-rich and

donate p-electron density into the p-system of the aromatic ligand, thereby increasing its

nucleophilicity. Reactions of the bound aromatics with electrophiles result in cyclohexadienyl

cations that are stabilized by the donation of electron density from the metal fragment.

These intermediates can be either further elaborated or rearomatized, and removal of the

metal fragment releases the modified organic molecule.

9.2

{Os(NH3)5}
2B – The Pentaammineosmium(II) Fragment

9.2.1

Preparation of h2-Arene Complexes

The precursor to h2-complexes of pentaammineosmium(II), [Os(NH3)5(OTf )](OTf )2 (OTf ¼
trifluoromethanesulfonate), is commercially available from Aldrich and can be prepared in

three steps from OsO4 (92 % overall yield) [11]. Thermally stable complexes of benzenes,

naphthalenes, anisoles, anilines, and phenols can be prepared in yields >90 % by reducing

this osmium(III) salt in an excess of the aromatic compound. Typically, the reductions are

performed under a dinitrogen atmosphere using either Mgo in a DMA/DME mixture

(DMA ¼ N,N-dimethylacetamide; DME ¼ 1,2-dimethoxyethane) or Zn/Hg in methanol. The

h2-complexes are isolated by removing the reductant by filtration and precipitating the os-

mium salt from a solution in diethyl ether/dichloromethane. Excess ligand can be recovered

from the resulting filtrate and recycled. Dihapto-coordinated arene complexes of [Os] are

stable in solution under an inert atmosphere, and alkene complexes that result from dear-

omatization are stable to oxygen.

9.2.2

Binding Selectivity

Almost all h2-arene complexes of [Os] are amenable to both intrafacial (i.e., ring-walk) and

interfacial (i.e., face-flip) isomerization mechanisms, which allow the metal to coordinate to

the most thermodynamically favorable position (Figure 2). Aromatic molecules bearing a p-

donor group (e.g., anisole, aniline, phenol) tend to place the metal across C5–C6 in order to

Fig. 1. Transition metal dearomatization methodologies.
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maintain linear conjugation of the donor group and the uncoordinated diene. (Coordination

of the metal across C4–C5 sets up a cross-conjugated relationship between the donor group

and the diene.) Naphthalene, having no electron donors, tends to place the metal across

C3–C4 instead of C2–C3. In this way, the aromaticity of the unbound ring is maintained

(Figure 2).

9.2.3

Hydrogenations

The coordination of an arene to [Os] serves to protect one double bond while rendering the

remaining unsaturated carbons of the pendant ring more susceptible to hydrogenation than

those of the corresponding free arene. While arene hydrogenations typically require harsh

conditions and often lead to complete saturation, the partial hydrogenation of complexed

benzene (1) proceeds in 15 h at 30 �C under 1 atm. of H2 to give complexed cyclohexene

(2) in 89 % yield (Figure 3) [12]. Likewise, complexed naphthalene (3) yields complexed 1,2-

dihydronaphthalene (4), leaving the uncomplexed and therefore unactivated ring intact.

Steric arguments suggest that the addition of dihydrogen to [Os]-arenes should occur on

the arene face opposite that of metal coordination. This theory is supported by the genera-

tion of 2-d4 upon the partial deuteration of 1. Furthermore, the hydrogenation of complexed

anisole (5) under anhydrous conditions yields complexed 3-methoxycyclohexene (6), in

which the methoxy group is syn to the metal. It was found, however, a trace of water in the

reaction mixture results in the formation of complexed cyclohexenone (7), presumably from

the attack of water on the dihydroanisole intermediate [13].

Fig. 2. Binding selectivities of [Os]-arene complexes.
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9.2.4

Benzene and Alkylated Benzenes

The dearomatization of benzene requires that a resonance energy estimated at 36 kcal mol�1

be overcome [14]. For this reason, when benzene attacks an electrophile, the end result is

typically a substitution product rather than an addition product. The initial cyclohexadienyl

cation is unstable to deprotonation by even extremely poor bases, and it therefore loses a

proton and returns to an aromatic state.

9.2.4.1 Benzene

Through a significant p-backbonding interaction, the coordination of benzene to [Os] (1)

serves both to activate the arene toward the electrophilic addition of dimethoxymethane

(Table 1, entries 1–4) or 3-penten-2-one (entry 5) and to stabilize the resulting benzenium

intermediate 8. If manipulated at low temperature (�40 �C), 8 can be trapped with either a

silyl ketene acetal (entries 1, 4, and 5), 2-trimethylsiloxypropene (entry 2), or phenyllithium

(entry 3) to yield the substituted 1,4-cyclohexadiene complex 9 [15]. This species can be oxi-

Fig. 3. Hydrogenations of [Os]-arenes.
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dized to yield the dearomatized organic product 10. The nucleophile and electrophile add in

a syn fashion, consistent with approach to the arene face opposite to that involved in metal

coordination.

9.2.4.2 Toluene

Alkylated benzenes behave similarly to benzene with respect to the stereochemistry and re-

giochemistry of tandem additions, but the mechanistic pathway of such additions becomes

more complicated with the introduction of a methyl group. The toluene complex exists in

solution as a 3:2 mixture of interconverting linkage isomers, with the C4–C5 bound arene

(12) being favored over the C5–C6 bound arene (11) (Table 2). The addition of either tri-

fluoromethanesulfonic acid (HOTf ) (entry 1) or 3-penten-2-one (entry 2) at C2 of the bound

toluene generates the h3-allyl complex 13. This complex can be trapped with 1-methoxy-2-

methyl-1-trimethylsilyloxypropene (MMTP), resulting in a single regioisomer, 14. Upon oxi-

dation of 14 with AgOTf, the diene 15 is released in moderate overall yield [15]. The tandem

addition of dimethoxymethane and MMTP to [Os]-toluene (entry 3) leads to a mixture of 15

and 18 after demetalation. If the tandem addition is performed at �40 �C, the 15:18 ratio is

3:1. If it is performed at �70 �C, the 15:18 ratio is 8:1. Although the origin of this selectivity

Tab. 1. Tandem additions to the benzene complex 1.

Entry E Nu Yield (%)

1 82

2 23

3 16

4 31

5 27
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is unknown, Table 2 displays two possible pathways. Complex 11 can add an electrophile at

C3 to generate 16, and complex 12 can add an electrophile at C2 to generate 13. It is thought

that stabilization due to hyperconjugation of the methyl group in 13 favors the C2 addition

pathway over the C3 addition pathway.

9.2.4.3 Xylenes

Contrary to what is observed during tandem addition reactions to [Os]-toluene (vide supra),
electrophilic additions to [Os]-bound ortho- and meta-xylenes result in regioselective attack at

C6 (Table 3). A coordination isomer having the metal across C4–C5 (19) is the only isomer

observed for both ortho- and meta-xylene. Electrophilic addition of HOTf (entry 1) or dime-

thoxymethane (entries 2 and 3) at C6 generates the complexed allyl cation 20, which can be

trapped with MMTP to form the complexed diene 21. Demetalation using AgOTf releases

the free diene 22, which potentially possesses two adjacent quaternary centers (entry 3) [15].

9.2.5

Naphthalene

A one-pot tandem addition/oxidative decomplexation methodology has been developed,

which yields substituted dihydronaphthalenes from [Os]-naphthalenes. The process involves

Tab. 2. Tandem additions to toluene complexes 11 and 12.

Entry E Yield (%)

1 H 56b

2 43b

3 34a

a¼ 3:1 ratio of 15:18 at �40 �C; 8:1 ratio of 15:18 at �70 �C; b¼ only

15 observed.
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the regio- and stereospecific addition of an electrophile and a nucleophile to generate a cis-
1,4-dihydronaphthalene complex. When the nucleophile is tethered to the electrophile, an

intramolecular cyclization occurs with the nucleophile now attacking at C2 to generate a

hydrophenanthrone core after oxidative decomplexation.

9.2.5.1 Tandem Addition Reactions

The naphthalene complex of [Os] (3) reacts with triflic acid to form a h3-1H-naphthalenium

species, which has been characterized at �40 �C [16]. Unfortunately, most nucleophiles react

as bases with this species and return the naphthalene complex. However, MMTP and the

mild hydride donor triethylsilane (Table 4, entries 1 and 2) both add to C4 of the complex

and yield 1,4-dihydronaphthalenes in moderate overall yield following decomplexation [17].

Methyl vinyl ketone (entry 3) and the tert-butyl cation (entry 4) are also reactive toward

complex 3. The naphthalenium complexes resulting from the addition of these electrophiles

will add the conjugate base of dimethyl malonate (generated in situ from a combination of

dimethyl malonate (DMM) and diisopropylethylamine (DIEA)) to complete the tandem ad-

ditions. Oxidation of the resulting complexes yields cis-1,4-dihydronaphthalenes. The entire

sequence of complexation, tandem addition, and demetalation employed for all entries in

Table 4 can be performed using bench-top conditions (i.e., a non-inert atmosphere).

As mentioned in the introduction, one of the major advantages of using transition metals

for dearomatization is that they allow the isolation of reaction intermediates and, conse-

quently, broaden the range of accessible manipulations. For example, when the naphthalene

complex of [Os] (3) is treated with dimethoxymethane in the presence of HOTf, the result-

ing h3-1H-naphthalenium species 23 can be isolated in 88 % yield and stored for days at

room temperature (Table 5). The electrophile adds anti to the face involved in metal coordi-

nation and pushes the proton at C1 toward the metal, which prevents spontaneous rear-

omatization. As shown in Table 5, 23 reacts with MMTP, the conjugate base of dimethyl

malonate, 2-trimethylsiloxypropene, tetrabutylammonium cyanoborohydride (TBAC), dime-

Tab. 3. Tandem additions to xylene complexes of [Os].

Entry R1 R2 E Yield (%)

1 CH3 H H 67

2 CH3 H 28

3 H CH3 32
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thylzinc, and phenyllithium. Demetalation with AgOTf liberates the cis-1,4-dihydronaph-
thalenes in moderate overall yields [17]. An interesting stereochemical consequence is ob-

served when PhLi is used as the nucleophile. When the phenyl group adds to C4, a doubly

benzylic carbon is generated and the 1H NMR spectrum of the demetalated material reveals

the presence of two diastereomers, presumably due to racemization of the doubly benzylic

position.

Tandem additions to [Os]-naphthalene could yield either a 1,2- or a 1,4-addition product,

but remarkably, the 1,4-pathway is the only one observed. This outcome is theorized to be

the result of C4 having a greater partial positive charge because of its overlap/delocalization

with the adjacent unbound ring [17].

9.2.5.2 Cyclizations

An alternative mode of reactivity is observed for [Os]-naphthalene when the nucleophile for

the tandem addition is built into the electrophile. The normal mode of reactivity results in

the formation of cis-1,4-dihydronaphthalenes (vide supra), but when a solution of the methyl

vinyl ketone Michael addition product 24 in methanol (Table 6, entry 1) and a catalytic

amount of triflic acid are allowed to react, the complexed hydrophenanthrenone 25 is iso-

lated in 89 % yield [18]. This reactivity results from the pendant ketone undergoing a tauto-

merization to form an enol, which can then attack the allyl cation at C2. The stereochemistry

of the nucleophilic addition is still anti to the face involved in the metal coordination, but the

Tab. 4. Overall yields for tandem additions to naphthalene.

Entry Electrophile E Nucleophile Nu Overall Yield

1 HOTf H 77 %

2 HOTf H HSiEt3 H 56 %

3 41 %b

4 t-BuOHa 25 %b

a¼ t-BuOH added in the presence of HOTf; b¼ Nucleophile premixed with DIEA.
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regiochemistry now favors addition at C2. This change in regiochemistry is likewise ob-

served when the Michael acceptor is either ethyl vinyl ketone (EVK, entry 2) or isopropyl vi-

nyl ketone (IVK, entry 3). Decomplexation using AgOTf releases the hydrophenanthrenones

26 in moderate to low yields [18].

Tab. 5. Nucleophilic addition reactions of the h3-1H-naphthalenium complex 23.

Nucleophile R Overall Yielda

65 %

54 %b

69 %

Bu4NBH3CN H 45 %

Zn(CH3)2 CH3 40 %c

PhLi Ph 40 %d

a¼ Calculated with respect to naphthalene; b¼ Nucleophile premixed with DIEA;
c¼ Reaction run with Cu(OTf ); d¼ Reaction run with Cu(CN).

Tab. 6. Hydrophenanthrenone synthesis from complex 3.

Entry R1 R2 Yield Yield Yield

1 H H 90 % 89 % 40 %

2 CH3 H 99 % 91 % 40 %

3 CH3 CH3 97 % 65 % 35 %
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9.2.6

Anisole

Anisole and its derivatives have thus far demonstrated the widest variety of [Os]-mediated

dearomatization reactions. These transformations have included substitutions, asymmetric

tandem addition sequences, and a variety of cyclizations.

9.2.6.1 Electrophilic Substitutions

As with [Os] complexes of benzene and naphthalene, a significant p-backbonding interaction

renders anisole complexes far more nucleophilic than the free arenes [19]. As a result, they

are reactive towards weaker electrophiles than those typically used in electrophilic aromatic

substitutions. In the presence of HOTf at �40 �C, the anisole complex (5) attacks a wide

variety of electrophiles, including Michael acceptors (Table 7, entries 1–8) and acetals (en-

tries 9 and 10). The additions occur exclusively at C4 of the anisole complex, and this fact

can be rationalized in terms of both the methoxy group effectively blocking C2 and a ther-

modynamic preference for more conjugation in the uncoordinated portion of the resulting

anisolium species 27. This complex is observable at �40 �C, but has only been isolated when

an arene starting material containing an additional p-donor group has been utilized (e.g.,

1,3-dimethoxybenzene). The addition of an amine base results in deprotonation of the ani-

solium species at C4 to yield a substituted anisole complex. The substitution product 28 can

be liberated in high yield by oxidation or on heating [20].

9.2.6.2 Tandem Additions

Racemic tandem additions Mild carbon nucleophiles add to the [Os]-anisolium complex 27

exclusively at C3 to afford substituted 1,3-cyclohexadiene complexes 29–32 in moderate to

high yields (Table 8) [21]. Nucleophiles that have been utilized in this manner include

MMTP (29 and 30), N-methylpyrrole (31), and 2-trimethylsilyloxyfuran (32). As with other

tandem additions to [Os] complexes, both the nucleophile and the electrophile add to the

arene face opposite to that involved in metal coordination, such that the products are those

of syn addition.

The cyclohexadiene complex 29 has been further elaborated to afford either the cyclo-

hexenone 34 or the cyclohexene 36 in moderate yields (Scheme 1) [21]. The addition of

HOTf to 29 generates the oxonium species 33, which can be hydrolyzed and treated with

cerium(IV) ammonium nitrate (CAN) to release the cyclohexanone 34 in 43 % yield from 29.

Alternatively, hydride reduction of 33 followed by treatment with acid eliminates methanol

to generate the h3-allyl complex 35. This species can be trapped by the conjugate base of di-

methyl malonate to afford a cyclohexene complex. Oxidative decomplexation of this species

using silver trifluoromethanesulfonate liberates the cyclohexene 36 in 57 % overall yield

(based on 29).

Asymmetric tandem additions In order to further take advantage of the high degree of

stereoselectivity observed in tandem additions to [Os]-arene complexes, a chiral anisole de-

rivative has been prepared, which has demonstrated high coordination diastereoselectivity
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(>9:1) upon complexation [22]. Complex 37 can be prepared in 83 % yield and >90 % de by
a two-step sequence involving the coupling of phenol and (S)-(�)-methyl lactate followed by

complexation (Scheme 2). In addition to the h2-bond common to other [Os]-arene com-

plexes, NMR studies of 37 provided evidence of a hydrogen-bonding interaction between the

acidic ammine ligands [13] and the ester carbonyl group (Figure 4) [23]. The result of these

interactions is a thermodynamic differentiation of the arene faces. It is thought that if the

metal binds to the re face of the arene, the methyl group adjacent to the methine group is

Tab. 7. Electrophillic substitutions of complex 5.

Entry E R1 R2 Yield (%)

1 H H 84

2 " H CH3 93

3 " CH3 CH3 79

4 " H Ph 70

5 – – 59

6 H H 94

7 " CH3 CH3 85

8 – – 81

9 – – 90

10 – – 95
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Tab. 8. Tandem additions to [Os]-bound anisole.

Complex E Nu Yield (%)

29 H 92

30 50

31 H 92

32 H 42

Scheme 1. Elaborations of [Os]-anisole tandem addition product 29.
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forced into a sterically disfavored position near an ortho ring proton. If the metal binds to the

si face of the arene, the proton of the methine group is forced into the same position. As a

smaller steric repulsion results in this second situation, it is thermodynamically preferred,

and so the metal binds preferentially to the si face.
The chiral anisole derivative 37 has been used in the synthesis of several asymmetric

functionalized cyclohexenes (Table 9) [22]. In a reaction sequence similar to that employed

with racemic anisole complexes, 37 adds an electrophile and a nucleophile across C4 and C3,

respectively, to form the cyclohexadiene complex 38. The vinyl ether group of 38 can then be

reduced by the tandem addition of a proton and hydride to C2 and C1, respectively, affording

the alkene complex 39. Direct oxidation of 39 liberates cyclohexenes 40 and 41, in which the

initial asymmetric auxiliary is still intact. Alternatively, the auxiliary may be cleaved under

acidic conditions to afford h3-allyl complexes, which can be regioselectively attacked by an-

other nucleophile at C1. Oxidative decomplexation liberates the cyclohexenes 42–44. HPLC

analysis revealed high ee values for the organic products isolated both with and without the

initial asymmetric group.

Scheme 2. Synthesis of the asymmetric anisole complex 37.

Fig. 4. Interactions responsible for the diastereoselectivity observed in complex 37.
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9.2.6.3 Cyclization Reactions

One of the most versatile applications of [Os]-anisole chemistry is the efficient generation of

complex polycyclic systems. Through the application of a variety of methodologies, anisole

complexes have been used to generate a number of cyclic arrangements, including a bi-

cyclo[2.2.2]octadiene, decalins, tetralins, and tricyclic arrays.

Tab. 9. Tandem additions to Complex 37.

Compound E Nu1 Nu2 % Yield from 37 ee(%)

40 H – 46 97

41 – 41 97

42 33 81

43 28 90

44 H 19 93
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Cycloaddition reactions The anisole complex 5 undergoes a cyclization reaction with N-
methylmaleimide under Lewis acidic conditions to afford the bicyclo[2.2.2]octadiene com-

plex 46, a formal [4þ2] process (Scheme 3) [24]. Mechanistic studies have suggested that

this reaction occurs not as a concerted process but rather through an initial Michael addition

at C4 to generate 45, which then cyclizes by an intramolecular nucleophilic attack at C1.

Despite this stepwise pathway, a high degree of diastereoselectivity is observed in the reac-

tion. The succinimide ring is oriented endo with respect to the unbound portion of the for-

mer arene. This observation is consistent with the Michael addition proceeding through an

ordered Diels–Alder-like transition state. The metal-bound bicyclo[2.2.2]octene can be de-

complexed in 25 % yield (based on 5) by means of low-temperature oxidation, but the re-

sulting organic compound is unstable with respect to cycloreversion (t1=2 ¼ 0.5 h at 20 �C).

Michael–Michael ring-closures In a variation of the tandem addition reaction discussed

previously, the anisolium species 48 generated from the Michael addition of MVK or EVK to

the p-methyl anisole complex 47 cyclizes in acidic methanol (Scheme 4) [21]. The enol form

of the pendant ketone acts as an intramolecular nucleophile, attacking the electrophilic C3

position of the ring and generating the cis-decalin complex 49. Following protonation and

hydrolysis of the resulting vinyl ether, the free organic product can be liberated by oxidation

of the metal fragment. In this way, the diketones 50 and 51 can be produced in yields of

31 % and 17 %, respectively (based on 47).

Michael–aldol ring-closures In another variant, the addition of an amine base to the 3,4-

dimethyl anisolium species 52 results in deprotonation at the benzylic C3 methyl group,

Scheme 3. The formal [4þ2] cylization of [Os]-anisole and N-methylmaleimide.
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generating the extended vinyl ether 53 (Scheme 5) [25]. Under Lewis acidic conditions, this

group acts as an intramolecular nucleophile, attacking the pendant ketone to form an addi-

tional six-membered ring. The resulting oxonium species 54 can be further modified to ul-

timately yield the enone 56 or the diene 58 (Scheme 5). Treatment of 54 with TBAC leads to

regioselective reduction of the oxonium species in a 1,4-fashion to form the vinyl ether

complex 55. Protonation and hydrolysis of the vinyl ether generates an enone complex, from

which 56 can be liberated by oxidative decomplexation in 51 % yield (based on 54). Alter-

natively, with Li-9BBNH the oxonium species 54 is regioselectively reduced in a 1,2-fashion

to form the diene complex 57. Treatment of 57 with HOTf eliminates methanol to generate

an h3-allyl complex, which can be trapped by the conjugate base of dimethyl malonate. Oxi-

dative decomplexation using silver trifluoromethanesulfonate liberates 58 in 79 % yield

(based on 54).

When the anisolium complex generated by the addition of MVK to the 2-methoxytetra-

hydronaphthalene complex 59 is utilized in the above cyclization sequence, the tricyclic oxo-

nium complex 61 is generated (Scheme 6). Deprotonation of 59 with pyridine forms the ex-

tended vinyl ether complex 60, which cyclizes and eliminates water to form 61 when exposed

to TBSOTf. Hydrolysis of 61, followed by oxidation of the metal fragment, yields the dienone

62 in 15 % yield (based on 59).

If an [Os]-anisolium complex bears a proton at C4 (63, Scheme 7), exposure to DIEA at

low temperature results in a kinetic deprotonation of the benzylic carbon attached to C3

generating the extended vinyl ether 64. This complex cyclizes under Lewis acidic conditions

to generate an anisolium ion, which can then be deprotonated at C4 to generate a tetralin

complex [25]. Heating this species liberates the tetralin 65 in 39 % yield (based on 63).

4-Methoxystyrenes The Diels–Alder cyclization of the 4-methoxystyrene complex 67 and a

dienophile provides a direct route to substituted decalin systems. Unfortunately, direct com-

plexation of 4-methoxystyrene to [Os] results in the formation of a significant amount of the

vinyl-bound coordination isomer. However, the ring-bound form, 67, can be synthesized

Scheme 4. The synthesis of the decalin system by means of a Michael–Michael ring-closure sequence.
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from [Os]-anisole (5) in two steps and 84 % yield (Scheme 8). Acetal substitution at C4 af-

fords 66, from which a net elimination of ethanol generates 67.

Complex 67 undergoes Diels–Alder reactions with a variety of dienophiles to afford

bicyclic (68 and 69) or tricyclic (70 and 71) vinyl ether complexes (Table 10) [26]. The N-
methylmaleimide adduct 71 has been elaborated in a number of ways prior to decom-

plexation (Scheme 9). Oxidation of 71 with AgOTf produces the re-aromatized species 72

and 73 in yields of 35 % and 18 %, respectively. Oxidation following hydrolysis of the vinyl

ether group in 71 generates the enone 74 in 42 % yield. Oxidation following the net re-

duction of the vinyl ether group in 71 generates the 1,3-diene 75 in 28 % yield. Finally, a

series of two hydride reductions performed on 71 generates a diene complex, from which 76

can be liberated in 25 % yield by oxidative decomplexation. The cyclopentenone adduct 70

Scheme 5. The synthesis of substituted decalins by means of a Michael–aldol ring-closure sequence.
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Scheme 6. The synthesis of a bridged tricyclic system by means of a

Michael–aldol ring-closure sequence.

Scheme 7. The synthesis of a tetralin by means of a Michael–aldol ring-closure sequence.
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(Table 10) may also be elaborated through a hydrolysis sequence to afford a tricyclic dienone

similar to 74 in 40 % yield from 67.

9.2.7

Aniline

Aniline complexes of [Os] are more reactive toward electrophiles than their anisole ana-

logues, presumably because of the less electronegative/more electron-releasing nature of the

nitrogen atom. Unfortunately, nucleophilic addition to the resulting anilinium intermediates

is difficult and this fact limits the use of this methodology for aniline dearomatization. Nev-

ertheless, [Os]-aniline chemistry has been successfully used in a number of substitution and

addition reactions, including an efficient one-pot sequence that generates a di-spiro tetra-

cyclin core through a Michael–Michael–Michael ring-closure.

9.2.7.1 Electrophilic substitution

Aniline complexes are unique in [Os] chemistry in that h2-arene coordination competes with

h1-nitrogen coordination. However, h2-coordination becomes favored when the nitrogen is

substituted. For example, the N-ethyl aniline complex 77 is isolated solely in its ring-bound

form (Table 11). Without Lewis acid promotion, 77 will undergo regioselective addition of

Scheme 8. Synthesis of the 4-methoxystyrene complex 57.

Tab. 10. Diels-Alder reactions with complex 67.

Complex R1 R2 Catalyst Complex X Y Catalyst

68 H H LiOTf 70 CH2 CH2 *

69 CH3 Ph BF3�Et2O 71 NaCH3 CbO –

*Reaction performed in H2O.
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Michael acceptors exclusively at C4 to ultimately generate substitution products in high

yields [27]. Reaction with acetic anhydride (entry 3) yields the C4-acylated complex. Decom-

plexed anilines are obtained by heating the substituted complexes at 70 �C in a coordinating

solvent such as CH3CN. For example, the MVK product (entry 1) can be isolated in 74 %

yield [27].

9.2.7.2 4H-Anilinium Michael Additions

As stated above, the isolation of ring-bound [Os]-aniline is difficult because the nitrogen-

bound form competes with the ring-bound form. However, if the nitrogen is first protected

with a TMS group, complexation at the ring proceeds cleanly to yield 78 (Table 12). De-

protection and C4-protonation using HOTf forms the 4H-anilinium complex 79. This com-

Scheme 9. Elaborations of the complexed Diels–Alder cycloaddition product 71.
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Tab. 11. Electrophilic substitution reactions of the N-ethylaniline complex 77.

Entry Electrophile Solvent(s) E Yield (%)

1 MeOH 94

2 MeOH 89

3 CH3CN/DMSO 87a

a¼ Reaction run in the presence of DMAP.

Tab. 12. Michael addition reactions to the 4H-anilinium complex 79.

Entry Michael Acceptor E Yield (%)

1 83

2 75

3* 86

*¼ i. DIEA, CH3CN @ �40 �C; ii. TBSOTf, CH3CN @ �40 �C; iii. H2O.
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pound will add Michael acceptors (entries 1–3) anti to the face involved in metal coordina-

tion and regioselectively at C4 to afford 4H-anilinium adducts (80) in high yields (Table 12)

[27].

9.2.7.3 Electrophilic Addition Reactions

In the presence of Lewis acids, N-substituted aniline complexes of [Os] also add electro-

philes at C4, again at the arene face opposite to that involved in metal coordination. This

reaction has been shown to be general for a broader range of Michael acceptors than may be

utilized with anisole complexes of [Os]. The N-ethyl aniline complex, for example, adds

Michael acceptors and acetals in yields ranging from 53–95 % (Table 13, entries 1–6) [27].

The N,N-dimethyl aniline complex (entries 7–9) also adds Michael acceptors to C4 in moder-

ate to high yields (Table 13) and adds to the d-carbon of an a,b,g,d-unsaturated ester (entry 3).

9.2.7.4 Michael–Michael–Michael Ring-Closure

The N,N-dimethyl aniline complex 81 undergoes a Michael–Michael–Michael ring-closure

in the presence of excess a-methylene-g-butyrolactone (Scheme 10). In this sequence, the

intermediate enolate 82 intercepts another molecule of the Michael acceptor, which then

closes at C3 to generate the di-spiro tetracyclic complex 83. The tetracyclic adduct is gen-

erated as a single diastereomer, and its structure has been confirmed by X-ray diffraction

analysis. This molecule undergoes reduction of the enamine through protonation at C2 fol-

lowed by a stereochemically anomalous hydride reduction at C1. Oxidation of the metal

fragment liberates 84 in 77 % yield (based on 83) [28].

9.2.8

Phenol

Phenol complexes of [Os] display pronounced reactivity toward Michael acceptors under very

mild conditions. The reactivity is due, in part, to the acidity of the hydroxyl proton, which

can be easily removed to generate an extended enolate. Reactions of [Os]-phenol complexes

are therefore typically catalyzed using amine bases rather than Lewis acids. The regio-

chemistry of addition to C4-substituted phenol complexes is dependent upon the reaction

conditions. Reactions that proceed under kinetic control typically lead to addition of the

electrophile at C4. In reactions that are under thermodynamic control, the electrophile is

added at C2. These C2-selective reactions have, in some cases, allowed the isolation of o-
quinone methide complexes. As with other [Os] systems, electrophilic additions to phenol

complexes occur anti to the face involved in metal coordination.

9.2.8.1 Electrophilic Substitution Reactions

When the parent phenol complex of [Os] 85 is combined with MVK and pyridine in aceto-

nitrile, a Michael addition occurs to give the 4H-phenol complex 86 in 91 % yield (Scheme

11). This complex is remarkably stable and resists rearomatization even when allowed to

stand in an acidic solution of acetonitrile for 24 h. However, addition of an amine base in-

duces rearomatization to yield complex 87. This complex may be heated to afford the deme-

talated substitution product 88 (raspberry ketone) in 71 % yield (based on 85) [29].
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Tab. 13. Scope of electrophilic additions for N-substituted aniline complexes.

Entry R1 R2 Electrophile E Isomersa Yield (%)b

1 H Et 1:1 53

2 H Et – 82

3 H Et – 95

4 H Et – 86c

5 H Et – 81d

6 H Et 4:1 77e

7 Me Me 6:1 80

8 Me Me 2:1 63

9 Me Me – 73

a Isomer ratio for asymmetric carbon located on R. This ratio is based on the relative heights of 13C NMR

resonances and is thus approximate. bUnoptimized yields. cReaction performed at �40 �C.
d¼ 1. HOTf (1 eq.), 2. H2O. e¼ 1. HOTf (1 eq.), 2. MeOH.
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9.2.8.2 Michael Addition Reactions

Base-catalyzed The parent phenol complex 85 undergoes a variety of base-catalyzed Mi-

chael addition reactions at room temperature to generate 4H-phenol complexes in yields in

the range 79–99 % (Table 14) [29]. Michael additions with MVK, methyl acrylate, acryloni-

trile, N-methylmaleimide, cyclopentenone, and crotonaldehyde (entries 1–6, respectively)

proceed with high regio- and stereocontrol. Demetalation and isolation of the dienone is

typically accompanied by tautomerization to the aromatic substitution product.

Estradiol A notable application of phenol activation by [Os] is the C10 alkylation of estra-

diol 89 (Figure 5). The metal fragment preferentially binds to the a face of the steroid (to

form 90) and thus promotes the addition of MVK to the b face. This forms a quaternary

Scheme 10. A Michael–Michael–Michael ring-closure reaction sequence with complex 81.

Scheme 11. The osmium(II)-promoted C4 alkylation of phenol with MVK.
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center at C10 (91), and demetalation releases the steroid 92 in 69 % yield (based on 89). This

process results in a steroid that has the C10 stereochemistry of androgens and, consequently,

suggests a method for converting estrogen cores to androgen cores in a three-step sequence

[30].

Regiocontrol Although Michael additions to [Os]-phenol occur selectively at C4, addition at

C2 is thermodynamically favored for phenol complexes that are substituted at C4. For C4-

substituted phenol complexes, the regiochemistry can be controlled by varying the time,

temperature, and catalyst (Figure 6) [29]. Additions of MVK to the estradiol complex 90 and

the p-cresol 94 at �40 �C in the presence of an amine base catalyst result in regioselective C4

alkylation in high yields (91 and 95). However, when this reaction is performed at room

temperature in the presence of a Zn2þ co-catalyst, the Michael acceptor adds at C2 to afford

Tab. 14. Conjugate addition reactions with the h2-phenol complex 85 and various Michael acceptors.

Entry Michael Acceptor E Yield (%)

1 91

2 81a

3 99a

4 98

5 79

6 83b

a¼ Reaction run with Zn(OTf )2 as co-catalyst.
b¼ Reaction run with BF3 instead of NR3.
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Fig. 5. The C(10) alkylation of b-estradiol using osmium(II) to dearomatize the A ring.

Fig. 6. Regiocontrol of the electrophilic addition reaction of MVK to complexes 90 and 94.
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93 and 96, respectively. Although isolated examples of C2 addition have been observed for

complexes of 2-methyl anisole [20] and N-ethyl aniline [27], C2 alkylation of [Os]-arenes is

primarily a reactivity pattern unique to phenols.

9.2.8.3 o-Quinone Methide Complexes

Another example of C2 alkylation is the generation of o-quinone methide complexes from

[Os]-phenol and crotonaldehyde. When these reagents are combined in the presence of

BF3�OEt2, addition occurs at C4 (Table 14). In the absence of a catalyst, an aldol condensa-

tion occurs at C2 to generate the o-quinone methide complex 97 in 85 % yield (Figure 7)

[29]. This reaction appears to be general for aldehydes and h2-phenol complexes, even when

the phenol is not substituted at C4.

9.3

{TpRe(CO)(L)}

9.3.1

Introduction

The [Os] fragment is a powerful tool for the dearomatization and activation of aromatic

molecules. For more than a decade, however, alternative dearomatizing agents have been

sought because of inherent limitations associated with the [Os] system. The metal fragment

is achiral and therefore cannot discriminate between enantiofaces upon binding. Unfor-

tunately, changes to the ligand set about the metal completely nullify its ability to coordinate

aromatic molecules [31]. Consequently, the achiral nature of the metal center as well as the

electronic and steric properties of the system cannot be adjusted. In addition, the dicationic

charge of the [Os] complexes limits the solvent environments and purification techniques

that may be utilized.

Investigations of cationic rhenium(I) complexes with varying ligand sets showed that

the inclusion of a single p-acid in the ligand set was necessary in order to approximate

the electronic characteristics of the [Os] fragment [32]. The rhenium(I) fragment fac-
fRe(dien)(PPh3)(CO)gþ (dien ¼ diethylenetriamine) was successfully bound to furan in an

h2-fashion. However, it could not be made to bind arenes, with the large PPh3 ligand in the

coordination sphere presumably causing a significant steric hindrance.

Ultimately, it was the Tp ligand, a strong s-donor (L ¼ PMe3), and the p-acid (CO) that

proved to possess the right combination of steric and electronic properties to facilitate the h2-

binding of a variety of aromatic molecules to an Re(I) center [33, 34]. Further studies led to

Fig. 7. Formation of an h2-o-quinone methide complex from an aldol

condensation of crotonaldehyde and the h2-phenol complex 85.
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a series of Re(I) dearomatization fragments having the general formula fTpRe(CO)(L)g
(L ¼ tert-butyl isonitrile (tBuNC), PMe3, pyridine (py), N,N-dimethylaminopyridine (DMAP),

N-methylimidazole (MeIm), or NH3). These fragments not only allow the adjustment of the

steric and electronic properties through variation of L, but also have the potential for enan-

tiofacial discrimination of bound prochiral aromatic molecules.

9.3.2

Preparation of h2-Arene Complexes

Metal fragments of the form fTpRe(CO)(L)g, in which L ¼ MeIm or NH3, have the ability to

bind substituted benzenes in an h2-fashion. The fragment having L ¼ MeIm has seen more

application because of difficulties associated with the synthesis and isolation of aromatic

complexes having L ¼ NH3. Anisoles, phenols, and naphthalenes all form thermally stable

h2-complexes when stirred in excess (10–25 equiv.) with TpRe(CO)(MeIm)(h2-benzene) in

THF. The complexes are typically isolated by precipitation from hexanes. The benzene

complex can be prepared by direct reduction of the Re(III) precursor, TpRe(MeIm)(Br)2, with

Nao in benzene under one atmosphere of CO [35].

Naphthalene forms stable h2 complexes with fTpRe(CO)(L)g when L ¼ tBuNC, PMe3, py,

DMAP, or MeIm. In toluene and an excess of naphthalene, direct reduction of TpRe(L)Br2
(L ¼ py or DMAP) with Na0 under CO atmosphere generates the py or DMAP naphthalene

complexes in @40 % yield [36, 37]. Generation of the Re(I) PMe3 and tBuNC naphthalene

systems is not as straightforward. They are synthesized by oxidation of the corresponding

Re(I) alkene complexes to Re(II), liberation of the alkene by heating, and reduction of the

Re(II) species in the presence of naphthalene [36].

9.3.3

Quadrant Analysis

Upon complexation to the fTpRe(CO)(L)g fragment, a coordinated double bond becomes

oriented orthogonally to the ReaCO bond and approximately parallel to the ReaL bond. Such

an orientation is thought to maximize overlap between the d orbitals of the metal and the p�

orbitals of the CO and the h2-bound species [34]. This arrangement limits the number of

coordination diastereomers to two, each of which exists as one dominant rotamer. Typically,

the bound arene projects into quadrants a and d (Figure 8) in order to minimize steric in-

teractions with the scorpionate ligand [34]. The proton labeled HA on the pyrazolyl ring

trans to the CO is directed forward from the quadrant plane, as indicated in Figure 8, and

inhibits the placement of any substituents in quadrants b or c. A study of the binding se-

lectivities of substituted alkenes and ketones with L ¼ MeIm suggested that quadrant c is

the most sterically congested and that quadrant d is the least sterically congested [38, 39].

Thus, only one rotamer is typically observed for each coordination diastereomer (vide infra).

9.3.4

Naphthalene

In solution, naphthalene complexes of the form TpRe(CO)(L)(h2-naphthalene) exist as mix-

tures of diastereomers A and B (Table 15). Only when L ¼ PMe3 (entry 1) does the unbound

ring of the naphthalene show a thermodynamic preference for quadrant a (98A). For all
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other L’s, the preference is for the unbound ring to lie in quadrant d (98B) (vide supra). When

exposed to a solution of HOTf in acetonitrile followed by MMTP, complex 98 undergoes

tandem electrophilic/nucleophilic addition reactions with a high degree of regiocontrol. Ox-

idative decomplexation with AgOTf at room temperature liberates the dihydronaphthalenes

Fig. 8. Quadrant analysis of fTpRe(CO)(L)g fragments.

Tab. 15. Regioisomeric ratios and yields of dihydronaphthalenes.

Entry L T (�C) 98A:98B Method A* Method B**

99:100 Yield 99:100 Yield

1 PMe3
�

0

20

–

10:1

–

12:1

–

52 %

13:1

12:1

29 %

24 %

2 Pyridine
8

<

:

�40

0

20

–

–

1:3

1:15

–

1:8

63 %

–

89 %

–

1:7

1:7

–

80 %

66 %

3 DMAP
��40

20

–

1:1.5

1:25

1:10

19 %

50 %

–

–

–

–

4 Melm
�

0

20

–

1:5

–

1:23

–

83 %

1:25

1:16

55 %

63 %

5 NH3

��40

20

–

1:4

1:7

–

@25 %

–

–

–

–

–

*¼ Reaction sequence performed in inert atmosphere. **¼ Reaction sequence performed on benchtop,

with@500 mg of metal complex, and blanketed under dinitrogen.
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99 and 100. When L ¼ PMe3 (entry 1), the reaction favors the 1,4-addition product (99), a

result similar to that observed with [Os]-bound naphthalene. Complexes that do not have

L ¼ PMe3 (entries 2–5) generate the 1,2-addition product (100) with different degrees of se-

lectivity [37]. The regioselectivity of the addition is highest for L ¼ MeIm (25:1), but the

overall yield is highest for L ¼ py (89 %). Notably, these reactions do not require a glove-

box and can be performed with @500 mg of metal complex (Method B). A high degree of

stereocontrol has also been demonstrated in these reactions, with both the electrophile and

the nucleophile adding anti to the face involved in metal coordination. Furthermore, despite

the initial presence of two coordination diastereomers, a single coordination diastereomer

can be isolated from each reaction prior to oxidation of the metal center. This result indicates

a potential for the synthesis of enantioenriched dihydronaphthalenes through the use of re-

solved metal complexes [39].

9.3.5

Cycloadditions

Another early success of the fTpRe(CO)(MeIm)g fragment was the promotion of Diels–

Alder cycloaddition reactions with benzene and anisole. Complex 101 [TpRe(CO)(MeIm)(h2-

benzene)] undergoes an endo-selective Diels–Alder reaction with N-methylmaleimide to

afford the bound bicyclo[2.2.2]octadiene complex 102 in 65 % yield (Scheme 12) [40]. Oxi-

dation of 102 yields the bicyclo[2.2.2]octadiene 103 and/or the bicyclo[2.2.2]octenone 104

depending upon the choice of oxidation conditions.

The more activated TpRe(CO)(MeIm)(h2-anisole) complex has demonstrated a slightly

broader range of reactivity by undergoing cycloadditions with both N-methylmaleimide

(Scheme 13) and dimethylacetylene dicarboxylate (DMAD) (Scheme 14). Analysis of these

reactions is complicated by the fact that the initial anisole complex exists as a 3:1 mixture of

Scheme 12. The fTpRe(CO)(MeIm)g-promoted Diels–Alder reaction of benzene.
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coordination diastereomers (Scheme 13). The major diastereomer 105A has the methoxy

group of the anisole ring directed toward the MeIm ligand, while the minor diastereomer

105B has the methoxy group directed away from the MeIm ligand. The N-methylmaleimide

cycloadducts 106A and 106B are formed in a diastereomeric ratio of 1:1. They can be sepa-

Scheme 13. A fTpRe(CO)(MeIm)g-promoted Diels–Alder reaction of anisole and N-methylmaleimide.

Scheme 14. A fTpRe(CO)(MeIm)g-promoted Diels–Alder reaction of anisole and DMAD.
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rated by chromatography and are far less stable to cycloreversion than the corresponding

benzene cycloadduct (t1=2 ¼ 1 h for 106A; t1=2 ¼ 0.5 h for 106B). Interestingly, initial studies

indicate that the decomplexation of these two adducts yields two different oxygen insertion

products (107 and 108). Oxidation of complex 106A leads to oxygen insertion into the exo-
alkene (107), while oxidation of complex 106B leads to oxygen insertion into the endo-alkene
(108).

Complex 105 cyclizes with DMAD to give the diastereomeric bound bicyclo[2.2.2]octa-

trienes 109A and 109B in a 1:1 ratio (Scheme 14). Oxidation of these complexes liberates the

corresponding triene 110 as well as the disubstituted anisole 111, presumably generated with

acetylene from the cycloreversion of 110.

9.4

Concluding Remarks

While more than a decade has passed since the first reports of reactions with h2-bound aro-

matic molecules, this field is still in its infancy compared to the more established field of h6-

arene chemistry. Nevertheless, the general strategy of using a transition metal to render a

conjugated p-system more electron-rich is now firmly established. The next phase of devel-

opment will be marked by a greater focus on practical issues such as less expensive p-basic

metal systems, efficient control of absolute stereochemistry, and standardization of proce-

dures that allow for easier reagent handling.
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10

The Directed ortho Metalation Reaction – A Point of

Departure for New Synthetic Aromatic Chemistry

Christian G. Hartung and Victor Snieckus

Abstract

After a brief allusion to the current status of synthetic aromatic chemistry, a tour based on

the Directed ortho Metalation (DoM) strategy is provided with selections from recent litera-

ture which highlight a) the use of DoM for the regiospecific preparation of polysubstituted

aromatics and heteroaromatics; b) the valuable symbiosis of DoM with transition metal

catalyzed AraAr cross-coupling protocols; c) the extension of DoM to the Directed remote

Metalation (DreM) concept in biaryls, which provides methodologies for the construction

of condensed aromatics (fluorenones, phenanthrols) and heterocyclics (thioxanthones, xan-

thones, acridones, dibenzphosphorinones, dibenzthiepinone dioxides, dibenzoxepinones,

dibenzazepinones, dibenzphosphinones); and d) the evolving links of DoM to other modern

methodologies with a note on the DoM–Grubbs ring-closing metathesis connection. The

presentation is solely methodologically rather than total synthesis oriented; dependable di-

rected metalation groups (DMGs ¼ CONR2, OCONR2, SONR2, NHBoc), new and renewed,

are emphasized; p-excessive (furan, thiophene, indole) and p-deficient (pyridine) heterocycle

HetDoM chemistry is delineated. While definitely not comprehensive, this account attempts

to give a flavor of current anionic aromatic chemistry in synthesis.

10.1

Introduction

‘‘The most common reaction of aromatic compounds is electrophilic aromatic substitution.

Many different substituents can be introduced . . . Starting from only a few simple materials,

we can prepare many thousands of substituted aromatic compounds.’’ J. McMurry, Organic
Chemistry, 5th Ed., Brooks/Cole, Pacific Grove, CA, 2000, p. 592.

The study of the structure, synthesis, and reactivity of aromatic compounds has been one

of the cornerstones of the teaching of organic chemistry. An account of the historical and

sometimes disputed dream of Kekulé [1] is followed by the beautiful logic of electrophilic

aromatic substitution rules [2], which allows students to predict syntheses of sparsely sub-

stituted aromatics. Aside from a brief diversion into reactions of halonitrobenzenes with

nucleophiles [3], this topic constitutes a large chapter in our 1st year organic education but

by the time we teach upper year organic majors and graduate students, aromatic chemistry

Modern Arene Chemistry. Edited by Didier Astruc
Copyright 8 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30489-4
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receives the label ‘‘classical’’, a certainty for further disregard and/or sparse coverage [4]. Al-

though the preparation and simple reactions of PhMgX or PhLi are taught, aromatic carba-

nionic chemistry receives no mention in undergraduate texts; similarly, in advanced synthe-

sis courses, with some exceptions [5], students are not familiarized with this subject.

Invariably, the first problem the fresh M.Sc. or Ph.D. student faces upon joining a phar-

maceutical company is the construction of a complex, densely substituted aromatic or, even

more commonly, heteroaromatic molecule as a starting material. The response is, let’s buy

it [6]. Since, also invariably, this fails, the SciFinderTM or equivalent data base produces

(hopefully) a number of hits based on familiar tactics which include (Scheme 1): Eþ substi-

tution [2], Nu� substitution (including SRN1 processes) [3], cycloaddition (usually Diels–

Alder) [7], and de novo ring construction [8], which are familiar but not always fully appre-

ciated. While also not accepted pedagogically, efforts by numerous groups over the past 25

years have added the Directed ortho Metalation (DoM) reaction to the armamentarium of the

synthetic chemist as a general, regioselective, and effective strategy for the rational con-

struction of polysubstituted aromatic and heteroaromatic substances [9]. While examination

of alternative routes is undeniable, the approach to the construction of a key aromatic start-

ing material or intermediate by DoM is, with greater frequency, used for small-scale synthe-

ses by the academic and medicinal chemist and is also increasingly accepted for multi-kg

and higher scale process routes to drug candidates and commercial pharmaceuticals and

agrochemicals.

Scheme 1. Synthetic approaches to substituted aromatics.

10.2 The DoM Reaction as a Methodological Tool 331



Aims of this Account

This account aims to document, both conceptually and technically, the impact of DoM on the

traditional practices of synthetic aromatic chemistry, and is partitioned into the following

arbitrary modes from mainly recent research of various laboratories, including our own:

. DoM as a methodological tool for the synthesis of polysubstituted aromatics;

. Heteroaromatic Directed ortho Metalation (HetDoM) in synthetic methodology;

. DoM–transition metal catalyzed aryl–aryl cross coupling symbiosis;

. Directed remote Metalation (DreM) in aromatics and heteroaromatics;

. Evolving DoM connections to modern synthetic reactions (Sonogashira, Ullmann,

Buchwald–Hartwig, Grubbs metathesis).

10.2

The DoM Reaction as a Methodological Tool

The concurrent and independent discovery of DoM by Wittig and Gilman over sixty years

ago set the stage for the systematic work of Hauser, which was pursued in a number of lab-

oratories in the late 1970s and has led to the current status of Directed Metalation Groups

(DMGs), which allow the regioselective ortho introduction of a host of electrophiles (Scheme

2) [9a–c].

While the mechanism of DoM is an active and controversial field of study [10], a number

of synthetic principles have emerged and are commonly practiced (Scheme 3). The con-

Scheme 2. Directed ortho Metalation: discovery and development.
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ditions for metalation chemistry B follow chacun à son goût principles: the chemist interested

in small-scale reactions refers to them as mild, while the process chemist is concerned about

the engineering difficulties and energy demands of anhydrous, low temperature reactions.

The complementarity of DoM to aromatic Eþ substitution C is reinforced by the normally

harsh, Lewis-acid mediated conditions, and the non-regioselective nature of various reac-

tion types, which complicate separation and isolation procedures. Many DMGs are condu-

cive to sequential ortho,ortho 0-metalation DI, thereby allowing the establishment of 1,2,3-

substitution patterns. Alternatively, this pattern may be established by taking advantage of

the synergism of two DMGs to in-between metalation DII or by the anionic ortho-Fries re-

arrangement E. Iterative DoM sequences F are also possible, sometimes in one-pot, which

offer unique solutions to the introduction of difficult aryl substitution patterns. Unusually

substituted systems may also be derived by silicon protection tactics of both aromatic and

tolyl CaH acidic sites G [9a].

10.2.1

The N-Cumyl Carboxamide, Sulfonamide, and O-Carbamate DMGs

The stalwart diethyl carboxamide, while a powerful DMG, suffers from treacherous hy-

drolytic stability, a consequence which has recently been overcome by the development of

the N-cumyl carboxamide (Scheme 4) [11]. Thus, the readily available 1 undergoes smooth

metalation and acceptance of a variety of electrophiles; if DMF is used, the intermediate hy-

droxyphthalimidine 2 may be further metalated and subjected to electrophile quench to af-

Scheme 3. DoM chemistry generalizations.
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ford 4-substituted products 3, conversion of which into 4 establishes a new route to such

apparently rare systems, which are normally obtained by classical, non-regioselective Eþ

substitution routes, 5! 6.

Similarly, the N-cumyl benzene sulfonamide 7 (Scheme 5) undergoes metalation–diverse

electrophile quench reactions; its quenching with DMF leads to 8, which, after OTMS pro-

tection, may be further metalated and quenched with iodine to give 10; the latter is trans-

formed under mild conditions into new benzothiazole derivatives 11 and 12 [12].

The O-carbamate, the most powerful of DMGs in competition experiments [13], is simi-

larly plagued by stability as the N,N-diethyl derivative 13 (Scheme 6). However, the N-cumyl-

N-methyl counterpart 14 undergoes unproblematic metalation–electrophile quench to give

15 and anionic Fries rearrangement (16) reactions. The very mild conditions for hydrolysis to

17, and hence to 18, as well as to 19 bode well for further useful chemistry of the N-cumyl

DMG in context of more substituted aromatics [14].

10.2.2

The Lithio Carboxylate and Carboxylate Ester DMGs

Recent results from the laboratories of Mortier offer the potential of the carboxylate DMG as

the simplest solution for the preparation of benzoic acid derivatives (Scheme 7) [15]. In

order to minimize the expected ketonic products, the metalation 20! 21 must be carried

out at �90 �C, but thus leads to useful yields of products 22. Based on experiments on meta-
interrelated DMG systems and competition with other DMGs, 23–26 also offer application

possibilities. Of similar synthetic potential is the work of Kondo (Scheme 8) [16], which

Scheme 4. Synthetic utility of the N-cumyl carboxamide DMG.
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demonstrates DoM chemistry 27! 28 using TMP-zincate bases for not only amide but also

ester and nitrile DMGs to give high yields of, as yet few, products 29. Negishi cross-coupling

chemistry 30! 31 has also been achieved. Combined in situ LiTMP/borate and LiTMP/

silane base-electrophile species may be similarly used for DoM chemistry of ester DMG sys-

tems [17].

Scheme 5. The N-cumyl sulfonamide DMG.

Scheme 6. The N-cumyl carbamate DMG.
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10.2.3

The Di-tert-Butyl Phosphine Oxide DMG

The current activity in the area of enantioselective organometallic catalysis using

phosphorus-based DMGs stimulated activity to improve the existing repertoire of P-DMGs.

Phenyl di-tert-butyl phosphine oxide 33 (Scheme 9), chosen for its stability to alkyllithiums

and readily prepared from 32, shows excellent metalation traits to give, after electrophile

quench, a variety of interesting aromatic phosphorus derivatives 34, including di-phosphorus

and boron-phosphorus compounds [18]. The difficulty of DMG removal plagues this meth-

odology, a factor that also surfaces in its use in heterocyclic DoM chemistry (Scheme 16), and

thus should prompt further studies.

Scheme 7. The COO� DMG.

Scheme 8. DoM chemistry with TMP-zincate as base.
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10.3

Heteroaromatic Directed ortho Metalation (HetDoM) in Methodological Practice

The routine requirement of substituted heteroaromatics, varying from the traditionally de-

fined p-excessive (furans, thiophenes, pyrroles, and their benzo analogues) and p-deficient

(pyridines and benzo analogues) and their multitudes of di- and higher-heteroatom contain-

ing relatives, prompts continuing intense studies to explore the scope and limitations of

HetDoM chemistries. Although the former derivatives are electrophilically active, their sen-

sitivity to further decomposition pathways as a result of excessive reactivity, at times, limits

such chemistry. In contrast, the pyridines, quinolines, and related p-deficient systems are, of

course, recalcitrant to electrophilic substitution, a fact which causes either modification

of substituted commercial products by classical reactions or de novo ring synthesis ap-

proaches to obtain polysubstituted systems. While numerous workers have contributed to

DoM chemistry of p-excessives [19], the Quéguiner school [9e, 9f ] has been the major force

in contributions to DoM in the pyridine and diazine areas, which will have a major impact in

devising new routes to substituted derivatives that are not readily prepared by conventional

means.

10.3.1

p-Excessive Heteroaromatic Directed ortho Metalation (HetDoM)

10.3.1.1 Furans and Thiophenes

In metalation of the p-excessive furans and thiophenes, consideration must be given to

not only the DMG effect but also the inherent acidity of the 2-,(5-)hydrogens (Scheme 10)

[19, 20].

While the standard carbon-based DMGs have received substantial application in these

systems, the heteroatom-based groups have enjoyed limited use with the exception of the

extensive studies on sulfonamides (Scheme 13). Although amide and oxazoline DMGs have

Scheme 9. The di-tert-butyl phosphine oxide DMG.
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found considerable application, the carboxylic acid DMG in furans and thiophenes and their

benzo analogues are arguably the most useful for further manipulation (Scheme 11) [21].

An instructive illustration is the use of furan carboxylic acid 35 in the synthesis of sesqui-

terpenoid 37 via the diester 36, which is prepared by condensation of an anhydride with

dianion of 35, the basic character of which appears to have minimal detrimental effects

(Scheme 12) [22].

Thiophene sulfonamide DoM chemistry is by far the most highly explored in view of

the agrochemical significance of the sulfonylurea herbicides [23]. Potential for regioselective

deprotonation as a function of kinetic or thermodynamic control 38 may lead to 3- or 5-

Scheme 10. DoM reactivity of furans and thiophenes.

Scheme 11. The COO� DMG in furans and thiophenes.

Scheme 12. Application of the COO� DMG in furans.
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substituted products 39! 40 or 41, which can be further manipulated hydrolytically at the

tert-butyl sulfonamide function (Scheme 13) [24]. C-5 functionalization via Weinreb amides

to 42 is also feasible.

10.3.1.2 Indoles

While pyrrole DoM chemistry is still a relatively unexplored area [25], the corresponding in-

doles, especially with respect to N-DMGs (Scheme 14), constitute a rich area of metalation

exploitation [26].

The introduction of a 2-DMG or the presence of a 3-DMG allows further metalation

chemistry at the respective alternative positions on the pyrrole ring (Scheme 15). The

chemistry of the 3-amides and 3-carboxylic acids 43 and 44 is illustrative of the potential for

Scheme 13. DoM reactivity of the SO2N
�R DMG in thiophenes.

Scheme 14. N-DMGs for DoM of indoles.
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formation of indole 2,3-substituted products (Scheme 15) [27]. Access to 7-substituted in-

doles via metalation chemistry has been achieved via indolines [28] and, more recently, spe-

cially designed N-DMGs such as N-COC(Et)3 [29], and N-P(O)(tBu)2 (Scheme 16) [30]. In the

last example, although the starting material 46 is easily prepared from indole (45) and highly

regioselective 2- (48) or 7- (47) deprotonation can be achieved by judicious choice of con-

ditions, the difficulty of removing the phosphite group remains.

Scheme 15. 3-Amides and 3-carboxylic acids as DMGs in DoM of

indoles for the synthesis of 2,3-substituted indoles.

Scheme 16. The N-P(O)(t-Bu)2 DMG for the synthesis of 7-substituted indoles.
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The discovery by Iwao that gramine bearing the large N-silicon functionality TIPS, 49,

undergoes 4-deprotonation to give, after electrophile quench, products 50 (Scheme 17) [31]

is of great synthetic consequence for the preparation of difficult to access 4-substituted in-

doles, e.g. 51.

Furthermore, the vintage observation [32] of retro-Mannich reactivity of gramines has al-

lowed the development of a new route to 3,4-disubstituted indoles, especially dihalogenated

derivatives 52! 53! 54 (Scheme 18) [33]. In order to open the door to DoM reactivity

studies in the benzo ring component of indoles, the 5-O-carbamate 56 has recently been

systematically studied (Scheme 19) [34]. The absence or presence of 3-substitution, no mat-

ter what size, allows, respectively, 4- (55) and 6- (57) derivatization of indoles, including

tryptophols and tryptamines [35].

Scheme 17. 4-Deprotonation of gramine bearing a bulky N-silyl functionality.

Scheme 18. 3,4-Substituted indoles via DoM-retro Mannich sequence.

Scheme 19. DoM benzenoid ring functionalization of indole 5-O-carbamate.
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10.3.2

p-Deficient Heteroaromatic Directed ortho Metalation (HetDoM)

10.3.2.1 Pyridines

DoM of pyridines may be compromised by coordinatively driven addition of RLi and LiNR2

reagents. The synthetic value of such reactivity for substituted pyridines 57! 58 is undeni-

able (Scheme 20) [36] and may be considered at times complementary to HetDoM (Scheme

21) [9d, 9e, 20d, 37]. As evidenced from methodological use as well as in total synthesis

endeavors [9d, 9e], amide and halogen DMGs are most valuable for substituted pyridine

synthesis. The recent addition of the CO2
� DMG may have future impact [38].

Among the methodological studies [9d, 9e, 20d], the rich chemistry of carbinolamine alk-

oxide DMGs 59–63 (Scheme 22) [39], while not explored with regard to the scope of elec-

trophile introduction, predicts access to highly functionalized systems. Similarly as yet un-

explored but of foreseeable value for 3,5-disubstituted patterns is the use of the O-carbamate

DMG, 64! 65 (Scheme 23) [40]. Thus, in a prototype sequence, metalation–electrophile

Scheme 20. Nucleophilic addition to pyridines.

Scheme 21. DMGs in DoM chemistry of pyridines.
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quench, 66! 67, followed by base hydrolysis, conversion to the 4-chloropyridine, and hy-

drogenolysis leads to two derivatives 68.

In contrast to the well known metal-halogen exchange of bromo and iodo aromatics,

commercially available halopyridines are amenable, for all halogens, to DoM chemistry of

considerable synthetic value [9d]. Recent results [9d, 41], have pointed to the additional fea-

ture of the ‘‘halogen dance’’ as a tool for the construction of unusually substituted pyridines.

Illustrative are the conversion of 69 into 2,3,4-substituted pyridines 70 and, more interest-

ingly, of 71 into the tetrasubstituted 72 bearing all but one of the theoretically possible halo-

gens (Scheme 24) [42].

Among the few quinolines and isoquinolines that have been tested for DoM reactivity [9e],

utility is compromised by RLi addition reactions and unusual behavior [9d, 43].

Scheme 22. The DoM chemistry of carbinolamine alkoxide DMGs in pyridines.

Scheme 23. The O-carbamate DMG in DoM of pyridines.
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10.4

The DoM–Transition Metal Catalyzed Aryl–Aryl Cross-Coupling Symbiosis

The changing face of synthetic methodology has been fueled by dramatic discoveries of new

reactions in transition metal catalyzed processes over the past thirty years. In the area of

aryl–aryl bond formation, Corriu–Kumada–Tamao, Suzuki–Miyaura, Negishi, and Stille, in

addition to others with preceded and interspersed contributions, have provided the synthetic

community with effective cross-coupling methods for biaryl and higher order aryl ring com-

bination constructs (Scheme 25) [44]. The rational connection of these methods to DoM
provides, by metal-metal exchange, latitude for the preparation of substituted biaryls and

heterobiaryls whose origins may be based on the versatility of DoM and whose new CaC

bond regiochemistry is dictated by a variety of carbon- and heteroatom-based DMGs

(Scheme 26) [45].

Scheme 24. Tandem DoM/halogen dance reactions of iodopyridines.

Scheme 25. Transition metal catalyzed cross-coupling reactions for the synthesis of aryl–aryl bonds.
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10.4.1

The Suzuki–Miyaura–DoM Link

The connection of the Suzuki–Miyaura strategy [46] with DoM offers a dependable and

general route for the synthesis of biaryls and heterobiaryls. While mechanistic knowledge is

still lacking [46, 47] and reasons for homocoupling and deboronation are not fully under-

stood [48], this process constitutes a dependable replacement for alternative classical

methods [49], as was demonstrated early in sequential 73! 74 and 2:1 75þ 76! 77

cross-coupling modes (Scheme 27) [50]. Similar processes are increasingly being used for

the construction of polyaryls of interest in material science areas [51].

Scheme 26. The DoM–cross-coupling nexus.

Scheme 27. DoM-initiated sequential and 2:1 Suzuki–Miyaura cross-coupling.
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The Suzuki–Miyaura tactic carried out on solid support (Scheme 28) [52] provides routes

to small libraries of condensed heterocycles. Thus, Merrifield resin with the Leznoff-linked

bromobenzene derivative 78 undergoes cross-coupling under normal solution-phase con-

ditions with boron pinacolate 79 or boronic acid 80, prepared by DoM, to afford phenan-

thridines 81 or, via 82 and some manipulation, dibenzopyranones 83 in good yields and with

high purities. The Stille solid-support reaction has also been successfully executed [53].

10.4.2

Aryl O-Carbamate and S-Thiocarbamate–Grignard Cross-Coupling Reactions

The discovery that the most powerful OCONEt2 DMG also acts as a coupling partner with

Grignard reagents under nickel-catalyzed conditions [54] opened the doors to new method-

ology whose potential, 84! 85 (Scheme 29) allows, in theory, the construction of contigu-

ous electrophile-nucleophile-electrophile substitution patterns on an aromatic ring, i.e. the

charged equivalency 86.

Scheme 28. Solution-phase DoM–initiated Suzuki–Miyaura cross-coupling on solid support.

Scheme 29. O-Carbamate DoM–cross-coupling connection.
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Even in the brief methodological studies so far undertaken (Scheme 30) [54], steric and

electronic effects (A and B) and a rapid route to benzyl silanes using commercially available

Grignards have been established.

Of perhaps greater value is the utility of this carbamate variation of the Corriu–Kumada–

Tamao reaction in the formulation of substitution patterns on simple aromatics that cannot

be purchased nor easily constructed. In a demonstration of this point, the naphthyl O-

carbamate 87 (Scheme 31) [54, 55] is converted into 88, which, when subjected to a second

DoM and various electrophile quenches, leads to 90. The latter may be elaborated in two di-

rections: by nickel-catalyzed coupling with RMgX reagents (R ¼ Ar, vinyl, Me, TMSCH2)

[56] to 1,2,3-substituted naphthalenes 89 or, by taking advantage of the b-hydride donor

properties of iPrMgCl, into the 2,3-substituted derivatives 91. With the proviso that the E

substituent is unreactive or protected from RMgX attack, the conceptual framework (92) may

be of further value in simpler condensed aromatic and heteroaromatic molecules.

The methodological exploration of O-carbamate–Grignard cross-coupling in heterocyclic

systems may also prove profitable, as suggested by the initial work on the indole 5-O-

carbamate 93 (Scheme 32) [57]. Thus, the intermediate amide 94 obtained by standard

DoM chemistry, when subjected to coupling with an excess of the commercially available

TMSCH2MgX reagent, provides 95 in reasonable yield. Further conversion leads, via 96, to

97, a precursor of the indolo 4,5-quinodimethide intermediate 98, which undergoes cyclo-

addition with a variety of dienophiles to give new annelated products 99.

A logical progression of O-carbamate DoM chemistry, to metalate S-thiocarbamates 103,

E ¼ H, proved unsuccessful, but turning attention to the corresponding O-thiocarbamates

Scheme 30. Nickel-catalyzed cross-coupling of O-aryl carbamates and

triflates with Grignards; electronic and steric effects.
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Scheme 31. Nickel-catalyzed O-aryl carbamate Grignard cross-coupling;

regiospecific access to 1,2,3- and 2,3-substituted naphthalenes.

Scheme 32. Indole 5-O-carbamate–Grignard cross-coupling; annelation via indole 4,5-quinodimethide.
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100 and using 2 equivalents of alkyllithium (obligatory) resulted in the development of this

new DMG not only per se (101) but also, via Newman–Kwart rearrangement (102), as a pre-

cursor to the S-thiocarbamates 103 (Scheme 33). Systems 103, upon hydrolysis, lead to ortho-
substituted thiophenols 104 that are not easily accessible by electrophilic substitution re-

actions [55, 58]. While the O-thiocarbamate 100 could not be persuaded to cross-couple with

RMgX reagents, the S-thiocarbamate 105 successfully undergoes coupling with Grignards to

give 106. The further development of this O-thiocarbamate–S-thiocarbamate connection may

lead to its advantageous use in overcoming the poor DMG qualities of other sulfur groups

(SH, SR), the cross-coupling chemistry of which has already been defined by the extensive

work of Wenkert [59].

10.4.3

The DoM–Negishi Cross-Coupling Connection

A most important advantage of organozinc over organomagnesium reagents is the compati-

bility of the former with a variety of functional groups: CHO, COR, CN, NO2, CO2R,

CONR2. Thus, the DoM–Negishi cross-coupling reaction with aryl triflates, 107þ 108 !
109, provides a rich array of aromatic and heteroaromatic products (Scheme 34) [60]. The

selected cases illustrate unreactivity of O-carbamates, thus providing opportunity for tun-

ing in the RMgX cross-coupling partner subsequent to the triflate-RZnX coupling (111a);

the preparation of a number of products which are predisposed for further DoM chemistry

(e.g. 111a, 112a); compatibility of the ester functionality (112c), and the difficulty of ortho-N-

Scheme 33. DoM of aryl O-thiocarbamate. Link to the Newman–Kwart

rearrangement and consequent S-thiocarbamate cross-coupling.

10.4 The DoM--Transition Metal Catalyzed Aryl--Aryl Cross-Coupling Symbiosis 349



Boc organozinc coupling (113) presumably due to stability of the incipient ortho-zinc inter-

mediate.

10.4.4

DoM–Derived Cross-Coupling Reactions. Synthetic Comparison of Boron, Zinc, and

Magnesium Coupling Partners

The literature explosion of new methodologies demand comparisons for the purpose of ap-

plication and further exploitation. For the Suzuki–Miyaura, Corriu–Kumada, and Negishi

processes, qualitative comparison of synthetic value (Scheme 35) [60b] suggests synthetic

advantage of the Suzuki–Miyaura and Negishi processes. Thus, in a prototype study,

114þ 115! 116, even outside of the context of DoM chemistry, the coupling of triflates

bearing esters (117), N-Boc (118), and nitro (119) groups fail with Grignard partners and give

modest yields with fluoro (120) and O-carbamate (121) aromatics. On the other hand, ar-

ylzincs and arylboronic acids provide good to excellent yields of biaryls with two exceptions:

Scheme 34. The DoM–Negishi cross-coupling connection.
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in Negishi couplings, the triflate from N-Boc aniline fails (118), possibly due to the presence

of acidic NaH in the coupling partner, and that derived from the nitrobenzene derivative

(119) is modestly successful, probably due to the incompatibility of zinc reagents with nitro

groups; in the case of Suzuki–Miyaura coupling of triflate of a benzoate (117), the use of

Cs2CO3 rather than Na2CO3 avoids ester hydrolysis, an apparently detrimental aspect in ob-

taining good yields in this coupling reaction.

10.5

Beyond DoM: The Directed Remote Metalation (DreM) of Biaryl Amides and

O-Carbamates – New Methodologies for Condensed Aromatics and Heteroaromatics

The Complex-Induced Proximity Effect (CIPE), suggested over 15 years ago [61, 62] to ratio-

nalize significant effects of strong coordination of donor substituents with organometallic

reagents in enhancement of acidity at remote, non-thermodynamic sites, was the concept

responsible for the discovery of DreM reactivity in biaryl amides (Scheme 36). A general re-

action was developed in which biaryl amide 123, upon treatment with LDA, in spite of

availability of ortho hydrogens, G1 ¼ H, underwent deprotonation on the alternate ring to

generate a species (124) that could not be trapped by external electrophiles, but led to fluo-

Scheme 35. Qualitative comparison of the Suzuki–Miyaura, Corriu–Kumada, and Negishi processes.
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renone 125 (Scheme 36) [62, 63]. The scope of the reaction (129–137), its regioselectivity

dictated by DMGs, and its complementarity to the classical Friedel–Crafts reaction on a

small scale (126 127! 128) and in industrial practice for the preparation of protein kin-

ase inhibitors 138! 139! 140 (Scheme 37) [64] are indicative of the further potential of

this DreM process. The ready availability of precursor biaryls via Suzuki–Miyaura chemistry

is a further advantage of this ‘‘beyond DoM’’ reaction.

The similarly and equally accessible biaryl O-carbamate 142 (Scheme 38) requires ortho
substitution (PG ¼ OMe) or protection (PG ¼ SiEt3) to avoid anionic ortho Fries rearrange-

ment (141) and to launch a DreM pathway leading to 144 using LDA under vigorous con-

ditions [65]. For PG ¼ TMS, carbamoyl migration to the incipient a-silylmethyl anion occurs

Scheme 36. Biaryl amide DreM. Versatile anionic Friedel–Crafts

complements for assemblage of fluorenones and azafluorenones.
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in good yield to give 143, an observation also rationalized by CIPE [61, 62]. Acid-catalyzed

cyclization of 144 leads to dibenzo[b,d]pyran-6-ones 145, constituting a new route to this

class of heterocycles.

This anionic remote Fries rearrangement provides a general route to highly substituted

biaryls 146 which, due to steric effects, may be difficult to prepare directly by Suzuki–

Miyaura cross-coupling, as evidenced in the comparison with the synthesis of dibenzopyr-

anones 147 (Scheme 39) [66]. The efficient acid-catalyzed cyclization to dibenzopyranones

shows broad scope both for unusually substituted (148–150, Scheme 40) and various hetero-

cyclic analogues (151–153, Scheme 40) [65, 67].

A rational extension of ortho-tolyl benzamide metalation [68], part of the broadly encom-

passing lateral metalation protocol [69] that can be DoM-connected, is the DreM equivalent,

154! 155 (Scheme 41), which provides a general regioselective route to 9-phenanthrols

(156, 157, 158) [70] and may be extended to diaryl nitriles, hydroxylamine ethers, and hy-

drazones 160, which provide the corresponding 9-amino derivatives 161 of similar generality

162–165 (Scheme 42), as may also be applied in natural product synthesis [71]. Further op-

portunities for DoM–cross-coupling and reduction/oxidation chemistry (159) have also been

demonstrated [70a].

Scheme 37. Friedel–Crafts/DreM complementarity. Synthesis of protein kinase inhibitors.

Scheme 38. Biaryl O-carbamate DreM. Ring-to-ring carbamoyl transfer.

Synthesis of dibenzo[b,d ]pyran-6-ones.
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Are the above DreM tactics feasible in tandem? A preliminary but affirmative answer is

possible. Thus, the biaryl O-carbamate migration–amide cyclization sequence 166! 167!
168 (Scheme 43), which conceptually constitutes a reaction of a biaryl 2,2 0-dianion with a

carbonyl dication equivalent (169), has found application in natural product synthesis [65,

72].

A different sequential DreM pathway involving O-carbamate ring switch–vinylogous tolyl

amide cyclization, 170! 171! 172 (Scheme 44), a formal bridging of a 2,2 0-methyl diaryl

dicarbanion with a carbonyl dication equivalent (173) has been affirmed in a model study

(174! 175, Scheme 45) [73] and applied in natural product total synthesis [73, 74].

Scheme 39. Biaryl O-carbamate anionic remote Fries rearrangement.

Conquering steric encumbrance in direct Suzuki–Miyaura cross-

coupling.

Scheme 40. Dibenzopyranones and heterocyclic analogues by anionic remote Fries rearrangement.
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Scheme 41. Synthesis of 9-phenanthrols by DreM chemistry.

Scheme 42. Synthesis of 9-amino phenanthrenes by DreM.
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10.5.1

Heteroatom-Bridged Biaryl DreM. General Anionic Friedel–Crafts Complements for

Several Classes of Heterocycles

The mental insertion of a heteroatom X into the biaryl motif 177 also provokes questions of

DreM-mediated chemistry (Scheme 46). In response, treatment of all heteroatom X de-

Scheme 43. Synthesis of fluorenones by tandem remote metalation–amide DMG translocation.

Scheme 44. Synthesis of 9-phenanthrols by tandem remote

metalation–amide DMG ring-to-ring translocation.
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Scheme 45. Sequential remote metalation amide DMG translocation. A model study.

Scheme 46. Heteroatom-bridged diaryl DreM routes to heterocycles.
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rivatives 177, without ortho protection, with excess LDA provides routes to thioxanthones,

xanthones, acridones, and dibenzophosphorinones 178, while the application of very similar

conditions to diaryl sulfone and diaryl phosphite systems 177, X ¼ SO2 and X ¼ P(O)Ph,

with appropriate protection PG ¼ OMe, SiR3, results in ring-to-ring carbamoyl migration

and, via 176, anionic ring-closure to more highly functionalized dibenzophosphorinones and

thioxanthones 179, e.g. 180 and 181 [75]. A plethora of heterocycles in all series are thus

readily derived with useful and unusual features: following phenol protection, the thio-

xanthone 180 undergoes ipso-iododesilylation to give a derivative poised for coupling chem-

istry; the new heterocycle azathioxanthone 182 is available; azaxanthones, for example 183

and 184, are rapidly prepared from readily available starting materials; consistently, Friedel–

Crafts complementarity is observed for product xanthones 185 and acridones 186 obtained

from precursors bearing DMGs ortho to the incipient anionic site; in the P-heteroatom se-

ries, preferred phosphorinone over fluorenone (187) and double DreM cyclization (188)

pathways are observed. The availability of precursors by DoM (diaryl sulfones, diaryl phos-

phites) and DoM–Buchwald–Hartwig and Ullmann Pd-catalyzed coupling reactions (diaryl

amines, diaryl ethers) reinforces the convenience of the synthetic pathways to these hetero-

cycles, including natural products [47, 75b, 75c], e.g. 9-deoxyjacarubein (189).

In the diaryl amine series 191 (Scheme 47), additional, synthetically valuable, anionic

pathways provide routes to anthranilates 190, oxindoles 192, and dibenzazepinones 194.

Although not explored in terms of its scope [75c], the lateral metalation–cyclization,

191! 192, is extensively precedented [69] but harbors intriguing potential for subsequent

DreM chemistry. The rearrangement 191! 190 is an N! ortho C anionic Fries equivalent

of the aryl O-carbamate migration (Scheme 3E) [75c] and after N-methylation, 190 may be

transformed into 1,2,3-trisubstituted systems 193 [76]. In another appealing manifestation of

CIPE, the efficient conversion of 191 into dibenzazepinone 194 has been applied in an ef-

fective synthesis of the antiepileptic drug oxcarbazepine (Trileptal9) 195 [77] and may also be

Scheme 47. Anionic pathways to oxindoles, anthranilates, and dibenzazepinones.
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extended regioselectively, with one exception (196! 197cþ 198), to the formation of di-

benzthiepinone dioxide 197a and dibenzophosphorinone 197b (Scheme 48) [75b–d]. The

complementarity to Friedel–Crafts technology (e.g. 199) is thus also established for these

tricyclics, some of which have long-standing biological interest.

10.6

Interfacing DoM with Emerging Synthetic Methods

In the last quarter-century, the practice and art of organic synthesis has been revolutionized

by the discovery of transition metal catalyzed organic transformations, ‘‘at a rate that would

make the discoverer of islands in the St. Lawrence Seaway envious’’ [78]. Aside from the

demonstrated DoMaAraAr cross-coupling connection above and the initial promise of acy-

lative, 200! 201 (Scheme 49) [79] and carbonylative, 202! 203! 204 or Suzuki–Miyaura,

203! 205 (Scheme 50) [80] coupling, the establishment of potential DoM links to the

literature-visible, already reliable, but not yet mature Heck, Sonogashira, and Grubbs meta-

theses will undoubtedly reap benefits for synthetic aromatic and heteroaromatic chemistry.

In this context, to tempt the synthetic practitioner’s palate, a general Grubbs ring-closing

metathesis (RCM) retrosynthetic analysis may be envisaged for aromatic ring-annelated tar-

gets 206 (Scheme 51), which cascades, via 207, to simple ortho-lithiated species 208. Such

starting points offer diverse DMG potential to be either directly or, with modification, in-

corporated into 206 and the tactic may lend itself to consideration of synergistic effects of

double-DMG containing precursors 209.

Scheme 48. Synthesis of dibenzthiepinone dioxide, dibenzoxepinone, and dibenzphosphorinone.

Scheme 49. DoM–acylative Negishi cross-coupling of aryl O-carbamates.

10.6 Interfacing DoM with Emerging Synthetic Methods 359



Towards these ends, aside from the demonstration of use of the DoM–RCM strategy in

natural product synthesis [81], prototype sequences leading to benzazocinone 213 (Scheme

52), macrocyclic ether sulfonamide 217 (Scheme 53), and thiaazepine 222 (Scheme 54) have

been accomplished [82]. Thus, in the first series, 210 is subjected to DoM–transmetalation,

which allows efficient allylation of the incipient Grignard reagent to give 211. N-Allylation to

212 followed by RCM using the popular Grubbs Ru-carbene catalyst affords 213. In the sec-

ond sequence, para-tolyl sulfonamide 214 metalation followed by the boronation–oxidation

sequence to introduce an OHþ synthetic equivalent leads to 215, which, by double allylation

to give 216 and RCM affords the new heterocyclic system 217. In the third but undoubtedly

not last series, Sonogashira coupling of the DoM-derived sulfonamide 218 furnishes 219,

which, after desilylation (220) and allylation gives 221. Grubbs metathesis of 221, constitut-

Scheme 50. DoM–amidocarbonylation and Suzuki–Miyaura cross-coupling connections.

Scheme 51. DoM–Grubbs ring-closing metathesis connections.
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ing an example of the still relatively unexplored ene–yne RCM, gives 222 in modest yield.

The ease with which simple ring systems (213), classical syntheses of which appear not to

have been described, and bizarre systems (217) are available, and the fact that some derived

products are obviously useful for venerable follow-up reactions (222), offers invitations for

further methodological studies, which may lead to opportunities that are greater than their

individual sum.

Scheme 52. Benzoazocinone ring system via DoM–Grubbs ring-closing metathesis (RCM) connections.

Scheme 53. Macrocyclic sulfonamide via DoM–RCM.
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10.7

Closing Comments

Although the DoM strategy has undergone remarkable development and unexpected indus-

trial application since the systematic work of Hauser [83], it continues in unbridled evolu-

tion. This account has attempted to show a) the value of the ortho-lithiated DMG species for

the regiospecific preparation of polysubstituted aromatics and heteroaromatics, b) the tran-

sition metal catalyzed cross-coupling–DoM symbiosis, c) with the availability of biaryls, the

extension of DoM to the DreM tactic with the ensuing benefits for the construction of con-

densed aromatics, and d) the early indications of DoM links to other modern methodologies

of synthetic significance. The decision to concentrate on methods and processes prevented

discussion of total syntheses endeavors in which the DoM–DreM–cross-coupling trio plays,

to various extents, a key role (Scheme 55). While convenience and reasonable temperatures

in large-scale DoM remain to be established, mechanistic insight is advancing [10, 62a], new

DMGs are being uncovered and, perhaps most significantly, reactions of other aryl metals

species (B, Zn, Mg, Sn), derived by transmetalation from Li and with potential for catalytic

processes, appear to be rapidly growing [84]. Although written prognosis is dangerous [85],

DoM chemistry continues to offer routes to polysubstituted aromatics and heteroaromatics

which, at times, are complementary, at other times, highly advantageous, and often unique

compared to classical and previous methodologies. There is no defined rubric for organic

synthesis and the DoM-derived chemistry waiting to be discovered will be as useful as the

eye and experience of the practitioner.
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G. Quéguiner, Tetrahedron 2001, 57,
4059–4090; e) A. Turck, N. Ple, F.
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Arenetricarbonylchromium Complexes:

Ipso, Cine, Tele Nucleophilic Aromatic Substitutions

Fran�coise Rose-Munch and Eric Rose

Abstract

The complexation of an arene C6H5X to the tricarbonylchromium unit promotes addition of

nucleophiles to the arene ring due to the strong electron-withdrawing ability of the Cr(CO)3
group. If addition of the nucleophile Nu occurs at the carbon bearing the leaving group X,

this is an overall ipso nucleophilic aromatic substitution SNAr. If addition of the nucleophile

takes place on another carbon, the anionic h5-X-cyclohexadienyltricarbonylchromium inter-

mediates can be treated with acid giving h4-X-cyclohexadiene derivatives via chromium hy-

dride intermediates. The driving force of these reactions is the elimination of HX. These re-

actions are called cine and tele SNAr. In this chapter, an overview of these SNAr substitutions

is presented as well as recent developments relating to organic synthesis.

11.1

Introduction

11.1.1

Effects on Arene Reactivity of Cr(CO)3 Coordination

The complexation of an arene to the tricarbonylchromium unit promotes the addition of

nucleophiles to the arene ring due to the strong electron-withdrawing ability of the Cr(CO)3
group. Other effects of the coordination of the metal on the reactivity of the arene ligand

have been well-documented in the literature [1] and concern (Scheme 1): (i) the stabilization

Scheme 1. Effects of the Cr(CO)3 entity on the arene ring.
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of negative or positive charges in a side-chain position, (ii) the acidification of the ring pro-

tons, which facilitates easy lithiation, and (iii) the large steric effect of the Cr(CO)3 entity,

which blocks one face of the arene and directs incoming reagents to the uncomplexed face of

the cycle. The purpose of this chapter is to specifically cover nucleophilic reactions on the

activated ring that do not disturb the coordination of the chromium to the arene, namely

ipso, cine, and tele nucleophilic aromatic substitutions, and, therefore, open the way to possi-

ble double functionalizations that may offer rapid access to interesting synthetic building

blocks.

11.1.2

Coverage and Definitions

Reactions in which coordination of the tricarbonylchromium unit to the p-system of an

arene cycle 1 activates the ring towards addition of nucleophiles to give h5-cyclo-

hexadienyltricarbonylchromium anionic species 2a–d are classified according to the re-

gioselectivity of this addition. If the addition of the nucleophile occurs at the carbon bearing

the leaving group, complex 2a can eliminate X� leading to an overall ipso nucleophilic aro-

matic substitution, SNAr, affording complex 3a (Scheme 2, path a).

If the addition of the nucleophile takes place at another carbon, the intermediates 2b–d

can be oxidized to give the free disubstituted arenes 8b–d (Scheme 2, path b). No detailed

mechanistic study of this oxidation has been reported in the literature, but it has been

Scheme 2. Addition of a nucleophile to arenetricarbonylchromium complexes.
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pointed out that an excess of I2 is necessary to realize this decoordination. Thus, we suggest

a plausible mechanism involving trapping of the intermediates 2b–d with I2 to give the

chromium(II) iodide complex 4 (Scheme 3). A reductive elimination could generate an h4-

cyclohexadiene complex 5, n ¼ 3, m ¼ 0 or n ¼ m ¼ 2, in equilibrium with another cyclo-

hexadiene 7 (the oxidation number of the Cr atom being II if m ¼ 2 or 0 if m ¼ 0), via the

chromium hydride complex 6. Adding a third equivalent of iodide to the chromium atom

and elimination of HI might liberate the free arene 8b–d, CO, CrI3, and HI. Of course, a

mechanism involving direct Hendo abstraction or direct oxidation of the metal cannot be

ruled out.

Reaction of the intermediate 2c, X ¼ H, with electrophiles Eþ can give interesting cyclo-

hexadienes 13 (Scheme 2, path c). Indeed, if addition of the nucleophile is irreversible, car-

bon monoxide can be incorporated into the product, resulting in dearomatization accom-

panied by the introduction of an acyl group (Scheme 4). For example, complex 9 reacts with

an electrophile Eþ to give the 18e� complex 10a, which can insert CO. A reductive elimina-

tion then affords the h4-cyclohexadiene 12a, which liberates the free cyclohexadiene 13 [1i].

Treatment of the intermediates 2b–d with acid also yields Cr(II) complexes 10b (Scheme

5). A reductive elimination can generate h4-(cyclohexadiene)Cr(0) 12b, then 12c, 12d, or 12e

via the chromium hydride 10c. Subsequent elimination of HX yields complex 3a. These re-

actions are referred to as cine and tele SNAr. Indeed, cine SNAr, in accordance with IUPAC

recommendations is a reaction in which the incoming group takes up a position at the car-

bon ortho to the leaving group. The term tele is used to denote reactions in which the enter-

ing group takes up a position more than one atom away from the atom to which the leaving

group is attached (Scheme 2, path d, and Scheme 5) [1f, 1k].

Procedures that follow paths b and c (Scheme 2) result in loss of the tricarbonylchromium

entity. It is noteworthy that in the case of paths a and d, however (Scheme 2), the Cr(CO)3
unit is not lost, and arene tricarbonylchromium complexes are recovered. These can then be

reacted with another nucleophile or be decoordinated under CO atmosphere, which affords

the free arene and Cr(CO)6, which can be used to prepare the starting complex.

Scheme 3. Oxidation of the h5-cyclohexadienyl intermediate: suggested mechanism.
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General reviews have appeared in the literature [1, 2] concerning arene chromium com-

plexes as well as iron [2] and manganese [3,4] complexes, and nucleophilic additions followed

by iodine oxidation and loss of the metal have been well reported, for example by Semmel-

hack [1c] and by Morris in 1995 [1e]. The purpose of this chapter is to focus only on ipso,

Scheme 4. Chromium-mediated dearomatization reactions.

Scheme 5. Mechanism of cine and tele nucleophilic aromatic substitutions.
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cine, and tele nucleophilic aromatic substitutions, SNAr, of arene-Cr(CO)3 complexes, which

have the great advantage of proceeding with retention of the coordinated Cr(CO)3 unit on the

arene ring (Scheme 6).

Unlike many arene complexes, with the exception of manganese complexes which are be-

ginning to show more and more applications [1g], arenechromium complexes possess all

the attributes needed for easy synthetic utilization. They are easily formed by direct reaction

with Cr(CO)6 in a mixture of THF and di-n-butyl ether [5], they readily undergo nucleophilic

aromatic substitutions, and the metal is easily removed by mild oxidation with I2 or by ex-

posure to sunlight and air. In Section 11.2, we describe ipso nucleophilic aromatic sub-

stitutions in the case of arenes bearing a good leaving group according to the nature of the

newly created bonds, these reactions creating CaO, CaS, CaSe, CaN, CaP, CaC, CaH, and

C–metal bonds. We point out the pioneering results as well as the main extensions reported

in the literature in recent years. In Section 11.3, we describe cine and tele nucleophilic aro-

matic substitutions according to the nature of the leaving groups: F�, Cl�, �OR, and �NR2.

11.2

Ipso Nucleophilic Aromatic Substitutions

11.2.1

Carbon–Oxygen, –Sulfur and –Selenium Bond Formation (Table 1)

The first description of classical SNAr at an arenetricarbonylchromium species was reported

in 1959, when chlorobenzenetricarbonylchromium 1b (X ¼ Cl) was treated with NaOH and

MeOH at 65 �C for 24 h [6]. Thus, it was recognized that the electron deficiency of the arene

promotes ipso addition of MeO� to the carbon bearing the Cl atom, thereby yielding aniso-

letricarbonylchromium 3c (R ¼ H) in 90 % yield (Scheme 7). The temperature and the na-

ture of the nucleophile are important because the kinetic site of addition is not usually at the

carbon bearing the chloride atom, but rather at a carbon bearing a hydrogen. Thus, accord-

ing to the anion, this reaction requires either a reversible or a direct addition of the nucleo-

phile to the ipso CaX carbon.

The reaction of MeO� involves direct ipso substitution, as shown by the reactions of meta-
and para-chlorotoluenetricarbonylchromiums 14b and 14c, which give meta- and para-
anisole derivatives 15b and 15c, respectively. It is interesting at this stage to point out that

Scheme 6. Ipso, cine, and tele SNAr regioselectivity.

11 Arenetricarbonylchromium Complexes: Ipso, Cine, Tele Nucleophilic Aromatic Substitutions372



the authors mentioned the formation of very minor products, that probably corresponded to

cine derivatives! Indeed, they observed the presence of para-methoxytoluene-Cr(CO)3 in 0.1

% yield starting from m-chlorotoluene-Cr(CO)3 14b, and the presence of m-methoxytoluene

Cr(CO)3 in 0.2 % yield starting from the p-chlorotoluene-Cr(CO)3 complex 14c [7a]. Simi-

larly, treatment of (�)-(o-chlorostyrene)tricarbonylchromium complex 14d with MeONa in

refluxing MeOH for 18 h gives the (�)-(o-methoxystyrene) complex 15d in 50 % yield [7b].

The absolute configuration of the chloro complexes was shown to be (1S,2R).

Tab. 1. Ipso nucleophilic aromatic substitution of arenetricarbonylchromium complexes: CaO, CaS and

CaSe bond formation.

Entry Arene Nucleophile Ref., Year

1 PhCl MeOH, NaOH 6, 1959

2 m-p-MeC6H4Cl MeOH, NaOH 7a, 1964

3 Tetrahydroquinoline MeOK 8, 1977

4 PhF Lactone 20, 1979

5 o-FC6H4(CH2CH2CH2OH) tBuOK, DMSO 18, 1980

6 R ¼ C6H4F F�/OSi 21, 1985

7 o,m,p-C6H4Cl2 MeOH, iPrOH, KOH 9, 1985

8 o-C6H4Cl2 NaO(CH2)2O(CH2)2ONa 19, 1985

9 o,m,p-MeC6H4F Me2CbNaOH, KOH 12, 1985

10 RC6H4F, RC6H4Cl NaOMe 10, 1986

11 p-C6H4Cl2 Me2CbNaOH, KOH 13, 1987

12 PhCl HONHCO2tBu 14, 1988

13 p-MeOC6H4F PhONa 17, 1988

14 p-CF3C6H4Cl CF3CH2ONa 11, 1993

15 o-CH2bCHaC6H4Cl MeOH, NaOH 7b, 1994

16 p-MeC6H4F n-C4H9OLi, THF, HMPA 16, 1996

17 2-F-1,3-diOMeC6H3 primary, secondary alkoxides 15, 1999

18 o,m,p-C6H4Cl2 NaSR 22, 1983

19 o-C6H4Cl2 NaSR 23, 1988

20 RC6H4F, RC6H4Cl NaSMe 24, 1991

21 m-MeOC6H4Cl ArSeSeAr 25, 1999

Scheme 7. Ipso SNAr: CaO bond formation.
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6-Methoxytetrahydroquinoline and 5-methoxy-3,3-dimethyldihydroindole derivatives 16b

and 17b are prepared in the same way by adding KOMe in the presence of 18-crown-6 ether

to complexes 16a and 17a, respectively (Scheme 8) [8].

o- and p-Dichlorobenzenetricarbonylchromium complexes 18a and 18c react with ROH

(R ¼ Me, iPr) in the presence of KOH under phase-transfer conditions to give the mono al-

koxy products 19a and 19c. The meta isomer 18b also gives the disubstitution product 20b

[9]. In DMSO, all three isomers of 18 afford the dialkoxy derivatives 20 with ROH. These

results were discussed in terms of different conformations of the tricarbonylchromium tri-

pod (Scheme 9).

Various substituted fluoroarenetricarbonylchromium complexes 18d react with MeONa

in refluxing MeOH to yield the ipso SNAr type products 19d (Scheme 9) [10]. Even a poor

nucleophile such as sodium 2,2,2-trifluoroethoxide reacts with m-(trifluoromethyl)chloro-

benzenetricarbonylchromium complex 14e at 50 �C in THF/TMEDA to afford the ether 15e

in 97 % yield (Scheme 7) [11]. This reaction is greatly facilitated by the presence of the elec-

tron-withdrawing CF3 group.

A series of o-arylhydroxylamines, which are interesting intermediates for the preparation

of benzofurans, hydroxybiphenyls, and catechols, have been synthesized starting from

Cr(CO)3-activated fluoroarenes. Oxime 21 reacts with m-fluorotoluenetricarbonylchromium

Scheme 8. Ipso SNAr: CaO bond formation.

Scheme 9. Ipso SNAr: CaO bond formation.
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complex 22b to yield the m-aryloxime 23 (Scheme 10) [12]. This oxime can be converted to

benzofuran derivatives 24 by oxidation with I2 and treatment of the free arene with H2SO4

[13]. Reactions of complexes 1b, 14, and 18 with hydroxylamine 25 afford the ipso complex

26 in 90–95 % yield (Scheme 11) [14].

As part of a program aimed at discovering new sodium channel blockers, authentic sam-

ples of both enantiomers of the class I-B antiarhythmic agent mexiletine are required. Thus,

for this purpose, a variety of primary and secondary alkoxides bearing unprotected primary,

secondary, and tertiary amino functionalities have been used to displace the fluoride from

the sterically demanding 1,3-dimethyl-2-fluorobenzenetricarbonylchromium complex 27.

The corresponding ether 29 (Scheme 12) obtained with (S)-(þ)-2-amino-1-propanol 28 rep-

resents the mexiletinetricarbonylchromium complex with an enantiomeric purity ofb99 %

ee [15]. A similar sequence, using (R)-(�)-2 amino-1-propanol, provides the (R)-mexiletine

hydrochloride complex.

An unexpected reaction occurs when p-fluorotoluenetricarbonylchromium complex 18e is

treated with lithium phenylacetylide (generated from nBuLi and phenylacetylene) in THF

Scheme 10. Ipso SNAr: CaO bond formation.

Scheme 11. Ipso SNAr: CaO bond formation.

Scheme 12. Ipso SNAr: CaO bond formation.
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and HMPA, furnishing (h6-4-butyloxytoluene)tricarbonylchromium complex 19e in 44 %

yield. The authors rationalized this reaction by suggesting that nBuOLi might be formed,

arising from either aerial oxidation of nBuLi or ring-opening of THF by nBuLi [16].
It is worthy of note that treatment of p-fluoroanisoletricarbonylchromium complex with 5

equivalents of PhONa in DMSO at 100 �C does not lead to an ipso SNAr reaction [17]! It had

been envisaged that the lack of reactivity in this case could be overcome by the use of the 1,4-

dichlorobenzene complex. However, p-dichlorobenzenetricarbonylchromium complex 18c

reacts smoothly with PhONa in DMSO at room temperature to give the mono ipso adduct

19c, R 0 ¼ Ph [17]. Treatment of this complex with MeONa in DMSO gives 20c (R ¼ Ph,

R 0 ¼ Me) in 52 % yield (Scheme 9). This process represents an interesting sequential re-

placement of chloride from the p-dichlorobenzene complex.

The intramolecular version of the substitution of chloride or fluoride has also been

studied. For example, reaction of 3-(2-fluorophenyl)-1-propanol tricarbonylchromium 30 with

excess tBuOK for 3 h at 25 �C gives the chromane complex 31 (Scheme 13) in 75 % yield,

from which the free chromane 32 can be obtained by oxidation with I2 [18].

Both activation by Cr(CO)3 complexation and the use of phase-transfer conditions

are necessary for success in the following synthesis. A cyclic bis-ether can easily be ob-

tained from the o-dichlorobenzene complex 18a (Scheme 14). Indeed, reaction of 18a with

Na[O(CH2)2]2OH in (MeOCH2)2O and with Bu4NBr as a phase-transfer catalyst at 50
�C for

8 h, followed by decomplexation with I2 directly affords dibenzo-18-crown-6 35 in 27 % yield.

Compound 34, which can also be converted into 35, can be obtained in 84 % yield by heating

18a, NaH, and diethylene glycol for 24 h in DME at 50 �C [19]. The authors demonstrated

the potential of this synthesis by preparing different crown ethers with various heteroatoms.

Scheme 13. Intramolecular ipso SNAr: CaO bond formation.

Scheme 14. Intramolecular ipso SNAr: CaO bond formation.
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Cyclization can also occur through halide displacement after initial metalation. For exam-

ple, acylation of o-lithiofluorobenzenetricarbonylchromium with g-butyrolactone at 25 �C for

24 h is followed by spontaneous fluoride displacement to give complex 36. Oxidation with

excess iodine liberates the lactone in 48 % overall yield (Scheme 15) [20].

Another intramolecular substitution has been used for the synthesis of an intermediate in

a proposed route to 3-substituted benzofurans. A b-methylene-dihydrobenzofuran complex

was obtained upon fluoride-induced removal of the SiR3 protecting group from complex 37

(Scheme 16) in an ipso SNAr process. Desilylation resulted in spontaneous cyclization to the

stable methylene complex 38 in 89 % yield. No isomerization occurred and the 3-methyl

benzofuran complex was not detected [21].

The reactivity of complexed haloarenes toward thiolates has been studied, and it has been

reported that o-, m-, and p-dichlorobenzenetricarbonylchromium complexes 18a–c react with

thiolates (RS�; R ¼ Me, nBu, tBu Scheme 17, path i) under phase-transfer conditions or in

DMSO to give 39 and 40a–c. The ortho- and para-complexes 18a and 18c undergo stepwise

substitution of the two Cl atoms in a reaction sequence that can be easily controlled by

the amount of added thiolate. The meta complex 18b shows a lower selectivity and gives a

mixture of mono- and disubstituted products even in the presence of substoichiometric

amounts of thiolate (Scheme 17) [22]. Similarly, LiCH(CO2Et)CN and BuSH react with the o-
dichlorobenzene complex 18a to give complex 39d and then disubstituted arene 40d, show-

ing that this substitution can be performed with two different nucleophiles (Scheme 17)

[23]. Phase-transfer catalysis has also been applied to fluoroarene-Cr(CO)3 complexes, which

are more reactive toward thiolates than are the corresponding chloro derivatives [22].

Other approaches to Cr-mediated aromatic thiation have been studied [24], and quenching

of lithiated arenetricarbonylchromium complexes by electrophilic sulfur has been compared

to halogen displacement by nucleophilic sulfur.

Scheme 15. Intramolecular ipso SNAr: CaO bond formation.

Scheme 16. Intramolecular ipso SNAr: CaO bond formation.
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Unsymmetrical diaryl selenides can be prepared by nucleophilic displacement of chloride

from chloroarene-Cr(CO)3 complexes with areneselenolate complexes in DMSO at 70 �C.
Selenolates can be generated in situ by reduction of the corresponding diselenides with hy-

drazine in DMSO in the presence of potassium carbonate (Scheme 17, path ii). Thus, chlor-

oarene complexes 18a and 18f yield diaryl selenides in moderate to good yields [25]. Product

yields are increased with increasing reactivity of the complex and with increasing nucleo-

philicity of the selenolate reagent. 4-tert-Butyloxycarbonylchlorobenzene-Cr(CO)3 18g is par-

ticularly reactive, affording the substitution product 39g at room temperature. 4-Dimethyla-

minoselenolate reacts more efficiently than 4-chloroselenolate (Scheme 17) [25].

11.2.2

Carbon–Nitrogen and Carbon–Phosphorus Bond Formation (Table 2)

Reaction of (h6-fluorobenzene)tricarbonylchromium 1a with primary and secondary amines

proceeds rapidly at 25 �C. The formation of (h5-cyclohexadienyl)complex 2a (X ¼ F, NuH ¼
NHR2) has been postulated on the basis of kinetic data. A rate-determining loss of fluoride

from the endo side of the ring affords the aniline derivative 3j (Scheme 18) [26].

Nucleophilic substitution of the fluoride of fluorobenzenetricarbonylchromium by mor-

pholine leads to phenylation of the nitrogen (Scheme 18) [27]. However, in the case of imi-

dazole, substitution is effected only with the anion of the nitrogen base.

Other aminations of more substituted arene complexes allow the regiospecific synthesis of

polysubstituted aromatics. For example, p-fluoroanisoletricarbonylchromium complex can

first be lithiated and quenched with chloroformate to give 33b (R ¼ OMe, R 0 ¼ CO2Me).

After substitution of the fluoride by pyrrolidine, complex 3l is obtained in 89 % yield

(Scheme 18) [29].

o-Lithiated fluorobenzenetricarbonylchromium complex can be trapped by bifunctional

electrophiles such as dimethyl-N-carboxy anhydride 41 to give the five-membered ring 42

after spontaneous decarboxylation and displacement of fluoride (Scheme 19) [28]. With two

equivalents of phenyl isocyanate, PhNCO, the six-membered heterocycle 43 is recovered.

This process has also been extended to seven-membered benzo-fused heterocycles.

Scheme 17. Ipso SNAr: CaS bond formation.
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Tab. 2. Ipso nucleophilic aromatic substitution of arenetricarbonylchromium complexes: CaN and CaP

bond formation.

Entry Arene Nucleophile Remarks Ref., Year

1 C6H5F R2NH aniline 26a, 1967–68

2 C6H5F R2NH aniline 26b, 1971

3 C6H5F R2NH morpholine 27, 1979

4 C6H5F R2NH benzo-fused 28, 1979

5 C6H5F R2NH heterocycles 28, 1986

6 RC6H4F R2NH pyrrolidine 29, 1986

7 p-CO2MeC6H4F [WaNcN] arylation of nitrogen 30, 1992

8 RC6H4Cl NaH, NH2COCF3 aniline 31, 1992

9 CF3C6H4Cl NaNH2/NH3 aniline 32, 1993

10 C6H5OCH2CH2NH2 RNH2 Smiles reaction 33, 1995

11 RC6H4F piperazine aryl piperazine 35, 1996

12 RC6H4F amines rate of SNAr 36, 1998

13 RC6H4F LiNR2 N-aryl indoles 38, 1998

14 RC6H4OCON(iPr)2 PPh2Li arylphosphines 39, 1999

15 RC6H4F pyrrolidine, piperidine polymer-haloarene 40, 2000

16 RC6H4F NH2NH2, H2O indazole 42, 2000

Scheme 18. Ipso SNAr: CaN bond formation.

Scheme 19. Intramolecular ipso SNAr: CaN bond formation.
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A reaction corresponding to a novel arylation of molecular nitrogen through bimetallic

activation has been reported. Thus, reaction of [nBu4N][W-(NCS)(N2)(dpe)2] (44) with p-
fluorobenzoic ester complex 45 in THF at room temperature gave complex 46 as a result of

an ipso SNAr process [30] (Scheme 20), showing the effectiveness of this method for the

direct arylation of coordinated nitrogen.

Trifluoroacetamide may be successfully employed as a nucleophile in the synthesis of

aniline complexes. The formation of aniline derivatives 14g can be realized by adding the ‘‘in

situ’’ generated trifluoroacetamide anion CF3CONH
� to the o-chlorotoluenetricarbonyl-

chromium complex 14a followed by KOH treatment (Scheme 21) [31].

The synthesis of aniline derivatives can also be realized by direct addition of the NH2 unit,

if the arene ring is made more electrophilic through activation by a trifluoromethyl group.

For example, in the case of p-trifluoromethylchlorobenzenetricarbonylchromium complex

47, the aniline derivative 48 can be obtained in 32 % yield using NaNH2/NH3 in HMPT

(Scheme 22) [11].

The tricarbonylchromium entity promotes ipso-Smiles rearrangement of the O-phenyl de-

rivatives of ephedrine and pseudoephedrine to the N-phenyl derivatives [32]. Indeed, treat-

ment of the sodium alkoxide derived from ð1R,2SÞ-ephedrine with fluorobenzene complex

Scheme 20. Ipso SNAr: CaN bond formation.

Scheme 21. Ipso SNAr: CaN bond formation.

Scheme 22. Ipso SNAr: CaN bond formation.
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1a generates the required phenyl ether 49a in good yield. Upon treatment with nBuLi in
THF at �78 �C, complex 49a smoothly undergoes the Smiles rearrangement to liberate the

phenylamine 50a in 96 % yield. Treatment of 4-fluoroanisole complex 1c with the alkoxide

derived from ð1S,2SÞ-ephedrine yields complex 49c in 91 % yield, and complex 50c in 97 %

yield upon treatment with nBuLi at �78 �C. The ipso regioselectivity of these reactions is

evident from the aromatic AB system in the 1H NMR spectrum of 50, which is diagnostic of

1,4-substitution. Thus, the spiro intermediate 51 can be postulated, and it would be interest-

ing to trap it, e.g. with ClSnPh3 [33] (Scheme 23).

Arylpiperazines can be prepared in a one-pot procedure by ipso SNAr of piperazine de-

rivatives with h6-fluoroarene complexes 1a, 33a,b,d. Indeed, piperazine derivatives react with

fluorobenzene derivatives in DMSO in the presence of K2CO3 at 80 �C to give, after 2.5 h,

complexes 3m and 3k (Nu ¼ piperazine) in good yields (Scheme 18) [34]. Piperazine itself

may be used as a nucleophile and gives the monoarylpiperazine derivative uncontaminated

by any symmetrical N,N 0-bis(aryl)piperazine, allowing the direct preparation of unprotected

compounds.

Fluoroarene-Cr(CO)2L complexes 33p [L ¼ CO, PPh3, P(OPh)3, P(pyrrolyl)3, P(pyrolyl)2 �
(NMeBn)], where L is a potential linker ligand for solid-phase synthesis, have been evaluated

with regard to the rates of nucleophilic substitution by amines [35]. The preparative and

kinetic results indicate that SNAr reactions on tris(pyrrolyl)phosphine-modified fluoroar-

enechromium complexes proceed rapidly and with high efficiency, and are thus appropriate

for the development of solid-phase versions for use in combinatorial synthesis (Scheme 18).

The authors set out to ascertain whether the addition of pyrrolidine (k1; Scheme 18) to

give complex 2p or the loss of fluoride (k2) to give complex 3p was the rate-determining step.

The reverse of nucleophile addition, k�1, was assumed to be faster than the addition. All the

results of a series of kinetic determinations in DMF at 25 �C by 19F NMR spectroscopy were

consistent with k1 relating to the rate-determining step (half-lives: 67–180 s). Unlike simple

aminophosphines, tris(pyrrolyl)phosphine is relatively stable toward cleavage of the NaP

bond and shows a relatively strong electron-withdrawing effect, nearly comparable to that of

Scheme 23. Ipso SNAr: CaN bond formation.
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CO [36]. This is consistent with a half-life of 91 s, only 1.4 times longer than that of the

parent fluorobenzene-Cr(CO)3 complex.

Mild N-arylations of indoles can be achieved in good yields by nucleophilic substitution

reactions of the sodium salt of indole on various haloarenetricarbonylchromium complexes.

Thus, o-fluoroanisole-Cr(CO)3 33a reacts with the indole N anion within 0.75 h at 0 �C to

give complex 3m (Nu ¼ indolyl) in 83 % yield. The chloro derivatives require longer reaction

times and higher temperatures (Scheme 18) [37]. The authors were able to extend this pro-

cedure to the introduction of two indole rings on the same aromatic nucleus.

New polymer-bound haloarene chromiumdicarbonyl isocyanide complexes have been pre-

pared and used in solid-phase chemistry to react with nitrogen nucleophiles according to an

ipso SNAr mechanism [38]. Polymer-bound isocyanides have proved to be valuable ligands

for anchoring haloarene-Cr(CO)3 complexes by means of their substitution of a CO group. It

is known from solution chemistry that the coordination of a phosphine group to the chro-

mium atom greatly reduces the reactivity of the aromatic ring to nucleophilic attack, except

in particular cases [36]. Thus, the isocyanide ligand is used, the electronic properties of

which are similar to those of the CO group. Irradiation of the fluoroarene complex 1a at

room temperature in the presence of cyclooctene gives complex 52a, treatment of which with

the appropriate isocyanide (L ¼ RNC) for 20 min at 55 �C, affords the stable complex 52b.

Different nucleophiles can react in DMF at room temperature (Nu ¼ pyrrolidine, piperidine,

benzyl thiolate, methoxide anion) to give the corresponding complexes 52c, showing that the

aromatic ring is only slightly affected by modification of the ligands. The problem of pre-

paring arene complexes bound to appropriate isocyanide resins has been solved. Indeed,

fluorobenzene-Cr(CO)3 can be supported on the resin by direct photochemical irradiation for

1 h to form 52b (L ¼ isocyanide resin). The resin reacts at room temperature in DMF, for

example with pyrrolidine, to give in 80 % yield a resin showing no 19F NMR signal, as befits

an ipso SNAr displacement of the fluoride by the nitrogen nucleophile (Scheme 24).

The formation of these CaN bonds is interesting, because it is not easy to create them

in the case of non-coordinated arenes [40]. Very often, another form of activation is neces-

sary [41]. The last example of a CaN bond formation is represented by the recent prepara-

tion of the indazole s-chromium complex 55, which was obtained by cyclization of h6-2-(2 0-
phenylhydrazine)-1,3-dioxolane-Cr(CO)3 (54) under acidic conditions. The ipso SNAr was

achieved by refluxing with 2.5 equivalents of hydrazine and one equivalent of 2-(2 0-
fluorophenyl)-1,3-dioxolane-Cr(CO)3 (53) for 2 days [39].

Scheme 24. Ligand exchange.
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Optically active Cr-complexed arylphosphines 57 can be prepared in three steps from

achiral arene-Cr(CO)3 precursors 56. A successful addition of PPh2Li to the complex 56a

with concomitant carbamate displacement has been suggested, giving rise to the desired

phosphine complex 57a as an air-stable crystalline solid in 96 % yield (R ¼ H) (Scheme 26).

Therefore, efficient CaP bond construction can be achieved by reacting, for example, the

biaryl complex 56b with PPh2Li, providing the optically active monophosphine ligand 57b in

87 % yield, which has been used in Pd-catalyzed allylic alkylation reactions (Scheme 26) [42].

11.2.3

Carbon–Carbon Bond Formation (Table 3)

In this section, we examine ipso substitutions of leaving groups such as halides, phenoxides,

and alkoxides by carbanions. They are presented in chronological order in accordance with

Table 3.

Highly stabilized carbanions (e.g., a-cyano, a-alkoxycarbonyl carbanions, etc.) react with

fluoro- or chlorobenzenetricarbonylchromium derivatives by substitution of the halides, even

at room temperature [1c]. The authors excluded a pathway involving a transient aryne be-

cause the reaction of isobutyronitrile carbanion with p-chlorotoluenetricarbonylchromium

complex 14c produces a single p-tolylisobutyronitrile complex 14d (Scheme 27). The same

conclusion has been reported for the reactions of the chlorobenzene complex with O and N

nucleophiles [43, 44]. Thus, additions of tertiary carbanions of ethylisobutyric ester, iso-

butyronitrile, and cyanohydrin to chlorobenzenetricarbonylchromium complex 1b afford the

corresponding ipso complexes 3a–c in good yields. These can be oxidized by iodine to pro-

duce the free arenes substituted by the nucleophile Nu (Nu ¼ -CMe2CO2Et, -CMe2CN,

-COPh) in yields of 85 %, 71 %, and 88 %, respectively. Additions of LiCH(CO2Me)2 and

LiC(SR)(CH3)CO2Me to the fluorobenzene complex 1a yield the ipso adducts 3d and 3e, re-

spectively, in yields of 95 % and 94 % [45] (Scheme 27). It is worthy of note that several car-

Scheme 25. Ipso SNAr: CaN bond formation.

Scheme 26. Ipso SNAr: CaP bond formation.
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banions fail to react with halogeno complexes. Indeed, LiCH2CMe2CO2Me, LiCH2COCMe3,

LiCH2CN, LiCCH, and 2-lithio-1,3-dithiane effectively give complexes 2b–d, but isomer-

ization to 2a is difficult due to a high associated energy barrier (Scheme 2). Indirect

evidence of this has been obtained by adding I2 to a mixture of isobutyronitrile car-

banion and chlorobenzene complex at 0 �C; no chlorobenzene was detected, in good agree-

ment with a complete conversion of complex 1b. Free arenes corresponding to o- and m-

chlorophenylisobutyronitriles 14e were isolated in yields of 2 % and 56 %, respectively [45b].

The ipso complex 3b was recovered in 19 % yield (Scheme 27). Thus, the initial attack of the

nucleophile at low temperature occurs preferentially at the meta position, and then the

course of the reaction depends on the reversibility of the initial addition, which, in turn, de-

pends on the reactivity of the carbanion. For example, NaCH(CO2Et)2 adds reversibly,

whereas the more reactive carbanions 2-methyl-1,3-dithianyl and CH2CN add irreversibly at

the ortho and meta positions; ipso substitution no longer occurs. It is shown below that there

is a possibility of losing the halide by protonation of the h5-cyclohexadienyl anionic inter-

mediate, which promotes the elimination of HX.

Tab. 3. Ipso nucleophilic aromatic substitution of arenetricarbonylchromium complexes: CaC bond

formation.

Entry Arene Nucleophile Ref., Year

1 C6H5F, Cl O, N nucleophiles 43, 1966

2 p-MeC6H4Cl O, N nucleophiles 44, 1968

3 C6H5F, Cl LiCMe2CO2Et 45, 1974

Stabilized carbanions

4 C6H5OPh LiCMe2CN, LiCMe2CO2tBu 46, 1987

5 1,2-C6H4Cl2 Stabilized carbanions 23, 1988

Phase-transfer conditions

6 methoxy-estra-1,3,5(10)-triene LiCH2CN 47, 1988

7 C6H5F Cyclopentadienylanion 48, 1989

8 C6H5F Imino esters 49, 1989

9 o,m,p-MeC6H4F Imino nitriles, esters 51, 1990

10 C6H5F Imino esters 50, 1991

11 o,m,p-MeC6H4F Imino nitriles, esters 52, 1991

12 p-Me-C6H4F LiCMe2CN, double nucleophilic

substitutions

54, 1991

13 p-C6H4F2 LiC2B10H10Me 54, 1992

14 veratrole derivative ArMgX 56a, 1996

15 p-MeC6H4X Cyclopentadienyl anion 57, 1997

16 1,2,3-trimethoxybenzene LiCMe2CN 58, 1997

17 C6H5Cl N,N-dimethylhydrazone 59, 1997

18 o-CF3C6H4Cl PhCH(CN)Li 60, 1999

19 veratrole derivative ArMgX 56b, 2000
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Treatment of the o-methyl diphenyl ether complex 58a with isobutyronitrile carbanion at

�78 �C and then allowing the reaction mixture to warm up to room temperature affords the

ipso complex 59a almost quantitatively. Ipso SNAr of the phenoxy group also occurs with

acetonitrile, propionitrile, and alkoxycarbonyl carbanions (Scheme 28) [46]. Similarly, ad-

dition of isobutyronitrile carbanion to 2,3-dimethyl diphenyl ether complex 58b gives ex-

clusively complex 59b under the same experimental conditions.

The o-, m-, and p-dichlorobenzenetricarbonylchromium complexes 18a–c react with stabi-

lized carbanions LiCHRR1 (R ¼ Ph, CO2Et; R1 ¼ CN, CO2Et) both under phase-transfer

conditions and in DMSO solution. Only one chloro substituent is replaced by the carbanion.

In all cases, the intermediates are not isolated but are directly oxidized with iodine. Shorter

reaction times and/or lower reaction temperatures are required in DMSO. It is possible to

replace the second chloro substituent of the o- and p-dichloro regioisomers with a different

nucleophile such as nBuS� or �CH(CN)CO2Et [23].

Nucleophilic attack by the lithium anion of acetonitrile has been extended to Cr complexes

of ring A aromatic steroids, thereby allowing access to more elaborate derivatives. For ex-

ample, the diastereomeric tricarbonylchromium complexes of 17b-(tert-butyldimethylsily-

loxy)-3-methoxyestra-1,3,5-triene 60a give the corresponding ipso 3-cyanomethyl complexes

60b after displacement of the methoxide group. The free arene was obtained in 46 % yield

after I2 oxidation (Scheme 29) [47].

Cyclic anions, such as the cyclopentadienyl anion, in ethereal solvents at 0 �C, can substi-

tute the fluoride of fluorobenzenetricarbonylchromium complex 1a, thereby generating

Scheme 27. Ipso SNAr: CaC bond formation.

Scheme 28. Ipso SNAr: CaC bond formation.
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phenylcyclopentadiene complexes 3g and 3h in good yields [48] (Scheme 29). Phenylation of

indenyl, fluorenyl, 2,4-dimethyl-1,3-pentadienyl, and 1,1 0,5,5 0-tetramethyl-1,3-pentadienyl

carbanions can be similarly achieved in an ipso SNAr fashion.

A synthesis of a-arylamino acids has been reported using Schiff-base anions 61 derived

from amino esters, which are arylated with fluorobenzene complex 1a to give a-aryl imino

esters 62 in 48–76 % yield (R ¼ H, Me, CH2Ph) [49]. Using the same procedure, these au-

thors reported a convenient synthesis of optically pure a-aryl amino acid precursors 64 by

enantioselective substitution of fluorobenzene complex 1a using the Schiff base of l-alanine

methyl ester with (1R,2R,5R)-2-hydroxy-3-pinanone 63 in the presence of LDA (Scheme 30)

[50].

Scheme 29. Ipso SNAr: CaC bond formation.

Scheme 30. Ipso SNAr: CaC bond formation.
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Similarly, the addition of a-imino esters or nitriles to o-, m-, and p-fluorotoluene complexes

22a–c gives a-substituted arylimino esters or nitriles by fluoride displacement. For example,

addition of the Schiff-base anions LiCH(NbCPh2)Y (Y ¼ CO2Me, CN) in THF containing

HMPA (5 equiv.) to a solution of the o-fluorotoluene complex 22a at �78 �C, followed by al-

lowing the mixture to warm to room temperature for 24 h, gives complexes 65a,b and 65c,d

in 45 % yield (Scheme 29). 1H NMR data indicate that the two diastereomers 65a (1S,7S)
and 65b ð1S,7RÞ are obtained in a 1:1 ratio [51]. It is worthy of note that these diastereomers

can be separated by column chromatography on silica gel. The X-ray structure of complex

65a L couple [(1S)(7S), (1R)(7R)] shows that the H6 proton is almost eclipsed by a CraCO

bond [52]. In solution, 1H NMR data of this (1S)(7S) diastereomer indicate that the H6

proton resonates at low field (d ¼ 6:4), indicating a similar conformation in solution and in

the solid state [53]. The H6 proton of the U couple resonates at higher field, at d ¼ 5:93. The

addition of 2-methyl iminoester (Z ¼ Me) also gives a mixture of two diastereomers, in the

ratio L:U ¼ 80:20. In this case, the chemical shift difference between the two H6 protons

amounts to 0.91 ppm!

The addition of two nucleophiles to a coordinated h6-arene is a synthetically important

goal. A ‘‘one-pot’’ synthesis of 1,3-disubstituted cyclohexadienes involving an initial ipso ad-

dition to fluoroarene complexes is possible. Indeed, p-fluorotoluenetricarbonylchromium

complex 22c reacts with isobutyronitrile carbanion (2 equiv.) in THF to give, after 5 days at

�30 �C and acidic treatment under CO atmosphere, the cyclohexadiene 66 in 47 % yield

(Scheme 31) [53]; the yield can reach 75 % after several weeks! Carbon monoxide was used

in order to decoordinate the h4-cyclohexadiene intermediate and to recover Cr(CO)6 needed

for the preparation of the starting material [54].

Carbon–boron clusters (‘‘carboranes’’) have been shown to react with Cr-coordinated halo-

arenes. For example, reaction of 2 equiv. of LiC2B10H10(CH3) with para-difluorobenzene-
tricarbonylchromium complex in refluxing THF results in the displacement of both fluoride

substituents from the arene ring to yield the para-phenylene compound, albeit in just 9 %

yield owing to the effect of the steric bulk of the carborane [55].

Axially chiral biaryls have been diastereoselectively synthesized by means of ipso substitu-

tion of the methoxide group of 2,4,6-trimethylphenyl-2-methoxybenzoatetricarbonylchro-

mium complex with aryl Grignard reagents [56]. Thus, the reaction of veratrole derivative 67

with o-tolylmagnesium bromide leads to a diastereomeric mixture of anisole complexes 68a

and 68b in 68 % yield and in a 98:2 ratio (Scheme 32). The most plausible reaction mecha-

nism accounting for the high diastereoselectivity would require predominant Grignard

approach from the exo side with respect to the Cr(CO)3 tripod [56].

Scheme 31. Double functionalization of an arene.
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The complex 3-[(h6-4-toluene)tricarbonylchromium]indene (69) is obtained in 69 % yield

from the ipso nucleophilic substitution of (h6-p-fluorotoluene)tricarbonylchromium complex

22c with indenyllithium (70) [57]. A 1,3-shift of the benzylic proton probably takes place

after the ipso addition of indenyllithium (Scheme 33).

The following examples show interesting reactions in which CaC bonds are simulta-

neously created by both ipso and tele-meta substitutions (the latter is discussed in Section

11.3). Treatment of (h6-1,2,3-trimethoxybenzene) (71) with the acetonitrile carbanion in THF

and then with trifluoroacetic acid leads to a mixture of complexes 72 and 73 in yields of 42 %

and 22 %, respectively. The expected formation of complex 72 involves a tele-meta substitu-

tion of the MeO� group, whereas complex 73 is formed irreversibly, even at �78 �C, through
an ipso SNAr at the eclipsed C3 carbon, which is somewhat unexpected under these experi-

mental conditions. Treatment of complex 71 with nBuLi in THF at �78 �C for 30 min, and

then with CF3CO2D, affords not only the mono- and di-deuterated complexes 74 and 75, but

also the 3-butyl-4,6-dideuterioveratroletricarbonylchromium 76 as a minor by-product. Its

formation can easily be explained in terms of a surprising ipso addition of nBuLi to one of

the carbons bearing a methoxy group (Scheme 34) [58]. This is indicative of the electrophilic

character of the eclipsed carbon C1 of complex 71.

Arylation of N,N-dimethylhydrazone 77 with (h6-chlorobenzene)tricarbonylchromium

complex 1b can be achieved in 64 % yield. The copper lithium azaenolate 78 is trapped with

the chromium complex at 70 �C to give a-phenyl ketone 80 as a result of an ipso substitution
(Scheme 35) [59]. This represents an easy access to a-aryl carbonyl compounds, some of

which may exhibit anti-inflammatory properties.

A final example of a carbon–carbon bond formation relates to the reaction of o-chlorotri-
fluoromethylbenzenetricarbonylchromium complex 81 with ‘‘in situ’’ generated phenyl-

acetonitrile carbanion, which, under phase-transfer catalysis (TBAB, toluene, 50 % aqueous

NaOH), quantitatively affords two diastereomeric products 82, decomplexation of which

yields a-phenyl-a-[2-(trifluoromethyl)phenyl]acetonitrile (Scheme 36) [60]. Activation of this

Scheme 32. Ipso SNAr: CaC bond formation.

Scheme 33. Ipso SNAr: CaC bond formation.
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process by both tricarbonyl complexation and nitro group substitution has been evaluated,

and the activating power of the Cr(CO)3 entity was estimated to be ten times smaller than

that exerted by a para nitro group. This reaction offers an interesting approach to the syn-

thesis of biologically active substituted diphenylmethanes.

11.2.4

Carbon–Hydrogen and Carbon–Metal Bond Formation (Table 4)

It has been reported that hydrides can be used as nucleophiles towards chromium com-

plexes, and that treatment of 3-ethyl-anisoletricarbonylchromium 83a with LiEt3BD in re-

fluxing THF for 2 h quantitatively affords 3-deuterio-ethylbenzenetricarbonylchromium 84a,

Scheme 34. Ipso and tele SNAr: CaC bond formation.

Scheme 35. Ipso SNAr: CaC bond formation.

Scheme 36. Ipso SNAr: CaC bond formation.
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with no other isomer being detected. The three methoxide groups of 1,3,5-trimethoxybenz-

enetricarbonylchromium 83b can be displaced by deuteride in a one-pot reaction to quanti-

tatively afford 1,3,5-trideuteriobenzene tricarbonylchromium 84b. These reactions represent

the first hydro-(deuterio)-dealkoxylations reported for alkoxyarenechromium complexes

(Scheme 37) [61].

Treatment of 2-(2-methoxyphenyl)-N,N-diisopropylethylaminetricarbonylchromium 85

with LiAlH4 gives an almost quantitative yield of demethoxylated product 86 after decom-

plexation. If LiAlD4 is used, the deuteride replaces the methoxy group in a regiospecific

manner through an ipso substitution (Scheme 38) [62]. Similarly, LiAlD4 reacts with com-

plexes 87a,b to give complexes 88a,b. This reaction occurs more rapidly with the endo than

with the exo isomer, suggesting that a substituent located syn to the Cr(CO)3 unit promotes

the demethoxylation (Scheme 38). This could be the result of an eclipsed conformation of

the tripod with respect to the OMe group.

Phenoxide group displacement by a hydride or a deuteride takes place in the case of the

dibenzofuran complex. Indeed, on treating the dibenzofuran complex 89 with LiEt3BD, ring-

Tab. 4. Ipso nucleophilic aromatic substitution of arenetricarbonylchromium complexes: CaH and C–

metal bond formation.

Entry Arene Nucleophile Remarks Ref., Year

1 C6H5Cl KCpFe(CO)2 CaFe bond formation 65, 1988

2 C6H5Cl Na2Fe(CO)4 CaFe bond formation 64, 1988

3 1,4-C6H4XF NaC5H5Fe(CO)2, Na2M(CO)5 CaCr, CaW, CaFe 67, 1989

4 anisole derivatives LiEt3BH(D) CaH bond formation 60, 1990

5 tetralin LiAlH4 CaH bond formation 61, 1991

6 dibenzofuran LiEt3BH CaH bond formation 62, 1992

7 C6H5F Na(C5H4Me)Fe(CO)2 CaFe bond formation 68, 1992

8 1,3,5-

trimethoxybenzene

LiAlH4 CaH bond formation 63, 1995

Scheme 37. Ipso SNAr: CaD bond formation.
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opening to the diphenyl complex 90 occurs in 75 % yield (Scheme 39). The CaO bond is

cleaved in an ipso SNAr of phenoxide group by deuteride, the mechanism of which has been

clearly established by isolating one of the reaction intermediates [33].

Deuterio-dealkoxylation also occurs on treating 4-tert-butyl-anisoletricarbonylchromium

complex 83c with LiEt3BD, giving p-tert-butyl-deuteriobenzene complex 84c. Carbon–

nitrogen bonds can be similarly cleaved by hydride: p-dimethylamino anisole complex 83d

affords, under the same experimental conditions, complex 84d in 24 % yield (Scheme 37)

[63].

Metal-based nucleophiles may react with activated haloarenechromium complexes leading

to substitution of the halides. The reaction of Collman’s reagent Na2[Fe(CO)4] with chloro-

arenetricarbonylchromium complexes in THF/N-methylpyrrolidinone produces the yellow

anionic dinuclear complexes 91a in 45 % yield (Scheme 40) as a result of an ipso SNAr [64].

Spectroscopic data suggest that complex 91a adopts the h6 structure as opposed to the

alternative h5-cyclohexadienyl carbene structure 92. Similarly, it has been reported by the

same group that the potassium salt of [CpFe(CO)2]
� participates in ipso nucleophilic attack

on chloroarenechromium substrates, producing dinuclear complexes 91b in 92 % yield

(Scheme 40) [65].

Organometallic dianions [M(CO)5]
2� (M ¼ Cr, W) also react with chlorobenzenetri-

carbonylchromium in THF at 0 �C to form anionic complexes 91c in yields of 33 % and

11 %, respectively [66].

Scheme 38. Ipso SNAr: CaH bond formation.

Scheme 39. Ipso SNAr: CaD bond formation.
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The reaction of Na(C5H5)Fe(CO)2 with (h6-1,4-C6H4XR)Cr(CO)3 chloro derivatives pro-

duces the bimetallic products 91b in 32 % yield (Scheme 40) [67]. Similarly, reaction of

NaCpFe(CO)2 (Cp ¼ C5H4Me, indenyl, C5H5) with fluorobenzenetricarbonylchromium af-

fords the respective complexes [C6H5Cr(CO)3]Fe(CO)2Cp 91b, for which X-ray structures

have been obtained. They each display nonplanar benzene rings, with the iron atoms and

the ipso carbon atoms to which they are bound being substantially bent away from the

Cr(CO)3 tripod. This is due primarily to the p-electron donation from the iron centers to the

aromatic rings, rather than to the steric bulk of the iron-containing substituents [68].

11.3

Cine and Tele Nucleophilic Aromatic Substitutions (Table 5)

11.3.1

Cleavage of CxF and CxCl Bonds

Ipso nucleophilic aromatic substitutions represent the main substitution processes known in

the case of arenetricarbonylchromium complexes bearing a fluoro or a chloro group. An-

other procedure involves the initial addition of a nucleophile to the ortho, meta, or para po-

sitions of the C6H5X ring (X ¼ F, Cl), followed by the addition of a strong acid (usually

CF3CO2H). 1,5-Hydrogen migration in the (h4-cyclohexadiene) intermediate allows rearo-

matization by loss of HX (Scheme 5). The result is a substitution in which the nucleophile

occupies a site ortho, meta, or para to the leaving group. These reactions are called cine, tele-
meta, and tele-para SNAr (Scheme 6).

The regiochemical course of these cine and para-tele reactions can be conveniently followed

by using deuterated trifluoroacetic acid [69]. Thus, addition of Li(CMe2)CN and CF3CO2D

to p-chlorotoluenetricarbonylchromium complex 14c gives the cine deuterated complex

93a and cyclohexadienes 94a in yields of 42 % and 20 %, respectively (Scheme 41) [69a,

69c]. The chloro substituent is o-directing and the methyl substituent is m-directing.

LiC(Ph)[S(CH2)3S] reacts with the same complex to give, after CF3CO2H treatment,

Scheme 40. Ipso SNAr: CaM bond formation.
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1-methyl-4-chloro-5-(2 0-phenyl-1 0,3 0-dithiane)-1,3-cyclohexadiene 94b as the sole cyclo-

hexadiene isomer, which has been characterized by X-ray crystallography [69b]. This study

not only shows that the nucleophile adds ortho to the chloro substituent, but also that iso-

merization of the h4-cyclohexadiene 94 coordinated to Cr(CO)3 does not occur for steric rea-

sons, thus avoiding elimination of HX.

Addition of ArSO2CH2Li to o-chlorobenzenetricarbonylchromium complex 14a gives, after

CF3CO2H treatment, the meta-disubstituted complex 95a in 72 % yield at 0 �C under ther-

modynamic control (cine SNAr). Addition of the nucleophile, even at �10 �C, occurs initially
at the carbons C3 and C6 (Scheme 42) [71].

Addition of two equivalents of LiCMe2CN or LiC(Ph)[S(CH2)3S] to m-chlorotoluene-

Cr(CO)3 complex 14b, followed by acid treatment, gives the tele-meta complexes 95b and 95c

in yields of 62 % and 58 %, respectively. No incorporation of deuterium is observed, in good

agreement with the mechanism described above (Scheme 5). This meta regioselectivity can

Tab. 5. Cine and tele nucleophilic aromatic substitution of arenetricarbonylchromium complexes.

Entry Arene Nucleophile Ref., Year

1 Diphenyl ether LiCMe2CN, LiCMe2CO2R 75, 1985–86/89

2 p-MeC6H4Cl LiCMe2CN 69a,e, 1986–89

3 2,6-diMe-C6H3X; X ¼ F, Cl LiC(CH3)[S(CH2)3S], LiCMe2CN 72, 1987–89

LiC(Ph)[S(CH2)3S]

4 m-MeC6H4Cl LiCMe2CN, LiC(Ph)[S(CH2)3S] 69e, 1989

5 o-MeC6H4Cl ArSO2CH2Li 71, 1990–94

6 o-Me3SiC6H4X LiEt3BD 69f, 1991

7 o-Me3SiC6H4OPh LiEt3BD 69f, 1991

8 o-Me3SiC6H4NMe2 LiEt3BD 73, 1991

9 methoxyarene nBuLi 58, 1997

10 veratrole LiCR2CN 58, 77, 1997, 1989

11 1,3,5-trimethoxybenzene LiCR2CN 74, 2000

For cine SNAr, see refs. [16, 69a, 71a, 71b, 73, 75b, 77].

For tele-meta SNAr, see refs. [16, 57, 58, 69b–d, 70, 73, 74, 75a, 75b,

76].

For tele-para SNAr, see: [72a, 72b].

Scheme 41. Cine and tele-meta SNAr: CaCl bond cleavage.
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be explained in terms of preferential addition of the stabilized carbanion to the carbon

eclipsed by a CraCO bond in the most stable conformer [69e]. This tele-meta regioselectivity

is also observed on adding LiEt3BD to o-chloro- or o-fluorotrialkylsilylbenzenetricarbonyl-
chromium complexes having an anti-eclipsed conformation with respect to the SiR3 group,

giving p-deuterated trialkylsilylbenzenetricarbonylchromium complexes [69d].

The effect of the nature of the leaving group has been delineated in the case of 2,6-

dimethylfluoro and chloro complexes. Complex 96a reacts with LiC(CH3)[S(CH2)3S] and

CF3CO2D to give exclusively complex 97a by a tele-meta SNAr [70], whereas complex 96b re-

acts with LiC(Ph)[S(CH2)3S] and CF3CO2D to give deuterated complex 97b by a tele-para
SNAr [72].

11.3.2

Cleavage of CxO Bonds

Reaction of NuLi (Nu ¼ CMe2CN, CHMeCN, CH2CN, etc.) with 5-deuterio-2,3-dimethyldi-

phenylethertricarbonylchromium complex 98 yields, after CF3CO2H(D) treatment, the deu-

terated complex 99. This reaction has been shown to involve a 1,5-deuteride migration from

the C5 carbon to the C1 carbon (Scheme 44) [75a, 75b].

Scheme 42. Cine and tele-meta SNAr: CaCl bond cleavage.

Scheme 43. Tele-meta and tele-para SNAr: CaCl bond cleavage.

Scheme 44. Tele-meta SNAr: CaO bond cleavage.
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Reaction of LiEt3BD and CF3CO2H with o-trimethylsilyldiphenylethertricarbonylchro-

mium complex 100 gives the tele-meta complex 101 in 77 % yield (Scheme 45) [69d].

Treatment of veratroletricarbonylchromium complex 102 with LiCH2CN in THF at �40 �C
for 30 min and then with acid leads to the formation of (3-methoxyphenyl)acetonitrile com-

plex 103a in 47 % yield (Scheme 46). From this experiment, it cannot be ascertained whether

the carbanion adds to the carbon ortho to the methoxy group (cine SNAr) or to the carbon

para to the methoxy group (tele-para SNAr) because in each case a meta-disubstituted com-

plex is formed. Consequently, CF3CO2D is used, whereupon complex 103b deuterated at the

C2 carbon is obtained, as befits a cine SNAr. When the positions ortho to the MeO groups are

substituted, tele regioselectivity is observed [76]. The same reaction with 1,2,3-trimethoxy-

benzenetricarbonylchromium complex 71 affords complex 72 by a tele-meta SNAr as the

major product (42 % yield), contaminated by the ipso complex 73 (22 % yield) (vide supra;
Scheme 34) [58, 74].

11.3.3

Cleavage of CxN Bonds

An unprecedented cleavage of a carbon–nitrogen bond of a tertiary amine is observed on

treating o-trimethylsilyldimethylanilinetricarbonylchromium complex 104a with LiEt3BD

and then with CF3CO2H. Complexes 105a and 105b (ratio 20:80) are recovered as a result

of tele-meta SNAr (20:80 ratio; 55 % yield; Scheme 47) [73]. When the same experiment is

Scheme 45. Tele-meta SNAr: CaO bond cleavage.

Scheme 46. Cine SNAr: CaO bond cleavage.

Scheme 47. Cine and tele SNAr: CaN bond cleavage.
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carried out with the meta isomer 104b, complex 105a is formed, which can be explained

in terms of a cine mechanism after incorporation of a second deuterium at the meta posi-

tion relative to the SiMe3 group if CF3CO2D is used.

11.4

Concluding Remarks

Methods are available using arenetricarbonylchromium complexes that allow the substitu-

tion of hydrogen, halogen, alkoxy, aryloxy, and amino groups by nucleophiles under very

mild conditions without decoordination of the Cr(CO)3 unit. In the light of the results pre-

sented herein, three new SNAr processes, namely the cine, tele-meta, and tele-para SNAr, have

been discovered in our laboratory, which broaden the scope of the applications of these

complexes in organic chemistry. These reactions are possible by treating an arenetri-

carbonylchromium complex substituted by a good leaving group first with a nucleophile and

then with an acid. This represents an alternative to the well-known ipso SNAr, which corre-

sponds to a direct addition of a nucleophile to the carbon bearing a leaving group. Knowing

that Cr(CO)6 can be recovered by treating these (h6-arene) complexes under CO atmosphere,

it is possible to recover the free arene as well as Cr(CO)6 necessary to prepare the chromium

complex. This is the first step of a ‘‘pseudo catalytic’’ cycle. Further work will focus on the

possibility of transforming these stoichiometric reactions into catalytic reactions. The main

challenge at the present time is to find a general process whereby these fantastic creations of

CaO, CaN, and CaC bonds can be made catalytic in the metal. It is also fascinating to know

that it is now possible to predict the regioselectivity of the addition of a nucleophile, provided

that the reaction is under kinetic control at low temperature. This sheds light on the funda-

mental role of the Cr(CO)3 conformation in solution, because addition of the nucleophile

occurs preferentially at a carbon eclipsed by a CraCO bond. Knowing that the Friedel–Crafts

reaction is widely used in arene chemistry to add an electrophile to a ring, it is clear that

addition of a nucleophile represents a complementary tool for the functionalization of an

arene ring, for which the regioselectivity is now predictable. Ipso, cine, tele-meta, and tele-para
SNAr are reactions that keep the Cr(CO)3 entity still coordinated to the arene ring, and thus a

second nucleophile can react to give new disubstituted cycles.

Abbreviations

Cp cyclopentadienyl

DMSO dimethyl sulfoxide

HMPA hexamethylphosphoramide

LDA lithium diisopropylamide

SNAr nucleophilic aromatic substitution

TBAB tetrabutylammonium bromide

THF tetrahydrofuran

TMEDA tetramethylethylenediamine
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12

Activation of Simple Arenes by the CpFeB Group and

Applications to the Synthesis of Dendritic Molecular

Batteries

Didier Astruc, Sylvain Nlate, and Jaime Ruiz

Abstract

The CpFeþ-induced polyfunctionalization of polymethylbenzenes under ambient conditions

gives virtually quantitative yields of CpFeþ(h6-arene)-centered stars and dendritic cores on a

large scale. From the chlorotoluene complex, mild nucleophilic reaction with ethanol in the

presence of K2CO3 followed by mild reaction with allyl bromide in the presence of tBuOK
gives a 60 % yield of the triallyl phenol dendron p-HOC6H4C(allyl)3. This dendron and its

functionalized derivatives have been used as building blocks for the divergent synthesis of

large dendrimers and for the convergent synthesis of nonafunctional dendrons including

dendrons bearing ferrocenylsilyl termini on their branches. The various dendrimers, with

branch numbers of up to 243 in theory, have been decorated with ferrocenyl groups, and

polyaminodendrimers have been functionalized with ferrocenyl, cobaltocenyl, and CpFeþ-
arene moieties. The generation or isolation of two redox states of these metallodendrimers

and electron-transfer reactions illustrate their function as molecular electron reservoirs or

molecular batteries.

12.1

Introduction

Molecular batteries should be useful as part of nanoscopic molecular electronic devices

[1–4]. Ideally, nanoscopic assemblies containing a large number of redox centers, for which

both redox forms are stable and which operate at the same redox potential, should be able to

deliver or accept a large number of electrons at once at this redox potential. Such an assem-

bly constitutes a battery – a molecular battery or a molecular electron reservoir if it is a mo-

lecular assembly. Metallodendrimers [5–14] are excellent candidates for such a function

when at least two of their redox states are stable [15]. This property is realized with some late

transition metal metallocenes and analogous sandwich systems. We describe herein the

synthesis and properties of such nanoscopic metallo-assemblies that can be considered as

molecular batteries. These syntheses are largely based on the activation of simple arenes

by the electron-withdrawing group CpFeþ [16]. This metal group is thus useful for both
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dendritic construction and redox activity [5]. Below are summarized the main properties of

the [CpFeþ(h6-arene)] complexes [17], with emphasis on those relevant to the dendritic syn-

theses and dendritic redox function.

12.2

General Features of the CpFeB Activation of Arenes

12.2.1

Complexation and Decomplexation

The CpFeþ group is an extremely powerful and useful activator of simple arenes [16–19]. It

can be easily introduced on a large number of arenes either by reaction with ferrocene in the

presence of aluminum chloride [20] or by photolytic arene exchange with another CpFeþ(h6-
arene) complex in dichloromethane in the presence of visible light [18]. Following CpFeþ-
activation of the desired reaction, the CpFeþ group can be easily removed by photolysis with

visible light [21] in acetonitrile solution containing one equivalent of PPh3, and then the free

arene can be extracted into pentane or diethyl ether (Scheme 1) [16]. Thus, although it is

possible to work with organic solutions of these salts in daylight, prolonged exposure to light

(especially sunlight) should be avoided if the purpose is not decomplexation. The CpFeþ(h6-
aniline)-type complexes are resistant to decomplexation using this procedure, however, and

decomplexation is best achieved by single-electron reduction to the unstable FeI complex

using a rather strong reductant (with E� more negative than 2 V vs. FeCp2) [22].

Scheme 1. Principle and general steps of the CpFeþ-induced activation

of arenes by temporary complexation.
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12.2.2

Solubility, Stability, and General Reactivity Trends

The yellow CpFeþ(h6-arene) salts (most commonly BF4
� or PF6

�) are usually stable up to at

least 200 �C, are stable in concentrated sulfuric acid, and are very resistant towards oxidation

(until recently, it was believed that they could not be oxidized [23]; vide infra). They are not easy
to reduce either [23] (vide infra). The chloride salts [CpFeþ(h6-arene)] Cl� are water-soluble;

they are formed upon hydrolysis following ligand-exchange reactions between ferrocene and

the arene in the presence of aluminum chloride [21]. Such aqueous solutions may sometimes

be directly used for nucleophilic reactions [22] (vide infra). The BF4
� salts are also sometimes

quite soluble in water, but the PF6
� salts are much less so. Electrophilic reactions that are

readily undergone by the free arenes, such as Friedel–Crafts reactions, are no longer possible

on the CpFeþ(h6-arene) complexes [19, 23]. On the other hand, a range of nucleophilic re-

actions that are impossible or very difficult to carry out with free arenes become possible

under ambient or mild conditions with the CpFeþ(h6-arene) complexes (Scheme 2) [16–20].

Scheme 2. Main reactions of the [CpFe(h6-arene)]þ complexes.
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12.2.3

Single-Electron Reduction and Oxidation

Whatever the arene, single-electron reduction is usually reversible on the classic time scale

of cyclic voltammetry [24a]. With benzene or a mono- or polyalkyl benzene ligand, it is pos-

sible to generate the green 19-electron neutral complex by one-electron reduction of the yel-

low 18-electron BF4
� or PF6

� precursor salt [24b]. In such cases, it is also possible to isolate

the FeI complexes under careful conditions at low temperature, typically �10 �C to 0 �C. The
CpFeI complexes are thermally stable at room temperature with hexamethylbenzene [25a],

hexaethylbenzene [25a], and tris(tert-butyl)benzene (Scheme 2). The prototype complex

CpFeI(h6-C6Me6) is thermally stable up to 100 �C, and has been characterized by a variety of

physical techniques [25], including X-ray crystal structure analysis [25b]. EPR and Mössba-

uer spectra of the FeI family of complexes show the dynamic rhombic distortion of these

Jahn–Teller-active d7 species [25c] and He(I) photoelectron spectroscopy showed that their

ionization potentials are among the lowest known, as low as those of alkali metals [25d].

Thus, these complexes are the most electron-rich molecules known, and CpFeI(h6-C6Me6),

an excellent electron reservoir, is extensively used as a strong reductant (E� ¼ �2 V vs.
Cp2Fe

0=þ, i.e. almost one volt more negative than cobaltocene) [25e]. In their monocationic

form, these CpFeþ(h6-arene) complexes are isolobal with ferrocene. The 17-electron dication

Cp*Fe2þ(h6-C6Me6), isolobal with ferrocenium, is thermally stable, and is a much stronger

oxidant than ferrocenium, the difference being about one volt due to the additional positive

charge (Cp* ¼ h5-C5Me5, E� ¼ 1 V vs. Cp2Fe0=þ). Thus, this latter complex is thermally sta-

ble in three redox forms, the 19-e FeI and 17-e FeIII forms being strongly reducing and oxi-

dizing, respectively [26].

12.2.4

Deprotonation

Deprotonation of benzylic groups on the arene ligand of the CpFeþ(h6-arene) complexes is

rather easy and can be achieved using, for instance, tBuOK (Scheme 2) [27]. This is again

due to the positively charged iron group, which enhances the acidity of the arene ligand by

about 15 pKa units in DMSO (pKa: Cp*Fe
þ(h6-C6Me6): 28.2; C6Me6: 43) [27b]. The X-ray

crystal structure of the deep-red deprotonated complex shows a dihedral angle of 32�, which
indicates some overlap between the p orbitals of the cyclohexadienyl ligand and those of the

exocyclic double bond [27c]. The complex is soluble in pentane, which confirms that it is not

zwitterionic. It shows a smooth nucleophilic reactivity with a large variety of electrophiles,

however, which is useful for creating many C–heteroatom bonds (Scheme 3) [27d].

Although other deprotonated complexes are sometimes not as stable as [CpFe(h5-

C6Me5CH2)], they can be generated and used at low temperature to form the desired bonds

[27e]. Using the base and electrophile in excess, the reactions can be carried out at room

temperature because the deprotonated species immediately reacts with the electrophile in

situ. This kind of deprotonation/alkylation sequence underpins the star and dendrimer con-

struction described herein (vide infra). In this way, the complexes [FeCp(h6-arene)][PF6] also

act as proton reservoirs [33].
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12.2.5

Reaction of the 19-Electron FeI Complex with O2: Extraordinary Reactivity of

Naked Superoxide and its Inhibition

The 19-electron FeI complex reacts rapidly with O2 at low temperature (1/2 O2 giving 1/2

H2O2) or at ambient temperature (1/4 O2 giving 1/2 H2O) to yield what is seemingly the

product of CaH abstraction, [CpFe(h5-C6Me5CH2)], nearly quantitatively. The reaction actu-

ally proceeds via the ion pair [CpFeþ(h6-C6Me6), O2
�], however [27a, 27d]. The superoxide

Scheme 3. Benzylation activation of arenes by the 12-electron CpFeþ

and the 13-electron CpFe groups (see also Scheme 4).
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radical anion intermediate is generated by an electron-transfer step that is exergonic by al-

most one volt (Scheme 4).

It was characterized by its EPR spectra. The reaction of KO2 with [FeCp(h6-C6Me6)][PF6]

in DMSO also gives the deprotonated complex [CpFe(h5-C6Me5CH2)] [27d]. Thus, the basic

and nucleophilic properties of the anion are enhanced in the ion pair due to the absence of

other interactive counteranions and to the subsequent disproportionation to peroxide and

dioxygen. These properties are dramatically inhibited by the presence of one equivalent of

NaPF6, which quantitatively changes the course of the reactions of the FeI complexes with

O2 in THF, giving sodium peroxide and [FeCp(h6-C6Me6)][PF6] instead of deprotonation or

nucleophilic reaction (nucleophilic addition of O2
� to the arene ligand is observed in the

absence of a benzylic proton) [28a]. Thus, a simple sodium salt efficiently plays the same

role as the superoxide dismutase enzymes in the aerobic biological systems [28b].

12.2.6

Nucleophilic Reactions

Nucleophilic substitution of halides in the CpFeþ complexes of halogenoarenes proceeds

very easily under mild conditions [16–20, 23]. In the absence of other functional groups,

chloroarenes, which are the least expensive of the halogeno derivatives, are readily com-

plexed to the CpFeþ group upon reaction with ferrocene in the presence of aluminum chlo-

ride. In contrast to the Cr(CO)3-chloroarene complexes (see the comparison of nucleophilic

reactivities in Scheme 4), they undergo facile nucleophilic substitution [19, 29] upon treat-

ment with alcohols and thiols in the presence of Na2CO3 or K2CO3, and with amines even

under mild aqueous conditions [22]. Likewise, o-dichlorobenzene complexes lead to various

(O, N, S) heterocycles through double substitution [30]. Reactions with hard carbanions yield

Scheme 4. Fast CaH activation reaction in the 19-electron complex

[CpFeI(h6-C6Me6)] with O2 and ‘‘quantitative’’ salt effect of NaþPF6� in

THF.
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cyclohexadienyl complexes, even in the case of the chlorobenzene complex, whereby the

carbanion attack occurs at the ortho arene carbon. With stabilized carbanions, however, the

reaction starts similarly, and then the incoming group migrates from the ortho to the ipso
position, which is followed by elimination of chloride to provide the substituted arene com-

plex. The reaction can continue by a second attack at the ortho position in the case of CN�,
which finally yields a metal-free ortho-dicyanoarene after decomplexation of the cyano-

cyclohexadienyl complex using an appropriate single-electron oxidant [31]. Nucleophilic

substitution of chloride in these cationic chloroarene iron complexes by a variety of anions

(azide, amides, alkoxides, thiolates, stabilized carbanions, etc.) is thus also possible under

mild conditions.

12.2.7

Heterolytic Cleavage of Aryl Ethers

A particularly useful type of nucleophilic reaction is that of the aryl ether complexes

[FeCp(h6-PhOR)][PF6], which are readily cleaved in a heterolytic manner to give the pheno-

late complex [FeþCp(h6-PhO�)] [32]. The latter is best described as a cyclohexadienyloxo

complex [FeCp(h5-C6H5bO)] isolobal with the cyclohexadienylmethylene complex [FeCp(h5-

C6H5bCH2)] obtained by deprotonation of the cationic toluene complex. With the stabilizing

Cp* ligand, the same cleavage reaction of [FeCp*(h6-PhOEt)][PF6] gives the cleavage product

[FeCp*(h5-C6H5bO)], the X-ray crystal structure of which reveals the H-bonding ability of

this cyclohexadienyloxo ligand. The reverse reaction, alkylation of the phenolate or cyclo-

hexadienyloxo complex using an alkyl iodide, is possible under ambient conditions in the

presence of a salt, ideally NaPF6, the ‘‘magic salt’’ for efficient salt effects. Thus, the com-

plexes [FeCp(h6-PhOR)][PF6] and [FeþCp(h6-PhO�)] represent the two stable forms of an

alkyl reservoir system. This cleavage reaction is used for the synthesis of our phenol dendron

(vide infra).

12.3

CpFeB-Induced Hexafunctionalization of Hexamethylbenzene for the Synthesis of

Metallo-Stars

Reaction of [FeCp(C6Me6)][PF6] [33–35] with excess KOH (or tBuOK) in THF or DME and

excess alkyl iodide, allyl bromide, or benzyl bromide leads to one-pot hexasubstitution

(Scheme 5a) [36–38]. With allyl bromide (or iodide) in DME, the hexaallylated complex has

been isolated and its X-ray crystal structure determined, but the extremely bulky dodeca-

allylation [52] product can also be reached when the reaction time is extended to two weeks

at 40 �C. The chains are fixed in a directionality such that conversion to the enantiomer is

not possible, thus making the metal complex chiral (Scheme 5b).

With alkyl iodides, the reaction using tBuOK leads only to dehalogenation of the alkyl io-

dide giving the terminal alkene. Thus, one must use KOH, and the reactions with various

alkyl iodides (even long-chain ones) have been shown to work very well with this reagent to

give the hexaalkylated FeII-centered complexes. The yellow 18-electron complexes can be re-

duced to the dark-green 19-electron complexes (Scheme 6), but the stabilities of these orga-

noiron radicals decrease as the chain length of the alkyl group is increased. Nevertheless, it
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Scheme 5. The peralkylation or perfunctional-

ization reaction: this reaction is made possible by

the proton-reservoir property of the starting

organometallic cation (see Schemes 2 and 3) and

is spontaneously reproduced by iteration many

times until a steric limit is reached: a) hexa-

substitution compounds are formed with methyl

and alkyl iodides and benzyl halides. With allyl

bromide, the room temperature reaction can be

stopped at the stage of the hexabutenyl derivative

or b) can be continued under prolonged heating

conditions (40 �C) to give the (chiral) dodecaallyl

compound that has a sterically blocked

directionality.

Scheme 6. High-yielding, large-scale synthesis of metal-centered stars

with tentacles: application of the peralkylation reaction to long-chain

alkyl iodides under mild conditions and redox activity.

12.3 CpFeþ-Induced Hexafunctionalization of Hexamethylbenzene for the Synthesis of Metallo-Stars 407



was possible to isolate the 19-electron complexes up to the hexahexylbenzene complex at low

temperature and to record their temperature-dependent Mössbauer spectra between 4.2 and

200 K. The rhombic distortion, observed initially for [FeCp(C6Me6)] and due to the Jahn–

Teller effect, is weaker and milder in these complexes [39].

The hexaalkylation was also performed with alkyl iodides containing functional groups at

the alkyl chain termini. For instance, alkyl iodides bearing methoxy [36] or olefinic end-

groups [40] were prepared. Finally, 1-ferrocenylbutyl iodide reacts nicely to give the hexa-

ferrocene star containing the CpFeþ center (Scheme 7).

This heptanuclear complex is of interest because of its various redox states. The six ferro-

cenyl units are independent, as evidenced by a single cyclic voltammetry wave. They could be

oxidized to give the mixed-valence heptacation, in which the central iron group withstands

oxidation and retains its FeII state, because it is protected by the positive charge [41a] (this

protection can be estimated to be approximately 1.5 V) [41b]. The central iron serves as an

internal reference to count the number of peripheral ferrocenes by comparing intensity ra-

tios in either the cyclic voltammogram or the Mössbauer spectrum of the oxidized FeII/FeIII

complex (Scheme 8) [41a].

Scheme 7. Branching out: synthesis of hexaferrocenylalkyl metal-centered redox stars.

Scheme 8. Oxidation or reduction of metallo-stars to localized mixed-

valence complexes. Fe centers for which the oxidation state is not

indicated in the scheme are FeII.
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Both the hexa- and dodecaallylation reactions are readily controllable. On the other hand,

the reactions with excess benzyl bromide [42] or p-alkoxybenzyl bromide [43, 44] give only

the hexabenzylated or hexaalkoxybenzylated complexes as the ultimate reaction products.

Cleavage of the methyl group from the p-methoxybenzyl derivatives synthesized in this way

yielded hexaphenolate stars, which could be combined with halogen-containing Fe-sandwich

electrophilic compounds such as chlorocarbonylferrocene or [FeCp(h6-C6H5Cl)][PF6]

(Scheme 9) [43, 44].

Alkynyl halides cannot be used in the CpFeþ-induced hexafunctionalization reaction, but

alkynyl substituents can be introduced via the hexaalkene derivative by bromination followed

by dehydrohalogenation of the dodecabromo compound [45]. The hexaalkene is also an ex-

cellent starting point for further syntheses, especially using hydroelementation reactions.

Hydrosilylation reactions catalyzed by Speir’s reagent led to long-chain hexasilanes [46], and

hydrozirconation has also been achieved using [Cp2Zr(H)(Cl)] [47]. The hexazirconium

compound thus obtained is an intermediate for the synthesis of the hexaiodo derivative

(Scheme 10) [47].

Scheme 9. Synthesis of metallo-stars starting with

the CpFeþ-induced hexaalkoxybenzylation of

hexamethylbenzene. Examples of redox-active

hexametallic stars synthesized by reactions of

metal-free hexaphenate with organometallic

electrophiles such as ferrocenoyl chloride or

[FeCp(h6-p-CH3C6H4F)][PF6]. The hepta-iron

complex consisting of the [CpFe(h6-C6R6)]
þ-

centered hexaferrocene star was obtained in a

same way by omitting the decomplexation step 2).
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One of the most useful hydroelementation reactions is hydroboration, leading to the hexa-

borane, which can then be oxidized to the hexaol using H2O2 under basic conditions [37].

This chemistry can be carried out on the iron complex or, alternatively, on the free hexa-

alkene, which may be liberated from the metal by photolysis in CH2Cl2 or MeCN using

visible light [36]. The polyol stars and dendrimers can be transformed into mesylates and

iodo derivatives, which are useful for further functionalization. The hexaol is indeed the best

source of the hexaiodo derivative, using either HI in acetic acid or, even better, by trime-

thylsilylation using Me3SiCl followed by iodination using NaI [50]. Williamson coupling re-

actions of the hexaol with 4-bromomethylpyridine or -polypyridine led to the hexapyridine

and hexapolypyridine, and thence to their ruthenium complexes [48, 49]. This hexaiodo star

was also condensed with p-hydroxybenzaldehyde to give a hexabenzaldehyde star, which

could be further reacted with substrates bearing a primary amino group. Indeed, this reac-

tion yielded a water-soluble hexametallic redox catalyst, which proved to be active in the

electroreduction of nitrate and nitrite to ammonia on a Hg cathode in basic aqueous solu-

tion, vide infra (Scheme 11) [51].

Scheme 10. Hydroelementation reactions in the functionalization of

hexa-olefin stars: hydrosilylation, hydrozirconation, and hydroboration.
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12.4

CpFeB-Induced Octafunctionalization of Durene in the Synthesis of

Metallodendrimer Precursors

In the same way as the hexafunctionalization of hexamethylbenzene leads to stars, the octa-

functionalization of durene leads to dendritic cores (Scheme 12).

The first of these octaalkylation reactions was reported as early as 1982, and led to a

primitive dendritic core containing a metal-sandwich unit [36]. Thus, like the hexafunction-

alization, this reaction is very specific. Two hydrogen atoms of each methyl group are re-

Scheme 11. Hexafunctionalization of aromatic stars with the

heterodifunctional, water-soluble organometallic redox catalyst

(bottom) for the cathodic reduction of nitrates and nitrites to ammonia

in water.
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placed by two methyl, allyl, or benzyl groups [52]. This is due to the fact that each methyl

group has only one methyl neighbor in durene instead of two such neighbors in hexame-

thylbenzene. It is remarkable that the consequence of this difference is so clear-cut. We be-

lieve that this is due to the respective rates of the organometallic reaction and the reaction

between the base and the halide. The octabenzylation reaction has since been used for fur-

ther dendritic construction. Indeed, the p-chlorocarbonylation of the octabenzyl core is re-

markably regioselective and has been used to facilitate reactions with amines of interest such

as Newkome’s tripodal amine terminated by nitrile groups [53]. This reaction provides a

rapid route to the 24-nitrile dendrimer [54]. Another reaction of interest in the present con-

text is that of the octachlorocarbonylbenzyl core with 1-ferrocenylpentylamine, which pro-

vides the expected octaferrocenyl compound (Scheme 13) [55].

The reaction of the octaiodomethylbenzyl core with [Fe(h5-C5H5)(h
5-C6Me5CH2)], i.e. the

deprotonated form of [Fe(h5-C5H5)(h
6-C6Me6)][PF6], led to the yellow octa-sandwich C6H2-

1,2,4,5-[CH(CH2CH2-p-C6H4CH2CH2-h
6-C6Me5FeCp

þI�)2]4, which proved to be almost in-

soluble (Scheme 14). Its structure was indicated by the yellow color and the Mössbauer

spectrum, both being characteristic of the FeCp(arene)þ frame [55].

A very interesting series of dendrimers containing 24 transition metal sandwich units has

been synthesized from the 24-nitrile dendrimer by reduction of the nitrile groups to primary

amines followed by reaction of the 24-amine dendrimer with chlorocarbonylferrocene or

with [Fe(h5-C5Me5)(h
6-C6H5F)][PF6] (Scheme 15) [54]. Both 24-branch metallodendrimers

proved very useful and complementary for molecular recognition, as will be discussed later

in this chapter.

Double branching, i.e. the replacement by two groups of two of the three hydrogen atoms

on each methyl substituent of an aromatic ligand coordinated to an activating cationic group

CpMþ in an 18-electron complex is not restricted to the case of durene. It is also encoun-

tered in the o-xylene ligand [36, 52], in the pentamethylcyclopentadienyl ligand (in pentam-

ethyl cobaltocenium [56] and in penta- [57] and decamethylrhodocenium [58]), and even in

the hexamethylbenzene ligand. As mentioned above, with this latter ligand, only allyl groups

could be introduced in a double branching arrangement, this reaction requiring two weeks

at 40 �C [52] whereas single branching was complete after only one day at this temperature.

The extremely bulky dodecaallyl complex formed is chiral, but its directionality is completely

blocked (no interconversion between the clockwise and counterclockwise directionalities)

[37], in contrast to the directionality of decafunctionalized ligands coordinated to CpCoþ

or CpRhþ, the interconversion of which could be observed by 1H NMR (at least for the

Scheme 12. Octa-alkylation, -allylation, or -benzylation of durene in

high yields by a series of eight deprotonation/alkylation (or allylation or

benzylation) sequences induced by the 12-electron activating group

CpFeþ in a one-pot reaction under mild conditions.
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decaisopropyl- and decaisopentyl cyclopentadienyl cobalt and rhodium complexes [56–58])

(Schemes 16 and 17).

12.5

CpFeB-Induced Triallylation of Toluene and Reactivity of the Triallyl Tripod Towards

Transition Metals

In all of the above examples, the polybranching reaction of arene ligands was limited by the

steric bulk. In the toluene and mesitylene ligands, however, the deprotonation–allylation re-

Scheme 13. Synthetic scheme for 24-CN and octa-ferrocenyl dendrimers.
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actions are no longer restricted by the neighborhood of other alkyl groups. All of the benzylic

protons, i.e. three per benzylic carbon, can be replaced by methyl or allyl groups in the one-

pot iterative methylation or allylation reactions. Thus, the toluene complex can be triallylated

and the resulting tripod can be desymmetrized by stoichiometric or catalytic reactions with

transition metals, as shown in Scheme 18.

12.6

Nonaallylation of Mesitylene for the Synthesis of Dendritic Precursors of

Large Metallodendrimers

The mesitylene complex can be nonaallylated, the reaction proceeding smoothly at room

temperature in the presence of excess KOH and allyl bromide (Scheme 19). The nonaallyl

complex was photolyzed using visible light to remove the metal group CpFeþ, then hydro-

borated using 9-BBN, and the nonaborane was oxidized to the nonaol using H2O2/OH
�.

Reaction of this nonaol with [FeCp(h6-p-MeC6H4F)][PF6] in the presence of K2CO3 in DMF

yielded the nona-sandwich complex as a result of CpFeþ-induced nucleophilic substitution

of the halogen by the alkoxy branch, and the metallodendrimer was subsequently purified by

column chromatography (Scheme 19). The cyclic voltammogram of this complex shows that

Scheme 14. Synthesis of a small dendrimer terminated by eight

CpFeþ(h6-pentamethylbenzene) moieties starting from CpFeþ(h6-
1,2,4,5-tetramethylbenzene). The octanuclear compound obtained is

almost insoluble in all solvents.
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Scheme 15. Construction of dendrimers with 24 ferrocenyl or cationic iron-sandwich groups.
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Scheme 16. Deca-alkylation, -allylation, or -ben-

zylation of 1,2,3,4,5-pentamethylcobaltocenium

or 1,2,3,4,5-pentamethylrhodocenium in a one-pot

reaction consisting of ten deprotonation–alkylation

sequences. Steric constraints inhibit further

reaction, and the ten groups introduced are self-

organized according to a single directionality (see

Scheme 17).

Scheme 17. Interconversion between the clockwise and

counterclockwise directionalities of the decaalkylated or

decafunctionalized 18-electron cationic metallocenes (from the

reactions in Scheme 11) as observed by 1H NMR. The coalescence

temperature increases with increasing size of the introduced R group.

Scheme 18. One-pot CpFeþ-induced triallylation of toluene and

reactions of transition metal complexes with the triallylated complex

[59, 95].
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the nine redox FeII centers are seemingly reduced at the same potential. At �30 �C, this
wave is reversible and the number of redox centers is found to be 8G 1 using the Bard–

Anson formula [59, 60].

Alternatively, Michael reaction of the nonaol with acrylonitrile yields a nonanitrile,

which can be reduced to the nonaamine. This nonaamine was allowed to react with chloro-

carbonylmetallocenes and other chlorocarbonyl sandwich complexes to yield nonaamido-

metallocenes [61–63] and nonaamido-sandwich compounds [63] (Scheme 20). These metal-

lodendrimers also give rise to only one cyclic voltammetry wave, the intensity of which

corresponds to approximately nine electrons using the technique indicated above (the sol-

vent was CH2Cl2 for the nonaamidoferrocene and MeCN for the polycationic dendrimers).

Chemical reversibility was observed at room temperature, although some adsorption was

noted.

The nonaamine was the starting point for the construction of dendrimers according to

the iterative procedure first reported by Vögtle, and then developed by the groups of

Meijer [64] and Mülhaupt [65]. Thus, reaction of the nonaamine with acrylonitrile gave

an 18-nitrile dendrimer, which was reduced to the 18-amine dendrimer. The dendritic

construction was continued in this way until the 144-nitrile dendrimer was reached. Purifi-

cation of these polynitrile dendrimers was achieved at each generation by column chroma-

tography [66]. Each polyamine dendrimer reacted with chlorocarbonylferrocene, but the 36-

and 72-amidoferrocene dendrimers obtained were found to be insoluble in all solvents

tested. The last soluble amidoferrocene dendrimer of this series is the 18-amidoferrocene

(Scheme 21). This dendrimer subsequently proved very efficient for anionic recognition

[61, 62].

Scheme 19. One-pot, large-scale, high-yielding CpFeþ-induced
nonaallylation of mesitylene and subsequent functionalization of the

olefinic branches leading to redox-active nonametallic dendrimers.
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Scheme 20. Synthesis of nonaamidometallocenyl dendrimers using the

core created by the CpFeþ-induced nonaallylation of mesitylene.
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12.7

CpFeB-Induced Activation of Ethoxytoluene in the One-Pot Synthesis of a Phenol Dendron

by Triple-Branching and Synthesis of Organometallic Dendrons

As the triple-branching reaction shown in Scheme 18 is very straightforward, we sought a

more sophisticated version compatible with a functional group in the para position of the

tripod in order to provide access to a functional dendron. Serendipitously, we found that

KOH or tBuOK under very mild conditions easily cleaved the iron complexes of aromatic

ethers. The activating CpFeþ group again induces this reaction, which is very general for a

variety of aromatic ether complexes (Scheme 22) [67, 68].

Since this cleavage reaction is carried out with the same reagent and solvent as those used

in the trialkylation reaction (ideally tBuOK in THF), we attempted to perform both reactions

in a well-defined order (triallylation before ether cleavage) in a one-pot reaction. Indeed, this

worked out well, and the Feþ complex of the phenol tripod was prepared in 60 % yield in

this way. This complex could be photolyzed in the usual way using visible light, yielding the

free phenol tripod. However, we also investigated the possibility of cleaving the arene ligand

Scheme 21. Syntheses of cationic nonaamido-sandwich complexes of

iron and cobalt (18-electron forms) using the same core as that used in

Scheme 20.
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in situ at the end of the phenol tripod construction. tBuOK is a reductant when it cannot

perform other reactions. Since the two important reactions had been completed, it was en-

visaged that the third role of tBuOK, as a single-electron reductant, would come into play.

This reasoning turned out to be correct. The cleavage of the arene intervenes rapidly at the

19-electron stage, because 19-electron complexes of this kind are not stable with a heter-

oatom located in an exocyclic position (most probably because the heteroatom coordinates

to the metal of the labile 19-electron structure). After optimizing the reaction conditions, a

50 % yield of the free phenol dendron could be reproducibly obtained from the ethoxytoluene

complex [50, 69], and this reaction is now regularly used in our laboratory to synthesize this

very useful dendron as a starting material (Scheme 23).

Functionalization of the three allyl chains of the phenol dendron could be achieved by

hydrosilylation, as catalyzed by the Karsted catalyst [70]. Indeed, it is very interesting that

there is no need to protect the phenol group before performing these reactions. For instance,

catalyzed hydrosilylation using ferrocenyldimethylsilane gives a high yield of the triferro-

Scheme 22. Heterolytic CaO cleavage reaction in aryl ether complexes

by tBuOK or KOH, induced by the activating 12-electron fragment CpFeþ.
This reaction is very useful and has been applied to the convenient one-

pot synthesis of the phenol-triallyl dendron (see Scheme 23).

Scheme 23. One-pot syntheses of the phenol-triallyl iron complex and

metal-free dendron by variation of the experimental conditions. The iron

complex can be demetalated by visible-light photolysis; the metal-free

phenol-triallyl dendron can be obtained more rapidly direct from the p-

ethoxytoluene-iron complex.
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cenyl dendron HO-p-C6H4C(CH2CH2CH2SiMe2Fc)3, which can easily be purified by col-

umn chromatography [70, 71].

12.8

Convergent and Divergent Syntheses of Large Ferrocenyl Dendrimers with

Good Redox Stabilities

Protection of the phenol dendron using propionyl iodide gave the phenolate ester, which was

hydroborated, and then oxidation of the triborane using H2O2/OH
� gave the triol. Reaction

with Me3SiCl gave the tris-silyl derivative, treatment of which with NaI yielded the triiodo

compound, and reaction of the latter with the triferrocenyl dendron provided the nonafer-

rocenyl dendron, which was deprotected using K2CO3 in DMF. The nonaferrocenyl dendron

was allowed to react with hexakis(bromomethyl)benzene, which gave the 54-ferrocenyl den-

drimer. This convergent synthesis proceeded cleanly and the 54-ferrocenyl dendrimer gave

correct analytical data, although a mass spectrum could not be obtained (Scheme 24).

This approach is somewhat limited, however, since larger dendrons that one might like to

synthesize in this way cannot be made because dehydrohalogenation becomes faster than

nucleophilic substitution of the iodo by phenolate in the bulkier higher-generation dendrons.

Although this problem might be overcome by modifying the iodo branch in such a way that

there are no hydrogens in the b-positions, the condensation of higher dendrons onto a core

would become tedious or impossible for steric reasons. This well-known inconvenience is

intrinsic to the convergent dendritic synthesis. On the other hand, divergent syntheses are

not marred by such a problem since additional generations and terminal groups are added at

the periphery of the dendrimer. The limit is that indicated by De Gennes, i.e. the steric con-

gestion encountered at the generation at which the peripheral branches can no longer be

divided. Another obvious limitation arises if the molecular objects added onto the termini of

the branches are large and interfere with one another. We have developed a divergent syn-

thesis of polyallyl dendrimers, as indicated in Scheme 20, whereby each generation is cre-

ated by a sequence of hydroboration, oxidation of the borane to the alcohol, formation of the

mesylate, and reaction of the phenol dendron with the mesylate. This strategy has allowed

us to synthesize dendrimers of generations 0, 1, 2, and 3 with 9 (G0), 27 (G1), 81 (G2), and

243 branches (G3), respectively (Scheme 25 and Chart 1).

The MALDI-TOF mass spectrum of the 27-allyl dendrimer shows only the molecular peak

and traces of a side product. That of the 81-allyl dendrimer shows a dominant molecular

peak, but also peaks due to significant amounts of side products resulting from incomplete

branching. That of the 243-allyl dendrimer could not be obtained, possibly signifying that

this dendrimer is polydisperse (correct 1H and 13C NMR spectra were nevertheless obtained,

indicating that the ultimate reactions had proceeded to completion). This dendrimer proved

to be soluble, indicating that this generation is not the last one that might be reached. Fer-

rocenylsilylation of all these polyallyl dendrimers was accomplished using ferrocenyldime-

thylsilane, as catalyzed by the Karsted catalyst [72] at room temperature or 40 �C. The
reactions were complete after a day, except in the case of the ferrocenylsilylation of the 243-

allyl dendrimer, which required a reaction time of two weeks indicating some degree of

steric congestion (Schemes 26 and 27).

The 1H and 13C NMR spectra indicate the absence of regioisomers. Solubility in pentane
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Scheme 24. Convergent strategy for the clean

synthesis of a 54-ferrocenyl dendrimer. This scheme

also illustrates the ability of such large ferrocenyl

dendrimers to serve as molecular batteries. The

deep-blue ferrocenium form can be synthesized

quantitatively, characterized, and reduced back to

the orange ferrocenyl dendrimer. The overall cycle

proceeds without any decomposition with all these

silylferrocenyl dendrimers, including the 243-

ferrocenyl dendrimer.
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decreased from good for the 9-Fc dendrimer to low for the 27-Fc dendrimer and to nil for the

higher dendrimers, but solubility in diethyl ether remained good for all the ferrocenyl den-

drimers. Likewise, the retention times on thin-layer or column chromatography increased

with generation and no migration of the ‘‘243-Fc’’ dendrimer was observed.

Scheme 25. Divergent synthesis of polyallyl dendrimers.
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This silane, reported by Pannel and Sharma [73], was later used by Jutzi [74] to synthesize

the decaferrocenyl dendrimer [Fe(CCH2CH2SiMe2Fc)10] (Fc ¼ ferrocenyl) from decaallyl-

ferrocene.

Cyclic voltammetry of all the ferrocenyl dendrimers on a Pt anode showed all the ferro-

cenyl centers to be equivalent as only one wave was observed. It was possible to avoid ad-

sorption even using CH2Cl2 for the small ferrocenyl dendrimers, but the use of MeCN was

necessary for the medium-sized ones (27-Fc, 54-Fc, and 81-Fc). Finally, adsorption could not

be avoided even with MeCN for the ‘‘243-Fc’’ dendrimer. From the intensity of the wave, the

number of ferrocenyl units could be estimated using the Anson–Bard equation [75], and the

numbers found were within 5 % of the branch numbers except in the case of the ‘‘243-Fc’’

dendrimer, for which the experimental number was too high (250) because of the adsorp-

tion.

Chart 1. Third-generation polyallyl dendrimer with

a theoretical number of 243 allyl branches syn-

thesized according to Scheme 20. This ‘‘243-allyl’’

dendrimer (like the 9-allyl, 27-allyl, and 81-allyl

dendrimers of generations 0, 1, and 2, respectively)

was hydrosilylated using dimethylferrocenylsilane

Fc(Me)2SiH to ‘‘243-Fc’’, a molecular battery

dendrimer with a theoretical number of 243

peripheral ferrocenyl units.

12 Activation of Simple Arenes by the CpFeþ Group424



S
ch
em

e
2
6
.

D
iv
er
g
en

t
co
n
st
ru
ct
io
n
o
f
fe
rr
o
ce
n
yl
d
en

d
ri
m
er
s

fr
o
m

th
e
9
-a
lly
l,
2
7
-a
lly
l,
8
1
-a
lly
l
an

d
2
4
3
-a
lly
l
d
en

d
ri
m
er
s.

12.8 Convergent and Divergent Syntheses of Large Ferrocenyl Dendrimers with Good Redox Stabilities 425



12.9

Polyferrocenium Dendrimers: Molecular Batteries?

The first polyferrocenium dendrimers reported by our group in 1994 and characterized inter
alia by Mössbauer spectroscopy (a ‘‘quantitative’’ technique) were mixed-valence FeII/FeIII

complexes [41]. Since then, we have been seeking larger ferrocenyl dendrimers that could

also withstand oxidation to their ferrocenium analogues. Syntheses of amidoferrocene den-

drimers were simultaneously reported five years ago by our group [60, 61] and by the Madrid

group using different cores [62]. In our reports, we were able to demonstrate the use of these

metallodendrimers as redox sensors for the recognition of oxo anions, with remarkable posi-

tive dendritic effects being seen when the generation was increased. The amidoferrocenyl

dendrimers are not the best candidates for showing stable redox activity on a synthetic scale,

however, and are even less well-suited for molecular batteries. Indeed, although they give

fully reversible cyclic voltammetry waves, it is known that ferrocenium derivatives bearing an

electron-withdrawing substituent are at best fragile, if stable at all. This inconvenience is

probably exacerbated in the dendritic structures because of the steric constraints that force

the ferrocenium groups to encounter one another more easily than as monomers. Thus, we

oxidized our silylferrocenyl dendrimers using [NOþ][PF6
�] in CH2Cl2 and obtained stable

polyferrocenium dendrimers as dark-blue precipitates, as expected from the known charac-

teristic color of ferrocenium itself. These polyferrocenium dendrimers could be reduced back

to soluble orange polyferrocenyl dendrimers using decamethylferrocene as the reductant

[76]. No decomposition was observed in either the oxidation or the reduction reaction, and

this redox cycle could be cleanly achieved in quantitative yield even with the 243-ferrocenyl

dendrimer. The zero-field Mössbauer spectrum of the 243-ferrocenium dendrimer showed a

single line corresponding to the expected spectrum known for ferrocenium itself [77], con-

firming its electronic structure. Thus, these polyferrocenyl dendrimers are stable electron-

reservoir systems. Indeed, despite their size, they transfer a very large number of electrons

rapidly and ‘‘simultaneously’’ within the electrode. By ‘‘simultaneously’’, we mean that, vi-

Scheme 27. Schematic strategy for the divergent construction of

ferrocenyl dendrimers exemplified in Schemes 23.
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sually, the cyclic voltammogram looks as if it were that of a monoelectronic wave. One must

question the notion of the isopotential for the many ferrocenyl units at the periphery of a

dendrimer. In theory, all the standard potentials of the n ferrocenyl units of a single den-

drimer are distinct, even if all of them are equivalent and independent. This situation arises

since the charge of the overall dendrimer molecule increases by one unit every time one of

its ferrocenyl units is oxidized to ferrocenium. The next single-electron oxidation is more

difficult than the preceding one since, as the dendritic molecule has one more unit of posi-

tive charge, it is more difficult to oxidize because of the increased electrostatic factor. Thus,

the potentials of the n redox units are statistically distributed around an average standard

potential centered at the average potential (Gaussian distribution) [75]. In practice, the situ-

ation is complicated by the fact that the dendritic molecule, despite its large size, is rota-

ting much more rapidly than the usual electrochemical time scales [78, 79]. Under these

conditions, all the potentials are probably averaged. The fast rotation is also responsible

for the fact that all the ferrocenyl units come close to the electrode within the electro-

chemical time scale. Consequently, there is no slowing down of the electron-transfer due

to distance from the electrode, even in large dendrimers. Indeed, the waves of the ferro-

cenyl dendrimers always appear fully electrochemically reversible, indicating fast electron

transfer.

The ferrocenyl dendrimers are also readily adsorbed on electrodes, a phenomenon already

well known with various kinds of polymers [80]. When the polymers contain redox centers,

the adsorbed systems have long been shown to give rise to a redox wave for which the ca-

thodic and anodic waves are located at exactly the same potential, and for which the intensity

of each wave is proportional to the scan rate. Continuous cycling shows the stability of the

adsorption of the electrode modified in this way. As expected, the ferrocenyl dendrimers de-

scribed here show this phenomenon. The stability of the modified electrode produced by

soaking a Pt electrode in a solution in CH2Cl2 containing the ferrocenyl dendrimer and cy-

clic scanning between the ferrocenyl and ferrocenium regions is even better as the ferrocenyl

dendrimer is larger. For instance, in the case of the 9-ferrocenyl dendrimer, scanning twenty

times is necessary in order to obtain a constant intensity, and this intensity is weak. With the

27-, 54-, 81-, and 243-ferrocenyl dendrimers, only approximately ten cyclic scans are neces-

sary in order to obtain a constant wave, and the intensity is much larger. When such deriv-

atized electrodes are washed with CH2Cl2 and re-used with a fresh, dendrimer-free CH2Cl2
solution, the cyclic voltammogram obtained shows DEp ¼ 0. Other characteristic features are

the linear relationship between the intensity and scan rate and the constant stability after

cycling many times with no sign of diminished intensity.

Under these conditions, one may note that the argument of the fast rotation of the den-

dritic molecule being responsible for bringing all the redox centers in turn close to the elec-

trode does not hold for modified electrodes. Some redox centers must be close to the

electrode and some must be far away. It is probable that a hopping mechanism in the solid

state is responsible for fast electron transfer and for averaging all the potentials of the dif-

ferent ferrocenyl groups of a single dendritic molecule around a mean value. The proximity

of the ferrocenyl groups at the periphery of the dendrimer is a key factor in facilitating this

hopping since it is known that electron transfer with redox sites that are remote or buried

inside a molecular framework is slow, if observable at all [81–87].
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12.10

Large Dendrimers Functionalized on their Branches by the Electron-Reservoir

[FeCp(h6-C6Me6)]
B Groups: A Molecular Battery in Action

Ferrocenes and ferrocenyl dendrimers are poor reductants. On the other hand, the com-

plexes [Fe(h5-C5R5)(h
6-C6Me6)]

2þ=þ=0 (R ¼ H or Me) have been shown to be efficient for

various stoichiometric and catalytic electron-transfer reactions [26b]. Branching of this

sandwich complex by means of a chlorocarbonyl substituent on the Cp ligand leads,

upon reaction with dendritic polyamines, to soluble FeII metallodendrimers. Moreover,

these FeII metallodendrimers can be reduced to FeI using [FeICp(h6-C6Me6)] (1). Reduc-

tion of the monomeric model [FeII(h5-C5H4CONHnPr)(h6-C6Me6)][PF6] with Na/Hg in

THF at room temp. gives the deep-blue-green, thermally stable 19-electron complex [FeI(h5-

C5H4CONHnPr)(h6-C6Me6)] (Eq. (1)), which shows the classic rhombic distortion of the FeI

sandwich family, as evidenced by EPR in frozen THF at 77 K (3 g values around 2) [8f ].

In view of this stability, we carried out the same reaction of [FeII(h5-C5H4COCl)(h
6-

C6Me6)][PF6] with the commercial polypropyleneimine dendrimer of generation five (64

amino termini) in MeCN/CH2Cl2 (2:1) in the presence of NEt3. The polycationic metal-

lodendrimer DAB dendr-64-NHCOCpFeII(h6-C6Me6) was obtained as its PF6
� salt, and was

found to be soluble in MeCN and DMF (Eq. (2)). This dendritic complex was characterized

by 1H and 13C NMR and IR spectroscopies, and by cyclic voltammetry (a single reversible

wave in DMF at E1=2 ¼ �1:84 V vs. FeCp20=þ; DE ¼ 70 mV). Attempts to reduce it with the

classic reductants that reduce monomeric complexes [FeII(h5-Cp)(h6-arene)][PF6], such as

Na/sand, Na/Hg, or LiAlH4 in THF or DME, failed due to the insolubility of both the met-

allodendrimer and the reductant in the required solvents. The only successful reductant was

the parent 19-electron complex [FeICp(h6-C6Me6)] (in pentane or THF), which reduced the

metallodendrimer in MeCN at �30 �C to the neutral, deep-green-blue 19-electron FeI den-

drimer 6 in a few minutes (Eq. (3)). The exoergonicity of this electron-transfer reaction is

0.16 V; this is due to the electron-withdrawing effect of the juxta-cyclic carbonyl group on the

Cp ring, which lowers the reduction potential of the metallodendrimer as compared to that

of [FeICp(h6-C6Me6)]. Although the FeI dendrimer decomposes at 0 �C, it could also be

characterized by its EPR spectrum at 10 K, which confirmed, as the deep-blue-green color,

the FeI-sandwich structure analogous to that of the monomeric model. In contrast to the

case of [FeICp(h6-C6Me6)], however, it was not possible to record the EPR spectrum of the

solution of the FeI dendrimer above 10 K. This was presumably due to intramolecular re-

laxation among the peripheral FeI sandwich units. The intermolecular version of this relax-

ation effect is known to preclude observation of the spectrum of monomeric FeI sandwich

complexes in the solid state above 4 K and in solution above 77 K [24e]. This solution of the

64-FeI dendrimer in acetonitrile was used for the reaction with C60, the FeI/C60 stoi-

chiometry being 1:1 (64 C60 per dendrimer). Upon reaction with a solution of C60 in toluene,

the deep-blue-green color of the FeI dendrimer disappeared, leaving a yellow solution that

contained [FeIICp(h6-C6Me6)][PF6] and a black precipitate (Eq. (4)). Tentative extraction of

this precipitate with toluene yielded a colorless solution, which indicated that no C60 was

present. The Mössbauer spectrum of this black solid at 298 K showed parameters indicative

of the presence of an FeII sandwich complex of the same family as [FeIICp(h6-C6Me6)]
þ

[25a, 25c]. Its EPR spectrum recorded at 77 K was identical to that of [FeIICp(h6-C6Me6)]
þ
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C60
� [88]. It could thus be concluded that C60 had been reduced to its monoanion, as befits a

process that is exergonic by 0.9 V [89]. The [dendr-FeII]þ C60
� units, being very large, must

be located at the dendrimer periphery, presumably in rather tight ion pairs, although the

number of fullerene layers and overall molecular size are unknown (Figure 1).

ð1Þ

ð2Þ

ð3Þ

ð4Þ

12.11

Conclusion

CpFeþ-activation of simple aromatics leads to clean, high-yielding benzylic perfunctionali-

zation reactions. This family of reactions, which can be carried out on a large scale under

ambient conditions with a variety of arene ligands, gives stars and dendritic cores and can be

applied to the one-pot synthesis of the dendron p-HOC6H4C(allyl)3. These building blocks

could be assembled to synthesize large polyallyl dendrimers and metallodendrimers con-

taining various redox centers at the extremities of the branches. We have chosen ferrocenyl,
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Fig. 1. Dendr-64-NHCOCpFe(C6Me6)
64þ, 64 C60

.� resulting from the

reaction of 6 with C60 in MeCN/toluene at �30 �C, along with its EPR

spectrum (bottom, right) in MeCN at 10 K and M€oossbauer spectrum at

77 K (bottom, left).
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cobaltocenyl, and [FeCp(h6-C6Me6)]
þ redox centers to give stable redox systems. The re-

sulting redox properties are redox recognition (sensors showing a dendritic effect), redox ca-

talysis (as efficient as using monometallic systems with the same driving force), and very

efficient derivatization of electrodes (towards more practical sensors). Finally, we have suc-

ceeded in using a metallodendrimer containing 64 [FeICp(h6-C6Me6)] units at the branch

termini in a synthetic electron-transfer reaction with C60 to give an outer shell of 64 ion pairs

[FeþCp(h6-C6Me6)][C60
.�] at the periphery of the dendrimer. This latter reaction shows that

the metallodendrimer can behave as an electron reservoir, exemplifying the possibilities of a

molecular battery operating at a given potential. Redox-stable metallocene dendrimers [90]

offer a spectrum of possibilities [91, 92] in connection with electron-transfer processes in

nanoscopic devices [93, 94] that will be further exploited in the future.
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Chem., Dendrimers II (Ed.: F. Vögtle),
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54 C. Valério, E. Alonso, J. Ruiz, J.-C.

Blais, D. Astruc, Angew. Chem. Int. Ed.
1999, 38, 1747.
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J.-R. Hamon, F. Varret, in Magnetism,
A Supramolecular Function (Ed.: O.

Kahn), NATO ASAI Series, Kluwer,

Dordrecht, 1996, p. 1107; b) C. Valério,
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13

Charge-Transfer Effects on Arene Structure and

Reactivity

Sergiy V. Rosokha and Jay K. Kochi

Abstract

Arenes spontaneously form intermolecular 1:1 complexes with a wide variety of electro-

philes, cations, acids, and oxidants that are all sufficiently electron-poor to be classified as

electron acceptors. Spectral, structural, and thermodynamic properties of these donor/

acceptor associates are described within the context of the Mulliken charge-transfer (CT)

formulation. The quantitative analyses of such CT complexes provide the mechanistic basis

for understanding arene reactivity in different thermal and photochemical processes.

13.1

Introduction

Arenes have historically played a pivotal role in the development of modern organic chem-

istry, in large part stemming from their p-electronic structures comprised of cyclic arrays of

conjugated double bonds. The latter are especially critical to the facile formation of molecu-

lar (1:1) complexes with a wide variety of rather common reagents, such as Brønsted and

Lewis acids, organic and inorganic cations and oxidants, molecular and ionic electrophiles,

etc., all of which are readily recognized as being relatively electron-poor or -deficient, and are

thus hereinafter referred to generally as electron acceptors [1–4]. Thermodynamically, such

intermolecular complexes of arenes (ArH) and electron acceptors (A) run the gamut from

extremely stable and readily isolable in crystalline form to highly labile with lifetimes on a

par with molecular collisions [5]. From a mechanistic point of view, these interactions are

tantamount to the efficient organization of the reactant arene and the electron acceptor

within the prereactive complex [ArH, A] prior to (bimolecular) reaction. For example, in

biochemical systems, such assemblies (derived from multiple weak intermolecular inter-

actions) can be dominant, as in enzyme/substrate complexes, antigen/antibody binding, etc.,

for the variety of regio- and stereospecific transformations [6]. At the other extreme, inter-

molecular interactions of chromophoric (aromatic) functionalities play an important role in

the design of nanomolecular devices such as electronic switches, sensors, etc. [7, 8].

Owing to the inextensible range of complex stabilities extant with various ArH/A combi-

nations, it is important to develop an analytical methodology that is universally applicable

and capable of identifying the intermolecular interactions accurately and reliably. As such, in
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this chapter we initially explore how the electronic transitions specifically arising from in-

termolecular interactions of arenes with various electron acceptors provide a comprehensive

basis for intermolecular complex formation according to Mulliken [9]. The quantitative

treatment of the static properties of intermolecular arene complexes is then followed by the

mechanistic analysis of aromatic reactivity that proceeds from Mulliken’s formulations of

intermolecular complexes as dynamic precursors to electron transfer based on Marcus–Hush

theory [10, 11].

In Section 13.2, a short presentation of the Mulliken formulation provides the theoretical

background for understanding the spectral and thermodynamic characteristics as well as

charge distributions in intermolecular complexes. Section 13.3 presents the general struc-

tural features of intermolecular complexes and focuses more specifically on the structural

changes in the arene donor upon complexation. Such changes lead to arene activation (crit-

ical to organometallic catalysis), which is described in Section 13.4. Finally, Section 13.5

illustrates how the recognition of intermolecular complexes as crucial intermediates cre-

ates the mechanistic basis for understanding arene reactivity in different thermal and pho-

tochemical processes. As a result, we emphasize how this unified approach can lead to

spectral, structural, and thermodynamic properties, and consequently the reactivity of a wide

variety of arene associates, from very weakly bonded encounter complexes to stable organo-

metallic derivatives.

13.2

Mulliken’s Quantitative Description of Intermolecular (Charge-Transfer) Complexes

According to Mulliken [9], arenes are classified as electronic donors (D) in measure with

their degree of electron-rich character, as evaluated by their ionization potential (IP, gas

phase) or oxidation potential (E�ox, solution) [12]. The intermolecular interaction of the

arene donor (D) and electronic acceptor (A) spontaneously leads to the electron donor/

acceptor or EDA complex, i.e.

Aþ D ��!
KCT ½D;A� ð1Þ

13.2.1

Short Theoretical Background

Intermolecular complexes are generated by the linear combination of the principal van der

Waals (cD;A) and dative (cDþA� ) states, so that the ground-state (CGS) and excited-state (EES)

wavefunctions in the two-state or charge-transfer (CT) model can be expressed as [13]:

CGS ¼ acD;A þ bcDþA� ð2Þ
CES ¼ bcD;A � acDþA� ð3Þ

The energies of the ground (EGS) and excited (EES) states that are obtained by solving the

secular determinant by the variation method (and constraining the mixing coefficients to the

normalized a2 þ b2 ¼ 1) can be expressed as [13]:
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EGS ¼ ðED;A þ EDþA�Þ=2� ðDDA
2 þ 4HDA

2Þ1=2=2 ð4Þ
EES ¼ ðED;A þ EDþA�Þ=2þ ðDDA

2 þ 4HDA
2Þ1=2=2 ð5Þ

and the product of the mixing coefficients is:

jabj ¼ jHDAj=ðEES � EGSÞ ð6Þ

The Coulomb integrals
Ð

cD;AHcD;A and
Ð

cDþA�HcDþA� represent the energies ED;A

and EDþA� of the van der Waals and dative states, respectively. The energy gap is DDA ¼
EDþA� � ED;A and the electronic coupling matrix element is given by the resonance integral
Ð

cD;AHcDþA� ¼ HDA.

The optical or charge-transfer transition (hnCT) stems from electron promotion from the

ground to the excited state of the complex, and it follows from Eqs. (4) and (5), that

hnCT ¼ EES � EGS ¼ ðDDA
2 þ 4HDA

2Þ1=2 ð7Þ

Most importantly, the spectral characteristics of the charge-transfer (CT) absorption band

also provide a quantitative measure of the electronic coupling element in the intermolecular

complex, i.e. [14–16]:

HDA ¼ 0:0206ðnmaxDn1=2emaxÞ1=2=r ð8Þ

where nmax and Dn1=2 are the maximum and the width (in cm�1), respectively, of the charge-

transfer band, emax is the extinction coefficient (m�1cm�1), and r is the donor/acceptor sepa-

ration (Å) in the complex [17].

While the Mulliken description above is based on the valence-bond formalism, complex

formation can alternatively be presented in (equivalent) molecular orbital or MO terms [18].

Thus, charge-transfer bonding and antibonding orbitals are formed as the result of HOMO/

LUMO interactions of the donor and acceptor orbitals, and the mixing coefficients refer to

the relative participation of donor and acceptor orbitals in the complex wavefunction. Ac-

cordingly, the energies of the initial and final (diabatic) states are substituted by the corre-

sponding Coulomb integrals
Ð

cDHcD and
Ð

cAHcA, which represent the electron energies

of the donor and acceptor orbitals, respectively, and the coupling element HDA is given by

the resonance (exchange) integral HAD ¼
Ð

cDHcA, representing the electronic interaction

energy in the donor/acceptor dyad. Although the MO approach is less suitable for the con-

sideration of reaction dynamics [19], it often allows a clearer description of the ground-state

and optical properties of the intermolecular (charge-transfer) complex, as readily depicted by

the simple energy (orbital) diagram in Chart 1, and it will also be employed (interchange-

ably) hereafter, as appropriate.

13.2.2

Quantitative Evaluation of Arenes as Electron Donors

Donor/acceptor interactions in charge-transfer (CT) complexes are determined primarily

by the symmetry and the energetics of the frontier orbitals (HOMO and LUMO) [20]. A
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quantitative classification of arene ligands according to their electron-donor and -acceptor

strengths is generally based in the gas phase on the (vertical) ionization potential (IP) and

the electron affinity (EA), respectively. In solution, the appropriate measure is based on the

oxidation (E�ox) and reduction (E�red) potentials. As such, IP and E�ox relate to the energetics

of the conversion of an arene (ArH) to its cation radical (ArHþ�), whereas EA and E o
red relate

to the formation of the acceptor anion radical (A��). Owing to the high reactivities of the ion

radicals of most aromatic compounds, the reversible oxidation and reduction potentials are

not generally accessible. However, this problem is partially alleviated by the electrochemical

measurement of the irreversible anodic and cathodic waves, Ep
a and Ep

c, respectively, which

are readily obtained from linear sweep or cyclic voltammograms (CV) [21]. Since the values

of Ep
a and Ep

c contain contributions from kinetic terms (E o ¼ bEp þ constant), any com-

parison with the values of the E o is necessarily restricted to a series of structurally related

donors [22].

An alternative measure of the electron-donor properties is the ionization potential (IP),

which is experimentally determined from photoelectron spectra in the gas phase. The values

of IP differ from the oxidation potential E o
ox by (cation) solvation, DGs (i.e. E o

ox G IPþ DGs)

[22]. When the variations in DGs are minor, the values of IP such as those listed in Table 1

can be adequate measures of the electron-donor properties of organic compounds applicable

to a particular solvent. This generalization is especially tenable for a series of related com-

pounds [22]. Nonetheless, the global plot of the extensive data [4] indicates that the electron-

donor property (i.e. HOMO energy) is consistently revealed in the trend of the gas-phase

(ionization) potentials relative to the solution-phase oxidation potentials, despite large differ-

ences in structural types. Such a correlation suggests that a similar conclusion pertains to

the electron-donor properties of organic anions, for which gas-phase potentials are more

difficult to measure consistently. Although the same limitations apply to the use of Ep
c as

those described above for the anodic counterpart, the general trend shows that gas-phase

electron affinities also generally reflect the trend in the reduction potentials measured in

solution (i.e. E o
red GEAþ DGs) for the large variety of acceptors included in Table 2 [4].

Because of their use as photochemical quenchers, the enhanced values of the reduction po-

tential for the excited singlet and triplet acceptor species A� are also listed in Table 2 [4].

13.2.3

Spectral (UV/vis) Probe for the Formation of CT Complexes

The most characteristic spectroscopic feature of CT complexes is a new absorption band in

their electronic (UV/vis/NIR) spectra that is not seen in the individual spectra of either the

Chart 1
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uncomplexed donor or the acceptor. Such absorption bands are universally observed for

arene associates with organic and inorganic acceptors, for both weak as well as strong mo-

lecular complexes, and even in the case of short-lived collision complexes with KCT f 1 [3, 4,

23, 24].

As is apparent from Eq. (7), the energy of the electronic transition in CT complexes is de-

termined as the sum of the two terms, the difference in the energy of the diabatic states

(DDA) and the electronic coupling element (HDA). Depending on their relative values, there

can be two limiting cases represented by weak complexes with HDA fDDA and strong com-

plexes with DDA fHDA.

In a weak complex, the wavefunction CGS for the ground state basically describes a no-

bond (or initial) state (D, A), in which the (final) charge-transfer state (Dþ, A�) does not play

Tab. 1. Oxidation potentials and ionization potentials of various classes of arenesa

Donorb E o
ox IP Donorb Eo

ox IP

Methylbenzenes Methoxy(hydroxy)benzenes

Benzene (BEN) 2.62 9.24 Phenol 1.04 8.50

Toluene (TOL) 2.25 8.82 Anisole 1.76 8.22

o-Xylene (o-XY) 2.16 8.56 (MA)c 1.16

Mesitylene (MES) 2.11 8.39 (EA)c 1.30

Durene (DUR) 1.84 8.03 Polycyclic aromatic hydrocarbons

Pentamethylbenzene (PMB) 1.71 7.92 Naphthalene (NAP) 1.54 8.14

Hexamethylbenzene (HMB) 1.62 7.85 Anthracene (ANT) 1.09 7.45

(TMT)c 1.50 (DMT)c 1.43

(TET)c 1.55 (OMN)c 1.34

aE o
ox in V vs SCE, IP in eV, data from ref. [4].

bThe acronym in parentheses will be used hereinafter.
cData from ref. [28], see structure below.

Tab. 2. Reduction potential and electron affinity of (ground-state and excited) arene acceptorsa

Ground-State Acceptor E o
red EA Excited Acceptorb Eo

red

2,6,9,10-Tetracyanoanthracene �0.45 2,6,9,10-Tetracyanoanthracene (s) 2.82

9,10-Dicyanoanthracene �0.98 9,10-Dicyanoanthracene (s) 2.88

1,2,4,5-Tetracyanobenzene �0.65 1.6 1,2,4,5-Tetracyanobenzene (s) 3.83

1,4-Dinitrobenzene �0.69 2.00 1.4-Dinitrobenzene (t) 2.6

Picric acid �0.51 2-Phenylpyrrolinium (s) 2.9

aE o
red in V vs. SCE, EA in eV, data from ref. [4].

bSinglet (s) and triplet (t) states.
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a significant role, i.e. with mixing coefficients bf a. The ratios of the mixing coefficients a/b

for the no-bond and dative functions are inverted in the excited state. According to Mulliken

[9], the optical CT transition (hnCT) derives from an intracomplex transfer of a single electron

from the donor to the acceptor (see Chart 1). As such, the photoexcitation of the CT absorp-

tion band of the electrically neutral EDA complex generates the ion-radical pair [25]:

½D;A� ��!hnCT �½Dþ;A��, where the asterisk denotes an electronically and vibrationally excited

system. The donor and acceptor components in the Franck–Condon (FC) excited state have

the same nuclear coordinates as those in the ground state, and any nuclear relaxation (bond

length and angle changes, solvent reorganization, etc.) generates a vibrationally equilibrated

excited state. In accordance with Eq. (7), when HDA fDDA, the energy of the transition

is determined primarily by the energy difference of the diabatic states, DDA [26], and

hnCTADDA ¼ DGET
� þ l, as illustrated in Figure 1.

The energy difference DGET
� between the vibronically equilibrated reactant and product

states can be considered as the difference between the IP of the donor and the EA of the ac-

ceptor (in the gas phase) or between the corresponding electrochemical potentials (in solu-

tion). For a set of structurally related arene donors in the same solvent, a linear (Mulliken)

correlation is usually observed experimentally between the donor strength and the CT energy

(due to the relatively small changes in l), i.e.:

Mulliken correlation: hnCT ¼ IP� EAþ constant ð9Þ

Eq. (9) is applicable when a common acceptor is employed [or vice versa for the electron af-

finities (EA) of a series of acceptors interacting with a common donor], as predicted by

Mulliken [9] and as illustrated in Figure 2.

With increasing electronic interaction between the donor and the acceptor, HDA plays a

more important role than DDA in determining the energy of the CT transition. Such effects

are manifested in a deviation of the Mulliken slope from linearity when donors with a wide

range of IPs are considered [23b]. (If donors in a narrower IP range are taken, this effect is

Fig. 1. Optical transitions in charge-transfer complexes in the weak (A)

and strong (B) interaction limits.
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seen as a decrease of the Mulliken slope with increasing values of HDA or acceptor strength

[18]). An increased electronic coupling interaction also results in a corresponding increase in

the contribution of the dative wavefunction in the CT ground state. Therefore, the mixing

coefficient b2 approaches a2, especially for those complexes in which the difference in the

redox potentials of the donor and the acceptor is small. Thus, the extent of electron transfer

from the donor to the acceptor (which is equal to the difference a2 � b2) during the

photoexcitation becomes smaller. Finally, for strong complexes close to the isergonic point,

the absorption is better described as a bonding/antibonding (MO) rather than as a charge-

transfer transition.

The spectral behavior of strong CT complexes is illustrated by the interaction of the NOþ

cation with a series of arenes. The UV/vis electronic spectra consist of two bands [27, 28],

which are assigned to optical transitions from the bonding orbital (high-energy band, hnH)

and from the arene HOMO (low-energy band, hnL) to the antibonding orbital. From the re-

lationship of hnH to the sum of DDA and HDA in Eq. (7), it is possible to calculate the elec-

tronic coupling elements for a number of complexed arenes (based on hnH and the differ-

ence of the arene and nitrosonium potentials EArH
0 � ENO

0, taken as DDA). Thus, Figure 3C

presents a plot of these high HDA values as a function of Eox
0, with a maximum observed

near the isergonic point: EArH
0AENO

0 ¼ 1:48 vs. SCE.
As EArH

0 approaches the isergonic point, the value of 4HDA
2 parallels DDA

2, and their sum

remains more or less constant, thus accounting for the invariance of hnL with EArH
0. In

contrast, the low-energy band (hnL) corresponds to the transition from the non-interacting

arene orbital to the antibonding MO, and its energy can be written as [28]: hnL ¼
ðDDA

2 þ 4HDA
2Þ1=2=2þ DDA=2. Since the term ðDDA

2 þ 4HDA
2Þ1=2 is nearly constant for

different arenes, the changes in hnL are mainly determined by the DDA=2 term. In other

words, hnL decreases linearly with decreasing values of EArH
0 (Figure 3B).

Fig. 2. Mulliken plot for CT complexes of series alkylbenzene donors

with different acceptors (acceptors: Hg ¼ Hg(O2CCF3)2,

Br2 ¼ bromine, TCNE ¼ tetracyanoethylene, CA ¼ chloroanil). Data

from refs. [23a, 23g].
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13.2.4

IR Spectroscopic Studies of Charge-Transfer Complexation

The degree of charge transfer in an intermolecular complex is theoretically described as the

square of the mixing coefficient. From Eq. (6), together with the normalization a2 þ b2 ¼ 1,

we identify the contribution of the dative (Dþ, A�) state as:

b2 ¼ 1=2� ½1� 4HDA
2=ðDDA

2 þ 4HDA
2Þ�1=2=2 ð10Þ

Electron depopulation of the donor and concomitant population of the acceptor in the com-

plex results in a lowering of the vibrational frequencies in the IR spectra of the donor and

acceptor moieties. Additionally, complex formation can decrease the symmetry of the donor/

acceptor dyad and can lead to increased IR intensity or the appearance of new bands. For

example, in halogen/alkylbenzene complexes, the stretching frequencies of the halogens are

lowered, as seen in the shift of chlorine band from 557 cm�1 in free chlorine to 530 cm�1 in
the benzene complex, to 527 cm�1 in the toluene complex, and to 524 cm�1 in the p-xylene
complex. Increases in the intensity of some of the arene bands are also clearly seen [23b].

In the case of weak complexes with small HDA and/or high DDA (large donor/acceptor

HOMO-LUMO gap), the value of the charge-transfer contribution, b2, is small (e.g. for the

benzene complex [BEN, I2], b
2 ¼ 0:02 is determined from the IR band shift [29]). This

makes the correlation between the experimental and theoretically predicted values rather

unreliable. The most pronounced changes are observed in strong complexes that lie rela-

tively close to the isergonic point, as illustrated by NOþ/arene complexes. Thus, the NaO

stretching frequencies in such complexes approximate that of nitric oxide (1876 cm�1) rather
than that of free NOþ (2272 cm�1), especially in complexes with strong donors such as hex-

amethylbenzene and pentamethylbenzene [27]. Since the acceptor is a simple diatomic cat-

Fig. 3. (A) Typical charge-transfer spectrum of an

arene/nitrosonium complex. (B) Variation of the

CT transition energy of the high-energy (hnH) and

low-energy (hnL) bands with the oxidation potential

of the arene. (C) Dependence of the electronic

element HAB (gray points correspond to complexes

with sterically hindered donors) on the arene donor

strength. Data from ref. [28].
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ion, the changes in nNO represent an ambiguous (experimental) measure of the degree of

charge transfer (designated as Z) from the aromatic donor to NOþ [27]:

Z ¼ ðnNOþ 2 � nC
2Þ=ðnNOþ 2 � nNO

2Þ ð11Þ

where the subscript NOþ represents the (uncomplexed) cation, C is the complex, and NO

the (completely) reduced nitric oxide. Theoretically, the degree of charge transfer can be

viewed as the excess charge residing on the NOþ moiety in the CT complex, 2b2 [28]. The

calculated values of 2b2 based on HDA and DDA (obtained from UV/vis and electrochemical

data) [28] are plotted against the experimental Z values in Figure 4, and the linear correlation

confirms the validity of the CT formalism in correctly predicting the changes in the degree

of charge transfer with the arene donor strength.

13.2.5

Thermodynamics of Charge-Transfer Complexation

One of the principal measures of donor/acceptor binding in CT complexes is the forma-

tion constant, KCT, which is related to the free energy of complex formation DG�CT ¼
�2:3RT logðKCTÞ. The formation constant is usually determined by absorption spectroscopy,

according to the commonly utilized Benesi–Hildebrand treatment [30]. The value of KCT is

quantitatively evaluated from the graphical plot of the absorbance change ðACTÞ as the donor
is progressively added to a solution of the acceptor (or vice versa). Relatively strong binding

is typically indicated by experimental values of KCT > 10 m
�1. When KCT lies in the range

1 < KCT < 10 m
�1, the complex is considered to be weak. Finally, at the limit of very weak

donor/acceptor associations with KCT f 1, the lifetime of the complex can be of the order of

that of a molecular collision, and these are referred to as contact CT complexes [24].

The free-energy changes that accompany CT complex formation, DG�CT, include several

factors, such as electrostatic interactions, entropy changes, etc. In terms of the CT formal-

ism, the energy gain upon complex formation arises from the energy differences of the non-

Fig. 4. Correlation of the experimentally determined values of the

degrees of charge-transfer (Z) in nitrosonium/arene complexes with the

calculated mixing coefficients cb
2 based on HDA and DDA. Data from

ref. [28].
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interacting donor and acceptor orbitals, and that in the complex and can be expressed as:

DEDA ¼ ðDDA
2 þ 4HDA

2Þ1=2=2� DDA=2 ð12Þ

Eq. (12) allows changes in the stability of CT complexes consisting of a single acceptor with a

series of similar donors (or vice versa) to be evaluated, since the other factors (e.g. entropy,

solvation, etc.), are more or less constant for related aromatic compounds. Eq. (12) can

be approximated as DE ¼ HDA
2=DDA when DDA

2 gHDA
2 for strongly endergonic and/or

weakly interacting systems. Arene complexes with bromine and iodine are examples of such

systems [23]. Thus, an increase in the donor ability of the arene results in a decrease in DDA

and an increase in DEDA, and a corresponding increase in the formation constants with in-

creasing donor ability of the alkylbenzenes (Figure 5). Similar dependences are observed for

arene complexes with other acceptors, as seen in the free energies of complex formation

for the CT complexes of different alkylbenzenes with TCNE, chloranil, ICl, and 1,3,5-

trinitrobenzene, which are linearly related to those of iodine [23b]. The presence of bulky

substituents on the benzene ring, as in encumbered arenes, results in a substantial decrease

in the formation constant of the CT complex (Table 3) [31]. As such, steric hindrance inhibits

the close approach of the donor to the acceptor to ensure effective orbital interaction, and

results in lower HDA values. As can be seen in Table 3, the energy of the CT bands in each

series remains roughly constant, which implies that the corresponding DDA values are also

constant. On the other hand, the HDA value for the complex with mesitylene can be esti-

mated to be@0.4 eV (based on spectral data from Table 3 and r ¼ 3:5 Å [31]), while for the

mono- and di-tert-butyl analogues, HDA is less than 0.25 eV and 0.15 eV, respectively. In

other words, steric hindrance (diminishing HDA) is a dominant factor relative to donor

strength in determining the changes in DDA. As a result, the values of KCT for complex for-

mation of chloranil with mesitylene and durene are substantially higher than that with the

more electron-rich hexaethylbenzene [31].

In the limit of strongly coupled complexes close to the isergonic region, DDA
2 f 4HDA

2,

and this approximation leads to the qualitative conclusion that DEDA and HDA are strongly

Fig. 5. Typical dependence of the formation constants of arene

complexes with different acceptors on the oxidation potential of the

arene. Data from refs. [23, 28]. I2 ¼ iodine, TCNE ¼ tetracyamethylene;

PA ¼ picric acid.
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coupled since the stabilization energy of complex formation is largely determined by the

donor/acceptor electronic interaction energy HDA ¼
Ð

CDHCA. Such a conclusion predicts

that the electronic exchange (HDA) between the donor and acceptor orbitals in the CT com-

plex should play a major role in the experimental free-energy change (DGCT), and this is

confirmed experimentally by the close relationship between the relative stability of the CT

complexes and the electronic interaction term HDA in the case of strongly coupled [ArH,

NOþ] complexes [28]. Furthermore, the changes in DGCT
� in such a series are determined

by the second term, DDA=2, since the first term in Eq. (12) is nearly constant for NOþ com-

plexes with the series of alkylbenzenes. This explains the experimental observation of the

linear dependency of DGCT
� on E o

red [28], which is qualitatively similar to that observed for

weak complexes (Figure 5).

Consideration of the spectral and thermodynamic properties of arene CT complexes thus

indicates that they are reasonably described within the framework of recent developments of

the Mulliken formalism, in the case of both weak and strong complexes in the highly en-

dergonic and nearly isergonic regions. Accordingly, let us now consider the structural con-

sequences attendant upon charge transfer from the donor to the acceptor in such complexes.

13.3

Structural Features of Arene Charge-Transfer Complexes

The donor/acceptor properties and the electronic coupling interactions determine the redis-

tribution of electron density between the aromatic donor and the electron acceptor upon

complexation. Significant changes in structure and reactivity of the coordinated arene can be

rationalized in terms of spectral and thermodynamic properties within the framework of the

CT formalism. This section is devoted to a consideration of the structural effects of arene

coordination (in terms of donor/acceptor bond distance and type of bonding, distortion of

arene planarity, expansion of the aromatic ring, and p-bond localization).

Tab. 3. The effect of steric hindrance on the formation constant for the EDA complexes of chloranil

(CA) with alkyl-substituted benzenesa

Arene

donor

E�ox ,
V vs SCE

KCT ,

MC1

hnCT ,

eV

eCT ,

MC1cmC1

Arene

donor

E�ox ,
V vs SCE

KCT,

MC1

hnCT ,

eV

eCT ,

MC1cmC1

MES 2.11 0.80 2.87 1500 DUR 1.83 1.40 2.61 1600

TXYc 2.09 0.29 2.90 650 TMAc 1.84 0.36 2.62 300

DTTc 2.08 0.18 2.88 240 OMAc 1.84 <0.01 b b

TTBc 2.10 <0.01 b b DMAc 1.51 <0.01 b b

aData from ref. [35].
bNo new bands.
cSee structure below.
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13.3.1

Bonding Distance of the Donor/Acceptor Dyad in Arene Complexes

The bond distance is the most commonly used measure to gauge the strength of intra- or

intermolecular bonds between two nuclei. In the case of intermolecular CT complexes, the

donor/acceptor separation is determined by the balance between the HOMO-LUMO (bond-

ing) electronic interaction and the repulsion of filled orbitals. Strong CT interactions can re-

sult in significant bond shortening relative to the separation determined by the purely van

der Waals contact. For example, the interplanar distance of d ¼ 3:42 Å between hexame-

thylbenzene and chloranil in their mixed-stack CT crystals is shortened by 0.2 Å compared to

the intermolecular distance d ¼ 3:62 Å in pure crystals of hexamethylbenzene [2]. The in-

termolecular separation of bromine from the ring plane of benzene in the 1:1 complex

is 0.5 Å shorter than that predicted from the van der Waals radii [32, 33]. Even greater

shortening (of about 1 Å) of the donor/acceptor separation relative to the sum of the van

der Waals radii is observed in strongly coupled complexes of alkyl-substituted benzenes

with NOþ, in which the distance between the nitrogen atom and the aromatic ring is@2.1 Å

[28].

In different types of complexes, the shortening of the donor/acceptor separation with in-

creasing donor ability of the arene (due to enhancement of the HDA=DDA ratio) determines

the gain in energy upon complex formation. Thus, the distance between gallium and the

aromatic ring in [ArH, Gaþ] complexes varies from d ¼ 2:76 Å for benzene to d ¼ 2:42 Å for

the hexamethylbenzene complex. A similar trend is observed in p-complexes of transition

metals. For example, in the 1:1 complexes of arenes with niobium(0), the Nb/ArH distance

is decreased by 0.01 Å from d ¼ 1:860 Å in the toluene to d ¼ 1:850 Å in the mesitylene

complex, as the arene donor strength is increased. Similar effects are observed when arene

complexes with metals of different acceptor strengths are compared. For example, the dis-

tance between the arene ligand and the chromium center is reduced by 0.015 Å in the ben-

zene complex [(BEN)2Cr
I]Br (d ¼ 1:597 Å), as compared to the corresponding [(BEN)2Cr

0]

complexes with d ¼ 1:612 Å [2].

The balance between van der Waals repulsion and electronic coupling depends on the

stereochemistry. Thus, in complexes of chloranil and TCNE with encumbered hexaalkyl-

substituted benzenes (such as hexaethylbenzene and its multiply annulated analogues), the

interplanar distance is larger [31], and HDA and KCT are lower, than those in the corre-

sponding complexes with mesitylene and durene, in spite of the weaker donor ability of the

latter. On the other hand, sterically encumbered donors with van der Waals cavities of suffi-

cient size can allow small acceptors such as the NOþ cation to closely approach the benze-

noid ring. The distance between the nitrogen atom and the arene ring in nitrosonium com-

plexes with hexaethylbenzene (2.08 Å) is nearly the same as that in the hexamethylbenzene

complex (2.09 Å) [28], and values of HDA and KCT for the complexes with hindered donors

are only slightly lower than those for complexes with relatively unhindered analogues [28].

Organic ligands in transition metal complexes frequently penetrate the coordination

sphere of the d-metal to such an extent that the ligand-to-ligand distance is less than the

sum of the van der Waals radii. In such cases, steric repulsion between ligands can over-

compensate the distance-shortening effects of charge transfer, and eventually cause an in-

crease in the arene–metal distance as the donicity of the arene ligand increases. For exam-
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ple, the Ru2þ–arene distance in the bis(benzene) complex (1.713 Å) is shorter than that in

the corresponding bis(mesitylene) complex (d ¼ 1:726 Å) [2].

13.3.2

Relationship Between Hapticity and Charge Transfer in Arene Complexes

Topological classification of metal–arene complexes in terms of hapticity was originally pro-

posed by Cotton [35] as the basis for distinguishing organometallic complexes and their

chemistry, but it was never intended to characterize the chemical bonding between the metal

and the ligand. As a ligand, benzene has six carbons and six p-electrons accessible for metal

coordination and bond formation. The vast majority of metal/arene complexes exhibit h6-

coordination with equal metal–carbon distances and equal contributions of all p-orbitals to

the coordination bonding [2]. In contrast, arene ligands of lower hapticity exhibit aromatic p-

orbitals that are no longer equivalent. As a consequence, the orbital symmetry of the ben-

zene ring is distorted up to the point of complete loss of aromaticity, and the arene ligands

become quite reactive. As such, h1- and h2-complexes represent the most interesting sub-

strates for the study of metal–ligand bonding, exhibiting the most pronounced charge-

transfer effects, although such reactive complexes are difficult to isolate for X-ray crystallo-

graphic analysis [2].

In spite of the large difference between the h1- and h2-complexes from a structural point of

view, their electronic configurations are closely related since two electrons are involved in the

coordination bond in both types of complexes. The resonance structure C betrays the facile

interconversion between these coordination types [2], i.e.:

h1-Coordination leads to polarization of the p-electrons of the aromatic ligand, whereas h2-

coordination does not necessarily lead to a polar electronic configuration. Because polarized

structures are expected to predominate in the complexes containing metal and arene ligands

of very different donor/acceptor strengths, the coordination type depends strongly on the

relative donor/acceptor strengths of the arene ligand and the metal center. The transition

from h2- to h1-coordination with increasing acceptor strength is observed in the series of

arene complexes with different organic, inorganic, and organometallic acceptors. For exam-

ple, the molecular complex between durene and CBr4 as the s-acceptor features a bridging

bromine between neighboring ring carbons of the durene, with carbon–bromine distances

of 3.26 and 3.34 Å. Moreover, in most AgI complexes with arenes, the AgI lies in a bridging

position between two carbon atoms with equal CaAgI distances of about 2.5 Å. Moderately

stronger acceptors such as CuI, Ni0, HgII, etc. still prefer h2-coordination. For example, in

m-h2 Ni0/BEN, Cuþ/BEN, and Hg2þ/HMB complexes, the distances between the bridging

Scheme 1
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metals and the closest carbon atom in the aromatic ring are 2.005 and 2.021 Å (to Ni0), 2.081

and 2.105 Å (to CuI), and 2.56 and 2.58 Å (to HgII). In contrast, strong electron acceptors

such as Al(C6F5)3, SiEt3
þ, Brþ, and Clþ form exclusively h1-coordinated arene complexes.

Similarly, strong organometallic acceptors such as perfluoroaryl-coordinated PdII or PtII

form mostly h1-complexes, while, in similar complexes, the weaker Mo(CO)3 acceptor shows

a clear indication of h2-coordination with MoaC distances of 2.776(4) and 2.840(4) Å for ipso-
and ortho-coordination, respectively. A similar dependence of coordination type on the rela-

tive donor/acceptor strengths is observed for a variety of complexes. For example, bivalent d-

metals from CrII to NiII show h1-coordination with the mesitylene group, while ReI, RhI,

IrI, and Ni0 form h2-coordinated complexes with the electron-acceptor hexafluoroben-

zene acting as Lewis base. In many cases, h1- and h2-coordinated isomers can be very close

in energy, and thus exhibit fast rates of h1-h2 interconversion in solution, which can be

shifted by changing the relative donor–acceptor strengths of the complex. Dual arene reac-

tivity toward both electrophiles as well as nucleophiles is possible. Thus, the more polarized

h1-isomer with a positive charge residing on the benzene ring shows enhanced reactivity to-

ward nucleophiles, while the h2-isomer exhibits high electron density at localized double

bonds and is thus susceptible to electrophilic attack [2].

13.3.3

Effect of Charge Transfer on the Structural Features of Coordinated Arenes

13.3.3.1 Expansion of the Arene Ring

In the framework of MO theory, both electron detachment from the benzene (p-bonding)

HOMO and the addition of an electron to the (p�-antibonding) benzene LUMO will lead to

a decrease in the average bond order in the arene due to loss (or annihilation) of one bond-

ing electron. Consistent with Pauling’s direct relationship between bond order and bond

length [35], expansion of the arene ring is observed both when the arene acts as an electron

donor (and suffers from electron deficiency) or is an electron acceptor (with partial popula-

tion of the antibonding orbital). However, the changes in the benzene bond lengths upon

one-electron oxidation or reduction are calculated to be only about 0.01 Å due to the involve-

ment of six CaC bonds with twelve p-bonding electrons [2]. Therefore, the vast majority of

organometallic structures are not suitable models for detecting electron deficiencies or par-

tial cation-radical character in an arene ligand. However, recent advances in the use of low-

temperature X-ray diffractometers (with up to 0.001 Å precision) have enabled neutral arenes

and their cation (anion) radicals to be distinguished on the basis of differences in their

average CaC bond distances. Highly precise X-ray structures clearly reveal significant ex-

Scheme 2
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pansions of the aromatic rings in arene complexes with inorganic acceptors that show sub-

stantial degrees of charge transfer. For example, the average bond length (dav) in crystal-

line complexes of hexamethylbenzene with the NOþ cation is 1.417(2) Å, as compared to

1.411(2) Å in the uncomplexed donor. A similar ring expansion with dav ¼ 1:417ð2Þ Å is

found for CT complexes of hexamethylbenzene with SbCl3 [2].

The degree of charge transfer upon complexation, as is apparent from Eq. (10), is related

to the relative donor/acceptors strengths of the reagents and their electronic coupling ele-

ment. In contrast to the (strongly coupled) alkylbenzene complexes with nitrosonium ion,

much lower degrees of charge transfer can be expected in complexes with weaker organic

acceptors. Furthermore, van der Waals repulsion does not allow two relatively bulky organic

molecules to approach each other to within less than@3.0–3.5 Å, and therefore HDA cannot

be very high. As a consequence, ring expansion can hardly be detected in most of these CT

complexes. (Even with a precision of 0.002 Å, X-ray crystallography does not allow a degree

of charge transfer in arenes of less than 10 % to be detected). The hexamethylbenzene/

chloranil complex incorporates an arene moiety with dav ¼ 1:409ð2Þ Å [2].

Many organometallic complexes with arene ligands can show degrees of ring expansion

that widely exceed those for organic and inorganic acceptors. An average CaC bond length of

1.422 Å is measured for the [(HMB)TiCl3]AlCl4 and [(HMB)Mn(CO)2Cl] complexes. Simi-

larly, [(HMB)Cr(CO)3] and [(HMB)2Fe][C(CN)3]2 show significant ring expansions in the

hexamethylbenzene ligand (dav ¼ 1:423 Å in both cases) [2]. Extreme bond elongations to

dav ¼ 1:429 Å and 1.430 Å are found in two symmetrically independent molecules of the

ruthenium complex [(HMB)RuCl2(py)] [2]. According to Pauling [35b], such long bond

distances reveal a charge transfer of approximately 1.4 electrons between the hexame-

thylbenzene ligand and the metal center [2]. Such a significant redistribution of charge

leading to a substantial electron deficiency in the arene ligand is expected to have striking

consequences on the reactivity of the metal-coordinated arene up to the point of complete

electrophilic/nucleophilic umpolung of its substitution behavior.

13.3.3.2 p-Bond Localization in the Arene Ring

Localization of p-bonds (also termed ‘‘double-bond fixation’’) is an important structural fea-

ture frequently observed upon arene coordination to a metal center. To rationalize this effect,

the formation of covalent (s) bonds between the metal and particular carbon atoms of the

arene ring is commonly invoked. However, this cannot explain all the unusual bond dis-

tances observed and is not generally applicable to the analogous findings with organic ac-

ceptors. Analysis based on the CT concept allows a comparative treatment of all types of

donor/acceptor complexes, and predicts a close relationship between the degree of bond lo-

calization and the donor/acceptor strengths of the complexed partners.

The most pronounced effect of bond localization is observed in the h2-complexes due to a

loss of equivalence of the mesomeric structures in the benzene ring, i.e.:

Scheme 3
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However, h2-coordination alone does not result in any degradation of the delocalized elec-

tronic configuration, and the above model involves bond localization only in the case of a

significant degree of charge transfer between the aromatic ligand and the metal center. For

example, in very weak [DUR, CBr4] and [BEN, Agþ]ClO4
� complexes, very low degrees of

charge transfer occur, and only subtle changes in the geometry (i.e. double-bond localization,

and sp2/sp3 rehybridization) of the arene can be detected. Additionally, a bridging arene

positioned between two acceptors is frequently observed, which leads to m-h2 (1,2):(4,5)

complexes. In these complexes, the two metal centers induce opposite changes in the geo-

metry of the benzene ring, which annihilate each other. Stronger metal acceptors (e.g. Mo0

and PtII) more clearly promote the formation of localized double bonds in the h2-coordinated

benzene ring. Bond contraction of two non-coordinated p-bonds to lengths of just 1.37 Å and

1.35 Å was found in substituted benzene ligands coordinated to Mo0 and PtII, respectively.

These distances correspond to bond orders of 1.7 and 1.9. When stronger arene donors, such

as naphthalene or anthracene, are coordinated to RuI or Ni0 centers, the non-coordinated

C(a)aC(b) bond clearly approaches the standard value of 1.34 Å for a normal CbC double

bond [2].

Localized double bonds, in turn, represent attractive targets for further attack by a second

electrophilic center, which explains the frequent observation of m-h2(1,2):h2(3,4) complexes.

Such (1,2):(3,4) coordination results in cumulative effects on the geometry of the benzene

ring and the strength of the metal–carbon bond (as opposed to an annihilative effect in the

(1,2):(4,5) compounds mentioned above). For example, m-h2(1,2):h2(3,4) coordination in the

Ni0 complex leads to MaC bonds that are close in length to a single s-bond [2]. It should be

noted that such an effect involving the relocation of roughly 0.5 electrons within the aro-

matic ring is connected with the acceptor strength of nickel, since the bond-length distribu-

tion in the isoelectronic copper complex is quite different [2].

In most h1- and h2-coordinated complexes, the arene ligand acts as the Lewis base and

electron donor, whereas the metal center acts as the Lewis acid and electron acceptor. Thus, a

(formal) two-electron donation and (actual) charge transfer occurs in the same direction

from the arene to the metal. However, when the acceptor strength of the arene is higher

than that of the metal, coordination and charge transfer occur in opposite directions. For

example, hexafluorobenzene donates two electrons in coordinating to a metal center. How-

ever, its complexes with metals having medium donor/acceptor properties (e.g. RhI, Ni0,

ReI, IrI) exhibit substantial (back-) charge transfer from the metal to the arene that

strengthens the bonding in these sðh2Þ-complexes. As the result, the arene ligand shows a

clear cyclohexadienyl structure, the fluorine atoms at the ipso carbons deviate from the plane

of the ring by as much as 48�, and the metal–carbon bonds are even shorter than those of

Scheme 4
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standard MaC(sp3) bonds (as expected for a strained three-membered metal–carbon ring

system) [2].

13.3.3.3 Loss of Planarity of the Arene Ring and the Transition from p- to s-Binding

The planar structure of the six-carbon ring is a general characteristic of undistorted aromatic

donors, and any loss of planarity due to either substituents or a folding of the six-carbon ring

disrupts the aromaticity.

Bending of an ipso substituent out of the aromatic plane occurs in parallel with the inter-

change from p- to s-bonding, and is observed in different types of arene complexes with

various organic, inorganic, and organometallic acceptors. This results in a significant varia-

tion in chemical reactivity. Generally, the p! s transition occurs with increasing acceptor

strength. It results in a positive charge on the aromatic ring when accompanied by complete

charge transfer from the aromatic ring to the Lewis acid. For example, in weak p-complexes

of AgI with arenes, no deviation of the ipso substituents out of the plane is observed (bend-

ing angle aA0) [2]. Complexes of CuI, SiEt3
þ, and Al(C6F5)3 show small deviation angles of

a ¼ 7, 8, and 9� respectively, which are symptomatic of an increase in the s-character in the

coordination. Bending angles of a ¼ 42 and 55� have been determined by X-ray crystallo-

graphic studies of crystalline s-complexes of Brþ and Clþ with hexamethylbenzene [36].

Such a continuous transition from s- to p-bonded complexes is presented in Figure 6.

From analysis of structural data for a wide range of donor/acceptor interactions between

Lewis acids and arenes [2] (from the weak p-complexes of AgI, CuI, NiII, and AlIII, to

stronger p-complexes with CoII, SiIV, and CrII, to intermediate ðp=sÞ complexes of PtII, and

to pure s-complexes with Brþ and heptamethylbenzenium), it can be concluded that the

transition from p- to s-coordination in h1-complexes is accompanied by several effects: (i) a

shortening of the distance between the Lewis acid and ipso-carbon atom of the arene from a

van der Waals contact to a bona fide covalent bond; (ii) deviation of the ipso-substituent out of

Fig. 6. Superposition of the X-ray structures of hexamethylbenzene s-

complexes with various electrophiles (as indicated) showing the

continuous transition from the heptamethylbenzenium s-complex to the

hexamethylbenzene/nitrosonium p-complex. Data from ref. [36].
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the plane of the aromatic ring (due to a transition from sp2 to sp3 hybridization); (iii) redis-

tribution of the bond lengths in the benzene ring, i.e. elongation of the 1,2-bond to the

standard distance of 1.50 Å for a C(sp2)aC(sp3) single bond and partial localization of the

2,3-double bond, and (iv) an increase in the degree of charge transfer, as in the chloronium

and bromonium complexes with hexamethylbenzene, in which the positive charge of the

inorganic component is completely transferred to the arene.

Similar effects are observed in h2-complexes; AgI and HgII coordinated to arenes exhibit

bending angles of aA5� (which is symptomatic of high p-character of the complex and a low

degree of CT). On the other hand, in rhenium, rhodium, iridium, and nickel complexes,

arenes exhibit bending angles of up to 45� [2].
In its extreme case, the CT interaction in arene/metal complexes also affects the planarity

of the arene ring itself. Various degrees of ring folding are observed in h4-coordinated com-

plexes of benzene with metal centers, ranging from folding angles of b ¼ 0� in alkaline

metal salts, to b ¼ 15� in lanthanide complexes, and to b ¼ 30–35� in the early transition

metal complexes (e.g. with titanium, zirconium). The highest degree of folding is found in

the iron and ruthenium complexes ðb ¼ 40�Þ. Interestingly, arene complexes with late tran-

sition metals such as cobalt ðb ¼ 35�Þ and nickel (b ¼ 20–25�) show lower folding angles

[2].

In most h6-coordinated d-metal complexes, the six-carbon ring of benzene remains more

or less planar, and its distortion is only manifested in the various degrees of bending of the

substituents out of the ring plane. However, significant folding of the arene ring to a boat

shape is observed in complexes of benzene with tantalum. Interestingly, the degree of fold-

ing depends on the oxidation state of the metal: 20� for TaII and 25� for TaIII complexes [2].

The better acceptor, TaIII, induces a stronger folding due to a greater degree of charge

transfer from the benzene to the tantalum center, and consequently a higher degree of s-

character in the arene–metal bond.

13.4

Charge-Transfer Activation of Coordinated Arenes

Redistribution of electron density in CT complexes results in a modification of the chemi-

cal properties of coordinated arenes, and this effect is widely used in organometallic catal-

ysis [2]. To demonstrate the relationship between charge transfer in arene complexes and

their reactivity, we focus our attention on carbon–hydrogen bond activation, nucleophilic/

electrophilic umpolung, and the donor/acceptor properties of arenes in a wide variety of or-

ganometallic reactions.

Scheme 5
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13.4.1

Carbon–Hydrogen Bond Activation

Arene CaH bond activation by transition metal derivatives has been utilized for a variety of

chemical transformations, including H/D exchange and various substitution reactions, such

as silylation, carboxylation, phenylimine formation, etc. These reactions may occur by direct

coupling of the aryl ligand and the substituent when both are attached to the metal center,

or by insertion of functional groups into the metal–carbon bond of the arene ligand [2].

The CaH bond activation in aromatic compounds has been frequently compared with

metal-catalyzed activation of hydrogen leading to H/D exchange with metal deuterides (MaD),

i.e.:

However, this simple model does not explain the (kinetically) enhanced reactivity of arenes

relative to alkanes, considering the higher (DCaH) bond energy of arenes, i.e. DCaH;benzene ¼
111 kcal mol�1 vs. DCaH; alkaneA95 kcal mol�1. Many more examples of metal-activated

cleavage of CaH bonds are known for aromatic compounds than for alkanes [37]. To account

for this difference, arene/metal coordination is proposed [38], although experimental evi-

dence for such intermediate complexes and their structural features is lacking.

The first instance of metal/arene pðh2Þ-coordination prior to CaH bond activation was

observed for the rhodium complex Cp*Rh(PMe3)(H)(C6H5) by
1H NMR spectroscopic mea-

surement of benzene/toluene exchange and reversible interconversion of para- and meta-
tolyl isomers [34]. The observation of an equilibrium between the rhodium h2-complexes

with polycyclic arenes and the corresponding (h1) aryl hydrido metal complexes (which can

be tuned by variation of the arene, the metal center, and other metal ligands [2]) supports the

pre-equilibrium complexation of arene and metal centers as a prerequisite for CaH bond

activation. However, a lack of understanding still persists regarding the mechanism of the

interconversion h2-coordinated p-complexes and aryl hydrido s-complexes, which formally

represents a hydrogen-atom transfer between two tautomeric structures. Insight into this

mechanism can be gained using the established CT character of the metal–arene bond.

Thus, a two-step process can be conceived involving an initial charge transfer from the p-

Scheme 6

Scheme 7
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ligated arene to the metal center resulting in the formation of the s-complex with delocalized

positive charge on the arene ring, which then readily transfers a proton to the electron-rich

metal center.

An interesting example of CaH bond activation is the ferrocenium (1e-oxidant) catalysis of

monomethylaryliridium complexes [39], in which the oxidized (17-electron) iridium complex

is coordinated to the arene substrate in a pðh2Þ fashion. Complete charge transfer from the

arene to the metal (strong acceptor) takes place upon coordination and results in the forma-

tion of the s-arenium complex. The latter can readily transfer a proton to a methyl ligand to

yield methane and the oxidized monomethyl complex, which is finally reduced by the origi-

nal dimethyliridium complex to complete the ET chain process [39]:

Coordination to transition metals activates benzylic as well as aromatic centers, which be-

come targets for either nucleophilic or electrophilic attack [2]. For example, under acidic

conditions, a carbocation is generated, which can then react with a nucleophile, i.e.:

Coordination to a Cr(CO)3 center results in substantial stabilization of the carbocation,

which is commonly explained either in terms of interaction of the filled d-orbitals of chro-

mium with the empty p-orbital of the benzylic carbon or by chromium (h7)-coordination of

the entire benzylic moiety (with a delocalized positive charge and partial double-bond char-

acter of the exocyclic CaC bond) [2]. Both representations are based on the prediction that

Scheme 8

Scheme 9

Scheme 10
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the Cr(CO)3 group acts as an electron donor in its interaction with a benzylic (carbocationic)

acceptor.

Since benzylic hydrogens in (arene)Cr(CO)3 complexes are more acidic than those in the

corresponding free arene, the Cr(CO)3 group is frequently considered to be an electron ac-

ceptor capable of stabilizing carbanions [2] (which can then be trapped by various electro-

philes). Such an effect is commonly explained as the stabilizing effect induced by the deloc-

alization of the negative charge onto the chromium moiety [2], i.e. the Cr(CO)3 group acts as

an electron acceptor, and complete CT generates an exocyclic double bond and a negatively

charged h5-coordinated chromium center. Enhanced rates of deprotonation of benzylic hy-

drogen have also been found in h6-coordinated Mn(CO)3
þ and FeCpþ complexes, as well as

in h2-coordinated OsII complexes. Based on the enhanced acidity of benzylic centers in aro-

matic cation radicals [40], a CT scheme can be formulated [2]. In the extreme case, this

considers a complete electron transfer from the arene to the metal acceptor, resulting in the

formation of a cation-radical ligand, which is readily deprotonated at the benzylic position

This reaction scheme is applicable to CaH bond activation by strong electron acceptors.

For example, the formation of benzyl acetate from toluene using CoIII as the oxidant has

been shown to occur via the toluene cation radical [41]:

The ET mechanism is proposed on the basis of the high value of r ¼ �2:4 obtained from

the Hammett plot, as well as the observation of benzyl chloride and chlorotoluene as the

main products when the oxidation is carried out in the presence of high concentrations of

LiCl [41]. Similarly, activation of benzylic CaH bonds by other strong oxidants such as MnIII

or PbIV has been suggested to occur through an initial electron transfer, especially in the

case of aromatic substrates with low ionization potentials [42]. However, there have been no

reports of complex formation between the metal and the arene prior to ET, and no such re-

active complex has been isolated and characterized by X-ray crystallography.

13.4.2

Nucleophilic/Electrophilic Umpolung

The majority of arene functionalizations are based on electrophilic aromatic substitution, i.e.

the electron-rich p-system of the arene acts as the Lewis base and is readily attacked by elec-

Scheme 11
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trophiles (or Lewis acids) such as the cationic nitronium and halonium acceptors [43]. Ow-

ing to the electron-rich character of arenes, nucleophilic substitution is generally not favored,

but it can be achieved by attaching both electron-withdrawing substituents (such as nitro,

cyano, etc.) and good leaving groups (such as chloro, sulfonato, etc.) to the arene substrate

[44]. The simultaneous presence of both types of groups promotes nucleophilic substitution

according to an addition/elimination mechanism, whereby the electron-withdrawing sub-

stituents induce electron deficiency in the aromatic ring to such a degree that addition of the

nucleophile becomes feasible.

Activation of an aromatic substrate to nucleophilic addition can also be achieved by coor-

dination of the arene ring to an electron-withdrawing metal center. Moreover, arene/metal

complexes can be more effective because: (i) the donor/acceptor properties of the metal

complexes can be varied to a much greater extent than those of organic substituents, and (ii)

nucleophilic substitution may be carried out with a wide variety of arenes and is not limited

to just those bearing electron-withdrawing substituents. Analysis of the reactivity data of co-

ordinated arenes towards nucleophiles in a variety of organometallic complexes indicates

that the nucleophile/electrophile umpolung of the metal-ligated arenes can be readily ex-

plained in terms of a strong CT interaction between the arene and the metal. This is best

demonstrated in the extreme case of complete electron transfer from the arene to the metal

center, which leads to an aromatic cation radical that readily reacts with variety of nucleo-

philes [2], e.g.:

Such a charge transfer from the ligated arene can lead to: (a) nucleophilic addition or

substitution, (b) electron transfer, and (c) proton elimination/transfer, thus revealing the

close relationship between all of these processes. The reactivity of the arene ligands towards

nucleophiles in (arene)MLn complexes depends on the electrophilicity of the metal frag-

ments [MLn], this increasing in the order [Cr(CO)3] < [Mo(CO)3]f [FeCp]þ < [Mn(CO)3]
þ

[2]. For example, in (arene)FeCpþ, which is widely used for synthetic purposes, a chloro or

nitro substituent on the arene is readily substituted by such nucleophiles as amides, eno-

lates, thiolates, alkoxides, and carbanions [45].

It is generally accepted that the addition of the nucleophile occurs initially at a position

ortho to the leaving group. In fact, in the reaction of [(C6H5Cl)FeCp]
þ with relatively stable

carbanions such as CH(COR)2
�, the ortho adduct can be isolated [46]. Subsequent migration

of the nucleophile can result in formation of the ipso adduct, which then loses chloride [46c].

Analogous reaction mechanisms have been formulated for substitution reactions involving

(arene)Cr(CO)3 and (arene)Mn(CO)3
þ complexes. In such a way, [(C6H5X)Cr(CO)3] (X ¼ Cl,

F) reacts with carbanions, amines, and thiolates [2, 47]. The use of organometallic nucleophiles

such as carbonylmetallates M(CO)n
� (M ¼ Fe, W, etc.) leads to bimetallic complexes [2].

Scheme 13
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Synthetically useful reactions of (arene)Mn(CO)3
þ complexes with such nucleophiles as

methoxide, benzenethiolate, azide, various amines, and anilines are also noteworthy. These

complexes have also been extensively studied with regard to nucleophilic addition reactions

resulting in thermally stable cyclohexadienyl complexes [2].

Grignard reagents and enolates are especially suitable for such nucleophilic additions. The

resulting products are of synthetic interest since oxidation leads to rapid release of the metal

group, and the free, functionalized arenes are readily obtained:

Here, either X ¼ (H2C(O)-R
0)� and ox ¼ Jones’ reagent or X ¼ CN� and ox ¼ CeIV. It has

been emphasized that the addition of nucleophiles to (arene)Mn(CO)3
þ complexes does not

occur through an initial ET from the nucleophile to the metal center [2]. This represents an

additional advantage since such redox reactions frequently lead to the decomposition of the

metal complex, a typical example being the reductive deligation of bis(arene)Fe2þ complexes

[48]. On the other hand, intramolecular charge transfer from the arene to the metal not only

induces an electron deficiency in the arene ring (which is critical for effective attack of the

nucleophile), but it also results in an attenuation of the electrophilicity of the metal center so

as to avoid undesired ET reactions of the metal with the nucleophile.

13.4.3

Modification of the Donor/Acceptor Properties of Coordinated Arene Ligands

Charge redistribution between the arene and the acceptor moiety upon complexation results

in significant changes in their donor/acceptor properties. For example, charge transfer from

an arene to an acceptor converts the aromatic compound from an electron-rich donor to an

electron-poor acceptor. Furthermore, the complete charge transfer from hexamethylbenzene

to the bromonium ion upon formation of the bromoarenium s-complex leads to a delo-

calized positive charge on the arene ring. As a result, such positively charged s-complexes

readily react with a variety of nucleophiles and can be stabilized and crystallized only in the

presence of such anions as SbCl6
� and PF6

� or similar (very weakly nucleophilic) counter-

Scheme 14
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anions. However, X-ray crystallographic studies clearly reveal that even such weak nu-

cleophiles exhibit strong interactions with the positively charged arenium s-complex, as

evidenced by unusually short intermolecular distances. In crystalline complexes of bromo-

hexamethylbenzenium hexafluoroantimonate, there is a close contact between a fluorine and

the carbon atom in the position para to the bromine atom, with a shortened FaC distance of

3.066 Å, as compared to the sum of the van der Waals radii of 3.17 Å [2]. In these crystals,

the fluorine atoms of hexafluoroantimonate act as electron donors that bond to a positively

charged hexamethylbenzene moiety.

Similar structural effects are known with organometallic complexes. Thus, upon coordi-

nation to a strong acceptor, the donor ability of hexamethylbenzene is attenuated, and it will

then be capable of forming CT complexes with other (even weaker) donors. For example, the

hexafluorophosphate salt of [(HMB)2, Fe
II] forms complexes with durene, as established by

the observation of new CT absorption bands [2]. The crystal structure of the complex shows

alternating stacks of durene with [(HMB)2, Fe
II], in which the interplanar distance between

durene and hexamethylbenzene is d ¼ 3:65 Å. This close separation and the absorption

spectrum of the complex point to substantial CT interactions between durene as the donor

and hexamethylbenzene, which acts as an acceptor owing to its high electron deficiency in-

duced by coordination to the electron-poor iron(II) center.

Complete electron transfer from arenes results in aromatic cation radicals, which

differ dramatically in their donor/acceptor properties. As such, cation radicals can interact

with the parent donor. The resulting (CT) interaction accounts for the self-association (p-

dimerization) of aromatic donors with their corresponding cation radicals and results in the

formation of charge-resonance (CR) complexes or p-mers [49].

Analogous processes also occur between arenes and their anion radicals.

The formation of ion-radical dimers (p-mers) in solution can be identified spectroscopi-

cally by a new broad (CR) absorption band in the NIR region that is absent in the spectrum

of either the neutral arene or its ion-radical component (Table 4) [49]. For different aromatic

Scheme 16

Tab. 4. Electronic spectra of various (monomer and dimer) cation radicalsa

Arene donor (ArH) Absorption band, l (nm) Arene donor (ArH) Absorption band, l (nm)

monomer

ArHB:
dimerb

(ArH)2
B:

monomer

ArHB:
dimerb

(ArH)2
B:

BEN 555 920 NAP 575 1050

HMB 476,508 1351 ANT 680 >900

DTPc 460 >800 PYR 500 1400

aFrom ref. [49] and references therein.
bAdditional CR band that is absent in the monomer.
c 1,3-p-Tolylpropane.
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compounds, this spectral band can be satisfactorily included into the Mulliken plot to de-

scribe the interchangeability of the CT and CR energies of a parent arene donor with a series

of different types of electron-deficient acceptors (Figure 7). The successful isolation and X-

ray crystallographic characterization of such ion-radical dimers provides the basis for the es-

timation of structural changes during dimerization, in comparison with those occurring

during CT formation. For example, the octamethylbiphenylene system, in which both the

monomeric cation radical OMBþ� and the dimeric cation radical (OMB2)
þ� are well charac-

terized (as are the neutral OMB and its CT complexes with various acceptors), represents the

best basis for such a comparison. The average CaC bond length, dav, within the aromatic

rings of the neutral OMB donor is 1.405 Å, while in the cation radical it is 1.415 Å. In the CT

complexes of OMB with TCNE and TCNQ, the value of dav is 1.408 Å, while in (OMB2)
þ� it is

1.410 Å. Thus, dav is 0.3 pm longer in CT complexes than in the neutral OMB donor, and in

(OMB2)
þ� the average bond length is intermediate between that in the neutral OMB and that

in its cation radical [49]. The infinite stacks contain dimeric units of (OMB)2
þ� with an in-

terplanar separation of 3.41 Å, which corresponds to a tight van der Waals contact between a

pair of identical octamethylbiphenylene moieties.

If the substituents on an aromatic compounds prevent the close approach of the cation

radical to its neutral counterpart (due to steric hindrance), p-mer formation is inhibited.

Such effects can clearly be seen on comparing 2,3,6,7-tetramethylnaphthalene (TMN) and its

hindered analogue OMN. Spectrophotometric studies show that the tetramethylnaphthalene

forms the dimeric (TMN)2
þ� cation radical, as characterized by a very broad absorption band

at 1150 nm and the formation constant Kdimer ¼ 490 m
�1 at �10 �C. In contrast, dimer for-

mation is not observed with the hindered cation radical OMNþ�. The fact that relatively few

ion-radical dimers are known is associated with the opposing requirements for their forma-

tion. On the one hand, the cation radical should be relatively stable, which is usually the case

with encumbered donors (for which steric hindrance prevents close contact between the

radicals), while on the other hand they should be able to approach each other in order for

electronic interaction to be appreciable.

Fig. 7. Mulliken plots for CT complexes of hexamethylbenzene (HMB),

octamethylbiphenylene (OMB), and naphthalene (NAP) with various

acceptors. Points on the ordinate at E0
ox � E0

red ¼ 0 represent the

band energies of the charge-resonance (CR) complexes between these

donors and their cation radicals. Data from ref. [49].
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The enhanced acceptor properties of aromatic cation radicals (ArHþ�) suggest that they
should form CT complexes with the parent arene (ArH) as well as with different arene do-

nors (ArH 0). However, in mixed ArHþ�/ArH 0 systems, the (partial) reduction of the cation

radical leads to the formation of homomolecular dimers. Moreover, the same symmetry and

energy of the interacting orbitals favors the ion-radical interaction with the neutral parent,

better stabilizing the (homomolecular) dimer and promoting the redox process ArHþ� þ
ArH 0 ! ArHþ ArH 0þ�, even if the electron transfer is formally endergonic. We thus con-

clude that heteromolecular complex formation takes place only when such an ET process is

precluded. Indeed, the only known example of a heteronuclear cation-radical/neutral donor

complex hitherto found (and characterized spectroscopically and by X-ray crystallography) is

that of the hindered OMNþ� cation radical, which is not prone to forming homomolecular p-

mers [50]. The qualitative MO diagrams describing CR complex formation and their rela-

tionship with the CT complexes are presented in Chart 2. In all cases, the driving force for

complex formation derives from the resonance interaction between various HOMO/LUMO,

SOMO/LUMO, and HOMO/SOMO combinations of donor/acceptor pairs. It should be

noted, however, that CR complexes are symmetrical (isergonic) systems. The position of

the absorption band is determined either by the reorganization energy or by the orbital

interaction (see Figure 2). ESR measurements indicate complete delocalization of the un-

paired electron in the p-mers: (OMB2)
þ� and (TMN)2

þ�. The average bond length found in

(OMB2)
þ� (which is half the sum of those extant in the neutral and isolated cation-radical)

supports such a conclusion.

13.5

CT Complexes as Critical Intermediates in Donor/Acceptor Reactions of Arenes

The basic principles describing the effects of CT complexes on the energy profile along the

reaction coordinate stem from the theory of electron transfer. Redox processes may occur: (i)

as ground-state thermal reactions, (ii) by direct irradiation of the CT band, and (iii) upon

photoexcitation of one of the redox partners followed by diffusional complex formation [4,

24], as depicted in Chart 3.

Combination of Mulliken’s formalism with the Marcus quadratic representation [10] of the

initial and final (diabatic) states allows the energy profile of the ET reaction coordinate to be

constructed. As illustrated in Figure 8, an increase in HAB results in (i) a lowering of the ET

barrier, (ii) a stabilization of the precursor and successor (CT) complexes, and (iii) a shift of

their positions along the reaction coordinate (i.e. the charge is partially transferred from the

Chart 2
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donor to the acceptor to induce the changes in their nuclear configuration). Finally, when the

electronic coupling element HDA b l=2, the system becomes delocalized with zero energy of

activation for electron transfer. In the framework of the Robin–Day classification of mixed-

valence systems [51], this change corresponds to the transition from Class I (HDA ¼ 0, non-

interacting redox centers) to Class II ð0 < HDA < l=2Þ to Class III ðHDA b l=2Þ [13].
Let us now consider how donor/acceptor interactions in the CT (precursor) complexes af-

fect the dynamics of various ET processes and lead to the formation of successor complexes

and finally to the free ion radicals, as well as the follow-up reactions leading to new stable

products.

13.5.1

Effects of the Donor/Acceptor Interaction on the ET Dynamics of Arene Donors

13.5.1.1 Steric Control of the Inner/Outer-Sphere Electron Transfer

Historically, the development of ET theory has been based on inorganic systems, in which

the (metal-ion) redox centers are surrounded by coordinated ligands [52]. In those cases in

which no new metal–ligand bonds are formed or bond breakage is observed, the interaction

between the redox centers is weak (usually HDA < 200 cm�1), and such reactions are con-

ventionally designated as outer-sphere (OS) electron transfer [52, 53].

Chart 3

Fig. 8. Typical profiles of the potential-energy

surfaces for electron-transfer in the isergonic

region (for l ¼ 1:8 eV). The dotted lines represent

the diabatic (non-interacting) states (HDA ¼ 0).

Adiabatic states (solid lines) are presented with

the values of the electronic coupling element HDA

progressively increasing from top to bottom, 0.1,

0.3, 0.6, 0.9, 1.2, 1.5 eV, and show (i) a lowering of

the energy of the adiabatic states, (ii) a shift of the

minimum of the precursor complex (PC) toward

that of successor state (SC), and (iii) a lowering of

the (activation) barrier for electron transfer.
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If ligands are involved in the formation of discrete intermediates or if metal ions become

ligand-bridged, the process is designated as inner-sphere (IS) electron transfer [52]. In these

cases, the electronic interaction between the redox centers is increased substantially, and

leads to a lowering of the activation barrier (and hence to increased rates) for the ET reaction

[13, 15, 53].

Since such a chemically based differentiation between OS/IS has often proved to be am-

biguous in organic reactions [53], we prefer a more general definition of inner/outer-sphere

ET based primarily on the degree of the donor/acceptor electronic coupling [24]. According

to this classification, outer-sphere ET implies weak coupling ðHAB f lÞ, and it is described

theoretically by the classical Marcus formulation [10], in which the activation barrier is de-

termined by the reorganization energy l and the free energy change DGET, i.e.:

DG0¼ lð1þ DGET=lÞ2=4 ð13Þ

which predicts the characteristic (quadratic) dependence of the rate constant on the driving

force DGET. As the donor/acceptor interaction becomes appreciable relative to l (usually

when HAB > 200 cm�1), a substantial change in the ET reaction profile occurs. For example,

for the isergonic process DG0¼ ðl� 2HABÞ2=4l, and such an inner-sphere ET process is ac-

companied by significant deviations from Marcus behavior.

This definition implies the possibility of a continuous transition between outer-sphere and

inner-sphere ET processes, and the kinetics can be directly related to the experimental prop-

erties of the precursor (CT) complexes as measured by X-ray crystallography, UV/vis/NIR

spectroscopy, etc. Arene donors are especially well suited for the demonstration of such a

changeover, since (i) the oxidation and reduction potentials (which are important for the

free-energy correlation) can be easily tuned over a wide range by varying the substituents,

without significant changes in the size and orientation of redox centers, and (ii) their steric

encumbrance can be readily modulated by the introduction of bulky substituents at the

aromatic ring to allow control of the electronic interaction without affecting the driving

force.

Electron transfer (ET) to photoactivated quinone acceptors from a series of unhindered,

partially hindered, and heavily hindered aromatic donors (with matched Eox
o values) can be

examined kinetically by laser flash photolysis [54]. The second-order rate constants for elec-

tron transfer from hindered donors such as hexaethylbenzene depend strongly on the tem-

perature, solvent polarity, and salt effect, and they follow the free-energy correlation pre-

dicted by Marcus theory (Figure 9A). Moreover, no spectroscopic or kinetic evidence for the

formation of the encounter complexes (exciplexes) with photoactivated quinones prior to

electron transfer is observed. In contrast, electron transfer from non-hindered (or partially

hindered) donors such as hexamethylbenzene, mesitylene, and di-tert-butyltoluene, is asso-

ciated with temperature-independent rate constants that are up to 102 times greater than

those predicted by Marcus theory and are poorly correlated with the accompanying free-

energy changes (Figure 9).

Such a rate constant behavior is ascribed to an inner-sphere ET process. Most importantly,

there is unambiguous spectroscopic and kinetic evidence for the formation of encounter

complexes [ArH, Q*] between the arene and the photoexcited (quinone) acceptor prior to

electron transfer [54].
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As illustrated in Figure 9B by the superposition of the Marcus-type plots and the free-

energy dependence of the formation constant KEC, the greatest deviations (from the Marcus

curve) are observed for donor/acceptor couples that form the strongest encounter complexes

(as gauged by their formation constants KEC). On the basis of the absorption and emission

data, an electronic coupling element of HDAA0:15 eV (1000 cm�1) has been determined for

similar complexes (exciplexes) [55]. Even higher values (@0.5 eV) can be estimated for HDA

in CT complexes of the same donors and ground state (unexcited) chloranil. In contrast,

the CT complexes are not detected for similar ground-state pairs involving hindered donors

[54, 56]. Such strong electronic couplings account for the substantial lowering of the inner-

sphere ET barrier (compare Figure 8) and increased rate constants for unhindered donors.

13.5.1.2 Thermal and Photochemical ET in Strongly Coupled CT Complexes

An increase in the electronic coupling interaction results in the disappearance of the ET

barrier and complete delocalization of the transferred electron between the donor and the

acceptor. Such effects have been extensively studied for intramolecular ET in bridged inter-

valence compounds [57]. As regards intermolecular systems, the only spectrally and structur-

ally characterized system has been that of NOþ/arene complexes [28].

The NOþ cation is an efficient oxidant (1.48 V vs. SCE) for various electron-rich arenes

[53], and the intermolecular (CT) complexes [ArH, NOþ] with alkylbenzenes have been

characterized in detail [27]. However, the recent observation [4b, 28] of structurally and

spectroscopically similar complexes with electron-rich arenes has led to a more detailed

consideration of the role of CT complexes in NOþ/arene redox processes [28].

Fig. 9. (A) Free-energy dependence of the second-

order rate constant (log k) for electron transfer

from hindered and unhindered arene donors to

photoactivated quinones. The dashed line represents

the best fit of the data points of the hindered

donors to the Marcus correlation. (B) Super-

position of (A) and the free-energy dependence of

the formation product (KEC) for encounter

complexes of unhindered arenes with

photoactivated quinones showing coincidence of

the maximum of encounter complex formation and

the maximum deviation of the ET rate constants of

the unhindered donors from the classic Marcus

(outer-sphere) behavior. Data from ref. [54].

Scheme 17
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The reorganization energy for the (cross) ET reactions of NOþ/arene pairs is about 2.5 eV

(as evaluated from the self-exchange rates of aromatic donors and the NOþ acceptor) [28].

Since the measured values of HDA of ca. 1.4–1.8 eV exceed l=2, these CT complexes belong

to the Robin–Day Class III category, in which there is complete delocalization of the electron

between the donor and the acceptor. As such, there is only one potential minimum on the

pathway between the fArHþ NOþg reactants and the fArHþ� þ NO�g products [28]. The

free-energy change along the reaction coordinate for the redox transformation in the (i) en-

dergonic, (ii) isergonic, and (iii) exergonic regions of driving force are qualitatively depicted

in Chart 4.

The reversible (temperature-modulated) equilibrium between the CT complex and the ET

products is shown in Figure 10. This process can be designated as:

Chart 4

Fig. 10. Temperature modulation of the reversible

complexation/electron transfer between aromatic

donors and NOþ. (A) Increase of EAþ� at (bottom
to top): �44 �C, �10 �C, 3 �C, 20 �C, and after

argon bubbling (to remove NO). (B) Increase of

OMNþ� at (bottom to top): �90 �C, �30 �C,
�10 �C, 0 �C, 20 �C and after argon bubbling.

Data from ref. [28].

Scheme 18
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No activation (energy) barrier separates the donor and the acceptor from the ET products

(and vice versa). The electron transfer in Scheme 18 is not a kinetic process, but is depen-

dent on the thermodynamics, whereby electron redistribution is concurrent with complex

formation. Accordingly, the rate-limiting activation barrier is simply given by the sum of the

energy gain from complex formation and the driving force for electron transfer, i.e.:

DGET
0¼ DGCT þ DGET

�: ð14Þ

Nitrosonium/arene complexes also provide an opportunity for the consideration of photo-

chemical processes in Class III systems. Due to the strong electronic interaction, the charge-

transfer complex is characterized by comparable values of the mixing coefficients, bAa (es-

pecially near the isergonic point) [28]. In contrast to the weak CT complexes with bf a, in

which the ground state is close to the (diabatic) reactant and excited product states, no ap-

preciable electron redistribution from the donor to the acceptor occurs in Class III com-

plexes upon optical transition. Laser flash-photolysis experiments show high efficiencies for

the formation of aromatic cation radicals upon direct photoexcitation of [ArH, NOþ], with
quantum yields for the caged radical pair close to unity. Similarly, the quantum yields of free

cation radicals are found to be nearly 0.70 in complexes with hexamethylbenzene, 0.60 with

pentamethylbenzene, 0.4 with durene, and 0.1 with p-xylene [58]. Such results can be ex-

plained in terms of the population of the antibonding orbital of the complex, which results

in a sharp decrease in the NO/arene binding. In addition, owing to the sizable extent of CT

from the arene to NOþ in the ground state, the nuclear configuration (both in the ground

and Franck–Condon excited states) corresponds to that of the arene cation radical and nitric

oxide. No nuclear rearrangement of the arene and nitric oxide (nor of the solvent) is needed

for the relaxation of the excited state to the solvent-caged radical pair. Such a dissociation

proceeds via a practically (barrierless) transition on the vibration timescale of 10�13–10�14 s.
The high efficiency of formation of the radical pair is reflected in microsecond kinetics and

results in regeneration of the initial [ArH, NOþ] complex [58].

13.5.2

Electron-Transfer Paradigm for Arene Transformation via CT Complexes

Thermal and/or photochemical electron transfer within the CT (precursor) complex gen-

erates the ion pair fDþ�;A��g as caged or freely diffusive ion-radicals. Most important from a

synthetic point of view are the processes by which highly reactive ion-radicals undergo fur-

ther irreversible transformation resulting in new (thermodynamically stable) products. In

other words, the formation of the (precursor) CT complex and electron transfer act in tan-

dem as a coupled set of pre-equilibria. The resultant ion-radical pair can undergo a subse-

quent (irreversible) transformation (with rate constant kf ) or back ET (kBET), which represent

the basis for the ET paradigm and drive the coupled equilibria towards the products (P) [4],

i.e.:

Scheme 19
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If kf > kBET, the overall transformation can occur rapidly despite unfavorable driving

forces for the electron transfer itself. Only follow-up reactions with high kf can compete with

back electron transfer. Different kinds of such unimolecular processes can drive the equilib-

ria toward the final product. A representative example is the mesolytic cleavage of the CaSn

bond in the radical cation resulting from the oxidation of benzylstannane by photoexcited

9,10-dicyanoanthracene (DCA). This is followed by the addition of the benzyl radical and the

tributyltin cation to the reduced acceptor DCA�� [59]. In the arene/nitrosonium system,

[ArH, NOþ] complexes can exist in solution in equilibrium with a low steady-state concen-

tration of the ion-radical pair. However, the facile deprotonation or fragmentation of the

arene cation radical in the case of bifunctional donors such as octamethyl(diphenyl)methane

and bicumene can result in an effective (ET) transformation of the arene donor [28, 59].

Another pathway involves collapse of the contact ion pair [Dþ�, A��] by rapid formation of a

bond between the cation radical and anion radical (which effectively competes with the back

electron transfer), as illustrated by the examples in Chart 5 [59].

Bimolecular reactions of the ion-radical pair can also effectively compete with the back

electron transfer if either component undergoes a rapid reaction with an additive that is

present during the ET activation. In NOþ/arene systems, the introduction of oxygen rapidly

oxidizes even small amounts of nitric oxide to compete with back ET and thus successfully

effect aromatic nitration [60]. In a related example, the CT complex of hexamethylbenzene

and maleic anhydride reaches a photostationary state with no productive reaction. However,

if irradiation is carried out in the presence of an acid, the anion radical in the resulting

contact ion-radical pair is readily protonated, and the redox equilibrium is driven toward

coupling (in competition with the back ET) to yield the photoadduct [59], i.e.:

Chart 5

Scheme 20
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Generally, highly reactive aromatic ion-radicals can undergo a variety of other uni- and bi-

molecular processes that compete effectively with back ET and lead to an overall transfor-

mation, some examples of which are illustrated in Chart 6 (with Ar representing an aryl

group) [59].

The aforementioned examples reveal that a wide variety of aromatic transformations can

proceed from the CT complex. If the (CT/ET) pre-equilibria are fast relative to the follow-up

process, the overall second-order rate constant k2 ¼ KCTKETkf . In this kinetic regime (espe-

cially in the strongly endergonic ET range), the ion-radical pair may not be experimentally

observed in a thermally activated adiabatic process, and the applicability of the ET paradigm

is difficult to establish. However, photochemical (laser) activation by the deliberate irradia-

tion of the CT absorption (hnCT) will lead to the spontaneous generation of the ion-radical

pair, which is experimentally observable when the time resolution of the laser pulse exceeds

that of the follow-up processes (kf and kBET). The relationship between the thermal and

photochemical generation of the ion-radical pair is illustrated in Figure 11, and this provides

a basis for the experimental demonstration of the viability of the electron-transfer paradigm

through comparison of the thermal/photochemical reactions with (thermal) rate constant/

CT band energy correlations.

      

Chart 6
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The close relationship between the thermal and photochemical (ET) pathways via CT

complexes can also be seen from a consideration of oxidative CaC cleavage in benzopinacol

donors, which readily form vividly colored CT complexes with various acceptors such as

chloranil (CA), DDQ, and NOþ [59]. Thus, benzopinacol/CA solutions are stable (at 23 �C)
in the dark. However, irradiation of the CT band leads to a slow bleaching of the color with

concomitant formation of the retropinacol product. With a stronger acceptor, such as DDQ

(E o
red ¼ 0:6 V vs. SCE), the cleavage of the benzopinacols can also be achieved by thermal

means. For example, the CT complex formed upon mixing tetraanisylpinacol and DDQ

bleaches within minutes (in the dark) to afford the retropinacol products in quantitative yield

[59].

Identical pre-equilibrium CT complexes of various substituted pyridinium salts with orga-

noborates such as BMe4
� as electron donors are observed in both the thermal and photo-

chemical methyl transformations. Both processes proceed through the radical pair, in which

rapid scission of one Me–B bond in the oxidized BMe4
� generates a methyl radical and

BMe3. This is followed by the coupling of pyridine and methyl radicals within the solvent

cage. Moreover, the spectral characteristics show: (i) a red shift of the CT bands with

increasing Ered
o of the pyridinium acceptor and a blue shift with increasing Eox

o of the

organoborates, and (ii) that the process with N-methylisoquinolinium/BMe4
� is slow,

but that the methyl-transfer reaction between BMe4
� and 3-cyano-N-methylpyridinium (with

the highest Ered
0) occurs instantaneously. On the other hand, the yellow mixture of 4-

phenylpyridinium cation (with relatively low Ered
0) and BMe4

� persists for prolonged peri-

ods without reaction [59].

The same features are observed in the osmylation of arene donors. Thus, osmium tetra-

oxide spontaneously forms complexes with arenes, and the systematic spectral shift in the

CT bands parallels the decrease in the arene IP [59]. The same osmylated adducts are ob-

tained thermally on leaving mixtures to stand in the dark or upon irradiation of the CT

bands at low temperature. Time-resolved spectroscopy establishes that irradiation of the CT

band of the anthracene/osmium tetraoxide complex leads directly to the radical-ion pair

fANTþ�;OsO4
��g, which then collapses to the osmium adduct (with a rate constant k@ 109

s�1) in competition with back ET [59].

Fig. 11. Graphical relationship between the photochemical and thermal

pathways for the CT transformation of the precursor complex (PC) to

the successor complexes (SC).
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Such examples indicate the applicability of the CT/ET paradigm in describing a variety of

aromatic transformations. In the case of a (highly) endergonic process, the involvement of

the electron-transfer step in the reaction pathway can be ambiguous. The objection against

such a step is often based on the high ET reaction barrier due to Marcus reorganization en-

ergy and/or an unfavorable driving force. However, the development of Marcus–Hush theory

in the strong interaction range has indicated that the donor/acceptor electronic coupling can

result in: (i) a substantial lowering of the barrier to electron transfer, and (ii) a stabilization

(lowering in energy) of the adiabatic (CT) precursor and successor complexes relative to the

diabatic (non-interacting) reactant and product states, as illustrated in Chart 7 [61].

Because the electronic distribution and nuclear configuration of the donor and the ac-

ceptor in the (Class II) successor complexes are similar to those of the free donor/acceptor

product (i.e. radical pair), it is reasonable to suggest that products can originate directly from

the successor complex (pathway P1). Such a reaction, which includes an electron-transfer

step, does not necessarily proceed via a pair of free ion radicals, and the effective activation

energy can be even lower than that required by pathway P2. When the follow-up reaction

involves the coupling of radicals, the reaction directly proceeding from the (ET) successor

complex state can be kinetically favorable (since it excludes diffusional processes).

13.5.3

Electron-Transfer Activation of Electrophilic Aromatic Substitution

Electrophilic aromatic substitution represents one of the most important applications of

the transformation of an arene via a CT (precursor) complex. The process is considered to

proceed via an (encounter) p-complex between the electrophile (Eþ) and the aromatic sub-

strate (ArH), which collapses in a single rate-limiting step to the Wheland intermediate or s-

complex [43, 44], i.e.:

The focal point in this mechanism is the activation process that leads to the well-

established Wheland intermediate. In order to address the mechanism of the activation of

p-complexes, we first recognize that most electrophiles (such as NOþ and NO2
þ, various ni-

trating agents, halogens, carbocations, diazonium cations, sulfur trioxide, lead(IV), mercu-

Chart 7

Scheme 21
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ry(II), and thallium(III) salts, etc.) are excellent electron acceptors, as judged by their Ered
o,

as well as by their ability to oxidize a variety of donors to the corresponding cation radicals

[4]. Furthermore, the various arenes are electron donors, as reflected by their relatively easy

oxidation in solution. As a consequence, the p-complex in Chart 7 is more accurately de-

scribed as an electron donor/acceptor or CT complex between the electrophile and the aro-

matic nucleophile. The CT absorption bands are visible indications of their strong MO

interaction that precedes the transformation [4]. The application of the ET paradigm to elec-

trophilic aromatic substitution is based on (i) the observation of CT interactions between

electrophiles and aromatic donors, (ii) the coincidence of the products of the CT photo-

chemical and thermal reactions, and (iii) the quantitative correlations of the second-order

rate constants with the CT transition energies for halogenation, mercuriation, thallation, etc.

(Figure 12) [62]. Accordingly, let us take halogenation, nitration, and nitrosation with various

electrophilic agents as typical examples to elucidate the importance of CT complexes and ET

activation as the fundamental steps leading to the Wheland intermediate.

13.5.4

Structural Pre-organization of the Reactants in CT Complexes

Aromatic hydrocarbons are known to spontaneously form weak 1:1 molecular CT complexes

with halogens [30, 62]. The recent (low-temperature) refinement of their structure reveals

the highly structured pre-equilibrium complex shown in Figure 13A [32], in which the axially

symmetric Br2 is poised specifically over a single (CaC) center of benzene. Its pre-reactive

character is revealed by the spontaneous transformation of the crystalline [C6H6, Br2] com-

plex into an equimolar mixture of bromobenzene and hydrogen bromide. Further (struc-

tural) delineation of electrophilic aromatic bromination has been provided by the isolation

and X-ray crystallographic analysis of the s-adduct or Wheland intermediate with hexame-

thylbenzene as the arene under similar reaction conditions (see Figure 13B) [36]. (Note that

the highly unstable s-adduct of benzene is unlikely to be isolable owing to its facile a-proton

loss.) Such structural studies taken together provide an unequivocal pathway for electrophilic

aromatic bromination, in which the key steps are:

Fig. 12. Linear correlations of the relative reactivity of arenes in

electrophilic substitution reactions (log k=k0) with the optical transition

energies in the accompanying CT complexes. Data from ref. [62b].
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Most relevant is the structural information provided by the pre-equilibrium p-complex in

its transformation to the critical s-adduct. Thus, the composite of the ORTEP structures in

Figures 13 A and B represents a close to ideal least-motion study, i.e.:

Even more striking is the regioselective transformation of the highly structured toluene p-

complex, with bromine situated specifically over the ortho and para positions to afford the

same isomeric (product) mixture of o- and p-bromotoluenes as that obtained in solution [63].

As close as these pre-equilibrium intermediates are structurally akin to the (ordered) transi-

tion states for electrophilic bromination, it is important to emphasize that they are formed

essentially upon bimolecular collision with no activation energy, and the donor/acceptor

binding is in accord with the Mulliken formulation.

The continuous transition from p- to s-coordination in the complexes with different ac-

ceptors, as presented in Figure 6, implies the ready transformation of one into the other. The

Fig. 13. (A) ORTEP diagram of the pre-equilibrium

complex of benzene and bromine showing the

pertinent charge-transfer p-bonding. (B) Molecular

structure of the s-adduct (or Wheland inter-

mediate) derived from the bromine interaction with

hexamethylbenzene to emphasize the least-motion

transformation from the p-complex in A. Data from

ref. [32].

    

Scheme 22

Scheme 23
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formation of the s-complex can be presented as an ET process in which the CT complex

leads to the reduced acceptor Br2
�, i.e.:

However, the driving force for the ET step (DGET ¼ 60 kcal mol�1 is taken as the differ-

ence between the redox potentials of benzene and Br2) is clearly too endergonic to be con-

sistent with the facile bromination of benzene. However, such an evaluation of the driving

force could be valid if electron transfer leads to the ion-pair state. Furthermore, the quanti-

tative measurement of the CT absorption leading to the formation of the CT complex [C6H6,

Br2] indicates the donor/acceptor electronic coupling interaction to be HDA @ 0:5 eV. As

such, the ion radicals C6H6
þ� and Br2

�� are born as a contact (inner-sphere) ion pair, in

which the energy is substantially lowered due to the radical-ion interaction, so that the driv-

ing force is much more favorable than that simply calculated from the values of E o
ox and

E o
red.

13.5.5

CT Complexes in Aromatic Nitration and Nitrosation

Due to very fast rates of aromatic nitration with the NO2
þ cation, an independent experi-

mental study of the reactive intermediates pertaining to the ET paradigm is not readily

forthcoming. However, such a kinetic restriction is overcome by the use of nitronium ion

carriers (NO2Y) such as nitric acid, acetyl nitrate, N2O5, N-nitropyridinium, tetranitro-

methane, etc., as milder nitrating agents [59]. The latter form colored complexes with are-

nes, in which the energy of the CT bands corresponds to the predictions of Mulliken theory

[9]. Thermal and photochemical reactions of these complexes result in identical isomeric

mixtures of aromatic nitration products. Moreover, the thermal nitration of various arenes

shows a strong rate dependence on the donor/acceptor strength of the nitrating agent and

ArH. These observations support ET activation as a viable mechanistic basis for aromatic

nitration. Furthermore, analysis of the products from toluene nitration yields isomeric com-

positions of o-, m-, and p-nitrotoluene that are singularly invariant over a wide range of

substrate selectivities (k=ko based on the benzene reference [64]) with different nitrating

agents (ranging from the very reactive NO2
þ to the relatively unreactive p-MeOPyNO2

þ).
In other words, there is a complete decoupling of the product-forming step from the rate-

limiting activation of electrophilic aromatic nitration. Such a clear violation of the reactivity/

selectivity principle can only arise when there is at least one reactive intermediate such as

the (successor) ion-radical pair, as predicted by the ET paradigm.

In order to combine the CT/ET pathways with essentially diffusion-controlled rates [64] of

nitration by NO2
þ, and the understanding of the dramatically lower reactivity of the struc-

Scheme 24
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turally related [65] nitrosonium (NOþ) cation [66], let us consider the corresponding reaction

profiles constructed in the framework of the ET paradigm. While the reduction potentials of

NOþ and NO2
þ are comparable in different solvents [67], there is a large difference between

NOþ and NO2
þ in terms of the magnitudes of their reorganization energies, which differ by

a factor of 2, i.e.: lNO2 ¼ 140 kcal mol�1 and lNO ¼ 69 kcal mol�1, largely as a result of the

requisite bending of ONO attendant upon the reduction of the almost linear (triatomic) cat-

ion [67]. In order to follow through with the comparison to NOþ, let us consider the corre-

sponding ET process, viz.:

Since the temporal course of ET cannot readily be followed owing to the high reactivity of

NO2
þ, we rely on the comparison of the reorganization energy to draw some broad estimates

of the electron coupling element for the pre-equilibrium intermediate in Scheme 25. If we

take HDA to be the same as that for NOþ as a first approximation, the ET potential-energy

profile will consist of a double potential minimum consisting of a separate precursor (PC) p-

complex [ArH, NO2
þ] and successor (SC) complex [ArHþ�, NO2

�], both with progressively

shallower minima (and higher barriers separating them) as the electronic coupling element

HDA decreases. In the limit with HDAA0, a single barrier separates the non-interacting re-

actant state fArHþ NO2
þg and the final state fArHþ� þ NO2

�g. In other words, as a result

of the large lNO2, electron transfer with NO2
þ cannot progress via a single pre-equilibrium p-

complex like that with NOþ, and the typical cross-section of the potential energy surface

includes a pair of pre-equilibrium p-intermediates (PC and SC). As a consequence of the

different potential-energy profiles, with a double minimum for NO2
þ and a single minimum

for NOþ (Chart 4), the rate of electron transfer to NO2
þ is significantly faster than that

to NOþ, despite the larger magnitude of lNO2 relative to lNO, since Chart 8 shows that

the activation energy for overall electron transfer is simply given as DG0
ET ¼ DG�ET. The

pre-equilibrium formation of CT complexes is common to both aromatic nitrosation and ni-

tration, which are known to occur via the active electrophilic species NOþ and NO2
þ, re-

spectively [68]. As such, the interconversion of the p-complex to the s-adduct (like that for

bromination) represents the critical activation step, i.e.:

Scheme 25
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The least-motion study of such (direct or one-step) transformations cannot readily account

for the fact that NO2
þ moiety must overcome the sizable (reorganization) penalty for ONO

bending. Such a significant reorganizational obstacle is conceptually circumvented by de-

coupling the step involving reorganization from the step leading to the s-adduct in Scheme

26. Indeed, ET activation as presented in Charts 4 and 8 for NOþ and NO2
þ, respectively,

satisfies the two-step criterion, since reorganization is implicit in ET and it is separate from

s-adduct formation.

As applied to aromatic nitrosation, the activation process is:

where the overall activation barrier (DG0) is evaluated from Eq. (14) [69]. Thus, slow electron

transfer, coupled with the subsequent slow deprotonation of the s-adduct [70], is responsible

for aromatic nitrosations, which are by and large limited to only the most active (electron-

rich) arene donors [71].

The corresponding two-step activation of aromatic nitration involves an additional inter-

mediate, the successor complex (SC) ¼ [ArHþ�, NO2
�], which largely takes on the burden of

the NO2
þ reorganization in the separate ET transformation of the precursor complex

(PC) ¼ [ArH, NO2
þ]. As such, the subsequent (spontaneous) collapse of SC directly to the s-

adduct considerably facilitates the ET pathway for nitration [72] since it entirely by-passes

the slow (energy-intensive) step leading from the SC or [ArHþ�, NO2
�] to the separated (non-

interacting) ion-radical pairs fArHþ� þ NO2
�g, i.e.:

The activation barrier for such a direct collapse of the ion-radical pair is substantially less

than DGET (see pathway P1 in Chart 7) and leads to very fast nitration rates [73]. (The latter

underscores the caveat that the viability of ET mechanisms cannot be pre-judged [67] solely

by the value of DGET).

Formation of the Wheland intermediate from the ion-radical pair as the critical reactive

intermediate is common to both nitration and nitrosation processes. The nitrosoarenes (un-

like their nitro counterparts) are excellent electron donors, as judged by their low Eox
o as

Scheme 26

Scheme 27

Scheme 28
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compared to the parent arene [74]. As a result, nitrosoarenes are also better Brønsted bases

[75] than the corresponding nitro derivatives, and this marked distinction readily accounts

for the large differentiation in the deprotonation rates of their respective conjugate acids (i.e.

Wheland intermediates). In the case of aromatic nitration with NO2
þ, deprotonation is fast

and occurs with no kinetic (deuterium) isotope effect. The slower rates of formation of the

radical pair leading to Wheland intermediates, together with slower rate of the deprotonation

of these intermediates, results in a dramatic difference between the rate of nitration and that

of nitrosation.

13.6

Concluding Summary

Arenes are electron donors by virtue of the ease with which they form intermolecular com-

plexes with a variety of electrophiles, cations, acids, and oxidants that are all sufficiently

electron-poor to be generally classified as electron acceptors (A). Three structural features are

common to all arene complexes that have been isolated and subjected to X-ray crystallo-

graphic analysis, namely: (i) their p-structure, either as the axially symmetric or

the asymmetric forms, (ii) their inner-sphere character, such that the separation

of the acceptor (A) from the aromatic plane is less than the sum of their van der Waals

radii, and (iii) the significant enlargement of the aromatic chromophore with average bond

distances between ring carbons that can approach those extant in the corresponding arene

cation radicals.

Charge transfer as depicted by Mulliken provides a single unifying basis for predicting

arene reactivity based on the spectral, structural (both molecular and electronic), and ther-

modynamic properties of their intermolecular complexes, from stable organometallic de-

rivatives to non-bonded collision complexes with very short lifetimes.
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Oxidative Aryl-Coupling Reactions in Synthesis

Guillaume Lessene and Ken S. Feldman

Abstract

The oxidant-mediated coupling of electron-rich arene rings has served over several decades

as a valuable procedure to access biaryl units. The complex mixtures of isomers that often

plagued the earliest studies have gradually given way to synthetically useful product distri-

butions upon application of more selective coupling protocols. Continual advances in the

nature of the oxidant (and its attendant ligands) and more precisely defined reaction con-

ditions have led to increasing levels of control upon CaC bond formation. Chemoselec-

tive (CaC vs. CaO bond formation with phenols; suppression of product oxidation), re-

gioselective (o-o 0, vs. o-p 0 vs. p-p 0 CaC bond formation), and, more recently, stereoselective

(atropisomer-selective) biaryl bond formation can now be achieved in many well-defined

systems. A survey of the more recent advances in these areas is presented.

14.1

Introduction

The biaryl moiety is a prominent structural feature in numerous naturally occurring and

biologically active molecules. Strategies to achieve efficient syntheses of these essential

structures have therefore been the focal point of much attention in recent years. Among all

of the available methods, the venerable oxidative coupling of arenes, and, in particular, of

phenols, is of special interest in view of the presumed reliance on this chemistry in the bio-

synthesis of these types of compounds. Therefore, biomimetic syntheses of biaryl fragments

by oxidative coupling of diaryl precursors have been the goal of many studies within this

field.

Considering the broad variety of substrates that take part in oxidative arylic coupling, the

challenge has always been, and still is, achieving selectivity upon CaC bond formation.

Whereas evolutionary pressures can be brought to bear in order to engineer an enzyme cat-

alyst to promote formation of a single product, the in vitro mimicry of this reaction’s specif-

icity must address several issues, including over-oxidation, chemoselectivity, regioselectivity,

and, finally, stereoselectivity. By examining both the history of this chemistry and the current

state of the art of oxidative coupling reactions, some appreciation of how these different

problems have been overcome can be realized.
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The oxidative coupling of phenols has been known since the 19th century, but seminal

studies carried out by Pummerer [1–8], who identified a phenolic radical as an intermediate

of the reaction, initiated the modern age of mechanistic understanding in this area. It was

then demonstrated that this radical mechanism also occurs in Nature, to produce complex

biaryl-containing phenolics [9, 10].

Initially, the potent oxidizing agent potassium ferricyanide was used in this chemistry

[11]. Anodic oxidation was examined concurrently as a synthetic tool [12] and later as an

analytical method for demonstrating the existence of the phenoxyl radical [13, 14] in the

course of mechanistic studies on these couplings. In addition to the earlier methods, phe-

nolic oxidations using dioxygen, halogens, enzymes, etc., also were reported sporadically.

The introduction of vanadium complexes (VOCl3 [15], VOF3 [16]) and later of thallium [17]

and lead reagents [18] offered more reliable reactions and partially solved problems such as

over-oxidation and regioselectivity of CaC bond formation between aryl rings. With the use

of these reagents, and also by electrochemical methods, it also became possible to utilize

phenol ethers in coupling reactions.

More recently, a new class of non-metallic oxidation reagents has been reported – the hy-

pervalent iodine complexes [19]. Phenyliodine(III) diacetate (PIDA) and phenyliodine(III)

bis(trifluoroacetate) (PIFA) have proven to be very efficient reagents that give rise to higher

regioselectivity than other oxidants in some reactions and, more importantly, offer a mild

and non-toxic alternative to the heavy metals.

A broad range of biaryl structures, as is often encountered in various classes of naturally

occurring compounds, such as alkaloids, lignans, and tannins, can be prepared by oxidative

arylic coupling. Oxidative couplings have also been used to build non-natural skeletons, such

as the binaphthol derivatives that play an important role in asymmetric synthesis.

A large number of reviews have previously been published in the field of oxidative cou-

pling reactions [11, 20–26]. In this chapter, current thinking on the different mechanisms

involved in these types of reactions and the most recent developments in this field will be

presented. Although the period of time between the earliest attempts, which resulted in non-

selective and low-yielding reactions, and the more advanced approaches leading to mild, ef-

ficient, and regioselective AraAr bond formation is quite significant (almost a century), most

of the progress has been made only over the past two decades. The last few years have seen a

real acceleration in methodological advances, especially in the area of stereoselection upon

biaryl bond formation. Therefore, an important part of this chapter is devoted to the issues

of atropisomerism and stereoselection that arise during the formation of a complex biaryl

system. In addition, the latest work on catalytic systems that promote enantioselective biaryl

coupling reactions is highlighted.

14.2

Mechanistic Overview

The oxidative coupling of two aryl units 1 leads formally to a loss of two electrons and two

protons (Scheme 1).

Two different mechanisms are conceivable for the electron-transfer portion of this trans-

formation: two ‘‘single-electron’’ transfers or one ‘‘two-electron’’ transfer. Moreover, when

dealing with phenolic compounds, the pH (protonation state of the phenol) can also influ-
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ence the mechanistic pathway taken. A mechanistic matrix (Scheme 2) underscores the dif-

ferent states of oxidation/protonation of a phenol unit, and illustrates how each component

can be involved in the reaction. Identifying the initial oxidized aryl unit is important for un-

derstanding the coupling reaction.

The first and most simplistic way of considering the coupling reaction was presented by

Pummerer, who described the coupling of two radicals 7. The mesomeric structures 7a and

7b of this intermediate help to rationalize the poor selectivity achieved when reagents such

as potassium ferricyanide are used. The calculated electron density within 7 shows that

coupling can occur via the oxygen atom (products 9 and 10) as well as at the ortho and para
positions of the aryl ring (products 11–13, Scheme 3). However, substituents on the aromatic

ring influence the choice of coupling position through steric and electronic effects. Thus,

judicious selection/placement of substituents can limit the number of isomers obtained.

Scheme 1. The essentials of biaryl formation by oxidative coupling of arenes.

Scheme 2. A comprehensive schematic for phenol oxidation/deprotonation.

Scheme 3. Phenoxy radical coupling possibilities.
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Generally, when two different aryl units are involved in a coupling reaction, the oxidation

potentials of the two units will be different. In another mechanistic variant, the more easily

oxidized phenol 14 can react with the other unperturbed aromatic unit 15 to furnish a

‘‘biaryl’’ radical 16, which then oxidizes further, deprotonates, and finally tautomerizes to

give the product biaryl (Scheme 4).

Oxidants that operate according to this one-electron oxidation mechanism include potas-

sium ferricyanide in alkaline solution, cobalt, copper complexes with dioxygen, and some

enzymes.

More involved studies of the oxidation of plant phenols [27], as well as the introduction of

thallium and hypervalent iodine complexes and the use of electrochemical methods, have

emphasized the importance of another intermediate involved in oxidative coupling reactions,

namely the phenoxonium ion 8 [28–30]. Due to its ionic nature, reaction through an oxo-

nium ion can improve the regioselectivity of bond formation and lead to fewer unwanted

products (for example, no coupling via the oxygen atom). The coupling reaction can then be

viewed as an electrophilic aromatic substitution between 17 and a nucleophilic aromatic unit

15 (Scheme 5).

Vanadium, thallium, and lead complexes might involve 17 or a metal-bound equivalent 21

as an intermediate, although mechanistic details remain obscure for most metal-based sys-

tems (Scheme 6a). Phenol derivatives bearing a leaving group on the alcohol, e.g. 22, may

also follow this mechanistic pathway involving a phenoxonium ion or an equivalent thereof.

Hypervalent iodine reagents are commonly used in this context, as they have the advantage

of being very efficient, mild, and non-toxic (Scheme 6b) [31].

Scheme 4. Coupling of a phenoxy radical with an intact phenol.

Scheme 5. Phenoxonium ion coupling chemistry.
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The question as to whether the reactive intermediate is the phenol–metal/leaving group

complex 21/22 or the free phenoxonium ion 17 has been studied in the particular case of

hypervalent iodine. Pelter and co-workers presented permissive evidence in support of a

mechanism involving the free oxonium species 17 (Scheme 7): PhI(OAc) is an extremely

good nucleofuge, no transfer of chirality is observed when homochiral hypervalent iodine

compounds are used, and calculations made on the cation species correctly predict the re-

gioselectivity of the substitution reaction [32, 33].

Biaryl formation through oxidative coupling of phenol ethers has also been explored.

Although vanadium and lead complexes are known to effect these transformations [34],

thallium reagents give the best results [35–37]. More recently, Kita and co-workers have de-

veloped the efficient oxidative coupling of phenol ethers using hypervalent iodine reagents

activated by BF3�Et2O [38, 39]. The formation of a single electron transfer (SET) complex 25

is proposed to occupy a central role in the mechanism of these reactions (Scheme 8) [40].

Coupling then occurs between two cation radicals 26 or between the cation radical 26 and a

neutral phenol ether molecule 24 [41].

It is difficult to make generalizations about the oxidative coupling of arenes, given the

number of possible mechanisms. Factors that influence the reaction course include the oxi-

dation potential of each aryl unit, the substitution pattern, the solvent system, and the oxi-

dation reagents themselves. Optimization then becomes a case-by-case effort in order to ob-

tain the best selectivities and the best yields. Nevertheless, results over the last decade have

Scheme 6. Phenoxonium cation generation.

Scheme 7. Phenoxonium ion generation using hypervalent iodine precursors.

Scheme 8. Hypervalent iodine-mediated phenyl methyl ether oxidative coupling.
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demonstrated that thallium, vanadium, lead, copper, and hypervalent iodine are the most

general and reliable reagents for this kind of biaryl-forming reaction.

14.3

Oxidative Coupling Reactions with Hypervalent Iodine Reagents

In recent years, hypervalent iodine reagents have found increasingly broad application in a

wide variety of reactions [31, 42, 43]. The oxidative coupling of phenols and phenol ethers is

one important field in which these reagents have clearly been used to good advantage. Phe-

nol ethers display only modest reactivity towards hypervalent iodine reagents, but Kita and

co-workers have developed conditions under which they participate readily in such reactions

[41, 44]. The key appears to be enhancing the electrophilicity of the iodine reagent by acti-

vation with BF3�Et2O (Table 1). These conditions can be applied to a large range of phenol

ether substrates (Table 2).

Table 3 shows the application of these intramolecular biaryl-forming conditions to the

indirect synthesis of acyclic biaryls using a temporary tether strategy (Scheme 9). Silaketal

tethers (Y ¼ SiR2 and X ¼ O, 31a–f ) react efficiently to give the biaryl unit. A sulfide deriv-

ative (Y ¼ S, X ¼ CH2, 31g) led to many oxidized products, but sulfoxides (Y ¼ SO,

Tab. 1. PIFA-mediated intramolecular biaryl formation.

Yield of 28 (%)Solvent Temp. (�C)

No BF3QEt2O Containing BF3QEt2O

(CF3)2CHOH 25 63 63

CF3CH2OH �40 65 84

CH3CN �40 46 73

CH2Cl2 �40 25 91

Scheme 9. Removable tether strategy for biaryl formation.
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X ¼ CH2, 31h–k) and sulfones (Y ¼ SO2, X ¼ CH2, 31l,m) participated effectively in the

oxidative coupling reaction. Dibenzyl ethers (Y ¼ O, X ¼ CH2, 31n–r) were also coupled in

fair to good yields. Cleavage of the temporary tether subsequently delivers the acyclic biaryls

33a–r.

Recently, Kita and co-workers also applied the optimized PIFA/BF3�Et2O conditions to

intermolecular coupling reactions [39]. Thus, several phenol ethers undergo dimerization

through oxidative coupling in very good yields (Table 4). Apparently, the reaction leads to

a single biaryl regioisomer. No reaction is observed when the ring is substituted by the

electron-withdrawing group NO2 (substrate 34d).

For the coupling of binaphthyl compounds, the authors note that 0.55 equivalents of PIFA

and a temperature below 0 �C are necessary conditions to obtain the best yields (Table 5).

Carbon–carbon bond formation occurs between the most highly oxygenated aryl rings of the

naphthyl units.

The hypervalent iodine reagents PIFA and PIDA have also been used in the synthesis

of naturally occurring structures, primarily the amaryllidaceae alkaloids and related species.

Work by White’s group showed the feasibility of this method for the synthesis of 6a-

epipretazettine and (–)-codeine [45, 46]. In the early 1990s, Rama Krishna and co-workers

demonstrated that PIDA can promote the oxidative phenolic coupling of diaryl substrates

38a–e to deliver cyclohexadienones 39a–e, respectively, in consistent 30 % yields for all of the

substrates examined (Scheme 10) [47].

Kita and co-workers elaborated upon these earlier studies by examining substrates bearing

a strategically placed nitrogen atom as a route to members of the amaryllidaceae alkaloid

Tab. 2. Substituent effects on the PIFA-mediated intramolecular oxidative cyclization of a,o-biaryls.

R1 R2 R3 R4 R5 n X Yield 30 (%)

OCH3 H OCH3 OCH3 H 1 CH2 91

aOCH2Oa aOCH2Oa H 1 CH2 91

OCH3 OCH3 OCH3 OCH3 H 1 CH2 99

OCH3 OCH3 OCH3 OCH3 OCH3 1 CH2 92

OCH3 OCH3 OCH3 OTBS H 1 CH2 75

OCH3 H OCH3 OCH3 H 2 NCOCF3 89

OCH3 OCH3 OCH3 OCH3 H 2 NCOCF3 68

OCH3 OCH3 OCH3 OCH3 OCH3 2 NCOCF3 52

aOCH2Oa aOCH2Oa H 1 NCOCF3 94

OCH3 OCH3 OCH3 OCH3 H 1 NCOCF3 85

OCH3 OCH3 OCH3 OCH3 OCH3 1 NCOCF3 85

OCH3 OCH3 OCH3 OTBS H 1 NCOCF3 64

OCH3 OCH3 OCH3 OAc H 1 NCOCF3 60
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Tab. 3. Substituent effects in the PIFA-mediated coupling of various linked biaryls.

31 R1 R2 R3 R4 R5 R6 X Y Yield 32 (%)

a OCH3 OCH3 H H OCH3 OCH3 O Si iBu2 56

b aOCH2Oa H H aOCH2Oa O Si iBu2 69

c OCH3 OCH3 H H aOCH2Oa O Si iBu2 46

d OCH3 OCH3 H H OCH3 OCH3 O Si tBu2 81

e aOCH2Oa H H aOCH2Oa O Si tBu2 89

f OCH3 OCH3 H H aOCH2Oa O Si tBu2 83

g OCH3 OCH3 H H OCH3 OCH3 CH2 S –

h OCH3 OCH3 H H OCH3 OCH3 CH2 SO 73

i aOCH2Oa H H aOCH2Oa CH2 SO 71

j OCH3 OCH3 H H aOCH2Oa CH2 SO 59

k OCH3 OCH3 OCH3 H OCH3 OCH3 CH2 SO 42

l OCH3 OCH3 H H OCH3 OCH3 CH2 SO2 78

m aOCH2Oa H H aOCH2Oa CH2 SO2 72

n OCH3 OCH3 H H OCH3 OCH3 CH2 O 85

o aOCH2Oa H H aOCH2Oa CH2 O 80

p OCH3 OCH3 H H aOCH2Oa CH2 O 51

q OCH3 OCH3 OCH3 H OCH3 OCH3 CH2 O 50

r OCH3 OCH3 OCH3 OCH3 OCH3 OCH3 CH2 O 38

Tab. 4. Intermolecular PIFA-mediated oxidative arylic coupling.

34 R1 R2 R3 Time (h) Yield 35 (%)

a OCH3 OCH3 OCH3 1.5 92

b OCH3 OCH3 CH3 1.5 93

c OCH3 OCH3 Br 1.5 97

d OCH3 OCH3 NO2 24 –

e OCH3 CH3 OCH3 1.5 92

f OCH3 Br OCH3 1.5 91

g Br OCH3 H 3 72
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family. In 1996, they described an exploration of the coupling of norbelladine derivative

40a to afford tricyclic compound 41a, an intermediate in the synthesis of amaryllidaceae

alkaloids [22]. Apparently, the reactions only proceeded efficiently in (CF3)2CHOH at –40 �C
using PIFA (see Table 6) [48]. Other solvents (CH3CN, benzene, CH2Cl2, etc.) gave unsat-

isfactory results.

Subtle effects on the coupling efficiency exerted by the nitrogen substituent were un-

covered. No AraAr coupling products were observed with NCH3 or unprotected nitrogen

(Table 7).

Further substrate variants were explored in order to ascertain the effect of the phenoxy

substituents on coupling efficiency (Table 8). The subtle influence of remote substituents is

again illustrated by these results, with both more electron-rich (R1 ¼ R2 ¼ TBDMS, 40j) and

more electron-deficient (R1 ¼ CH3, R
2 ¼ Ac, 40n) analogues performing less satisfactorily

than the parent dimethoxy ether 40a.

Tab. 5. PIFA-mediated binaphthyl formation from substituted naphthyl ethers.

36 R1 R2 R3 R4 Time (h) Yield 37 (%)

a H H H OCH3 3 91

b H H OCH3 OCH3 1.5 61

c Br H H OCH3 1.5 98

d H OCH3 H H 3 94

e OCH3 H H OCH3 3 82

Scheme 10. Cyclohexadienone formation from PIDA-mediated oxidative coupling of phenolic substrates.
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Finally, reactions with O-protected phenol 40 were studied, but only silyl ethers (40s–u,

R ¼ TMS, TBDMS) afforded the cyclohexadienone product 41 in good yield. Other protect-

ing groups primarily yielded the biaryl coupling product 42 (Table 9).

The authors proposed a mechanistic explanation for these different behaviors. For the case

of the free phenol cyclization precursor 40a, an ionic mechanism via intermediate 44 leads

to the nucleophilic intramolecular para substitution product 41a (Scheme 11). For the O-

protected derivatives 40s–w, an alternative mechanism leads to the formation of the cation

radical 45, which then participates in an intramolecular cyclization to deliver an activated

Tab. 6. Solvent effects in the PIFA-mediated oxidative coupling of phenolic substrates.

Solvent Yield (%) Solvent Yield (%)

(CF3)2CHOH 70 Et2O 30

CF3CH2OH 61 DMF 18

CH3CN 50 THF 15

C6H6 44 C6H5CH3 14

CH2Cl2 30 – –

Tab. 7. Effect of remote nitrogen substituents on the PIFA-mediated

coupling of phenolic substrates.

40 R Yield 41 (%)

a COCF3 61

b CO2
tBu 49

c CO2(CH2)2TMS 54

d CO2Et 48

e COC6F5 50

f CH3 –

g H –
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Tab. 8. Effect of various ether substituents on the PIFA-mediated

coupling of phenolic substrates.

40 R1 R2 Yield 41 (%)

a CH3 CH3 61

h aCH2a 56

i TBDMS CH3 42

j TBDMS TBDMS 42

k CH3 TBDMS 35

l PhCH2 CH3 49

m CH3
tBuCO 32

n CH3 CH3CO 37

o CH3CO CH3 Trace

p H CH3 19

q CH3 H Trace

r H H Trace

Tab. 9. Effect of phenol ether substitution and solvent variation on the PIFA-mediated oxidative coupling

of polyether substrates.

40 R Solvent Time 41a (%) 42 (%)

a H CF3CH2OH 5 min 61 –

s TMS CF3CH2OH 30 min 57 –

t TBDMS CF3CH2OH 4.5 h 66 –

u TBDPS CF3CH2OH 4 h 23 12

v PhCH2 CF3CH2OH 24 h – 48

w CH3 CF3CH2OH 30 min – 47

w CH3 (CF3)2CHOH 1 h – 42

w CH3 CH3CN 3.5 h 33 23

w CH3 CH2Cl2 24 h 22 –
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dienone intermediate 46. This species proceeds towards the cyclohexadienone product 41a in

the case of R ¼ TMS or TBDMS (route a). In the case of R ¼ CH3 or PhCH2 in poorly nu-

cleophilic solvents, the reaction follows route b (1,2-aryl shift) to afford the biaryl compounds

42u–w (Scheme 11).

The first application of this methodology in natural products synthesis involved the prep-

aration of an essential intermediate 48 for the synthesis of (þ)-maritidine (49) (Scheme 12)

[38, 48, 49]. Other complex systems of the same family have been synthesized according to

analogous strategies (Scheme 13). These oxidative phenolic coupling reactions encounter the

problem of regioselectivity upon CaC bond formation. Incorporation of R3Si- and CPh2

Scheme 11. Mechanistic speculation on the different pathways taken by

phenolic and phenyl ether substrates in the PIFA-mediated oxidative

coupling reaction.

Scheme 12. An approach to maritidine using PIFA-mediated aryl coupling.
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protecting groups (e.g. 50f ) was found to give the desired regioselectivity in the highest yield

(Table 10). Exclusive p-p 0 coupling to deliver the undesired isomer 54 was obtained when the

p 0 position was not blocked.

Very recently, Node and co-workers improved the efficiency of this particular oxidative

phenolic coupling in the context of a synthesis of (G)-galanthamine (51a) [50]. By using a

trialkoxyarene as one of the aryl units, they were able to obtain yields of 56b of up to 90 %

when the nitrogen was protected with a formyl group and the donor aryl’s oxygen atoms

were capped by benzyl moieties (Table 11). These authors were even able to isolate an inter-

esting narwedine-type product 57a in low yield.

A similar kind of strategy, as developed by Kita, has also been successfully applied

in a diversity-oriented synthesis of galanthamine-like molecules (Scheme 14) [51]. The

Scheme 13. Galanthamine-type alkaloids targeted by oxidative coupling methodology.

Tab. 10. Regiochemical control in the PIFA-mediated oxidative coupling of unsymmetrically substituted

biaryl substrates.

Substrate Isolated Yield (%)

50 R1 R2 X 53 (p-oO) 54 (p-pO)

a CH3 CH3 SPh 0 0

b CH3 CH3 TMS 0 26

c aCH2a Br 6 2

d aCH2a SPh 0 0

e aCH2a TMS 32 0

f aCPh2a TMS 36 9

g aC(CH3)2a TMS 46 12

h aCPh2a H 0 60

i aC(CH3)2a H 0 55

j aCPh2a TES 37 0

k aCPh2a TBS 28 0
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tris(allyl)-protected precursor 58 was cyclized under standard conditions. Pelish and co-

workers took good advantage of the selectivity and the mildness of the hypervalent iodine

reagent to perform the coupling without affecting the resin connection or other parts of the

molecule.

In 1999, Dominguez and co-workers showed that phenanthro[9, 10-d] fused isoxazoles 61

and related pyrimidines 63 could be obtained from the biarylisoxazoles 60 and biarylpyr-

imidines 62, respectively, with PIFA as the oxidant [52]. This reagent proved to be the most

efficient and afforded product mixtures from which the desired biaryl product could be iso-

Tab. 11. A higher-yielding PIFA-mediated oxidative cyclization approach to galanthamine-type alkaloids.

55 R1 R2 R3 Temp (�C) Time (min) Product Yield (%)

a H CH3 COCF3 �20 20 57a 12

b Bn Bn CHO �40 120 56b 90

c CH3 CH3 CHO �40 15 56c 95

d Bn CH3 CHO �40 60 56d 82

d Bn CH3 CHO r.t. 15 56d 85

e Allyl CH3 CHO �40 30 56e 48

f MOM CH3 CHO �40 10 56f 43

g CH3 CH3 COCF3 �40 120 56g 75

h Bn CH3 COCF3 �40 60 56h 53

Scheme 14. PIFA-mediated, solid-phase synthesis of galanthamine analogue precursors.
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lated most easily as compared to other oxidants (thallium tris(trifluoroacetate) (TTFA) 42–72

%, RuO2 71 %, VOF3 49–69 %, FeCl3 80 %) (Scheme 15 and Table 12).

The authors pointed out the interesting fact that the coupling reaction between simple

unsubstituted phenyl groups (60b and 62b) forms the expected biaryl product only in the

case of the pyrimidine link (e.g. 63b). This observation suggests that the pyrimidine hetero-

cycle but not the isoxazole analogue can provide sufficient stabilization for the putative radi-

cal cation intermediate.

These results prompted Faul and co-workers to investigate the intramolecular coupling of

bis(indole)maleimides 64 to prepare indolo[2, 3-a]carbazoles 65 [53]. Modest yields were ob-

tained, but the strategy nevertheless proved to be successful (Table 13). It is noteworthy that

in the case of 64c, the reaction proceeded in a slurry in solvents such as Et2O or toluene and

Scheme 15. Isoxazole-appended phenanthrene synthesis by PIFA-mediated oxidative cyclization.

Tab. 12. Isoxazole and pyrimidine synthesis by PIFA-mediated oxidative cyclization.

Substrate R1 R2 R3 R4 Product Yield (%)

60a OCH3 H OCH3 H 61a 85

60b H H H H – –

60c H H OCH3 H 61c 80

60d OCH3 H OCH3 OCH3 61d 61

62a OCH3 H OCH3 H 63a 74

62b H H H H 63b 23

62c H H OCH3 H 63c 81

62d OCH3 H OCH3 OCH3 63d 51

62e OCH3 OCH3 OCH3 H 63e 88
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that the commonly used solvent CF3CH2OH led to decomposition of the starting materials

(Table 14). No reaction was observed in the case of 6-mono-substituted indoles (6-Cl, 6-F).

Maleimides 66 and 67 (Figure 1) were not as reactive, and did not lead to the expected cycli-

zation products.

Tab. 13. Carbazole synthesis by PIFA-mediated oxidative cyclization of bis(indole)maleimides.

Substrate R1 R2 R3 Yield 65 (%)

64a H CH3 H 56

64b H CH3 CH3 30

64c H (CH2)3OBn H 37

64d H (CH2)3OBn CH3 30

64e CH3 H H 15

64f H H H 0

Fig. 1. Unreactive maleimide derivatives in the PIFA-mediated oxidative cyclization reaction.

Tab. 14. Solvent effects in the synthesis of bis(carbazole) 65c from

bis(indole) precursor 64c.

Solvent Yield 65c (%)

CH3CN 20

CF3CH2OH Decomp.

DMF Decomp.

Et2O 50

Toluene 40

THF Decomp.

14 Oxidative Aryl-Coupling Reactions in Synthesis494



14.4

Other Reagents for the Oxidative Coupling Reaction

14.4.1

Iron(III)

Iron complexes remain in current use even though they were among the first reagents tested

in the laboratory oxidative coupling of arenes. Despite the low selectivities described in the

early papers, some groups have recently reported results that suggest that higher levels of

regiochemical control can be attained.

For example, the synthesis of racemic binaphthyl moieties using iron reagents has been

greatly improved from the initial Pummerer report [54]. Bjørnholm and co-workers pre-

sented a way of preparing binaphthol on a large scale in a minimal amount of solvent (THF)

(Scheme 16) [55].

Reagent solubility is an issue in all of the syntheses involving iron-mediated oxida-

tive coupling. The precedent cited in Scheme 16 uses THF as a good solvent for both

FeCl3�6H2O and 2-naphthol. As a means of circumventing these solubility issues, Ding

and co-workers devised a two-phase protocol for running the oxidative coupling reaction,

whereby the iron reagent is dispersed in water [56]. Very high yields have been obtained with

this method (Table 15).

The same authors subsequently reported the cross-coupling reactions between 2-naphthol

(68a) and 2-naphthylamine (70a) [57]. The selectivity in favor of formation of the unsym-

metrical product 71a was good (Table 16). The authors rationalized this selectivity in favor of

the cross-coupling product in terms of the formation of a pre-addition complex 72 between

the naphthol and the naphthylamine (Figure 2). This explanation was later challenged by

Smrcina and co-workers, who suggested that the energy levels of the molecular orbitals of

the reaction components are the important factors for predicting the outcome of the reaction

[58, 59].

The oxidative coupling reaction performed under these heterogeneous conditions is much

more efficient than in the homogeneous case. The proposed mechanism involves an electron

transfer to the surface of the iron reagent from the 2-naphthol. High concentrations of the

radicals trapped at the surface may account for the high yields observed. These findings are

related to Toda’s work on coupling reactions with FeCl3 in the solid state [60]. In 1997, Ras-

Scheme 16. Large-scale iron(III)-mediated oxidative dimerization of 2-naphthol (68a).
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Tab. 15. Survey of iron(III) sources used in the two-phase oxidative dimerization of 2-naphthol (68a).

Oxidants Fe3B:68a Temp. (�C) Time (h) Yield 69a (%)

FeCl3�6H2O 2:1 50 1 95

FeCl3�6H2O 1:1 50 1 90

FeCl3�6H2O 1:2 50 1 85

FeCl3�6H2O 1:2 50 1 80a

FeCl3�6H2O 2:1 r.t. 55 90

FeCl3�6H2O 1:4 50 24 40

NH4FeCl4�6H2O 2:1 50 1 95

Fe(NO3)3�9H2O 2:1 50 1 95

Fe(SO4)3�9H2O 4:1 50 3 96

Fe(SO4)3�9H2O 4:1 50 1 75

NH4Fe(SO4)2�12H2O 2:1 50 3 92

NH4Fe(SO4)2�12H2O 2:1 50 1 80

aConducted under an N2 atmosphere.

Tab. 16. Oxidative coupling of 2-naphthol (68a) and 2-naphthylamine (70a) by various iron(III) sources.

Fe3B:72 T (�C) time (h) 71a (%) 69a (%)

4:1 55 6 82 14

4:1 55 3 79 13

4:1 r.t. 6 71 14

2.2:1 55 3 71 19

4:1a 55 3 63 19

4:1b 55 3 31 23

4:1b 55 3 42 30

4:1b 55 3 57 18

4:1c 55 5 39 39

4:1d 55 3 78 20

aUltrasound (25 kHz) was employed;
bFe2(SO4)3�9H2O, NH4Fe(SO4)2�12H2O and NH4FeCl4�6H2O were

the oxidants used;
cThe reaction was performed in the solid state;
d68a and 70a were added separately to the aqueous FeCl3 solution.
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mussen reported an improvement of this procedure by performing the solid-state reaction in

a ball mill to afford the binaphthol 69a in 87 % yield from 2-naphthol [61]. Additional ad-

vances have also been achieved by the use of microwave irradiation in order to promote the

solid-state reaction [62]. Several substituted 2-naphthols 68a–f have been subjected to these

conditions (Table 17).

Bushby has examined the FeCl3-mediated oxidation of hexyl-protected (Hex) phenol ether

units in the preparation of triphenylene-based liquid crystals [63]. This strategy allows the

formation of unsymmetrically substituted products 75a–l (Table 18) [64]. The use of metha-

nol in the work-up is critical in order to obtain the products in good yield. If the protecting

group on the phenol component is isopropyl (74m), the coupling reaction occurs to give the

unprotected phenols 76a–c directly (Scheme 17) [65].

In a recent paper, the same authors showed that iron(III) chloride can mediate the oxida-

tive coupling of substituted aryl ethers with an observed regioselectivity that depends on the

substitution pattern [66]: meta-substituted phenol ethers 77 led to polymers (Scheme 18a)

whereas para-substituted phenol ether 79 gave predominantly biphenyl structures (Scheme

18b). ortho-Substituted phenol ether 81 provided a dimer with the AraAr bond at a position

para to one of the methoxy substituents (Scheme 18c).

Fig. 2. A 1:1 complex between 2-naphthol (68a) and 2-naphthylamine (70a).

Tab. 17. Microwave-assisted oxidative dimerization of 2-naphthol derivatives by iron(III).

naphthol Heatinga Microwaveb Microwavec

68a 70 �C, 1 h, 42 % 280 W, 30 s, 55 % 40 W, 30 s, 96 %

68b 280 W, 20 s, 76 % 40 W, 20 s, 95 %

68c 280 W, 100 s, 34 % 40 W, 100 s, 85 %

68d 70 �C, 1 h, >3 % 140 W, 140 s, 3 % 40 W, 140 s, 40 %

68e 70 �C, 1 h, 5 % 140 W, 140 s, 10 % 40 W, 140 s, 62 %

68f 140 W, 140 s, 34 % 40 W, 140 s, 84 %

aOil bath;
b Irradiation with a commercial microwave oven;
c Irradiation in a resonance cavity.
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Some natural products have been synthesized by means of oxidative coupling promoted

by iron reagents. In 1995, Herbert and co-workers reported the formation of the alkaloid

kreysigine (84) by intermolecular oxidative coupling of diaryl substrates 83a/b with iron(III)

chloride followed by methanol work-up [67]. The yield for the free phenolic compound 83a

was 53 %, whereas the benzyl-protected analogue 83b presumably cyclizes and then de-

benzylates, in an overall yield of 71 % (Scheme 19).

Galanthamine (51a) has also been targeted by an iron-mediated coupling strategy [68]. The

reagent used was potassium ferricyanide and this procedure afforded the expected product

86 in 45–50 % yield on a 12 kg scale (Scheme 20). The bromine atom on 85 prevents the

‘‘wrong’’ regioisomer from forming. Evidently, this reaction is less efficient than the hyper-

Tab. 18. Synthesis of triphenylenes 75 by oxidative coupling of biphenyl and phenyl ether components.

74 R1 R2 R3 R4 Reactant Ratio (73a:74) Yield (%)

a H CH3 CH3 H xylene solvent 43

b H C6H13 C6H13 H dihexylbenzene solvent 35

c H CH3 OCH3 H 1:12 63

d H CH3 OC6H13 H 1:12 48

e H H OCH3 H 1:9 5

f H Br OCH3 H 1:12 40

g H aO-o-C6H4Oa H 1:6 25

h CH3 CH3 OCH3 H 1:12 31

i CH3 OCH3 CH3 H 1:12 40

j OC6H13 H H OC6H13 1:4 13

k CH3 OC6H13 OC6H13 H 1:2 73

l F OCH3 OCH3 H 1:3.5 67

Scheme 17. Preparation of phenolic triphenylenes from phenyl isopropyl ether substrates and iron(III).
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valent iodine version developed by Node (see Section 14.3) [50]. However, the reagents are

inexpensive and the reaction is run in a mixture of toluene/aqueous Na2CO3, conditions

suitable for the large-scale synthesis of this interesting anti-Alzheimer’s drug.

14.4.2

Vanadium, Thallium, and Lead

The coupling of 2-naphthol to give 2,2 0-binaphthol has served as a testing ground for many

oxidation protocols. For example, binaphthol has been prepared using vanadium reagents

Scheme 18. Iron(III)-mediated oxidative coupling of simple dimethoxyphenols.

Scheme 19. An approach to the synthesis of kreysigine by iron(III)-

mediated intramolecular oxidative coupling.

Scheme 20. Large-scale route to galanthamine featuring an iron(III)-mediated oxidative cyclization.
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as well as the iron-based reagents discussed in the preceding section. Ammonium meta-

vanadate in perchloric acid affords the coupled compounds 69a and 88a–c in good yields, as

reported by Hazra and co-workers (Table 19) [69].

Recently, Uang and co-workers have published a catalytic version of this oxidative coupling

[70]. Their goal was to minimize the amount of toxic vanadium used. Dioxygen has been

found to be the reagent of choice to oxidize V(IV) to V(V) without interfering with the cou-

pling reaction itself. Except for 68f, with which the reaction is fairly inefficient, yields of

coupled products are high (Table 20).

Tab. 19. Vanadium-mediated oxidative dimerization of naphthol derivatives.

Substrate Temp. Time Product Yield (%)

68a (5 mM) 0–5 �C 3 min 69a 15

87a (2 mM) r.t. 20 h 88a 78

87a (0.05 mM) r.t. 20 h 88a 55

87b (1 mM) r.t. 5 min 88b 95

87c (1 mM) Reflux 2 h 88c 50

87c (1 mM) r.t. 2 h 88c 65

87c (0.02 mM) r.t. 2 h 88c 70

Tab. 20. Vanadium-mediated dimerization of various 2-naphthol derivatives.

naphthol R1 R2 R3 Time (h) Product Yield (%)

68a H H H 24 69a 92

68f H H CO2CH3 120 69f 35

68g H OCH3 H 9 69g 76

68h Br H H 24 69h 90
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Oxidative coupling of simple monocyclic phenolic units is not as efficient by this method.

Phenol itself does not undergo the reaction. Compounds 89 and 91, however, lead to the

desired ortho-ortho coupling products, 90 and 92, respectively, in moderate yields (the start-

ing phenol or decomposition products are also present at the end of the reaction) (Scheme

21).

In 1999, Kumar and co-workers published a new application of the reagent VOCl3 to the

synthesis of triphenylene structures by oxidative coupling. In the presence or absence of

concentrated H2SO4, the reaction of phenol ethers 93 afforded moderate yields of the desired

compounds 94 (Table 21) [71, 72]. The authors showed that 2.5 equiv. of VOCl3 in CH2Cl2 at

room temperature are the optimal conditions for this remarkable trimerization. Changes in

the amount of reagent (higher or lower), other solvents, and/or lower temperatures led to

Scheme 21. Vanadium(IV)-mediated dimerization of simple phenol derivatives.

Tab. 21. VOCl3-mediated trimerization of catechol ethers.

93 R Yield (%)

a C3H7 53

b C4H9 86

b C4H9 79a

c C5H11 85

c C5H11 83a

d C9H19 56

e C10H21 70

f C11H23 70

g (CH2)2CH(CH3)(CH2)3CH(CH3)2 65

a In the presence of 0.4 % of H2SO4.
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lower yields of the trimeric product 94. Unsymmetrical triphenylene derivatives 95a–c can

be obtained in 50 % yield by applying this procedure to the biaryl substrates 93a–c (Scheme

22). Related structures, such as heptaalkoxytriphenylenes 98, could also be formed in similar

yields (20–51 %) (Scheme 23).

Oxidative coupling was used to form alkyl- and alkoxy-substituted phenanthrenedione

products 100a–d (Table 22) [73]. These compounds can be obtained by other methods, albeit

in much lower yields. In this instance, oxidative coupling proceeds even with carbonyl-

substituted arenes, and VOF3 gives much better results than thallium- or palladium-

mediated coupling procedures.

The use of VOF3 in a mixture of CH2Cl2 and TFA allowed Comins and co-workers to

complete the total synthesis of tylophorine (102), first in racemic form and then as a chiral

compound [74, 75]. The oxidative cyclization of septicine (101) leads directly to tylophorine

in 68 % yield (Scheme 24).

Syntheses of members of the biphenomycine family of antibiotics rely on the oxidative

coupling of tyrosine derivatives. Edwards and co-workers have shown that VOCl3 or VOF3

can create the biaryl bond of 104 in yields of 40 % and 20 %, respectively, from the simple

tyrosine derivative 103 (Scheme 25) [76].

Lead tetraacetate has shown its usefulness in the total synthesis of natural compounds. In

a paper describing the preparation of several bioactive biphenyls such as magistophorenes

Scheme 22. Triphenylene synthesis by VOCl3-mediated oxidative

coupling of catechol ethers with biphenyls.

Scheme 23. Triphenylene synthesis by VOCl3-mediated oxidative

coupling of trialkoxybenzenes with biphenyls.
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A/B (206a/b, Scheme 51) and alkaloids such as murrastifoline F (108), the results of Bring-

mann and co-workers emphasize the fact that the various oxidants are not interchangeable

[77]. Thus, an interesting Pb(IV)-mediated homocoupling of the O-protected alkaloid mur-

rayafoline A (107) provided murrastifoline F (108) in 60 % yield. Other oxidants (PIFA,

VOF3) failed in this reaction (Scheme 26).

Feldman and co-workers used lead tetraacetate to generate the biaryl products 110a,b in

a preparative study of the coupling reaction of methyl gallates 109a,b, respectively, for the

synthesis of members of the ellagitannin family (Scheme 27) [78]. The outcome of this re-

action is strongly influenced by the substitution pattern on the ring. In the case of the sim-

Tab. 22. Oxidative cyclization of benzil derivatives mediated by several oxidants.

99 R Reagent/solvent Yield 100 (%)

a OCH3 VOF3/CH2Cl2 23

a OCH3 VOF3/(Cl2CH)2 88

b O-iC5H11 VOF3/CH2Cl2 82

c OC6H13 VOF3/CH2Cl2 86

d OC10H21 VOF3/CH2Cl2 91

d OC10H21 Tl2O3/CH2Cl2 36

d OC10H21 Pd(OAc)2/AcOH 0

Scheme 24. The synthesis of tylophorine by vanadium(V)-mediated oxidative cyclization of septicine.

Scheme 25. Oxidative coupling of a protected tyrosine substrate promoted by vanadium(V) reagents.
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ple methyl ether-protected gallate derivative 109c, the product of the reaction is a quinone

ketal 111 (Scheme 28). The bulkier protecting groups in 109a,b favor nucleophilic attack on a

putative ‘‘phenoxonium ion’’ intermediate from another aryl unit rather than acetate trap-

ping.

14.4.3

Copper(II)

Copper/amine complex-mediated oxidative coupling has received a lot of attention, especially

in the binaphthol field after the work of Brussee [79, 80] and Feringa [81]. This reagent

combination permits high yielding, clean, and regioselective oxidative homocoupling of

many 2-naphthol derivatives. Cross-coupling reactions can also be performed.

Few examples of cross-coupling between differently substituted 2-naphthols were known

when Hovorka and co-workers investigated this reaction in more detail. Anaerobic condi-

Scheme 26. The synthesis of murrastifoline by lead(IV)-mediated

oxidative dimerization of murrayafoline.

Scheme 27. Lead(IV)-mediated oxidative dimerization of gallic acid derivatives.

Scheme 28. Lead(IV)-mediated oxidation (Wessely reaction) of a simple

gallic acid derivative without biaryl formation.
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tions and the use of tert-butylamine or ethylamine in methanol allowed good selectivities for

the unsymmetrical compounds (Table 23) [82].

These authors speculated that this high selectivity in favor of the cross-coupling product

stemmed from the preferential formation of an intermediate radical from the electron-rich

component [83, 84]. This radical would then react with the anion derived from the more

electron-deficient species. Coupling between partners having similar electron density (e.g.

68a and 68i) resulted only in a statistical ratio of products. These authors also showed that

the amine base could be substituted by NaOMe without affecting the reactivity or the re-

gioselectivity. A significant observation from this work was that either the conditions are

suitable and the reaction is fast and gives mainly the cross-coupling product, or the reaction

is slow and gives mixtures of homo- and hetero-coupling products.

Research by Vyskocil and co-workers extended the naphthol cross-coupling reaction to

mixtures of 2-naphthols and naphthylamines (Scheme 29) [85, 86]. In general, good selec-

tivity in favor of cross-coupling over homo-coupling was observed.

In a comprehensive study of these cross-coupling reactions with 2-naphthol derivatives,

and as a response to Ding’s advances on the same transformation using iron reagents [57],

Vyskocil and co-workers presented a rational explanation for the outcomes of the different

Tab. 23. Copper(II)/amine-mediated cross-coupling of variously substituted 2-naphthol derivatives.

Substrates T (�C) t (min.) Yield (%) Selectivity 69 (%)

68a/68f 50 30 97 f-f (5) f-a (91) a-a (4)

68f/68j 41 120 93 f-f (12) f-j (88) j-j (0)

68f/68i 50 110 95 f-f (5) f-i (92) i-i (3)

68f/68g 23 5 85 f-f (5) f-g (89) g-g (6)

68f/68h 23 120 80 f-f (5) f-h (81) h-h (14)

68a/68i 23 1440 80 a-a (25) a-i (48) i-i (27)

Scheme 29. Selective cross-coupling of 2-naphthol (68a) and 2-

naphthylamine (70a) mediated by copper(II) and an amine base.
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reactions [58, 59]. The ease of oxidation of each molecule is the deciding factor. In general,

68f, which is least prone to generate a radical cation by one-electron oxidation, acts as an

acceptor towards the intermediate radical cation formed from either 68a, 70a, 70b, or 70c.

Similarly, simple 2-naphthol (68a) most probably participates as the radical cation compo-

nent when it is combined with 70a because 68a is now the most easily oxidized species

present. These considerations are related to the energy levels of the SOMO, HOMO, and

LUMOs of these compounds. Examining the system from this MO perspective allows ratio-

nalization of the outcome of the reaction.

In a very recent paper, Vyskocil and co-workers focused on the homocoupling of aryl

amines (Scheme 30) [87]. Although these electron-rich units were expected to follow the

same reactivity patterns as their oxygenated counterparts, notable differences in the product

distributions were seen. For example, formation of carbazoles 113a–c, 116, 121, 123, 125 was

observed from oxidative coupling of naphthylamines 70a–c, 114, 119, 122, and 124, respec-

tively (Scheme 30 and Table 24).

Scheme 30. Survey of copper(II)/amine-mediated oxidative dimerizations of various aryl amines.
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The results seem to indicate that arylamines do not follow the same mechanism that pre-

sumably underlies the coupling of oxygen-substituted aryls. According to the authors, NaN

dimerization (70 ! 126) is a competitive pathway that is favored with hindered substrates.

This NaN coupling can eventually lead to both the CaC coupled product (path a) and the

carbazole product (path b). The ratio depends upon the structure of the starting material

(Scheme 31).

The use of only catalytic amounts of copper reagent in this oxidative coupling has also

been described. Smrcina and co-workers showed that a catalytic cycle could be sustained

by using AgCl as a stoichiometric oxidant for copper (see Section 14.6.4) [88]. Nakajima

and Koga have improved the turnover of the reaction by using the complex CuCl(OH)�
tetramethylethylenediamine (TMEDA) (1 mol %) and dioxygen as the oxidant [89]. This

procedure provides a simpler and more efficient coupling reaction and affords the binaph-

Tab. 24. Product distributions from the copper(II)/amine-mediated oxidative dimerizations of the aryl

amines indicated above.

Substrate Diamine (%) Carbazole (%) Other (%)

70a 112a (58) 113a (@1) –

70b 112b (26) 113b (21) –

70c 112c (45) 113c (3) –

114 115 (43) 116 (39) –

117 – – 118 (87)

119 120 (2) 121 (78) –

122 – 123 (25) –

124 – 125 (85) –

Scheme 31. Proposed mechanism for both carbazole and binaphthyl

formation upon exposure of naphthylamine derivatives to copper(II)

and an amine base.
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thol compound in very high yield (Table 25). This protocol was later modified by removing

the solvent and performing the reaction in the solid state (Table 26) [90]. Compared to oxi-

dative coupling involving iron (Section 14.4.1) or vanadium (Section 14.4.2), this procedure

offers some advantages. The catalytic character is clearly an improvement over the iron

Tab. 25. Copper(II)-catalyzed oxidative dimerizations of substituted 2-naphthol derivatives.

Substrates R1 R2 Oxidant Time (h) Temp. Product Yield (%)

68a H H O2 8.5 0 �C 69a 90

68h H CH3 O2 1 r.t. 69h 92

68i CH3O H O2 1.5 r.t. 69i 96

68f H CO2CH3 O2 96 reflux 69f 99a

129 9-phenanthrol O2 0.5 r.t. 130 79

68a H H Air 20 0 �C 69a 96

68h H CH3 Air 1 r.t. 69h 96

68i CH3O H Air 2 r.t. 69i 95

68f H CO2CH3 Air 144 reflux 69f 99a

129 9-phenanthrol Air 1.5 r.t. 130 77

aReaction was performed in CH3OH.

Tab. 26. Copper(II)-catalyzed, solid-state oxidative dimerizations of substituted 2-naphthol derivatives.

Substrates R1 R2 R3 R4 Yield (%)

68a H H H H 92

68h CH3 H H H 88

68f CO2CH3 H H H 93

68b H H Br H 92

68i H H H OCH3 92

129 aCHbCHaCHbCHa H H 89
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methods that require an excess of the reagent to drive the reaction to completion. Copper-

based reagents are also less toxic than their vanadium analogues. Furthermore, the yields are

more consistently high for the oxidative coupling of phenol derivatives. Nakajima et al.’s

aerobic conditions (Table 26) are a simple and efficient way of creating the binaphthol unit.

14.4.4

Electrochemical Methods

In principle, electrochemistry should be an effective method for initiating oxidative arylic

coupling. It is easy to set the electrode to the right oxidation potential. However, this ap-

proach has not received a great deal of attention because of problems such as the formation

of films around the electrodes that suppress the electrochemical reduction step. In 1993, Osa

and co-workers published an electrocatalytic version of oxidative aromatic coupling. By using

a 2,2,6,6-tetramethyl-1-piperidinyloxy- (TEMPO-) modified graphite felt, they succeeded in

coupling naphthols and methyl quinolines with high conversions and high current efficien-

cies (Table 27) [91, 92].

Tab. 27. Electrocatalytic oxidative coupling of naphthalene and

quinoline derivatives.

Substrates Coupling Current

Efficiency (%)

Isolated yield of

biaryl (%)

2-2 0 11

87a 2-4 0 92 36

4-4 0 44
----------------------------------------------------------------------------------------------------------------

68a 4-4 0 96 99
----------------------------------------------------------------------------------------------------------------

2-2 0 7

87b 2-4 0 93 38

4-4 0 50
----------------------------------------------------------------------------------------------------------------

87c 4-4 0 94 97

131 2-2 0 92 95

132 4-4 0 91 94
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14.4.5

Other Metals

Robin and Planchenault have studied oxidation procedures for non-phenolic biaryl coupling

in extensive research directed toward stegane synthesis [93, 94]. This comprehensive study

explored commonly used oxidizing reagents such as thallium and vanadium, as well as other

metals ranging from ruthenium to tellurium (Table 28). The authors concluded that the in-

tramolecular oxidative coupling of stegane precursor 133 was best accomplished with either

ruthenium or rhenium reagents. However, changing the substitution pattern on the aryl

rings led to different results: methylenedioxy-protected compounds gave better results with

thallium, manganese, and cerium.

Titanium- and cerium-based reagents have been used to prepare binaphthol structures

[95, 96]. Jiang showed that treatment of 2-naphthol (68a) with cerium(IV) ammonium ni-

trate (CAN) leads to the biaryl product 69a in yields of around 90 % (Scheme 32). Cross-

coupling of differently substituted naphthols can be accomplished using the same reagents,

albeit in lower yields.

Tab. 28. Survey of oxidants for the intramolecular cyclization of stegane precursors.

Oxidant Eq. Time Yield 134 (%)

RuO2�2H2O 2 18 h 98

Tl2O3 0.52 30 min 73

Mn(OAc)3�2HO2O 1.9 15 min 84

Ce(OH)4 4.8 3 h 72

V2O5 4.8 5 d 87

Re2O7 1.9 3 h 98

Fe(OH)(OAc)2 3.8 5 h 62

Co3O4 9.5 3 da 78

CF3CO2Ag 14 1 d 86

CrO3 3.8 6 d 71

Rh2O3�5H2O 4.8 14 d 39

IrO2 4.8 16 d 77

Pr2O11 11.6b 64 h 74

SeO2 5 8 h 70

TeO2 10 2 d 80

Cu(OAc)2�H2O 3.8 1 d 22

aultrasound;
b11.6 eq. of PrO2.
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Doussot was the first to use TiCl4 to generate binaphthalene structures from naphthalene

precursors. For a large number of substrates, the reaction afforded the desired compounds

in good to high yields (Table 29). These last two methods feature two new reagents for per-

forming oxidative aryl couplings. Both use a stoichiometric (or greater) amount of oxidant,

although it is worth noting that the titanium method is applicable to non-oxygenated sub-

strates (135a,b).

Methods involving palladium-mediated oxidative coupling have been explored for the

combination of non-phenolic aromatic units and for benzene itself. Mukhopadhyay and co-

workers have shown that in the presence of a co-catalyst, a catalytic amount of PdCl2 pro-

motes the coupling between two benzene molecules in the presence of oxygen (air or dioxy-

gen pressure) (Table 30) [97]. The co-catalysts and the presence of oxygen in solution prevent

the formation of palladium black and aid in the regeneration of Pd2þ. Although the mecha-

nism of this reaction is extremely complex due to the number of components employed, the

authors suggest that the m-peroxocobalt(III) species 139 is formed initially, which then reacts

Scheme 32. Cerium(IV)-mediated oxidative dimerization of 2-naphthol.

Tab. 29. Titanium(IV)-mediated oxidative dimerization of naphthol and naphthalene derivatives.

Substrate TiCl4 (eq.) Temp. (�C) Time (h) Product Yield (%)

87d 2 50 0.8 88d 70

87c 2 50 1 88c 60

87e 1 20 18 88e 40

68a 1 40 4.5 69a 60

135a 1 20 48 136a 33

87f 2 20 1 88f 85

87b 1 20 18 88b 45

87a 1 20 18 – –

135b 1 20 48 136b 30
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with palladium(0) to lead to the palladium(II)-peroxo complex 141 (Scheme 33). This com-

plex inserts into a CaH bond of the benzene ring to furnish intermediate 142, which, after

insertion into another benzene CaH to yield 143, undergoes reductive elimination to afford

the biphenyl product 138.

Reaction of methyl benzoate (144) with a palladium acetate/heteropolyacid mixture has

been studied by Lee and coworkers [98]. They showed that aryl–aryl coupling occurs mainly

at the 2-2 0 positions in the presence of various heteropolyacids (HPA; e.g. H3PMo12O40,

H5PMo9V3O40, H5PMo10V2O40, etc.) (Scheme 34). The selectivity in favor of the 2-2 0 cou-
pling product is between 53 and 84 %, but the conversions are low (0.48 to 6.93) due to de-

activation of the catalyst. The observed selectivity can be rationalized in terms of formation

of the s-palladium complex 146 with stabilization by the carbonyl group (Figure 3).

Tab. 30. Palladium(II)-mediated dimerization of benzene in the presence of various co-catalysts.

Zr(OAc)4 (mol %) Co(OAc)2 (mol %) Mn(OAc)2 (mol %) Acac (mol %) Yield (%)

0 1.8 1.8 3.1 83

2.0 0 1.8 3.1 76

2.0 1.8 0 3.1 79

2.0 1.8 1.8 0 82

2.0 1.8 1.8 3.1 89

Scheme 33. Possible mechanistic course of the Pd(II)/Co(III)-mediated dimerization of benzene.

Scheme 34. Regioselective palladium(II)-mediated dimerization of methyl benzoate.
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14.4.6

Non-Metal Mediated Methods

Wulff and co-workers observed that the oxidative dimerization of 147 can be accomplished

extremely efficiently when it is melted in a sealed tube in the presence of air, to furnish the

biaryl product 148, a precursor to the natural compound gossypol (149) (Scheme 35) [99].

The same reaction with iron(III) chloride gives low yields and a less clean product distribu-

tion. It is interesting to note that in the case of 3-phenyl-1-naphthol (150), the regioselectivity

of the iron(III) chloride-mediated oxidation is completely different from that observed with

O2 as the oxidant, with the para-para-coupled product 152 being favored. This air oxidation

procedure is also applicable to phenanthrol units (e.g. 153 ! 154), giving similarly high

yields.

Horseradish peroxidase (HRP) has also been used in an enzymatic process to create aryl–

aryl bonds, especially for the synthesis of diiodotyrosine derivatives in a possibly biomimetic

transformation [30, 100]. Here again, the regioselectivity of bond formation is an important

issue and, depending on both the conditions and the substrate, CaC or CaO-coupling can

occur. The effect of substituents ortho to the alcohol group has been studied by Sih and co-

Fig. 3. The putative ortho-palladated benzoate intermediate in the dimerization of methyl benzoate.

Scheme 35. Oxygen- and iron(III)-mediated dimerization of naphthol and phenanthrol derivatives.
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workers [100]. Except in the case of fluorine substitution (155a), the coupling of 155 is usu-

ally driven towards the CaC-bonded product 157 (Table 31). The chloride-substituted species

155f represents a case where the enzyme/substrate ratio can influence the selectivity for CaC

versus CaO bond formation.

The efficiency of HRP for the coupling of iodotyrosine derivatives has also been studied by

Eickhoff, who extended the chemistry to include the formation of biaryl linkages between

small peptides in low yields (5–6 %) [30]. Biaryl-containing peptide libraries were also pre-

pared by HRP oxidative coupling of appropriate phenolic precursors.

An interesting use of NOþ as an oxidizing agent has been published by Tanaka and co-

workers [101]. It was shown that 1-methylnaphthalene (135b) can be homocoupled in high

yield using a mixture of NaNO2 and CF3SO3H in acetonitrile. 2-Methoxynaphthalene (87c)

and 2-naphthol (68a) were also coupled in high yields at �78 �C (Scheme 36).

Tab. 31. Horseradish peroxidase-mediated oxidative dimerization of substituted tyrosine derivatives.

Substrate X pH Cosolvent Enz/Sub.

(units/mmol)

Time

(min)

156 (%) 157 (%)

155a F 6 CH3CN 6 40 56

155b Br 9 CH3CN 6 40 40

155c I 9 CH3CN 6 60 75

155d OCH3 9 – 1 10 48

155e OMs 9 CH3CN 6 40 35

155f Cl 9 – 1 40 43

155f Cl 9 – 0.1 20 30

Scheme 36. NOþ-mediated dimerization of naphthalene derivatives.
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It is noteworthy that naphthalene itself does not react efficiently (6 %) under these con-

ditions and that 1-naphthol is too reactive, even at �78 �C. Steric hindrance is also an im-

portant factor that tends to lower the yields and the regioselectivity. The removal of an elec-

tron from the aromatic ring by NOþ triggers the coupling reaction. Oxygen is also involved

in the proposed mechanism (Scheme 37).

14.5

Phase-Supported Oxidants

14.5.1

Reagents Supported on Inorganic Materials

A dispersion of copper sulfate on alumina has been studied by Sakamoto and co-workers

for the oxidative dimerization of 2-naphthol derivatives [102, 103]. This heterogeneous re-

agent leads to the formation of binaphthols in very high yields (Table 32). These results show

that the particular heterogeneous conditions indicated are favorable for the coupling of 2-

naphthols. In related work, Lakshmi and co-workers have shown that Cu2þ-exchanged
montmorillonite is an efficient supported copper reagent for the oxidative dimerization of

naphthols (Table 32) [104]. Compared to all other methods of binaphthol formation, these

supported phases certainly offer practical advantages. The products formed are easily iso-

lated from the solid phase, which can be reactivated and reused.

One-electron oxidation of the naphthol substrate by copper(II) sulfate and coupling of the

derived cation radicals seem to be the central steps of this reaction. The presence of dioxygen

in the mixture may be important for the reactivation of the copper catalyst (oxidation of

Cu(I) to Cu(II)).

Iron(III) chloride has also been dispersed onto alumina and montmorillonite to perform

the same kind of reaction [104, 105]. In a study of these reagents, Li and co-workers showed

that similar yields could be obtained in very short reaction times (Table 33).

Zeolites (crystalline aluminosilicates) supporting oxidizing metals (Fe or Cu) have been

introduced by Garcia and co-workers [106]. In particular, they showed that FeMCM-41 af-

fords binaphthol from 2-naphthol as virtually the only product. Unfortunately, this com-

pound is trapped in the zeolite pores and the isolated yields are lower than expected.

14.5.2

Polymer-Supported Hypervalent Iodine Reagents

Ley and co-workers studied the applicability of immobilized phenyliodine(III) bis(acetate) as

an oxidative coupling reagent in an effort to develop orchestrated multistep syntheses using

Scheme 37. Proposed mechanistic course of the NOþ-mediated dimerization of 1-methylnaphthalene.
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polymer-supported species [107–109]. They successfully applied this strategy in the synthe-

sis of the alkaloids (G)-oxomaritidine (159) and (G)-epimaritine (160) (Scheme 38). The use

of polymer-supported PIFA led to similar yields as those achieved with polymer-supported

PIDA in this oxidative coupling reaction. This interesting extension of hypervalent iodine

chemistry furnished the coupled products in yields comparable to those achieved using the

Tab. 32. Alumina and montmorillonite-supported copper(II)-mediated

oxidative dimerization of 2-naphthol derivatives.

Yield (%)Substrate Time (h)

Al2O3 montmorillonite

68a 8 97 95

68b 2 98 91

68m 4 98 98

68n 15 93 40

68i 8 97 91

68k 18 41a(94)b –

68f 8 Trace(20)c –

68o 8 d –

68d 8 e –

aHexyl acetate used as solvent;
b at 160 �C for 8 h in hexyl acetate, CuSO4/68k ¼ 2;
cAt 160 �C, CuSO4/68f ¼ 2;
dNo reaction;
eComplex mixture of products obtained.

Scheme 38. Polymer-supported hypervalent iodine-mediated oxidative

cyclization of a maritidine precursor.
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homogeneous version of the reaction (see Section 14.3), with the environmental advantage

of a recoverable phase-supported reagent.

14.6

Control of Atropisomerism

In some instances of biaryl formation, ortho,ortho 0 substituents are sufficiently sterically en-

cumbering to restrict rotation about the AraAr linkage. These systems display axial chirality,

and the process of atropisomerism through AraAr bond rotation becomes important [110,

111]. Controlling the atrop-selectivity of an oxidative coupling reaction is a key criterion for

success in many natural products synthesis endeavors. Such control in biosynthesis is im-

plied, of course, by the existence of single diastereomers of the many biaryl-containing nat-

ural principles, and consequently in vitro mimicry of this stereochemical feature is a central

element of many biomimetic approaches to natural product targets. To date, two distinct

ways of achieving such control have been explored. On the one hand, stereochemical infor-

mation can be transferred from resident chirality in the precursor. The existing stereogenic

center(s) can be incorporated within a backbone element of the structure or can be attached

via a removable tether to the molecular core (Scheme 39a). Other related approaches intro-

duce a stereochemical bias by attaching a chiral auxiliary directly to one (or both) of the aryl

rings (Scheme 39b). A conceptually distinct strategy for fixing atropisomer stereochemistry

upon AraAr bond formation involves the use of a chiral oxidation reagent (Scheme 39c).

More interestingly, a catalytic version of these asymmetric reactions can also be envisaged

(Scheme 39d). Many publications have appeared recently detailing progress on the first cases

(chiral information built into the starting material). In addition, very interesting work relat-

ing to the second category (chiral oxidants) and, most recently, catalytic enantioselective

couplings have been described.

Tab. 33. Supported iron(III)-mediated oxidative dimerization of 2-naphthol (68a) and its 6-bromo

analogue (68b).

Catalyst (equiv.) Substrate Time (min) Yield (%)

FeCl3/Al2O3 (0.2) 68a 20 90

FeCl3/Al2O3 (2.0) 68a 10 94a

FeCl3/Al2O3 (0.2) 68b 10 91

Fe3þ/mont. (0.2) 68a 180 93

Fe3þ/mont. (0.2) 68b 50 98

FeCl3/SiO2 (0.2) 68a 150 98

FeCl3/SiO2 (0.2) 68b 180 98

aCarried out in toluene at 60 �C under nitrogen.
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14.6.1

Transfer of Chiral Information via the Molecular Backbone

The ellagitannins [112, 113], natural compounds belonging to the hydrolyzable tannin group

of secondary plant metabolites, possess a hexahydroxydiphenoyl (HHDP) moiety 161 of (S)
absolute configuration (Figure 4; for example, tellimagrandin II (162)). Therefore, they rep-

resent suitable targets for exploring oxidative coupling using this strategy.

Feldman and co-workers, after screening a wide range of oxidants and protective groups

on 3,4,5-trihydroxylated benzoyls, demonstrated the ability of lead tetraacetate [78] to medi-

ate the coupling between two diphenylmethyl ketal-protected galloyl moieties attached to a

glucose-derived substrate. The stereoselectivity observed upon oxidative coupling in this bio-

mimetic synthesis was thought to follow from the postulate originally proposed by Schmidt

[114] and later refined by Haslam [115], which suggests that the stereochemical outcome of

the reaction will be directed by the mutual orientation of the galloyl rings in the most stable

conformation of the sugar/digalloyl precursor. The synthesis of a model system 164 (Scheme

40), combined with molecular modeling studies on a simplified model of the digalloyl cou-

pling precursor 163 (e.g. 163a), provided results consistent with this postulate [78, 116]. It is

worth noting that in this example the coupling is not regioselective (with no consequence for

Scheme 39. Strategies for the asymmetric oxidative coupling of aryl units.

Fig. 4. Examples of (S)-hexahydroxydiphenoyl units.
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the synthesis itself as the protecting groups will be removed), although each regioisomeric

biaryl is formed with the (S)-configuration.
More complex ellagitannins, such as the natural compounds tellimagrandin I (162) [117],

sanguiin H-5 [18], pedunculagin [118], and coriariin A (166) (Scheme 41) [119, 120] have

also been synthesized by the lead tetraacetate oxidative coupling procedure, with the same

favorable stereoselective (S)-biaryl bond formation.

Lignans represent another class of compounds that have attracted a lot of attention due to

their potent antitumor activities [121]. Molecules such as steganone (167), steganol (168)

Scheme 40. Stereoselective lead(IV)-mediated oxidative cyclization of a digalloyl pyranose substrate.

Scheme 41. Application of the lead(IV)-mediated oxidative coupling of

galloyl phenols to the synthesis of coriariin A.
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[122, 123], schizandrin (169), and gomisin-A (170) [124] contain biaryl structures as part of a

dibenzocyclooctadiene unit (Figure 5), making them compelling targets for biaryl oxidative

coupling methodologies.

The control of atrop-selectivity upon oxidative coupling has been more challenging in

these cases due to the fact that the energy barrier between the two atropisomers is rather

low. The natural molecules themselves are sometimes actually present in the two forms (e.g.

(þ)-schizandrin and (þ)-isoschizandrin). In some instances, the non-natural atropisomer is

found to be the major coupling product under kinetic control of the reaction, even if the

precursor bears the natural stereogenic centers on the butyrolactone moiety [111]. For a

para-substituted phenol precursor such as 171, the mechanism of oxidative coupling involves

the formation of a spirodienone intermediate 172. The subsequent rearrangement of this

species to the biaryl products 173 and 174 then occurs with migration of the indicated CaC

bond in one of two directions (a or b), leading to a mixture of atropisomers usually favoring

the non-natural configuration shown in 174 (Scheme 42a) [125]. Buckleton and co-workers

have proposed another mechanism for non-phenolic substrates such as 175. In this case,

they hypothesized that either one ‘‘two-electron’’ oxidation (175 ! 178) or two ‘‘one-electron’’

steps (175 ! 176 ! 176a) can lead to the dication 177, which then forms the biaryl 179 by

proton loss (Scheme 42b). Buckleton posits that the interactions between bridgehead hydro-

gens (away from each other in intermediate 177 (Scheme 42)) favor the isostegane-like series

[37].

Ward, Pelter, and co-workers have documented the efficacy of in situ generated ruthenium

tetrakis(trifluoroacetate) (following the work of Robin and Landais) [126, 127] as a useful

reagent for the synthesis of a large number of stegane-like molecules [123]. In the trans-
fused butyrolactone series 180, single diastereomers 181 are usually obtained (Scheme 43a).

If cis-fused butyrolactones 182 are used as precursors, the biaryl products are formed as a

mixture of atropisomers 183 and 184 (Scheme 43b).

In parallel studies to the ruthenium-based work, Ward and co-workers have also shown

that PIFA (Scheme 44) [122, 128] and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)

(Scheme 45) [122, 129, 130] are effective reagents for coupling the phenolic precursors

185a,b. Yields are generally lower than in the fully methylated case (spirodienone products

188 can be formed when a hydroxyl group is present at the para position of the 2-benzyl

group of 185a) and unbiased mixtures of atropisomers 186/187 and 189/190 are obtained.

Fig. 5. Examples of stegane-type lignans.
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Scheme 42. Mechanistic considerations in the PIFA-mediated oxidative

coupling of a trans-butyrolactone stegane precursor.

Scheme 43. Ruthenium(IV)-mediated oxidative cyclization of trans- and

cis-butyrolactone stegane precursors.
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The DDQ-mediated transformations of 180a–c are oxidative couplings that may actually

proceed through nucleophilic capture of a benzylic cation (or an equivalent thereof ) 193 by

the adjacent aryl ring. Initial one-electron aryl oxidation (180 ! 191) followed by proton loss

(191 ! 192) and subsequent one-electron removal may precede benzyl cation 193 formation,

as shown in Scheme 46 [129].

Further examples of oxidative arylic coupling within this family of lignan precursors in-

clude the preparation of (þ)-schizandrin (169) and (þ)-gomisin A (170) (Figure 5), as pub-

lished by Tanaka and co-workers. In this instance, the key AraAr coupling step with 194 was

realized using either ruthenium tetrakis(trifluoroacetate) or iron perchlorate (Scheme 47)

[124, 131–133]. As pointed out by the authors, this result was noteworthy as this simple

Scheme 44. PIFA-mediated oxidative cyclization of trans- and cis-butyrolactone stegane precursors.

Scheme 45. DDQ-mediated oxidative cyclization of trans- and cis-butyrolactone stegane precursors.
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iron(III) reagent had never previously been reported to promote oxidative coupling. Luckily,

in this example, the atropisomer generated upon AraAr bond formation matches that re-

quired for the natural compound, thus allowing the synthesis to proceed without an equili-

bration step.

These examples illustrate one important point: whereas oxidative arylic coupling is the

natural (biosynthetic) pathway for linking two aryl units, it cannot be assumed that re-

producing the reaction in vitro will furnish the same stereochemical outcome. This same

issue of atrop-selectivity upon biaryl coupling was addressed by Evans and co-workers in an

attempted biomimetic synthesis of 197, the M(5-7) unit of vancomycin [134, 135]. The more

stable, natural isomer 197b is obtained only as a minor component in this kinetically con-

trolled AraAr coupling reaction (Scheme 48). However, subsequent thermal equilibration

leads to a preponderance of the desired compound.

Some natural compounds offer a chiral structural backbone that biases the outcome of the

oxidative coupling of appended aryls (e.g., the ellagitannins). It was plausible to suppose,

therefore, that two aryl units could be linked by a non-natural chiral tether to induce atrop-

selective coupling upon exposure to an appropriate oxidant. In one of their attempts to real-

ize the total synthesis of calphostin D (200) [136], Merlic and co-workers showed that, in the

presence of dioxygen in trifluoroacetic acid (TFA), the precursor 198 affords the coupled

compound 199 as a single diastereoisomer. Unfortunately, the relative configuration was in-

correct for the calphostin target (Scheme 49).

Scheme 46. Possible involvement of a benzylic cation (or equivalent) in

the DDQ-mediated oxidative cyclization of a trans-butyrolactone stegane

precursor.

Scheme 47. Iron(III)- and ruthenium(IV)-mediated oxidative cyclization

of an unsaturated stegane precursor en route to the natural product

schizandrin.
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14.6.2

Oxidative Coupling of Two Chiral Molecules

A serendipitous use of a chiral auxiliary in atrop-selective biaryl bond formation has recently

been published by Kita and co-workers [39, 137]. With diaryl substrate 201, which is related

to precursors of the ellagitannins (see Section 14.6.1), PIFA-mediated oxidative coupling did

not lead to the expected ellagitannin structure 202 (Scheme 50). Rather surprisingly, this re-

action proceeds with intermolecular AraAr bond formation. The chiral glucose framework

efficiently transfers stereochemical information, but not in a intramolecular closure.

Bringmann and co-workers have shown that modest control of atrop-selectivity can be

achieved upon oxidative intermolecular coupling (dimerization) of the chiral phenol 205

[77]. In the synthesis of magistophorenes A and B (206a/b), the chiral precursor 205 af-

forded both isomers with a slight preference for the ‘‘B’’ series when exposed to di-tert-butyl
peroxide (DTBP) (Scheme 51).

14.6.3

Stoichiometric Chiral Oxidation Reagents

The use of a chiral reagent for the oxidative coupling of naphthols has received much atten-

tion as the product chiral binaphthols are widely used in asymmetric synthesis [138]. The

well-known oxidative coupling of 2-naphthol by dioxygen in the presence of a copper com-

Scheme 48. Vanadium(V)-mediated biomimetic oxidative cyclization of

the precursor to a vancomycin fragment.

Scheme 49. Oxygen-mediated oxidative cyclization of a putative calphostin D precursor.
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plex and an amine has been extended to an asymmetric version by prospecting among the

wide range of commercially available chiral amines. Following work initiated by Brussee [79,

80], Smrcina and co-workers have demonstrated that in the case of 207 and the chiral amine

mediator sparteine, the reaction is an actual enantioselective oxidative coupling, whereas in

other cases the enantiomeric excesses result from second-order asymmetric transformations

or diastereoselective crystallizations (Scheme 52) [88].

The observed atrop-selection can be rationalized in terms of the intermediacy of a complex

containing square-planar copper. A transition state superimposed on this rigid framework

Scheme 50. Unexpected intermolecular coupling of a digalloylated glucose precursor promoted by PIFA.

Scheme 51. Di-tert-butyl peroxide-mediated oxidative dimerization of a

chiral phenol precursor to the magistophorenes.

Scheme 52. Enantioselective cross-coupling of naphthols in the

presence of the chiral amine sparteine and copper(II).
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leads, according to modeling, to a preference for the (S)-configuration in the product. Figure

6 depicts two intermediates that highlight the role of sparteine (208) in inducing asymmetry

into the biaryl-coupling step.

In 1994, Osa and co-workers reported a very interesting means of obtaining chiral bi-

naphthol based on electrocatalytic synthesis [139]. This work required the coating of the

electrode with a poly(acrylic acid) (PAA) layer bonded via an amide connection to 4-amino-

2,2,6,6-tetramethylpiperidin-1-yloxyl [91, 92]. (–)-Sparteine (208) was used as both the medi-

ator and as a chiral agent (present in a stoichiometric amount) in the anolyte compartment.

The yields and enantiomeric excesses obtained were excellent (Table 34). The complexity of

Fig. 6. Rationale for the observed sense of asymmetric induction upon

cross-coupling of 2-naphthol (68a), as mediated by copper(II) and

sparteine.

Tab. 34. Sparteine-mediated electrocatalytic asymmetric oxidative dimerization of 2-naphthol and

derivatives.

Substrate Product Isolated Yield ee (%)a

94 99

92 94

91 98

aMeasured by chiral HPLC.
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the system and the heterogeneous nature of the components make mechanistic inquiry into

the origins of asymmetric induction a daunting challenge.

14.6.4

Catalytic Enantioselective Oxidative Coupling

The most intriguing work in the field of asymmetric oxidative aryl coupling has been di-

rected towards finding catalytic enantioselective reactions. The main goal in these studies

has been the synthesis of chiral binaphthyl units as an improvement over stoichiometric

chiral reagent enantioselective syntheses.

Horseradish peroxidase (HRP) as a biocatalyst has been separately studied by Sridhar and

Schreier [140, 141]. Unfortunately, contrasting results were reported. Sridhar claimed to

have coupled naphthol derivatives with noticeable enantioselection, whereas Schreier et al.

did not observe any significant asymmetric induction upon AraAr bond formation (Scheme

53). A problem of ee measurement technique was cited by the latter author to explain the ee
observed by Sridhar et al. ([a]D versus chiral HPLC).

Photocatalytic enantioselective oxidative arylic coupling reactions have been investigated

by two different groups. Both studies involved the use of ruthenium-based photocatalysts

[142, 143]. In 1993, Hamada and co-workers introduced a photostable chiral ruthenium

tris(bipyridine)-type complex (D-[Ru(menbpy)3]
2þ) 210 possessing high redox ability [143].

The catalytic cycle also employed Co(acac)3 211 to assist in the generation of the active (D-

[Ru(menbpy)3]
3þ) species 212. The authors suggested that the enantioselection observed

upon binaphthol formation was the result of a faster formation of the (R)-enantiomer from

the intermediate 213 (second oxidation and/or proton loss), albeit only to a rather low extent

(ee: 16 %) (Scheme 54).

The results of a recent study published by Katsuki and co-workers include improvements

in the enantiomeric excess of binaphthol formation using chiral (NO)Ru(II)-(salicylidene)

ethylenediamino (salen) complex 214 (Figure 7) [142]. The reaction was conducted under

aerobic conditions so that dioxygen generated the active ruthenium reagent (Scheme 55).

Yields of binaphthol as high as 95 % were realized.

Coupling attempts conducted with (R,S)-214 led to lower enantioselection upon CaC bond

formation, an observation that points to the significant role played by the relative configura-

tion (R,R) of the binaphthyl and ethylenediamine units in promoting asymmetric induction.

This complex was found to be the most efficient among several different structural varia-

tions. Solvent effects on this transformation were also studied (Table 35), with toluene and

chlorobenzene giving the best results. Low solubility of the catalyst (diethyl ether and diiso-

Scheme 53. Horseradish peroxidase-mediated asymmetric oxidative dimerization of 2-naphthol (68a).
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Fig. 7. Katsuki’s pre-catalyst for the enantioselective oxidative dimerization of 2-naphthol (68a).

Scheme 54. Putative mechanism for the ruthenium(III)-mediated

enantioselective photocatalytic oxidative dimerization of 2-naphthol

(68a).

Scheme 55. Mechanistic outline of the oxidative dimerization of 2-naphthol (68a) by catalyst 214.
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propyl ether) or poisoning (acetonitrile and THF) are the suspected reasons for the poor

performance in some other solvents.

This transformation has also been applied to other binaphthyl derivatives, and, curiously,

it was observed that substitution at the C6 position of the naphthol precursors 68 influences

the observed enantioselectivity (Table 36). Electron-withdrawing groups enhance the enan-

tioselectivity but give lower yields, whereas electron-donating groups increase the yields but

reduce the enantioselectivity.

Studies have also focused on vanadium-based asymmetric catalysts in addition to these

photocatalytic systems. A catalytic achiral version of an oxidative coupling reaction was pub-

lished in 1999 by Uang and co-workers (see Section 14.4.2) [70]. They developed an air-stable

complex (VO(acac)2) that can be used in catalytic quantities in the presence of dioxygen as a

re-oxidant. The promising results obtained led to an investigation of chiral versions of this

reagent, and the initial reports document that such a reaction was possible with complexes

Tab. 35. Solvent effects in the enantioselective oxidative dimerization

of 2-naphthol (68a) by (R,R)-214.

Solvent Yield (%) % eea configuration

Toluene 72 65 R
C6H5Cl 82 62 R
CH2Cl2 95 56 R
CH3Cl 33 42 R
iPr2O 65 8 R
Et2O 43 61 R
THF Trace 54 R
CH3CN No reaction – –

aMeasured by chiral HPLC.

Tab. 36. Scope of the asymmetric oxidative dimerization of 2-naphthol derivatives by 214.

Substrate X mol % 2 Yield (%) % eea Configuration

68b Br 2 30 71 R
68b Br 5 77 69 R
68p PhCcC 2 45 71 R
68p PhCcC 5 93 68 R
68g OCH3 2 73 33 R
68q CO2CH3 2 Trace – –

aMeasured by chiral HPLC.
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215–218 prepared from vanadium(IV) and (S)-valine or (S)-phenylalanine derivatives (Figure
8) [144].

Complex 218, in the presence of chlorotrimethylsilane (TMSCl) as a promoter, was found

to be the most useful and gave the highest enantioselectivity and best yield in this reaction.

Dichloromethane, chloroform, and 1,2-dichloroethane proved to be the best solvents for op-

timizing enantioselectivity. A limited survey of substituents suggested that this catalyst was

not particularly sensitive to the electron demand of the aryl system, although steric effects

may be important (Table 37, entry 4).

Almost simultaneously, Hon and co-workers published a similar study employing chiral

vanadyl complexes 219 and 220 [145]. Although this work was somewhat broader in terms of

the range of substitution patterns studied on both the complexes and the naphthol pre-

cursors, qualitatively the same kind of results regarding the yields and the enantioselectiv-

Fig. 8. Amino acid-based vanadium(IV) oxidative coupling pre-catalysts.

Tab. 37. Enantioselective oxidative dimerization of 2-naphthol derivatives mediated by chiral vanadium

complex 218.

Entry naphthol Time (h) Yield (%) ee (%)a

68a 24 82 51

68i 24 91 51

68b 24 50 51

68f 69 trace –

aMeasured by chiral HPLC.
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ities were obtained (Table 38). X-ray structural analysis of complex 219, and examination of

the ee dependence of the product (R)-binaphthol on the ee of complex 219, suggested that a

monomeric V(IV) species mediates the reaction. The couplings with aminonaphthalene (71a

and 112a) led to lower yields and lower enantioselectivities than with the phenolic analogues.

A catalytic version of the copper(II)-mediated stoichiometric chiral amine naphthol oxida-

tive couplings has been developed as an extension of the successful achiral version. Smrcina

and co-workers first carried out such a reaction in order to obtain information on the mech-

anism of their stoichiometric amine reactions. They obtained the biphenyl product (S)-207
in 41 % yield with a modest enantiomeric excess (32 % ee) (Scheme 56) [88].

Nakajima and co-workers have carried out extensive investigations into the influence of

different chiral diamine-copper complexes on the oxidative dimerization of naphthols [146–

148]. As emerged from Smrcina’s work, the inclusion of an ester moiety on the naphthol

precursor is an important factor for optimizing the enantioselectivity. After establishing a

catalytic cycle with TMDA as the base and showing that sparteine gave promising results

(Scheme 57), they focused their work on other chiral diamines (Table 39) [147].

The results from this chiral amine survey indicated that the secondary nitrogen in the

pyrrolidine ring and the tertiary nitrogen in the side chain of the catalyst 221 are necessary

Tab. 38. Enantioselective dimerization of 2-naphthol (and 2-naphthylamine) derivatives promoted by

vanadium complexes 219 and 220.

Catalyst Solvent Time (days) Product Yield (%) ee (%)a

219 CCl4 9 69a 94 62

219 CCl4 7 69b 97 52

220 CH2Cl2 3 69g 100 39

220 CCl4 6 69i 86 58

219 toluene 15 69k 75 56

219 CCl4 8 69r 91 68

220 CCl4 15 69s 98 35

219 anisole 11 71a 74 33

219 CH2Cl2 11 112a 48 10

aMeasured by chiral HPLC.
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Scheme 56. Enantioselective cross-coupling of 2-naphthol catalyzed by copper(II)/sparteine.

Scheme 57. Enantioselective oxidative dimerization of naphthol

derivative 68f in the presence of a copper(I) pre-catalyst and sparteine.

Tab. 39. Survey of pyrrolidine substituent effects on the enantioselective oxidative dimerization of 68f
mediated by a copper(I) pre-catalyst.

Chiral diamine 221 (S)-69f

221 R1 R2 R3 Yield (%) ee (%)a

a CH3 a(CH2)4a 79 2

b CH3 Ph H 77 4

c H H H 11 0

d H a(CH2)4a 82 31

e H Ph H 74 30

f H Ph CH3 76 59

g H 4-CH3OC6H3

h H 4-CF3C6H4

i H 1-naphthyl

j H 2-naphthyl

k H Hex

l H Ph Et 78 70

m H Ph CH2Ph 87 65

n H Ph Ph 66 12

aMeasured by chiral HPLC.
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for good asymmetric induction. These data show that the N-ethylaniline derivative 221l is

the best candidate. The authors have proposed a mechanistic explanation for the observed

asymmetric induction that involves the formation of a diketone/copper�diamine complex

223. Chirality transfer then depends on minimizing unfavorable steric interactions between

the appendages of the chiral auxiliaries (Scheme 58).

In the same vein, Koslowski and co-workers have published a study using chiral 1,5-

diazadecalin complex 225, a species that directs binaphthol formation with excellent enan-

tioselectivity [149]. The use of CuI or Cu(OTf ) as a copper source in this procedure contrib-

utes to the excellent yields (85 %) and high enantiomeric excesses (@90 %) (Scheme 59).

Substituents on the nitrogens of 225 or changes in the copper source resulted in lower yields

and/or lower enantioselectivities. Other naphthol substrates have been subjected to these

conditions, but both the yields and enantioselectivities were diminished, showing the im-

portance of the ester moiety with regard to the efficiency of the reaction (Table 40).

The authors have initiated a mechanistic inquiry into this reaction, and unlike Nakajima,

they propose that AraAr bond formation proceeds through a radical addition of one aryl

moiety with its unperturbed partner. This speculation extended to a model explaining the

Scheme 58. Mechanistic speculation on the copper/chiral pyrrolidine-

mediated oxidative dimerization of 68f.

Scheme 59. The effect of the copper source on the enantioselectivity of

the dimerization of 68f, as mediated by chiral amine 225.
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sense of stereoselection (Scheme 60). Complex 226 favors approach of the second unit of 68f

from the less hindered face of the Cu-complexed aryl radical, leading preferentially to the

(R)-biaryl product 69f.

14.7

Conclusion

From the recent work published on oxidative arylic coupling reactions, it is clear that at least

some of the issues highlighted in the introduction have found solutions. Studies detailing

either the chemo-, regio-, or stereoselectivity of biaryl bond formation show that by using the

tools of organic and inorganic chemistry, it is now possible to achieve a biomimetic approach

to biaryl synthesis in a more efficient way. Further progress should lead to the development

of even more selective and general methods that more closely approximate the success with

which nature fashions the link between two aromatic units.

Tab. 40. Substituent effects on the enantioselective oxidative dimerization of 2-naphthol derivatives

mediated by copper salts and chiral amine 225.

Substrate Cu Source Solvent Yield (%) ee (%)a

68a CuCl CH2Cl2 80b 13

68t CuCl CH3CN/(ClCH2)2 NR ND

68r CuCl (ClCH2)2 77c 38

68u CuI CH3CN/(ClCH2)2 79 90

aMeasured by chiral HPLC;
bUsing air at rt for 5 d.
cUsing air at rt for 24 h.

Scheme 60. Mechanistic speculation on the origins of enantioselection

upon oxidative dimerization of 68f in the copper/225 system.
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Oxidative Conversion of Arenols into ortho-Quinols

and ortho-Quinone Monoketals – A Useful Tactic

in Organic Synthesis

Stéphane Quideau

Abstract

The oxidative activation of arenes is a powerful and versatile synthetic tactic that enables

dearomatization to give useful synthons. Central to this chemistry are hydroxylated arenes or

arenols, the phenolic functions of which can be exploited to facilitate the dearomatizing

process by two-electron oxidation. Suitably substituted arenols can hence be converted,

with the help of oxygen- or carbon-based nucleophiles, into ortho-quinone monoketals and

ortho-quinols. These 6-oxocyclohexa-2,4-dienones are ideally functionalized for the con-

struction of many complex and polyoxygenated natural product architectures. Today, the

inherent and multiple reactivity of arenol-derived ortho-quinone monoketals and ortho-
quinols species is finding numerous and, in many cases, biomimetic applications in mod-

ern organic synthesis.

15.1

Introduction

ortho-Quinols and ortho-quinone monoketals are cyclohexa-2,4-dienone derivatives 1a–d

bearing one or two singly-bonded oxygen functions at their tetrahedral 6-position (Figure 1).

Strictly speaking, ortho-quinols are 6-hydroxy-substituted cyclohexa-2,4-dienones 1b, while

derivatives 1c/d of their 6,6-dihydroxy variants can be viewed as derivatives of ortho-quinone
monohydrates 1e. ortho-Quinone monoketals are diether derivatives 1c (R ¼ alkyl) of these

monohydrates.

An abundance of information on the various preparation modes and reactivity features of

all types of ortho-quinol derivatives can be found in the literature on the chemistry of cyclo-

hexadienones [1, 2]. A few review articles have also been dedicated to the specificities of their

chemistry and uses in organic synthesis [3–6]. This chapter specifically addresses the oxida-

tive dearomatization of hydroxylated arenes (i.e. arenols) as a versatile and powerful tactic

for the preparation of ortho-quinol derivatives, utilization of which continues to attract more

and more adepts engaged in the various facets of modern organic and bioorganic synthesis.

This first section is intended to aid the reader in putting the chemistry of ortho-quinol de-
rivatives in their general organic and bioorganic context (Section 15.1). A brief overview of

today’s most commonly employed oxidative methods for dearomatizing arenols (Section
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15.2) is followed by a presentation of contemporary applications of ortho-quinols and ortho-
quinone monoketals in natural products synthesis (Section 15.3).

15.1.1

How to Prepare ortho-Quinols and ortho-Quinone Monoketals

ortho-Quinone monoketals are traditionally considered and often used in synthesis as

monoprotected, ‘‘blocked’’ or ‘‘masked’’ forms of ortho-quinones. Direct nucleophilic addition
to one carbonyl function of ortho-quinones 2a or cycloaddition with ortho-quinone methides

2b can, in principle, lead to all types of ortho-quinol derivatives (Figure 2), but these addition
processes are only of preparative value with the most stable ortho-quinones [7–9]. Partial

hydrolysis of ortho-quinone bisketals to monoketals can constitute an alternative methodol-

ogy (Section 15.2.1), but an adequate level of regioselectivity for preparative purposes is dif-

ficult to achieve and the method is again limited to the most stable species [5, 10, 11].

Hence, considerations of all the available possibilities inevitably point to the direct dear-

omatization of suitably substituted arenols as the most promising route to ortho-quinone
monoketals and ortho-quinols.
Reductive alkylation of 2-methoxybenzoates [12–14], carbon alkylation of the alkali metal

salts of arenols [15–19], and sigmatropic rearrangements such as the Claisen reaction of allyl

Fig. 1

Fig. 2
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and propargyl aryl ethers [17, 20] and the Moffat–Olofson reaction of arenoxysulfonium

ylides [21–26] are, when directed toward substituted positions, dearomatizing reactions that

offer direct routes to cyclohexa-2,4-dienones. Their implementation in the preparation of

ortho-quinol derivatives has remained limited [27]. Nevertheless, other avenues are available

for arenols because their electron-richness makes them ideal candidates for oxidative dear-

omatization processes [28].

Arenols 4 and their conjugate arenolate bases are both (a) oxygen- and (b) carbon-based
nucleophiles, which react with a wide range of electrophilic reagents (Figure 3). Their re-

actions with soft electrophiles can lead directly to cyclohexadienone derivatives; this is the

case, for example, with electrophilic halogenation, which effectively occurs at the electron-

rich carbon centers (4 ! 5b) [29, 30].

Reactions with harder electrophilic reagents do not usually mediate immediate dearoma-

tization, since the electrophilic attack occurs predominantly at the oxygen center (4 ! 5a).

However, when these reagents are equipped with a core atom or a chemical function whose

nucleofugality can be turned on, subsequent dearomatizing bond-forming processes can

be achieved with (5a ! 1a–d) or without (5a ! 6 ! 1a–d) the help of an appropriate elec-

tron-displacing species (Nu). As alluded to above, the key to an efficient preparation of ortho-
quinols and ortho-quinone monoketals does not simply reside in the ability to dearomatize

the starting arenol, but in the capacity to control the attack of the electron-displacing species

at the substituted 2-position. A regiocontrolling device is necessary to prevent competition

from para attack, which would lead to cyclohexa-2,5-dienone systems. One can envisage sev-

eral solutions for this requisite. Non-oxidative pericyclic reactions, such as the Claisen sig-

matropic [3,3] rearrangement, are mechanistically well suited for imposing both dearomati-

zation and ortho-selective bond formation [27]. Another solution requires the presence of an

electron-releasing group at the substituted 2-position of the starting arenol (e.g. R ¼ alkoxy).

Fig. 3
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Such a substituent often suffices to ensure regioselective introduction of an electron-rich

species at this position, even when it is the most hindered locus (Figure 3). This is particu-

larly appropriate for reactions following an ionic-type mechanism with intermolecular deliv-

ery of the nucleophile (Nu). Thus, 2-alkylarenols 4 can be transformed by oxidative nucleo-
philic substitution, through intermediates 5 or 6, into 6-carbo-6-oxocyclohexa-2,4-dienone

ortho-quinol derivatives using an oxygen-based nucleophile, whereas 2-alkoxyarenols can

similarly react with either carbon- or oxygen-based nucleophiles to furnish either 6-carbo-6-

oxo- or 6,6-dioxocyclohexa-2,4-dienone derivatives 1a–d.

15.1.2

Why Bother with ortho-Quinols and ortho-Quinone Monoketals?

15.1.2.1 Synthetic Reactivity of ortho-Quinols and ortho-Quinone Monoketals

ortho-Quinone monoketal and ortho-quinol cyclohexa-2,4-dienones 1a–d have been less uti-

lized in synthesis than their para cross-conjugated cyclohexa-2,5-dienone counterparts 1g

(Figure 1). The ortho and para quinonoids do share several reactivity features, but the chem-

istry of ortho species is often more capricious and demands some special considerations. The

difference between the linear and the experimentally more stable cross-conjugated systems

cannot alone account for the reactivity differences observed between ortho and para com-

pounds [2, 31]. ortho-Quinone monoketals and ortho-quinols do exhibit additional reactivity

features due to the vicinal positioning of their oxygen functions. This arrangement of elec-

tronegative oxygen atoms weakens the bearing C1aC6 bond, and the dienone system is pre-

disposed toward dimerization as it can behave both as a dienic and as a dienophilic partner

in Diels–Alder cycloaddition. The preparation conditions and substitution pattern must be

carefully chosen in order to avoid premature ring-opening, dimerization, or rearomatization

events (Section 15.3). ortho-Quinone monoketals are masked forms of ortho-quinones in

which one carbonyl unit is protected as a ketal function. The two vicinal oxygen functions

and the two conjugated carbon–carbon double bonds are thus clearly differentiated from one

another (see 1c, Figure 1). In comparison to the reactivity of ortho-quinones, that of the lin-

early conjugated enone system of their monoketals is attenuated for easier control in syn-

thetic manipulations. Another particularly interesting feature of these synthons is their

electrophilic reactivity. These quinone ketals are indeed susceptible to direct and conjugate

attacks by various types of nucleophiles (Section 15.3.3) [6], in contrast to their aromatic pa-

rents, which are more readily transformed through electrophilic aromatic substitution. ortho-
Quinone monoketals can be viewed as masked aryl cation intermediates (see 1f, Figure 1),

allowing synthetic operations formally equivalent to an otherwise non-trivial nucleophilic

aromatic substitution of their parent arenes. ortho-Quinone monoketals do share this reac-

tivity feature with their para counterparts [32, 33], but substitution is conceivable at the five

sp2 ring carbons depending on the type of nucleophilic attack (see 1f, Figure 1). Conversion

into quinone ketals constitutes a means of rendering arenols amenable to further ring

transformations, including carbon–carbon bond-forming events by nucleophilic attack. A

last but not least feature of ortho-quinol derivatives paradoxically resides in the structural

motif that is the principal cause of the complications encountered in their synthetic uses,

that is their adjacent oxygenated ring carbons. It is not always trivial to introduce such

functionalities on a pre-established cyclic hydrocarbon network. The various possibilities
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available for the rapid elaboration of complex structural architectures from ortho-quinol de-
rivatives make them ideally functionalized synthons for the construction of polyoxygenated

carbo- and heteropolycyclic skeleta (Figure 4).

15.1.2.2 Biosynthetic Implications of ortho-Quinols and ortho-Quinone Monoketals

Many natural products display structural motifs biosynthetically derived from ortho-quinol
precursors, and some even feature ortho-quinol moieties in their final structural arrange-

ment [1, 6]. Asatone (7) and related neolignans can be put forward as classic examples of

complex natural products derived from cyclodimerization of oxidatively activated simple

phenol precursors (Figure 5); biomimetic syntheses of 7 have accordingly been accom-

plished by anodic oxidation (Section 15.2.1) and by Pelter oxidation (Section 15.2.2) of the

naturally occurring phenol 9 [34, 36].

Fig. 4

Fig. 5
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A series of new examples has recently emerged in the literature. Aquaticol (10), an un-

usual cuparane-type bis-sesquiterpene isolated from the medicinal plant Veronica anagallis-
aquatica, can be derived from a Diels–Alder cyclodimerization of the ortho-quinol 11, itself
derived from an enantiospecific oxidative hydroxylation of (�)-d-cuparenol (12) (Figure 5)

[37, 38]. Sorbicillinoid members of the vertinoid polyketide class of natural products also

present the same chemical filiation inasmuch as they appear to originate biosynthetically

from the sorbicillinol (13)-derived ortho-quinol 14 (Figure 6) (Section 15.3.3) [39, 40].

Scyphostatin (20) was isolated in 1997 as a potent inhibitor of neutral sphingomyerinase

(N-SMase) [41, 42]. Synthetic studies on this therapeutically important molecule are cur-

rently in progress (Section 15.3.3) [43, 44]. Its structure features an epoxycyclohexenone

moiety, which could conceivably be made through an oxidative dearomatization approach

(Figure 7).

The humulones 23a–d have been known for many years, but they can still be considered

as a topical family of natural products (Figure 8). Found in hop resins and brewing hops,

these natural ortho-quinols aroused early interest because of their antibiotic and tuber-

culostatic properties. Oxidative dearomatizing hydroxylation of their phenolic parents 24a–d

was used in their synthesis [1].

Fig. 6
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In addition to the aforementioned prominent biosynthetic implications of ortho-quinol
derivatives, one can also propose their more discrete roles in the construction of natural

products that feature motifs resulting from CaC and CaO phenolic couplings. Numerous

alkaloids, lignans, and polyphenolic tannins can be envisaged as stemming from such cou-

pling processes, traditionally said to derive from phenoxy radical combinations. Since two-

electron oxidation of phenols can produce ortho-quinone derivatives, including monoketals,

that are capable of efficiently undergoing selective bond formation, the role of quinone

monoketals in biosynthetic scenarios cannot be disregarded. It was the application of this

concept in the natural products synthesis arena that allowed Feldman and co-workers to

achieve striking advances in complex ellagitannin synthesis [45–50] (see Chapter 14). Gen-

erally speaking, the oxidative dearomatization of arenols to give ortho-quinols and ortho-
quinone monoketals, and their synthetic manipulation by cycloadditions (Section 15.3.1) or

by nucleophilic attacks (Section 15.3.3) constitutes a tactic that is unequivocally better

adapted to regio- and stereoselective bond formation than synthetically disappointing phe-

noxy radical coupling processes [33, 47, 51].

15.1.2.3 Biomechanistic Implications of ortho-Quinols and ortho-Quinone Monoketals

Many reasons for studying the chemistry of ortho-quinol derivatives lie in their implications

in the biomechanisms of naturally occurring compounds [6]. Their putative involvement in

the metabolism of a-tocopherol (i.e. vitamin E) [52–54], and in the mode of action of the in-

Fig. 7

Fig. 8
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tercalating antitumor agent N-2-methyl-9-hydroxyellipticinium acetate [55, 56], are just a

couple of illustrations of their biological significance [57]. In these and other biomechan-

isms, in which one-electron oxidation of phenol units has often been claimed to be the cen-

tral chemical event, two-electron oxidation alternatives leading to arenoxenium species and

quinone derivatives, including monoketals, can again be invoked. In the same line of

thought, one may be puzzled by the biological dichotomy apparently expressed by catecholic

arenols (i.e. 2-hydroxyphenols) in natural systems. Many medicinal virtues of such arenols,

well exemplified by numerous plant polyphenols, have been attributed to antioxidant-like,

radical-scavenging activities due to the ease of one-electron oxidation to phenoxy radicals.

Further oxidation gives rise to highly reactive ortho-quinones that are probably better known

for their toxicity than for their medicinal activity [58]. As blocked ortho-quinones, ortho-
quinone monoketals might instead express an intermediate level of chemical reactivity better

suited for the specific molecular interactions that underlie the therapeutic properties of nat-

ural phenols under oxidative conditions.

Study of the oxidation chemistry of exifone (25a) constitutes a perfect illustration of the

above statement [59, 60]. This pyrogallol benzophenone (Adlone2) was commercialized in

France for the treatment of cognitive disorders in the elderly, but it was withdrawn from the

market because of its hepatotoxicity, which was attributed to its 3,4-quinone metabolite 26a.

Fleury and co-workers found that blocking of 26 in the form of 1,4-benzoxazin-8-one ortho-
quinols such as 28 led to a twenty-fold decrease in toxicity, together with a five-fold activity

enhancement (Figure 9) [59, 60].

15.2

Oxidative Dearomatization of ortho-Substituted Arenols

15.2.1

Anodic Oxidation

Anodic oxidation can be used to dearomatize 2-substituted arenols. The outcome of such

an electrochemical transformation is extremely sensitive to the reaction conditions used,

Fig. 9
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viz. the applied potentials, the reaction medium, and the type of substituents on the aro-

matic ring [35, 36, 61, 62]. Neutral conditions appear to favor the formation of cationic

intermediates such as 6 through two-electron oxidation (Figure 3). These phenoxenium

ions can be rapidly quenched in MeOH to furnish ortho-quinone monoketals such as 1c

(Figure 3, R ¼ Nu ¼ OMe), but electrolysis of the same starting phenols in a basic me-

dium at a lower oxidation potential predominantly gives dimers resulting from phenoxy

radical coupling [35, 36, 62–64]. Such divergent behavior of arenols has been clearly de-

lineated by Yamamura and co-workers, who showed, inter alia, that eugenol (29) is converted
to the ortho-quinone monoketal 30 in 68 % yield when electrolyzed in MeOH at a constant

current (90 mA, 0.56 mA cm�2, þ750–780 mV vs. SCE) using a platinum anode and

LiClO4 as the supporting electrolyte (Figure 10) [36]. However, 29 dimerized to give the

biaryl compound 31 in quantitative yield when the electrolysis was performed at a lower

oxidation potential (21 mA, 1.5 mA cm�2, þ200–220 mV vs. SCE) in the presence of NaOH

(Figure 10) [36].

The electrooxidative methoxylation of aryl methyl ethers in methanolic KOH is another

electrochemically-induced dearomatizing technique that is worth recalling here for compar-

ison purposes [6]. Its mechanistic unfolding is different from that of the oxidative nucleo-

philic substitution of free arenols (Figure 3) since it involves radical cation intermediates

leading to quinone bisketals as primary electrochemical products. Their hydrolysis to give

quinone monoketals has been well developed by Swenton and co-workers [5, 10, 11]. This

method, referred to herein as the Swenton oxidation, has demonstrated its utility for pre-

paring para-quinone monoketals, but ortho analogues are harder to produce in this way.

Nevertheless, successful experimentation has been described for naphthoquinone mono-

ketals, which are less reactive than benzoquinones because their 4,5-double bond is part of

an aromatic ring (Figure 11). Of particular note is the regioselective acid-catalyzed formation

of the linearly conjugated system 34, which is invariably favored over the formation of

the cross-conjugated regioisomer 35. This preference has been attributed to differences in

charge stabilization of the cationic intermediates leading to these monoketals [10].

Electrooxidative activation is just one of the tools with which synthetic organic chemists

can effect the dearomatization of arenols and their ethers to give cyclohexa-2,4-dienone de-

rivatives. Other methods are based on the utilization of oxidizing reagents that mediate the

oxidative nucleophilic substitution of 2-substituted arenols in the presence of appropriate

nucleophilic species. These reagents are for the most part all based on metals (Section

15.2.2) or halogens (Section 15.2.3).

Fig. 10
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15.2.2

Metal-Based Oxidative Activation

Metal-based reagents are often used to promote one- and two-electron oxidations of arenols.

Radical-mediated CaO coupling reactions of aryloxy radicals can, of course, lead to ortho-
quinol derivatives, but the preparative value of such an approach is poor and essentially

limited to intramolecular cases. For example, certain bis-phenols such as 36a–c have been

spiroannulated in good yields by diradical CaO coupling under favorable one-electron oxi-

dation regimes (Figure 12) [65–67].

Oxidative nucleophilic substitution is, however, a more versatile technique and a much

better choice for target-oriented synthesis (Sections 15.1.1 and 15.1.2.2). In 1950, Wessely

and co-workers examined the use of lead tetraacetate (LTA) in acetic acid to determine the

structure of phenols and, in doing so, they developed their oxidative acetoxylation reaction,

referred to herein as Wessely oxidation (Figure 13) [68–76]. If both an ortho- and a para-
position are available to accommodate the entry of the acetoxy nucleophile, ortho products

often predominate even when the ortho position is already occupied by a resident alkyl (e.g.

40 ! 41a/b) or alkoxy group (Figure 13) [69, 74].

Phenols with a free ortho position can also give rise to ortho-quinone diacetates such as 39a

and 41b, in addition to or instead of ortho-quinol acetates such as 41a [1, 6]. Phenols bear-

ing a 2-methoxy group are particularly prone to regioselective Wessely oxidation to give 6-

Fig. 11

Fig. 12
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acetoxy-6-methoxycyclohexa-2,4-dienone derivatives such as 43a/b, which can be isolated in

good yields (Figure 14) [71, 76].

Thallium triacetate [77], and later, thallium trinitrate (TNN) in alcoholic solutions were

found to mediate similar transformations of arenols into either para- or ortho-quinol de-
rivatives. In particular, McKillop and collaborators extensively studied the use of TNN in

MeOH to oxidize 4- and a few 2-substituted phenols; this reaction is referred to herein as the

McKillop oxidation (Figure 14) [78, 79]. As expected from Andersson’s observations (Section

15.3.1), the 5-methoxylated ortho-quinone dimethyl monoketal 45a is stable, but the aldehyde

42a gave rise to the Diels–Alder dimer 46 under the conditions of the McKillop oxidation.

Interestingly, the same aldehyde furnished a non-dimerizing ortho-quinol acetate 43a under

the conditions of the Wessely oxidation (Figure 14). We made similar observations when

comparing the oxidative methoxylation of 2-methoxyphenols with our oxidative acetoxylation

(Section 15.2.3) [80], thus confirming the role of a 6-acetoxy group in the resistance of

cyclohexa-2,4-dienones to undergo [4pþ2p] cyclodimerization (Section 15.3.1).

Many other metals have been used over the years to generate ortho-quinone monoketals

and ortho-quinol derivatives [6], but the venerable Wessely oxidation remains to this day

the most commonly used metal-based method. For the generation of ortho-quinols by selec-

Fig. 13
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tive ortho-hydroxylation of 2-substituted arenols such as 47a–c, one should not forget the

selenium-based Barton oxidation, in which oxygenation at the ortho position is ensured by

intramolecular delivery from the diphenylseleninic anhydride following reaction of the latter

with the phenolate anion (Figure 15) [81, 82]. Acid hydrolysis furnished ortho-quinols that

spontaneously dimerized to give bicyclo[2.2.2]octenones 48a–c. Pyrolysis of such dimers can

be used to regenerate the ortho-quinol parents in situ [180].

15.2.3

Halogen-Based Reagents

Various electrophilic and oxidizing halogen-based reagents such as bromine, N-bromosucci-

nimide, ammonium tribromides, and polyvalent iodine species, have been used to generate

ortho-quinol derivatives [6]. For example, the use of phenyltrimethylammonium tribromide

is exemplified in Biali’s ongoing investigation of chemical modifications of calixarenes [83,

84]. This oxidizing system is used to generate various mono- to tris(spirodienone) derivatives

such as 50 from calix[n]arenes such as the spherand-type 49 (Figure 16).

The two halogen-based methods that continue to attract organic chemists the most for the

oxidative activation of arenols are the Adler oxidation and the Pelter oxidation (vide infra);

Fig. 15
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both methods rely on polyvalent iodine reagents [6]. The Adler oxidation is based on the use

of sodium periodate (NaIO4) or periodic acid (HIO4) in water, aqueous alcohols, or acetic

acid. Initially developed for the determination of phenolic hydroxyl groups in lignins, this

oxidation can be used to perform ortho-oxygenation of 2-substituted arenols, thus furnishing

ortho-quinols such as 52a/b or their ethers and esters, and it is particularly efficient in pro-

moting the spirocyclization of 2-hydroxymethylphenols 51c/d (Figure 17) [85–96]. This

intramolecular version of the Adler oxidation was recently used by Giannis and co-workers

to synthesize active spiroepoxide analogues 54a–c of scyphostatin (20) (Figures 7 and 17) [43,

97, 98].

The other method relies on the use of a hypervalent iodine(III) reagent [99–104]. Follow-

ing in the footsteps of Wessely, Siegel, and Antony [105] first compared the use of LTA to

that of phenyliodonium(III) diacetate (PIDA) in acetic acid in performing the oxidative ace-

toxylation of various alkylphenols. Curiously, they only obtained para-quinol acetates with

PIDA, whereas LTA gave ortho-quinol acetates from the same starting phenols. In 1988,

Pelter and co-workers reinvestigated the use of PIDA to oxidize phenols in MeOH and thus

introduced the PIDA-mediated oxidative methoxylation of phenols, referred to herein as

the Pelter oxidation [106–108]. In 1987, Tamura [109] had reported the use of another less

nucleophilic hypervalent iodine reagent, phenyliodonium(III) bis(trifluoroacetate) (PIFA), to

promote the oxidative alkoxylation of arenols. Tamura’s and Pelter’s applications of this oxi-

dative nucleophilic substitution of arenols were essentially limited to the production of para-
quinone dialkyl monoketals, but numerous other workers have since successfully applied it

to the preparation of various ortho-quinone monoketals (Section 15.3) [6]. The mechanistic

details of the reaction are still under investigation, for they raise an interesting question

embedded in the scheme of Figure 3, viz. does the reaction follow a concerted or a stepwise

pathway? This was also a much debated question with regard to the Wessely and Adler oxi-

dations that follow similar mechanisms [1, 6, 87, 110]. Both routes are driven by the reduc-

Fig. 17
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tive conversion of trivalent iodine into monovalent iodine and first imply the formation of

the aryloxyiodonium(III) species 56a, which can then either undergo direct nucleophilic

attack (route a) or dissociate to furnish a solvated phenoxenium cation 56b (route b) (Figure
18). Pelter and collaborators recently concluded that the process is most likely to proceed

via a phenoxenium ion of type 56b (route b) on the basis of the following arguments: (1) the

phenyliodonium(III) group is an extremely powerful nucleofuge with a leaving ability

about 106 times that of the triflate group; (2) Mulliken charge semiempirical calculations

of a series of 2- and 4-substituted phenoxenium cations predict the observed regiochemistry

of the nucleophilic attack with accuracy (vide infra), and (3) reactions performed on 2-

alkoxyphenols in a chiral environment displayed a complete lack of stereochemical control

[108, 111]. As alluded to above, and demonstrated many times experimentally, the re-

giochemistry of the methanol attack (i.e., ortho-57 vs. para-58) depends more on the elec-

tronic nature of the ring substituents than on their steric demand.

Arenols bearing a strong electron-releasing group capable of stabilizing a positive charge

at C-2 (e.g. X ¼ OMe) selectively undergo nucleophilic attack at C-2 regardless of the steric

situation at C-4 (e.g. Y ¼ H, Me), as well as at C-6. Alkylphenols such as 2,3-dimethylphenol,

3,5-dimethylphenol, 2-benzyl- and 4-benzylphenol, and 2,4,6-tri-tert-butylphenol show a net

preference for attack at C-4 [108].

The ortho-quinol acetates used in our own investigations have been prepared by a modifi-

cation of the Pelter oxidation. Oxidative methoxylation of 2-methoxyarenols according to

Pelter, as well as Tamura, Adler, and McKillop oxidations, affords 6,6-dimethoxycyclohexa-2,4-

dienones such as 60, which are particularly prone to dimerization through Diels–Alder cy-

cloaddition (Figure 19). In agreement with Wessely’s early observations, 6-acetoxy analogues

of the same starting arenols often do not spontaneously dimerize (Section 15.3.1) and hence

can participate in other chemistries [80, 112]. Our oxidative acetoxylation is conveniently

performed by simply treating a solution of 2-methoxyarenols such as 59 with PIDA in

CH2Cl2 to generate non-dimerizing ortho-quinol acetates such as 62 in high yield (Figure

Fig. 18
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19). It is not necessary to add acetic acid to the reaction medium; the PIDA reagent suffices

for regioselective delivery of the acetate group [112].

The above oxidative nucleophilic substitutions are primarily used to introduce an oxygen-

based nucleophile in order to convert arenols into ortho-quinone dialkyl monoketals and

ortho-quinol acetates. Our own investigations into the synthetic utility of arenol dearomati-

zation [113] led us to contemplate the possibility of introducing a carbon-based nucleophile.

We ventured to find reagents that would promote the oxidative activation of 2-alkoxynaph-

thols such as 64a/b in the presence of masked nucleophiles (Figure 20). Conditions needed

to be found that would unveil their nucleophilic power in situ, and in a timely fashion to

ensure chemo- and regioselective carbon–carbon bond formation at the 2-position. This goal

Fig. 19
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was achieved by using PIFA as a non-nucleophilic oxidizing agent in the presence of oxida-

tion-sensitive allylsilane or 1-trimethylsilyloxybuta-1,3-diene as soft carbon nucleophiles [113,

114]. The trifluoroacetic acid (TFA) released during the oxidation step generates an acidic

medium that is certainly propitious to the requisite cleavage of the SiaC and SiaO bonds.

The naphthalenone 68a had previously been synthesized by Adler oxidation of 2-allylnaph-

thol in a pitiful yield of 0.53 % [115]. In the present case, the 2-methoxy group acts as a

powerful regioselector aiding in the elaboration of the carbon–carbon bond; no C-4 adduct

69a is observed. An unfortunate loss of selectivity is observed with the 2-benzyloxynaphthol

64b, however, probably because of the greater steric demand of the phenyl group. There exist

a few other approaches for the preparation of ortho-quinol derivatives besides those that can

be grouped within the aforementioned three main categories. Our recent review on this

topic constitutes a source of leading references for these subsidiary methods [6].

15.3

Synthetic Applications of ortho-Quinols and ortho-Quinone Monoketals

The predisposition of ortho-quinols and ortho-quinone monoketals toward aromatizing re-

arrangement and dimerization is at the origin of the difficulties that surround their manip-

ulations in organic synthesis (Section 15.1.2.1) [1, 2]. Aromatization through a methyl 1,2-

shift was, for example, the cause of failure of the ortho-quinol-based route initially adopted by

Wood and co-workers in their recent synthesis of epoxysorbicillinol (17; Figure 6) [116]. We

have already noted that ortho-quinol acetates are less inclined to undergo dimerization than

ortho-quinone dialkyl ketals, as well as free ortho-quinols, but that they are quite sensitive to

rearomatizing acetate shifts [117–119]. We experienced this rearrangement chemistry our-

selves when submitting certain ortho-quinol acetates such as 62 to silica gel chromatography

(vide supra). Pericyclic [3,3]- and ‘‘pseudopericyclic’’ [3,5]sigmatropic acetate shifts furnished

the phenols 63a and 63b, respectively (Figure 19) [6, 80].

It is nevertheless possible to bridle the reactivity of ortho-quinols and ortho-quinone mon-

oketals for rapid elaboration of structural complexity and diversity in a pertinent manner

for target-oriented synthesis. Some remarkable accomplishments have been highlighted in

several review articles [3, 5, 6, 120]. Among the most significant ones, one can cite re-

arrangements of bicyclo[2.2.2]octenone cycloadducts into decalins, ring-contractions to poly-

quinanes, ring-expansions to tropolones, intramolecular cycloadditions to isotwistanes, cati-

onic annulations to benzofurans, and nucleophilic additions to biaryls, enediyne units, and

benzannulated heterocycles of various sizes.

15.3.1

Diels–Alder Cycloadditions

The ability of the cyclohexa-2,4-dienone unit of ortho-quinone monoketals and other ortho-
quinol derivatives to react as either a diene or a dienophile component in [4pþ2p] cyclo-

additions is arguably their principal virtue in organic synthesis, and paradoxically it is also

the principal reason why it is often difficult to exploit them in synthesis; they often dimerize

faster than they can combine with another p-system partner. Adler, Andersson, and co-

workers have extensively studied the behavior of ortho-quinols in Diels–Alder cycloadditions,
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and observed that systems bearing substituents at their 5-position do not dimerize as readily

[85–93, 95, 121]. A substituent at this locus can apparently interfere with the geminal C-6

groups of the other unit in their endo-selective ‘‘back-to-back’’ mutual approach, which is

observed in all reported cases [1, 6]. Thus, for example, 6-hydroxy-5,6-dimethyl- (70a) and 6-

hydroxy-3,5,6-trimethylcyclohexa-2,4-dienone (70b) do not dimerize, whereas 6-hydroxy-4,6-

dimethyl- (72a) and 6-hydroxy-2,4,6-trimethylcyclohexa-2,4-dienone (72b) do (Figure 21) [85,

94, 95]. An explanation for the exclusive and regioselective participation of the 4,5-double

bond as the 2p partner in these dimerizations can be found in a report by Houk [122], who

calculated that both the HOMO and the LUMO of 1-substituted electron-deficient dienes

possess slightly higher atomic coefficients at the sp2-carbon center remote from the carbonyl

group, that is C-5 in the dimerizing cyclohexa-2,4-dienone units [79]. Other calculations

made on 1-substituted and 1,4-disubstituted dienes did not allow any clear-cut interpretation

and hence brought the debate round to the influence of secondary orbital interactions [122–

124]. The regioselectivity in Diels–Alder dimerizations of ortho-quinol derivatives still awaits
theoretical clarification.

This tendency toward spontaneous dimerization was further elaborated for ortho-quinone
monoketals by Liao, who concluded that electron-withdrawing and/or small groups at the

4-position of 6,6-dimethoxycyclohexa-2,4-dienones tend to facilitate self-dimerization, where-

as electron-releasing and/or large groups at their 2- and/or 4-positions, as well as small

electron-releasing groups at their 5-position, have the reverse effect [125]. A bromide in the

4-position is particularly efficient at retarding self-dimerization [126]. Liao and co-workers

also suggested that one methoxy group in ortho-quinone dimethyl ketals participates in sec-

Fig. 21
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ondary interactions in endo-selective transition states and thus enhances the propensity of

these cyclohexa-2,4-dienone derivatives to self-dimerize (e.g. 60 ! endo-61, Figures 19 and

21) [125]. A downward modulation of this orbital control with 6-acetoxy analogues (e.g. 62,

Figure 21) could be the cause of their resistance toward dimerization. Furthermore, the 6-

acetate carbonyl must be critical to this protecting effect, since many ortho-quinol acetates
tend to dimerize upon deacetylation [93, 94, 127, 128]. This acetoxy group effect still remains

to be clarified, notwithstanding it constitutes a useful control that can be exerted in carefully

planned synthesis, as exemplified in the recent synthetic studies towards ‘‘bisorbicillinoid’’

natural products (Section 15.3.3).

Liao and his co-workers have spent the last twenty years investigating [4þ2] cycloaddition

reactions with ‘‘masked’’ o-benzoquinones, or ‘‘MOBs’’ as they named them, and they re-

main today the frontrunners in unveiling the possibilities of using ortho-quinone mono-

ketals in Diels–Alder reactions [6]. Their investigations demonstrated that numerous dien-

ophiles, inter alia methyl vinyl ketone, acrylates, allyl, homoallyl crotyl, and cinnamyl

alcohols, cyclopentadiene, acyclic dienes, and, more recently, even [60]fullerenes can react

inter- or intramolecularly with ortho-quinone dimethyl monoketals such as 76 to furnish bi-

cyclo[2.2.2]octenones [125, 129–133]. In all cases, the cycloadditions are regiospecific and

proceed with high diastereoselectivity, irrespective of the electronic demand and position of

substituents on the 6,6-dimethoxycyclohexa-2,4-dienone core; only the chemical yields are

affected [6]. Furans behave in a somewhat unusual manner as electron-rich dienophiles with

these quinone monoketals [134, 135]. Cintas and collaborators have also investigated the cy-

cloaddition of furans with the ortho-quinone monoketal 76a [136]. Acceleration of the reac-

tion was achieved under ultrasonic irradiation, and the same stereochemical and regio-

chemical selectivities as those of the thermally-induced reaction were observed (Figure 22).

Here again, the cycloaddition is endo-selective, with only regioisomers 79 being formed,

and, when using 2- and/or 3-substituted furans, only the unsubstituted furan double-bond

reacts in these inverse electron-demand Diels–Alder processes [134–136]. Indoles, pyrroles,

and thiophenes can also be made to react as dienophiles with ortho-quinone monoketals

Fig. 22
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76a–c bearing an electron-withdrawing group at their 4-position [136, 137]. The same regio-

and stereochemical outcomes as those of reactions with furans are observed with these other

aromatic species (Figure 23). Supporting evidence for these selectivities was also provided by

calculations performed at the ab initio RHF/3-21G* level, which indicated asynchronous but

still concerted low-energy transition states featuring shorter distances between a heteroatom-

bearing sp2 center of the aromatic units and the C-5 carbon center of cyclohexadienone unit

(e.g. 81bþ 76c, Figure 23) [137, 138].

An intriguing dichotomy was revealed in the reactivity of indole (85) with ketals 76a–c

(Figure 24). At room temperature, only the Diels–Alder adducts 86a–c are obtained in good

yields, but at reflux temperature, only rearomatized Michael-type 1,6-adducts 87a–c are ob-

served [139].

Arjona and Plumet recently contributed to the study of the use of non-aromatic enol and

thioenol ethers as dienophiles with inverse electronic demand [140]. Cycloadditions using

76a also proved to be endo-selective and regiospecific (Figure 25). The regioisomers obtained

were those having the heteroatom of the dienophile component adjacent (ortho) and anti to
the carbonyl function, rather than ortho and anti to the dimethyl ketal function, as in the

Fig. 23

Fig. 24
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furan-, pyrrole-, thiophene-, and indole-derived bicyclo[2.2.2]octenones (Figures 22–24).

These regiochemical observations are corroborated by those reported in Liao’s series of pa-

pers on the Diels–Alder reactivity between electron-rich dienophiles, such as benzyl vinyl

ether 88b, dihydrofuran 89a, dihydropyran 89b, phenyl vinyl sulfide 88d, and styrene 88e,

and ortho-quinone monoketals derived from eight different 2-methoxyphenols (Figure 25)

[141, 142].

Calculations performed at the HF/3-21G level indicated smaller energy gaps between the

HOMOs of the aforementioned electron-rich dienophiles and the LUMOs of the quinone

ketals, as can be expected for inverse electron-demand Diels–Alder reactions under FMO

control [141]. Regiochemical controls observed with quinone ketals such as 76a were well

corroborated by the relative magnitudes of the atomic coefficients of the frontier orbitals.

The highest coefficients at C-5 of the quinone ketal LUMO and at C-2 of the electron-rich

alkenes would indeed promote bond formation between these centers. The results of calcu-

lations on other quinone ketals were, however, rather vague [141].

Numerous applications of the Diels–Alder reaction of ortho-quinone monoketals and

ortho-quinols in natural products synthesis have been reported over the years [6]. The fol-

lowing few recent examples have been selected with the aim of illustrating the usefulness of

the cycloaddition of ortho-quinol derivatives to give bicyclo[2.2.2]octenones, for these formi-

dable strategic synthons can be further transformed in many ways to give various polycyclic

architectures. Liao’s group has added a couple of notches to its already remarkable record in

the field. They described a total synthesis of the norsesquiterpenoid (G)-eremopetasidione 97

[143], the key steps of which were the Diels–Alder reaction of the quinone ketal 93 with

ethyl vinyl ketone, followed by a Cope rearrangement of the resulting bicyclo[2.2.2]octenone

system 94 (Figure 26).

The first total synthesis of (G)-pallescensin 103 was also reported by Liao’s group [144] and

features an intramolecular Diels–Alder reaction initiated by a regioselective oxidative alkox-

ylation of 2-methoxy-4-methylphenol 98 using the allylic alcohol 99 in the presence of PIDA.

Vinylation of the resulting bicyclo[2.2.2]octenone 100, followed by ring-expansion through

an ionic 1,3-allylic shift gave the bicyclo[4.2.2]decenone 102, which was further transformed

into (G)-103 (Figure 27).

Fig. 25
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Rodrigo and co-workers have made some progress towards viridin (109) [145]. After suf-

fering a few setbacks due to a capricious installation of the C-10 methyl group, they man-

aged to build the pentacyclic core of 109 from the tricyclic ortho-quinone monoketal

105 (Figure 28). This unit behaved both as a diene to furnish the desired pentacyclic

fused system 106, and as a dienophile to furnish 107. The latter could be converted to the

target 108 by a Cope rearrangement. A similar approach was used in their synthesis of (G)-

xestoquinone and derivatives [146, 147].

The convenient generation of bicyclo[2.2.2]octenones through the use of ortho-quinol de-
rivatives in Diels–Alder reactions recently inspired Wood and co-workers in their studies to-

ward the total synthesis of CP-263,114 (110) [148]. They relied on the Wessely–Yates tandem

oxidative acetoxylation/intramolecular Diels–Alder sequence to build bicyclo[2.2.2]octenones

such as 114 en route to advanced isotwistane intermediates such as 111b, which could

eventually be fragmented to furnish the carbocyclic core of 110 (i.e. 111a ! 110, Figure 29)

[149–153].

Photochemical transformations of bicyclo[2.2.2]octenones derived from Diels–Alder

reaction of spiroepoxycyclohexa-2,4-dienones 116 have been exploited by Singh’s group

in their synthetic studies towards triquinane 119 and oxa-triquinane 121, protoilludane

120, and oxa-sterpurane 122 frameworks (Figure 30) [120, 154]. Spiroepoxycyclohexa-2,4-

Fig. 26

Fig. 27
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dienones 116 are cyclic ortho-quinol ethers that can easily be generated by Adler oxidation

of 2-hydroxymethylphenols 115. Formal total syntheses of the triquinane (G)-coriolin have

been achieved through 1,2-acyl shift as a result of oxa-di-p-methane rearrangement of

bicyclo[2.2.2]octenones 117 upon triplet oxidation [155, 156]. Oxa-triquinanes 121 and oxa-

sterpuranes 122 can be constructed in a stereoselective manner by modulation of the chemi-

cal reactivity of photochemically excited bicyclo[2.2.2]octenones [157]; triplet excitation of the

b,g-enone system furnishes 121, whereas its singlet excitation induces a 1,3-acyl shift to give

122.

Fig. 28

Fig. 29
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15.3.2

Photochemical Rearrangements

Cyclohexa-2,4-dienones are particularly sensitive to photochemically-induced transforma-

tions. Seminal investigations by Barton and co-workers [158, 159] have demonstrated

the facile thermally reversible photoisomerization of these linearly conjugated cyclo-

hexadienones into dienyl ketenes, which can evolve into hexadienoic acid derivatives in the

presence of a protonic nucleophile (NuH) (e.g. 126, Figure 31) [160, 161]. Reaction con-

ditions favoring the p�,n excitation state as the lowest excited state are best for initiating

such a ring-opening event. Under certain conditions allowing the p�,p excitation path to be

followed, bicyclo[3.1.0]hexenones can be produced directly (e.g. 134, Figure 33), as first ob-

served by Hart and co-workers [160–162]. Early on, ortho-quinol acetates were used as sub-

strates to study the photochemical behavior of cyclohexa-2,4-dienones [158, 159], and nu-

merous examples have been described by Quinkert and co-workers [160, 163, 164]. In

contrast to the photolytic ring-opening of cyclohexa-2,4-dienones bearing two carbon sub-

stituents at their 6-position, ortho-quinol acetates of type 123 only led to diene ketenes with

the (5E )-configuration (Figure 31).

This stereochemical preference is attributed to a stereoelectronic promotion of the C6–C7

bond into a pseudoaxial orientation due to a stabilizing interaction between the correspond-

ing s orbital and the antibonding p�
CbO orbital in the photoexcited cyclohexadienone 124

(Figure 31). Quinkert additionally invoked a through-space interaction between the two polar

carbonyl groups to rationalize the conformational preference leading to the (5E )-geometry

[160]. From a general viewpoint, different primary and several secondary photoproducts can

be obtained under different reaction conditions from differently substituted starting ortho-
quinol acetates. Of particular note is the possibility of building seven-membered rings from

ortho-quinol acetates such as 127a–c bearing a side chain with a 2-oxo group at the 6-position

(Figure 32). The presence of a bulky substituent at the 4-position increases the deviation

from planarity of the nucleophilically-trapped primary photoproduct 128a–c. This deviation

Fig. 30
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favors the intramolecular aldol-type reaction that produces the seven-membered rings 130a–

c (Figure 32). Other inter- and intramolecular applications of this nucleophilic trapping of

ketenes to the synthesis of macrolides and photochemically modifiable ionophores (e.g.

131 ! 132, Figure 32) have also been described by Quinkert and co-workers [160, 164].

Liao and Wei took advantage of the possibility of photochemically rearranging cyclohexa-

2,4-dienones into bicyclo[3.1.0]hexenones in their approach to synthetically useful cyclo-

pentenones such as 135 [6, 160–162]. This approach was based on the acid-catalyzed cyclo-

propane ring-opening of bicyclo[3.1.0]hexenones such as 134, as generated photochemically

from non-dimerizing ortho-quinone monoketals such as 133 (Figure 33) [165].

Fig. 31

Fig. 32
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15.3.3

Nucleophilic Substitutions and Additions

One of the most attractive features of the chemistry of ortho-quinol derivatives is the fact that
they are amenable to carbon–carbon bond formation by both substitution and addition re-

actions. These electrophilic entities are typical Michael acceptors, but direct 1,2-additions to

their carbonyl group and vinylogous nucleophilic substitutions of their ketal unit are also

possible [6]. Elegant synthetic applications of direct additions of lithium acetylides have been

described by Danishefsky and Magnus in their total synthesis of the enediyne-containing

aglycon calicheamicinone [166–170]. The putative biosynthetic oxidative dearomatization of

the natural hexaketide sorbicillin (13) to give the ortho-quinol intermediate 14 (Figure 6) has

inspired chemists in their synthetic plans towards the dodecaketide ‘‘bisorbicillinoids’’, as

referred to by Nicolaou [171]. Barnes-Seeman and Corey accomplished a remarkable enan-

tioselective total synthesis of the pentacyclic trichodimerol (15) in only two steps from sor-

bicillin (13) [172]. This phenol was submitted to Wessely oxidation to furnish the two ortho-
quinol acetates 136a and 136b in 73 % yield. Racemic 136a was separated from 136b and

resolved chromatographically. Careful deacetylation of (S)-136a induced an astonishing cas-

cade of nucleophilic addition events leading to the target (�)-15, having no less than eight

stereogenic centers, six of which are quaternary (Figure 34).

Fig. 33

Fig. 34
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A mechanistic description of this [4þ4] dimerization implies the participation of 136c and

its cyclohexa-2,5-dienone tautomer 136d. An initial intermolecular Michael addition (con-

nectivity a) is followed by a first ketalization (b), an intramolecular Michael addition (c), and
a second and final ketalization (d). Nicolaou and co-workers utilized a similar approach in

their synthesis of bisorbicillinoids [40, 171, 173]. The Wessely oxidation was also used to

dearomatize 13 to give 136a, which was then slowly dimerized in the presence of CsOH�H2O

in MeOH to furnish 15 in 16 % yield, together with bisorbicillinol (19) in 22 % yield (Figure

6). Better yields of the [4þ2] endo-cycloadduct 19 were obtained by treating 136a with either

solid KOH in aqueous THF or with concentrated HCl in THF (Figure 35). A rather intriguing

observation was that the ortho-quinol acetate 136a did not undergo any dimerization, even

when heated in benzene or acetic acid for several hours. Deacetylation and acidification of the

reaction medium are required to unleash the reactivity of the quinolic system (Section 15.3.1).

ortho-Quinone monoketals and, in particular, ortho-quinol acetates continue to demon-

strate their utility in biaryl synthesis [6]. Hoshino has shown that various N-acyl and N-
methanesulfonyl-1,2,3,4-tetrahydro-7-methoxyisoquinolin-6-ols 137a can be transformed into

noraporphine 139a and phenanthrene 140a derivatives following their conversion to the cor-

responding ortho-quinol acetates 138a through an apparent vinylogous SN2
0-type substitu-

tion at their C-2 center (Figure 36) [174]. In contrast, regioisomeric 6-methoxyisoquinolin-7-

ols 137b prefer to undergo 1,3-acetate shifts to furnish cyclohexa-2,5-dienone derivatives

138c, which can then undergo ring-opening rearomatization to give 140b. Therefore, an

electron-releasing alkyl group on the isoquinoline nitrogen (e.g. R ¼ Me) appears to be nec-

essary to direct the system toward biaryl bond formation by acid-catalyzed Michael-type 1,6-

addition at the C-5 center of 138b to furnish 139b [174].

In unbiased systems reacting in an intermolecular fashion, ortho-quinone monoketals

usually behave as Michael 1,4-acceptors. This reactivity feature has been exploited for the

rapid and convergent synthesis of fused aromatic polycycles and their quinonoid derivatives.

Anionic annulation of phthalides with ortho-quinone monoketals was first proposed by

Mitchell and Russell for the preparation of linearly fused anthracyclines [175, 176]. Mal and

co-workers applied this strategy to the synthesis of benz[a]anthraquinone motifs 145a–d

present in angucycline natural products (Figure 37). Dimethyl ketals 142a–c were generated

by means of Pelter oxidation [177].

Fig. 35
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Fig. 36

Fig. 37
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Regioselective heteroatom–carbon bond formation is another item in the panoply of re-

actions available with ortho-quinol derivatives. The general trends of their electrophilic be-

havior with respect to both hard and soft heteroatom- as well as carbon-based nucleophiles

have been summarized previously [6]. Epoxidation of their double bonds is another example

of a heteroatom–carbon bond-forming process. Analogues of scyphostatin (20, Figure 7)

have been prepared by epoxidation of 147, which was derived from 4-bromoguaiacol (146) by

Pelter oxidation; the bromide substitution effect first described by Liao and co-workers (Sec-

tion 15.3.1) was judiciously exploited to prepare an otherwise unstable ortho-quinone mono-

ketal (Figure 38) [44, 126].

Our synthetic studies using ortho-quinol acetates have also taken us into the realm of

carbon–heteroatom bond formation and notably concern regioselective benzannulation

reactions. Intramolecular conjugate 1,4-additions to the enone system of ortho-quinol ace-
tates were carried out to build benzannulated five- to seven-membered ether rings, indoles,

quinolines, and their oxo derivatives (Figure 39) [112, 113, 178]. The starting 2-methox-

yphenols 151a–c and 154a–c were tethered with a protected nucleophilic center and sub-

mitted to PIDA-mediated oxidative acetoxylation to furnish the acetates 152a–c and 155a–c

in excellent yields. The silyl-protected ortho-quinols 152a–c and 155a,b were then treated

with a source of fluoride ions (i.e. TBAF ¼ tetrabutylammonium fluoride) to induce cycliza-

tion, which was followed by aromatization with concomitant loss of the 6-acetoxy group. The

cyclization of N-benzylated acetates such as 155c was promoted by the action of a base (e.g.

potassium tert-butoxide in THF). All observed cyclizations followed an exo-trig mode.

Applications of this benzannulation tactic can be anticipated in the synthesis of polyoxy-

genated polycyclic alkaloids and heterocyclic terpenoids. Work is currently in progress in our

laboratory aimed at constructing the polyoxygenated tetracyclic core of Amaryllidaceae alka-
loids such as lycorine (157). The stable bis(ortho-quinol acetate) Tsoc-protected secondary

amine 159 has been subjected to the TBAF-mediated deprotection–cyclization conditions in

the hope of inducing the formation of both the strategic NaC and CaC bonds in a domino

fashion by taking advantage of an electrophile–nucleophile switch of reactivity of the eastern

ortho-quinol moiety (Figure 40). The heterocyclization occurred, but led only to the indole

product 160 [178].

Fig. 38
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The last example of this section serves to demonstrate that the oxidative conversion of

arenols into ortho-quinol derivatives is not only a useful tactic to activate the aromatic nu-

cleus toward further structural elaboration, but that it can also constitute the key reaction

enabling the formation of strategic bonds. Cox and Danishefsky provided us with a glowing

illustration of such synthetic applications in their recent report on the synthesis of lactona-

mycin (161) [179]. A tetracyclic model 164 of this natural antibiotic was constructed by a

Wessely oxidation applied in an intramolecular fashion to the phenolic acid 162 (Figure 41).

Fig. 39

Fig. 40
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15.4

Conclusion

The prime objective of writing this chapter was to demonstrate that the oxidative conversion

of simple 2-substituted hydroxylated aromatic molecules into ortho-quinone monoketals or

other ortho-quinol derivatives constitutes a powerful tactic for the rapid elaboration of struc-

tural complexity and diversity in organic synthesis. The concepts of this tactic are certainly

well anchored in fifty years of research in the field of phenol oxidation chemistry, but its

synthetic applications have long been thwarted by the difficulties encountered in working

with highly reactive ortho-quinol derivatives. Subtle electronic and steric effects are often the

keys to their high-yielding formation and controlled utilization in various types of chemical

reactions. Today, ortho-quinol derivatives can be efficiently transformed by regioselective nu-

cleophilic additions and substitutions, by photochemical ring-opening and ring-contracting

rearrangements, and by Diels–Alder cycloadditions into versatile bicyclo[2.2.2]oct-5-en-2-one

synthons. The increasing number of reports on successful utilizations of ortho-quinone
monoketals and other ortho-quinols is certainly testament to their emerging prominent role

in organic synthesis and, in particular, in natural products synthesis. May this chapter be a

convincing compilation of examples from the flourishing chemistry of these 6-oxocyclohexa-

2,4-dienone derivatives.

Acknowledgements

The author thanks the Délégation Régionale à la Recherche et à la Technologie pour l’Aqui-
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Molecular Switches and Machines Using

Arene Building Blocks

Hsian-Rong Tseng and J. Fraser Stoddart

Abstract

The ‘‘top-down’’ approach to device construction currently utilized by solid-state physicists

and electronic engineers faces increasing challenges from the intrinsic limitations of the

materials themselves. A potential solution to this rapidly emerging problem is the ‘‘bottom-

up’’ approach, starting from the smallest components of materials, namely molecules. A

molecular-level machine is an assembly of a distinct number of molecular components that

can be induced to produce mechanical movements. Similarly, a molecular switch is a mole-

cule that can be stimulated to undergo reversible switching between discrete states. Un-

doubtedly, the best means of stimulating molecular-level machines and switches are through

the action of photons and electrons. Thus, appropriate designs need to incorporate both

electrochemically and photochemically active components into the molecules to drive the

mechanical and switching processes. A working platform for these molecular-level machines

and switches can be created around mechanically interlocked systems. This chapter relates a

few case histories that have been inspired by the desire to construct unique molecular

switches and motors, using molecules that contain certain ubiquitous arene building blocks.

16.1

Introduction

The past decade has witnessed a rapidly growing, almost obsessive, interest in molecular

switches and motor-molecules that remind us of our computers and our cars. Perhaps it is

little wonder that those technological triumphs, which have so changed our lifestyles on

many parts of the planet during the latter half of the twentieth century have started to cap-

ture the imaginations of scientists and engineers educated and trained in how to make,

measure, and model a much smaller world built up of atoms and molecules. Surely it is only

natural for these scientists and engineers to ask themselves – can we make switches and

motors down at the molecular level and, if we can, what could be the technological im-

plications and consequences? These questions, which were not so long ago dismissed as

somewhat academic and esoteric, have all of a sudden become rooted in the highly fashion-

able practice we call nanoscience and the endless speculation we embrace under the um-

brella of nanotechnology. The reason for all the interest and excitement is many-fold. On the
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one hand, molecular scientists look at the revolution that has visited the life sciences in the

last two decades with the rapidly growing realization that living systems consist, in large

measure, of a collection of biomolecular switches and motors that are very closely integrated,

one with another in such an awesome way that life itself is not only sustained but also pro-

mulgated. On the other hand, molecular scientists are curious to see what they might find

out about materials and function if they break away from pursuing the traditional disciplines

within gas, solution, and solid-phase chemistry, and begin to explore the new frontiers be-

yond the molecule between states and across boundaries.

This chapter describes some examples of research that has been inspired by the desire to

do something different with arene building blocks that are plentiful in their supply – and, it

turns out, rich in their potential for the construction of molecular switches and motors [1].

16.2

From Self-Assembling [2]Catenanes to Electronic Devices

Our first case history starts with the establishment of a recognition motif between p-electron-

rich and -deficient arene building blocks within the context of host–guest chemistry. Donor–

acceptor interactions lead (Figure 1a) to the p-electron-rich macrocycle, bis(paraphenylene)-
34-crown-10 (BPP34C10) (1) accommodating the p-electron-deficient dicationic guest 22þ

and forming [2] a 1:1 complex [1I2]2þ, both in solution and in the solid state. The donor–

acceptor roles can be reversed [3] to give (Figure 1b) a 1:1 complex [4I3]4þ between the p-

electron-rich 1,4-dimethoxybenzene (3) and the p-electron-deficient tetracationic cyclophane

44þ. During the past 15 years, these noncovalent interactions between p-electron-deficient

and p-electron-rich components in recognition sites have been exploited in our laboratories

to self-assemble [2]catenanes. A [2]catenane is a molecule composed of two interlocked

macrocyclic components. The two macrocycles are not linked covalently to each other;

rather, a mechanical bond holds the two components together, preventing their dissociation.

Fig. 1. Two complementary p-electron-donor/acceptor recognition systems, [1I2]2þ and [4I3]4þ.
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As shown in Figure 2, the template-directed synthesis of a [2]catenane 5�4PF6, which relies

on donor–acceptor interactions for the initial self-assembly of its component pieces prior to

the formation of the mechanical bond, proceeds [4] in 70 % yield when equimolar amounts

of 6�2PF6 and 1,4-bis(bromomethyl)benzene (7) are reacted together in the presence of an

excess of BPP34C10 (1). This [2]catenane is composed of a p-electron-deficient tetracationic

cyclophane interlocked with a p-electron-rich macrocyclic polyether. In addition to its having

a mechanical bond, [p� � �p] stacking interactions [5] between the complementary aromatic

units, [CaH� � �O] hydrogen bonds [6] between a-bipyridinium hydrogen atoms and polyether

oxygen atoms, and [CaH� � �p] interactions [7] between the hydrogen atoms on the hydro-

quinone (HQ) ring and the p-phenylene spacer in the tetracationic cyclophane hold the two

macrocyclic components together and also control their relative movements in solution.

On the basis of the same kinds of p-electron donor–acceptor interactions, and in collabo-

ration with the Balzani group in Bologna, a more complicated (supramolecular) system has

been built [8] from three components. Two components behave as hosts with differing p-

donor/p-acceptor capabilities, and the other component fulfils the role of an itinerant guest

with redox-controllable p-donor/p-acceptor properties. Three distinct states can be accessed

(Figure 3) by electrochemical manipulation of the guest’s p-donor/p-acceptor properties

in the presence of the two hosts, namely the p-electron-donating macrocyclic polyether, 1,5-

dinaphtho-38-crown-10 (DN38C10) (8) and the p-electron-accepting tetracationic cyclophane

44þ. The guest is tetrathiafulvalene (TTF) (9), which is known to exist in three stable oxida-

tion states, namely TTF(0), TTFþ�, and TTF2þ. The three-component mixture functions as

a three-pole system by controlling the oxidation state of the TTF unit. The TTF is (i)

uncomplexed in its TTFþ� state, (ii) complexed with the p-electron-accepting tetracationic

cyclophane 44þ in its TTF(0) state, and (iii) complexed with the p-electron-donating macro-

cyclic polyether 8 in its TTF2þ state. The reversible electrochemical processes were moni-

tored by absorption spectroscopy. The results show that complexation/decomplexation oc-

curs rapidly on the experimental time-scale.

The [2]catenane 104þ, incorporating a TTF unit in its p-electron-rich macrocyclic ring, has

been self-assembled [9a, 9b] using the template-directed synthetic strategy (Figure 4). The

bis(hexafluorophosphate) salt 6�2PF6 was treated with 1,4-bis(bromomethyl)benzene (7) in

the presence of the macrocycle 11 to obtain 10�4PF6, which was isolated in a yield of 23 %

after counterion exchange. X-ray crystallography revealed (Figure 5) that the TTF unit resides

preferentially inside the cavity of the tetracationic cyclophane in the solid state. This obser-

vation is consistent with the absorption spectrum of 10�4PF6 in MeCN. It shows a band at

Fig. 2. The template-directed synthesis of the [2]catenane 5�4PF6.
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850 nm (curve a in Figure 6), corresponding to a charge-transfer (CT) interaction between

the TTF unit and the bipyridinium units. The circumrotation of the macrocyclic polyether

component through the cavity of the tetracationic cyclophane can be reversibly induced by

oxidizing and then reducing the TTF unit. Upon addition of one equivalent of Fe(ClO4)3, the

TTF unit is oxidized (from A to B in Figure 6) to its radical cation. Circumrotation of the

macrocycle occurs as a result of electrostatic repulsion between this monocationic unit and

the two dicationic bipyridinium units. This circumrotation can be monitored by observing

the changes in the absorption spectrum. The CT band, centered at 850 nm, gradually dis-

Fig. 3. A three-pole supramolecular switch.

Fig. 4. The template-directed synthesis of the [2]catenane 10�4PF6.
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appears and is replaced by a new CT band, centered at 515 nm (curves b and c in Figure 6),

arising from the 1,5-dihydroxynaphthalene (DNP) ring system and the surrounding bipyr-

idinium units. Again, upon addition of a second equivalent of Fe(ClO4)3, the monocationic

(TTFþ�) unit is oxidized (from B to C in Figure 6) to its dication (TTF2þ). The absorption

spectrum shows a similar CT band centered at 515 nm (curve d in Figure 6), suggesting that

the DNP ring system still resides inside the cavity of the tetracationic cyclophane. Upon ad-

dition of two equivalents of ascorbic acid, the TTF2þ dication is reduced back to its neutral

state (from C to A in Figure 6) and the macrocyclic polyether once again circumrotates

through the cavity of the tetracationic cyclophane, returning to the original state of the

[2]catenane. Absorption spectroscopy corroborates this sequence of events by showing the

same band (curve e in Figure 6) at 850 nm as that present in the starting [2]catenane

10�4PF6. The circumrotation of the macrocyclic polyether component through the cavity of

the tetracationic cyclophane can also be induced electrochemically. In cyclic voltammetry

Fig. 5. The X-ray crystal structure of the [2]catenane 104þ.

Fig. 6. The absorption spectra of the redox processes of the [2]catenane 10�4PF6.
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(CV) experiments [9a, 9b], the bielectronic oxidation process occurs on the TTF unit at þ0.80

V vs. saturated calomel electrode (SCE), and the oxidation of the DNP ring system is strongly

displaced toward þ1.60 V vs. SCE, compared to that of the free crown ether (þ1.17 V vs.
SCE). The dramatic increase in the oxidation potential of the DNP ring system indicates that

it is encircled by the tetracationic cyclophane after the oxidation of the TTF unit.

The dimiristoylphosphatidyl (DMPA) salt of the switchable [2]catenane 104þ forms [9c] a

stable Langmuir–Blodgett (LB) monolayer at the air–water interface. The monolayers can be

transferred onto an Au(111) surface and have been studied [9d] by scanning tunneling

spectroscopy. The current/voltage behavior of the resulting materials is dictated by the redox

state of the TTF unit and by the co-conformation of the [2]catenane. No current is detected

between �0.5 V and 0.0 V when the TTF unit is initially in its neutral state and located in-

side the cavity of the tetracationic cyclophane. However, relatively high tunneling currents

are obtained when the TTF unit is initially in the oxidized state and located alongside the

cavity of the tetracationic cyclophane.

In collaboration with the Heath group at UCLA, the [2]catenane 10�4DMPA has been in-

troduced [9e] into electronically reconfigurable molecular switches. By employing the LB

technique, monolayers of the DMPA salt of the switchable [2]catenane were transferred onto

a parallel arrangement of aligned n-type polysilicon wires, supported by a SiO2 substrate.

The 7 mm wide wires were deposited onto the substrate by direct chemical vapor deposition.

A second set of wires, perpendicular to the first, was then deposited onto the monolayer

through a contact shadow mask, using an electron beam deposition technique. These wires

were composed of a layer of Ti (5 nm) and Al (100 nm) and had a width of 10 mm. A typical

device is illustrated graphically in Figure 7. In this illustration, an Al/Ti wire overlays six

polysilicon wires, forming a linear array of six junctions. A section of these junctions is

magnified in Figure 7, which shows the two perpendicular wires sandwiching a film of the

DMPA anion lying on top of a monolayer of switchable [2]catenane molecules. By alternat-

ing the voltage pulses between þ2 V and �2 V, and reading the resistance at 0.1 V, switching

between the two states of the [2]catenane is observed. The remnant molecular signature of

the device, which is shown in Figure 8, was measured by varying the writing voltage in 40

mV steps and reading the device at �0.2 V. The hysteresis between the open and closed

states of the catenane-based switch is evident in this signature. This electronically recon-

Fig. 7. The electronically reconfigurable molecular devices based on the [2]catenane 10�4DMPA.
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figurable bistable catenane-based switch might be useful for generating random access

memory.

16.3

A Hybrid [2]Catenane Switch

In collaboration with the Sauvage group in Strasbourg, we have been successful in com-

bining [10] metal–ligand and p-electron donor–acceptor interactions to produce (Figure 9)

a [2]catenane [12�Cu]5þ that is capable of chemical switching. The threaded complex

[14I13�Cu]3þ was formed by mixing equimolar amounts of Cu(MeCN)4PF6, the dication

132þ, and the phenanthroline-containing macrocycle 14. Treating the threaded complex

Fig. 8. The remnant molecular signature of the [2]catenane device,

measured by varying the write voltage in 40 mV steps and by reading

the device at �0.2 V.

Fig. 9. The synthesis and chemical switching of a hybrid [2]catenane.
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[14I13�Cu]3þ with 1,3-bis(bromomethyl)benzene (15) under high dilution conditions in

refluxing MeCN, gave the [2]catenane [12�Cu]5þ in 40 % yield. This hybrid molecular switch

possesses two different recognition modes, namely (i) coordination of Cu(I) by two phenan-

throline ligands and (ii) p-electron donor–acceptor interactions between the DNP ring sys-

tem and the two bipyridinium units. Since the coordination interaction is the stronger, the

stable state of the molecular switch is the [2]catenane [12�Cu]5þ, in which the Cu(I) ion is

complexed by the two phenanthroline ligands in a tetrahedral coordination geometry. Re-

moval of the Cu(I) ion, however, by the addition of KCN, affords the [2]catenane 124þ, which
undergoes a topological change to allow its p-electron-rich DNP ring system to be sand-

wiched between its two p-electron-deficient bipyridinium units. Thus, non-covalent donor–

acceptor interactions dominate the molecular geometry in the demetalated system. The

chemically driven co-conformational change between the [2]catenanes [12�Cu]5þ and 124þ

was confirmed by 1H NMR spectroscopy.

16.4

A Self-Complexing Molecular Switch

Our next case history takes what we have learnt about donor–acceptor interactions between

arene building blocks in interlocked molecules and exploits that knowledge base in a more

conventional intramolecular arena. The self-complexing compound 164þ (Figure 10) in-

corporates [11] a linear polyether thread intercepted by a DNP ring system, which is co-

Fig. 10. The synthesis and switching of the self-complexing compound 164þ.
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valently bound to one of the phenylene spacers of the tetracationic cyclophane by means of

an ester linkage. In solution, the DNP ring system threads through the cavity of the cyclo-

phane. The conformation is stabilized by p-p stacking interactions between the complemen-

tary p-electron-rich DNP ring system and the two p-electron-deficient bipyridinium units in

the tetracationic cyclophane. By reacting the dication 6�2PF6 with the DNP-containing di-

bromide 17, the self-complexing macrocycle 164þ was obtained in 24 % yield. The absorption

spectrum of the macrocycle 164þ, recorded in MeCN at 298 K, shows a band centered at 515

nm, corresponding to the CT interaction between a DNP ring system and the sandwiching

bipyridinium units. The absorption increases linearly with the concentration, suggesting

that this compound exists only in the self-complexing form. The compound also functions as

an electrochemically driven molecular switch. After electrochemical reduction of each bipyr-

idinium unit of the cyclophane, the DNP-containing side chain is ejected from the cyclo-

phane’s cavity. This dramatic conformational change is reversible by means of the electro-

chemical redox process. The switching process was monitored by CV and indeed proved to

be reversible.

16.5

Pseudorotaxane-Based Supramolecular Machines

The recognition of different p-donating arene guests with a common p-accepting host has

been subjected to control by metal ion crown ether recognition in the next case history to be

described. The 18-crown-6 derivative 18, which bears a DNP ring system [12], is a ditopic

compound that can act (Figure 11) as a host for alkali metal (e.g., Kþ) cations as well as as a

Fig. 11. The chemically controlled competition between two thread-like

species 18 and 19 for the cavity of a tetracationic cyclophane 44þ.
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guest for the tetracationic cyclophane 44þ, in the latter case forming a [2]pseudorotaxane

[4I18]4þ. In MeCN, the 1:1 complex [4I18]4þ is not affected by the presence of the HQ-

containing thread 19. Upon addition of Kþ ions to a solution of [2]pseudorotaxane [4I18]4þ

in MeCN, it disassembles, presumably as a result of electrostatic repulsions between the

bound Kþ ion and the 44þ tetracation. The cavity of the tetracationic cyclophane is then free

to complex with the neutral thread 19, forming the [2]pseudorotaxane [4I19]4þ. Since the

exchange of guests causes the color of the solution to change from purple to reddish-orange,

this multicomponent system can also be regarded as a metal-controlled chromophoric mo-

lecular switch. The exchange processes occurring in this supramolecular system can also be

monitored by 1H NMR spectroscopy.

16.6

[2]Rotaxanes and Molecular Shuttles

A [2]rotaxane is a molecule composed of macrocyclic and dumbbell-shaped components.

The macrocycle encircles the rod-like portion of the dumbbell-shaped component and is

mechanically trapped by two bulky stoppers. Thus, the two components cannot dissociate

from one another, even though they are not covalently bound to each other. Moreover, if

there are two degenerate recognition sites located on the dumbbell-shaped component of

the [2]rotaxane, a co-conformational equilibrium state, in which the macrocyclic component

can shuttle back and forth along the rod-like portion of the dumbbell, can result. Such a

molecule constitutes a molecular shuttle [13]. The first molecular shuttle, 21�4PF6, was

reported [13a] in 1991. Reaction of equimolar amounts of the dication 6�2PF6 and 1,4-

bis(bromomethyl)benzene (7) in the presence of the dumbbell-shaped compound 20 and

AgPF6 gave 21�4PF6 in 32 % yield (Figure 12). In this molecule, there are two degenerate

HQ rings (labeled A and B in Figure 13) located on the dumbbell-shaped component, be-

tween which the tetracationic cyclophane can shuttle back and forth. Both the 1H and 13C

NMR spectra of the molecular shuttle 21�4PF6 show temperature-dependent behavior in a

range of deuterated solvents. For this degenerate system, we would expect to observe two

sets of signals due to the HQ rings – one set due to the protons on the encircled HQ ring,

Fig. 12. The template-directed synthesis of the molecular shuttle 21�4PF6.
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and another set arising from the protons on the free HQ ring. Indeed, at room temperature

in [D6]acetone solution, the signals of the HQ protons are merged into the baseline between

d ¼ 3:5 and d ¼ 6:5, suggesting that the shuttling process in the molecular shuttle 21�4PF6 is

slow on the 1H NMR time-scale at room temperature. Cooling the solution of 21�4PF6 in

[D6]acetone to 223 K in an effort to further slow down the shuttling process allowed two sets

of peaks to be observed at d ¼ 6:38 and d ¼ 3:8, corresponding to the protons on the free and

encircled HQ rings, respectively. When the same sample was warmed up to 413 K in

[D6]DMSO, only one set of proton signals was observed at d ¼ 5:16 because of the rapid

shuttling process. By monitoring the various signal coalescences with different 1H NMR

probes in both the dumbbell and macrocycle components, the energy barrier (DGz) to the

shuttling process was determined [13a, 13e] to be in the range 12.4–13.3 kcal mol�1.

It is also possible to control the shuttling process within a non-degenerate molecular

shuttle. By incorporating two recognition sites with different p-electron-donor/acceptor

abilities into the dumbbell-shaped component, the macrocycle can be located preferentially

on one of the two different recognition sites. The macrocycle can then be enticed to reside

on the other recognition site by altering the p-electron-donor/acceptor ability of the original

recognition site. The [2]rotaxane 224þ constitutes [14] a chemically and electrochemically

switchable molecular shuttle. The synthesis of [2]rotaxane 224
þ �4PF6 is illustrated in Figure

14. The bis(hexafluorophosphate) salt 6�2PF6 was treated with 1,4-bis(bromomethyl)benzene

(7) in the presence of the dumbbell-shaped compound 23, which incorporates both benzi-

dine and biphenol recognition sites. The chemically and electrochemically controllable

switching relies upon the p-p stacking and [CaH� � �O] interactions between the comple-

mentary units in the recognition sites. As expected, the [2]rotaxane 224þ exhibits transla-

tional isomerism, with the tetracationic cyclophane located preferentially (84:16 in MeCN at

�44 �C) on the more p-electron-rich benzidine ring. Two translational isomers could also be

detected by absorption spectroscopy. The absorption spectrum recorded in MeCN shows two

Fig. 13. The shuttling process and energy barrier for the passage of the

tetracationic cyclophane between the two degenerate recognition sites,

A and B, in the [2]rotaxane 214þ.
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bands, centered on 490 and 690 nm, corresponding to the CT interactions between the tetra-

cationic cyclophane and the biphenol and benzidine units, respectively.

The [2]rotaxane 224þ can be switched (Figure 15) by controlling the pH. Upon addition of

an excess of trifluoroacetic acid, the benzidine unit becomes protonated, generating the

[2]rotaxane [22�2H]6þ. The tetracationic cyclophane moves away from this newly generated

dicationic unit because of electrostatic repulsion. In this case, the absorption spectrum lacks

the 690 nm band, confirming the deprotonation of the benzidine unit and the relocation

of the cyclophane to the biphenol unit. The [2]rotaxane [22�2H]6þ can be subsequently de-

protonated by the addition of pyridine, regenerating the [2]rotaxane 224þ.

Fig. 14. The template-directed synthesis of the [2]rotaxane 22�4PF6.

Fig. 15. The acid/base-controllable switching of the [2]rotaxane 22�4PF6.
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Cyclic voltammetry shows that the [2]rotaxane 224þ can also undergo electrochemical

switching (Figure 16) by a monoelectronic oxidation process to give the radical pentacationic

species 22�5þ. On oxidation, the benzidine unit is converted to its monocationic radical state,

generating an electrostatic repulsion, which causes the tetracationic cyclophane to move to

the biphenol unit in [2]rotaxane 224þ. This redox procedure is completely reversible.

The amphiphilic molecular shuttle 24�4PF6 was synthesized [15a] by using the dumbbell-

shaped compound 25 as the template for the formation of the encircling tetracationic cy-

clophane (Figure 17) from its precursor 6�2PF6 and 1,4-bis(bromomethyl)benzene (7). The

molecular shuttle 24�4PF6 was isolated as an analytically pure, brown solid after column

chromatography using a solution of NH4PF6 in Me2CO as the eluent. Spectroscopic studies

indicated the presence of the two stable translational isomers, 24�4PF6-Green and 24�4PF6-

Red, in the isolated product. The visible absorption spectrum recorded in Me2CO showed a

broad CT band centered at 805 nm, which is characteristic of the co-conformation (24�4PF6-

Green) containing the TTF unit located inside the cavity of the tetracationic cyclophane, and

a CT band observed as a shoulder at 540 nm, which results from the DNP ring system en-

circled by the tetracationic cyclophane in the other co-conformation (24�4PF6-Red). The
1H

NMR spectrum recorded at 298 K in [D6]acetone also indicated the presence of two co-

conformational isomers, slowly interconverting on the 1H NMR timescale. The ratio of the

two translational isomers was estimated by integration of the two different SMe resonances

to be approximately 1:1. By means of preparative thin-layer chromatography, it is possible to

isolate the translational isomer (24�4PF6-Red), in which the tetracationic cyclophane en-

circles the DNP ring system. Allowing the solution of the red translational isomer 24�4PF6-

Red to stand at room temperature for 24 h results in the formation of the ‘‘original’’ brown

solution containing a mixture of the two translational isomers. By employing a first-order

kinetic treatment, a rate constant of 2� 10�5 s�1 was obtained for this slow shuttling pro-

Fig. 16. The redox-controllable switching of the [2]rotaxane 22�4PF6.
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cess of the tetracationic cyclophane between the two recognition sites. The corresponding

free energy of activation (DGz) for this isomerization is 24 kcal mol�1. This new amphiphilic,

bistable [2]rotaxane 24�4PF6 has been assessed [15b] for its ability to self-organize into an LB

monolayer as a prelude to its incorporation into devices (Figure 18).

Two [2]rotaxanes, [26�H]�3PF6 and [27�H]�3PF6, incorporating both dialkylammonium and

bipyridinium recognition sites have been self-assembled [16] as outlined in Figure 19.

Treatment of the bis(hexafluorophosphate) salts [28�H]�2PF6 and [29�H]�2PF6 with the

benzylic bromide 30 in the presence of dibenzo-24-crown-8 (31) gave the [2]rotaxanes

[26�H]�3PF6 and [27�H]�3PF6, respectively, after counterion exchange. In both [2]rotaxanes,

the crown ether ring is located preferentially around the dialkylammonium recognition site

as a result of a combination of [NþaH� � �O] and [CaH� � �O] hydrogen bonds between the

Fig. 17. The synthesis of the slow-shuttling [2]rotaxane 24�4PF6.

Fig. 18. A [2]rotaxane 24�4PF6-based molecular device.

16.6 [2]Rotaxanes and Molecular Shuttles 587



polyether oxygen atoms and the aCH2NH2
þCH2a units in [26�H]3þ and [27�H]3þ. However,

upon addition of iPr2NEt to the solutions of [26�H]�3PF6 or [27�H]�3PF6, the dialkylam-

monium recognition sites are deprotonated and the hydrogen bonds between the crown

ether and the dumbbells are destroyed. As a result, the crown ether ring moves to encircle

the bipyridinium recognition sites, giving 26�2PF6 and 27�2PF6, respectively. Upon addition

of trifluoroacetic acid, protonations restore the dialkylammonium recognition sites and the

crown ether ring moves back from the bipyridinium recognition sites to the dialkylam-

monium recognition sites. The case history outlined in this section has demonstrated how

the concept of a molecular shuttle can be transformed into molecular abacus-like switches

Fig. 19. The acid/base-controllable switching of the [2]rotaxanes [26�H]�3PF6 and [27�H]�3PF6.
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that can be both chemically and electrochemically driven. The next section describes how

very similar kinds of switches and machines have been designed and operated photochemi-

cally in collaboration with the Balzani group and, in the case of the solid-state systems, with

the Zink group at UCLA.

16.7

The Evolution of Photochemically Driven Molecular Switches

The [2]pseudorotaxane [4I32]4þ can behave [17a] as a photochemically driven molecular

switch (Figure 20) in aqueous solution. When the thread-like compound 32 is added to

the tetrachloride salt of the tetracationic cyclophane 44þ, it forms the [2]pseudorotaxane

[4I32]4þ in aqueous solution. Next, the deoxygenated solution of the [2]pseudorotaxane

[4I32]4þ is irradiated in the presence of an external electron-transfer photosensitizer (P, 9-

anthracene-carboxylic acid) and a sacrificial reductant (Red, triethanolamine). It should be

noted that the photosensitizer must (i) be able to absorb light efficiently (Process 1 in Figure

20) and (ii) have a sufficiently long-lived excited state (P*) so that its irradiation in the pres-

ence of the [2]pseudorotaxane [4I32]4þ will lead to the transfer of an electron to one of the

bipyridinium units of the cyclophane (Process 2 in Figure 20). The related fast back electron

transfer from the reduced cyclophane to the oxidized photosensitizer is prevented by the

presence of the sacrificial reductant (Red). As a consequence, the p-p stacking interactions,

which hold the 1:1 complex [4I32]4þ together, are seriously impaired, resulting in deth-

reading of the [2]pseudorotaxane. This process can be monitored by the disappearance of the

CT band between the DNP ring system and the cyclophane, and the appearance of the fluo-

rescence of the DNP ring system in the ‘‘free’’ 32. If oxygen is allowed to enter the aqueous

solution, the reduced cyclophane 4�3þ is re-oxidized and the [2]pseudorotaxane [4I32]4þ is

re-formed.

The same concept has been demonstrated [17b] in the solid state by two different

approaches, affording supramolecular machines. In the first system (Figure 21), the su-

pramolecular machines are physically trapped in a rigid, nanoporous, and optically trans-

parent matrix by condensation of a sol-gel silica framework around the [2]pseudorotaxane

[4I32]4þ, photosensitizer (P), and sacrificial reductant (Red). The XeCl laser-induced fluo-

rescent emission of the dethreaded DNP ring system in component 32 is monitored. The

dethreading process was found to be roughly an order of magnitude slower in the gel than

in solution. This reduced rate of dethreading probably results from the stabilization in-

Fig. 20. The photochemically induced dethreading of the pseudorotaxane [4I32]4þ.
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teraction between the negatively charged pore walls of the silicate matrix and the positively

charged components of the supramolecular machine. In the second system (Figures 22 and

23), the [2]pseudorotaxanes [4I33]4þ are tethered onto the surface of a silica film. In this

case, the monobenzylated DNP derivative 33 is attached to sol-gel films (Step 2 in Figure 22)

that are pre-functionalized by treating the surface silanol groups with isocyanatopropyl-

triethoxysilane (Step 1 in Figure 22). After capturing the tetracationic cyclophane 44þ, the
derivatized films were allowed to perform three threading and dethreading redox cycles in an

aqueous solution containing the photosensitizer (P) and the sacrificial reductant (Red; here

ethylenediaminetetraacetate was applied).

Fig. 21. Supramolecular machines in an interior pore of a sol-gel monolith.

Fig. 22. The two-step procedure to anchor the thread 33 onto the surface of a sol-gel film.
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The design of photochemically driven supramolecular machines can be improved by in-

corporating the photoactive component (P) into either the thread or the cyclophane in order

to increase the efficiency of the electron-transfer process. [2]Pseudorotaxanes containing

metal-complex photosensitizers can be regarded as ‘‘light-fueled’’ motors. A photoactive

metal complex has been incorporated (Figure 24) into both the thread and the ring compo-

nents [18, 19] in separate experiments. The [2]pseudorotaxane [8I34]4þ incorporates [18a]

the 1,5-dinaphtho-38-crown-10 [1/5-DN38C10] (8) and the photoactive ruthenium complex

containing thread 344þ. The threading and dethreading motions of the [2]pseudorotaxane

[8I34]4þ can be triggered (Figure 24a) by irradiation with visible light and oxygenation of

the solution, respectively. Photoirradiation induces intramolecular single electron transfer

from the metal complex P to the adjacent bipyridinium unit. As a result, the p-p stacking

interactions between the crown ether 8 and the thread 344þ are destroyed. The competing

back electron transfer is blocked by the presence of the reductant (Red). Upon introduction

of oxygen into the reaction mixture, the bipyridinium unit is oxidized and complexation be-

tween 8 and 344þ is restored. The mechanical motions exhibited by this supramolecular

machine can be monitored by the intensity of the fluorescence associated with the free

crown ether 8. Similarly, the [2]pseudorotaxane [35I36]4þ incorporates [18b] a photoactive

rhenium complex containing cyclophane 354þ and a DNP-containing thread 36. The

threading and dethreading processes involving this [2]pseudorotaxane [35I36]4þ can also

be triggered (Figure 24b) by irradiation with visible light and oxygenation of the solution,

Fig. 23. Supramolecular machines in action on a sol-gel surface.
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respectively. Photoirradiation induces intramolecular single electron transfer from the

ruthenium metal complex P to an adjacent bipyridinium unit of the cyclophane. As a con-

sequence, the p-p stacking interactions between the cyclophane 354þ and the thread 36 are

destroyed. The competing back electron transfer is blocked by the presence of the reductant

(Red). Upon introduction of oxygen into the reaction mixture, the bipyridinium unit is oxi-

dized and complexation between the cyclophane 354þ and the thread 36 is restored. The

mechanical motions exhibited by this supramolecular machine can be monitored by the in-

tensity of the fluorescence associated with the free DNP-containing thread 36.

Following the evolution of these photochemically driven supramolecular machines, a mo-

lecular machine was reported [19] in the form of a molecular-level abacus. It was designed in

the shape of the [2]rotaxane 37�6PF6, composed of the p-electron-donating macrocyclic poly-

ether BPP34C10 (1) and a dumbbell-shaped component 38�6PF6, which contains (i) a pho-

toactive Ru(II)-polypyridine complex as one of its stoppers, (ii) a p-terphenyl-type ring sys-

tem as a rigid spacer, (iii) 4,4 0-bipyridinium and 3,3 0-dimethyl-4,4 0-bipyridinium units as two

different p-electron-accepting stations, and (iv) a tetraarylmethane group to act as the second

inert stopper. The [2]rotaxane 37�6PF6 was synthesized (Figure 25) by a thermodynamically

driven slippage reaction between the dumbbell 38�6PF6 and BPP34C10 (1). The mechani-

cal properties of this molecular shuttle were characterized by cyclic voltammetry. The stable

translational isomer is the one in which the BPP34C10 component encircles the 4,4 0-
bipyridinium unit, in keeping with the fact that this unit is a much better p-electron acceptor

than the 3,3 0-dimethyl-4,4 0-bipyridinium unit. Two strategies have been employed in order to

Fig. 24. Photocontrollable molecular machines based on the

[2]pseudorotaxanes [8I34]4þ and [35I36]4þ.
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obtain the photoinduced abacus-like movement of the BPP34C10 ring between the two sta-

tions.

An intramolecular mechanism, which is illustrated in Figure 26, is based on the following

four operations: (a) Destabilization of the stable translational isomer: a photoinduced elec-

tron transfer from the photoactive stopper P to the A1 station (Step 1), which is encircled by

the BPP34C10 ring, in order to destabilize the p-p stacking interaction between the ring

component and the A1 station. (b) Ring displacement: the BPP34C10 moves from the re-

duced A1 to A2 (Step 2) as a result of destabilization of the p-p stacking interactions between

the ring component and the A1 station. This step competes with the back electron transfer

process from the reduced A1 to the oxidized photoactive unit Pþ (Step 3). (c) Electronic reset:

Fig. 25. The synthesis of the [2]rotaxane 37�4PF6 by the slippage approach.

Fig. 26. Intramolecular mechanism.
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a back electron transfer process from the uncomplexed reduced A1 to Pþ (Step 4) takes place

with consequent restoration of the electron-acceptor character to the A1 station. (d) Nuclear

reset: back movement of the BPP34C10 from the A2 to the A1 station (Step 5). Unfortu-

nately, in this mechanism, the back electron transfer process (Step 2) is faster than the ring

displacement process (Step 3). Therefore, the intramolecular mechanism does not allow this

system to behave as a molecular-level abacus. Figure 27 illustrates an alternative sacrificial

mechanism, which is based on the following four operations: (a) Destabilization of the stable

translational isomer (Step 6); this is the same as Step 1 mentioned in the intramolecular

mechanism. (b) Ring displacement: after scavenging of the oxidized photoactive unit, a

suitable reductant Red is added to the solution to react with the oxidized photoactive unit Pþ

(Step 7). The back electron transfer reaction is thus quenched and the BPP34C10 ring moves

from the reduced A1 to A2 (Step 8). (c) Electronic reset: the electron-acceptor power of the A1

station can be restored by oxidizing the reduced A1 with a suitable oxidant Ox (Step 9). (d)

Nuclear reset (Step 10). Experiments have shown [19] that the photochemically driven

switching of this molecular-level abacus-like system can be successfully accomplished in so-

lution by means of this sacrificial mechanism.

16.8

Chemically Switchable Pseudorotaxanes

We have developed a number of these supramolecular machine-like systems in collabora-

tion with the Balzani group, and have used them to perform logic functions. An example

is presented in the next section. Figure 28 illustrates the chemical switching [20a] of

the [2]pseudorotaxane [8I39]2þ, which incorporates a p-electron-deficient unit (dia-

zapyrenium dication) in its thread-like component 392þ and two p-electron-rich units (DNP)

in the crown ether 1/5-DN38C10 (8). Since the thread-like component 392þ forms adducts

Fig. 27. Sacrificial mechanism.
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[39�2Me(CH2)5NH2]
2þ with n-hexylamine, addition of this amine induces the dethreading of

[2]pseudorotaxane [8I39]2þ. This process is quantitatively reversible upon the addition of

trifluoroacetic acid (TFA). The changes in the absorption and fluorescence spectra allow the

on/off switching to be easily monitored.

The same phenomenon was probed [20b] in the chemical switching (Figure 29) of the

[2]catenane 404þ. It incorporates BPP34C10 and a tetracationic cyclophane, comprising a

bipyridinium and a diazapyrenium unit. X-ray crystallographic analysis revealed that the

BPP34C10 exclusively encircles the diazapyrenium ring system in the solid state. The 1H

NMR spectrum ([D6]acetone, 193 K) of the [2]catenane 404þ shows the signals for two co-

conformations in a ratio of 96:4. The major isomer corresponds to the same co-conformation

Fig. 28. Amine/acid-controlled dethreading/rethreading cycle of [2]pseudorotaxane [8I39]2þ.

Fig. 29. A chemically switchable [2]catenane 404þ.
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as that observed in the solid state. The diazapyrenium unit is located inside the cavity of the

BPP34C10 and the bipyridinium unit is positioned ‘‘alongside’’. Since n-hexylamine can

form adducts [40�Me(CH2)5NH2]
4þ with the diazapyrenium ring system, the equilibrium

between the two co-conformations can be displaced in favor of the isomer having the dia-

zapyrenium ring system alongside the cavity of BPP34C10. The differential pulse voltam-

mogram (MeCN, 298 K) of the [2]catenane 404þ shows two peaks at �0.31 mV and �0.57

mV vs. SCE for the monoelectronic reduction of the alongside bipyridinium unit and of the

inside diazapyrenium ring system, respectively. After the addition of n-hexylamine, the first

peak shifts by �60 mV to a potential that corresponds to the monoelectronic reduction of a

bipyridinium unit encircled by the BPP34C10. Similarly, the second peak shifts by �20 mV

to a potential that is associated with the monoelectronic reduction of a diazapyrenium ring

system interacting with n-hexylamine. Protonation of n-hexylamine occurs upon addition

of CF3SO3H. As a result, the adducts formed between the n-hexylamine and the dia-

zapyrenium unit of the [2]catenane are destroyed, restoring the original equilibrium be-

tween the two co-conformations associated with [2]catenane 404þ.

16.9

Molecule-Based XOR Logic Gate

The chemical dethreading and rethreading actions of a [2]pseudorotaxane can be used to

perform logic operations at the supramolecular level [21]. The [2]pseudorotaxane [41I39]2þ

shows an exclusive OR (XOR) gate with the corresponding truth table shown in Figure 30.

This logic gate can be controlled by the consecutive additions of CF3SO3H and tributyl-

amine, the two different input signals, and the result can be read by monitoring the fluo-

Fig. 30. A molecule-based logic gate controlled by acid/base inputs.
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rescence associated with the 2,3-dihydroxynaphthalene ring system, the output signal. In its

free form, the macrocyclic polyether 41 shows a fluorescent band at 343 nm. In MeCN, the

343 nm fluorescence band of 41 is quenched as a result of the formation of a strong p-p

stacking complex, namely the [2]pseudorotaxane [41I39]2þ (Input: NO/NO, Output: NO).

Upon addition of CF3SO3H, the [2]pseudorotaxane [41I39]2þ dissociates as a result of

the formation of the fluorescent complex [41�H]1þ (Input: YES/NO, Output: YES). Similarly,

the addition of tributylamine to the solution of the [2]pseudorotaxane [41I39]2þ induces

the release of the fluorescent macrocycle 41 and the formation of the charge-transfer com-

plex [39�2nBu3N]
2þ (Input: NO/YES, Output: YES). However, the simultaneous addition of

CF3SO3H and tributylamine to the solution of the [2]pseudorotaxane [41I39]2þ does not

change the complexation between macrocycle 41 and diazapyrenium 392þ (Input: YES/YES,

Output: NO).

16.10

Conclusions

This collection of case histories gives little more than a flavor for how we have used arene

building blocks in our research to construct molecular switches that are already finding their

way into electronic devices. Hopefully, they will give the reader a feeling for the oppor-

tunities that we believe now exist to assemble molecular machinery on a grander and

grander scale from readily available arene building blocks. However, many issues remain to

be tackled, not least of all, how the motor-molecules that have been shown to operate in-

coherently in solution can be made to run cooperatively in unison on surfaces and inside

solids.
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von Ragué Schleyer 7

w
wave mechanics 5

weak p-complex 451

weak nucleophile 458

Wessely oxidation 548, 563, 567

Wessely reaction 504

Wheland intermediate 469, 475

Williamson coupling 410

x
xanthone 358, 366

Xantphos 159

xestoquinone 559

xylenes 302

p-xylylene 188

y
ynamine 265

z
zeolite 515

Index 617




