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[. Introduction

The elusive intermediate o-quinodimethane (0QDM),
also named o-xylylene, has attracted much attention
of both theoretical and synthetic chemists over the
past 30 years. As cis-dienes, 0QDMs have a remark-
able Diels—Alder reactivity and are often used as
building blocks in the syntheses of cyclic organic
compounds by inter- or intramolecular [4 + 2] trap-
ping. In 1957, Cava and co-workers first suggested
the participation of an o-quinodimethane 2 as a
reaction intermediate in the conversion of a,o,a’,a'-
tetrabromo-o-xylene (1) to trans-1,2-dibromobenzo-
cyclobutene 3 (Scheme 1),* and this was later proven

Scheme 1
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by trapping experiments with a number of cyclic
dienophiles.

Since then, many methods for the generation of
0QDM? and 0QDM heteroanalogues® have been de-
veloped and their characterization, structure, and
chemical reactivity have been thoroughly studied.
Thus, during the past decade an explosive amount
of activity in the area of the o-quinodimethane
chemistry has been developed from their interest in
a variety of fields ranging from the syntheses of
steroids and other natural products,* their applica-
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tion in the emerging fullerene chemistry,>¢ their
employment as the first nitric oxide cheletropic trap,’
their use as building blocks in the syntheses of
polymeric materials® or in materials science,® and
their implications in different electrochemical'® and
physical'! studies.

The increasing interest of 0QDMs in organic syn-
thesis prompted us to prepare a renewed and up-date
review of this important organic intermediate with
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Figure 1. Enthalpy of activation values determined for
the 4 = 5 system.

implications in many different areas of the organic
chemistry.

The main purpose of this article is 2-fold: (a) to
publicize recent developments in the generation of
0QDMs and new 0QDM heteroanalogues and (b) to
emphasize with recent examples the pronounced
increase in the use of 0QDMs as intermediates in
organic synthesis and their applications in different
research fields.

Il. Structure and Properties of 0-Quinodimethanes

The parent o-quinodimethane (4) is a reactive
intermediate that dimerizes at —150 °C.'2 The ther-
modynamics and kinetics of the equilibrium gas-
phase reaction of 0QDM (4) and its bicyclic valence
tautomer benzocyclobutene (5) have been the subject
of detailed studies.®

0-Quinodimethanes can be also represented as the
resonance structure 4a (Figure 1) as a highly stabi-
lized biradical. With the aim to study the role of
biradicals on the reaction coordinates, Roth and co-
workers have studied the energy profile of the cy-
clization of 0QDM (4) to form the benzocyclobutene
system (5) (Figure 1).132

The enthalpy of formation of benzocyclobutene was
measured by combustion calorimetry to be AH®%
(9) = 199.4 kJ/mol (47.7 kcal/mol), and from the
kinetics of the reaction of 5 with maleic anhydride
(6, R = H) (Scheme 2), the activation parameter for
the o0QDM formation 5 — 4 was obtained [E, = 166.9
kJ/mol (39.9 kcal/mol), A = 2.8 x 10 s71]. The
corresponding value for the back reaction 4 — 5 was
determined from the dimerization rate of oQDM,
obtained by flash photolysis of 5,6-diethylbicyclo-
[2.2.1]hept-2-en-7-one (8), and from the dimerization
of benzocyclobutene, yielding E; = 122.7 kJd/mol (29.3
kcal/mol), A = 2.2 x 103 71,13

Shortly after these measurements, Roth and co-
workers studied by Shock tube technique the kinetics
of the decomposition of ketone 8 to yield 0QDM (4)
[Ea = 107.0 kJ/mol (25.6 kcal/mol); A = 3.1 x 10%
s~!] and its cyclization to benzocyclobutene (5) [E, =
112.4 kJ/mol (26.9 kcal/mol); A = 2.1 x 10% s™].
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From the temperature dependence of the equilibrium

= 5 which was studied by the same method, the
enthalpy of formation of 0QDM (4) was established
to be AH+ (g) = 254.1 kJ/mol (60.8 kcal/mol).130

The observed data suggest that 4 can exist together
with 5 either in a high-temperature equilibrium
[equilibrium constants Ksg; = 20.8 (measured)!® and
Kgoo =~ 4 (estimated)**d] or much more efficiently at
low temperatures as an intermediate after the de-
composition of a suitable starting compound.

Houk and co-workers have predicted the transition
structures for a wide variety of pericyclic reactions
by ab initio quantum mechanics.** The electrocyclic
ring opening of benzocyclobutene was calculated to
be endothermic by 62.7 kJ/mol (15.0 kcal/mol); com-
pound 4 is thus not thermodynamically favored in
the equilibrium 4 = 5. Interestingly, theoretical
calculations predict a nonplanar geometry for 0QDM
(4) with the exocyclic double bonds twisted (82° and
137°) out of planarity.** By trapping experiments
with oxygen and by determining the temperature
dependence of the equilibrium 4 = 5, the activation
parameters for the mutual interconversion of 4 and
5 have been determined and compared with previous
literature values.'®

Commonly asked questions about the electronic
structure of 0QDMs involve the relative importance
of contributions from structures such as 4a—c (Figure
2) in various electronic states, spacing and even
ordering of these states on the energy scale, in
particular of the lowest and first excited singlet, Sy
and S;, and triplet T,, preferred geometry, and
reaction modes of each state.'216

Questions of particular interest have to cope with
the possible presence of a low-lying doubly excited
singlet state and with possible differences in the
preferred geometry in the S; as opposed to T states.’
By preparing o0QDM by irradiation of six different
precursors at —196 °C, Flynn and Michl achieved for
the first time direct observation of 0QDM and con-
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Figure 2. Different structures contributing to o0QDM.
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cluded that oQDM appeared to be a ground-state
singlet which is indefinitely stable in rigid media but
dimerizes fast as soon as the medium is softened. The
spectral data observed were well accounted for by
semiempirical m-electron calculations, which also
predict the existence of a low-lying partly doubly
excited state. Configuration interaction (CIl) wave
functions of the low-lying state of 0QDM were ana-
lyzed in terms of both delocalized and localized
frontier orbitals as well as natural orbital occupation
numbers to bring out the characteristics of biradi-
caloid species, the term biradicaloid being applied to
those molecular geometries at which a simple MO
picture shows two approximately nonbonding molec-
ular orbitals containing a total of two electrons in the
ground state.'®2 Thus, although the reactivity of
0QDM parallels that of a highly reactive diene, it may

also be represented as a biradicaloid hydrocar-
bon_16a,18720

In an attempt to determine the reaction mecha-
nism of the Diels—Alder cycloaddition of benzocy-
clobutene with dienophiles, Kametani et al. have
calculated the stabilities for the alternative struc-
tures of the intermediate by using MINDO/3, STO-
3G, and 4-31G methods.?! They concluded that the
Diels—Alder reaction of benzocyclobutene proceeds
via a biradical intermediate by a stepwise cycload-
dition, which is in agreement with the results re-
ported by Trahanovsky?? who suggested that o0QDM
dimerizes via a stepwise mechanism involving a
biradical intermediate preferring a non-endo ap-
proach.

In 1988, cyclobutane derivatives, which are se-
verely restrained from generating noninteractive 1,4-
diradicals, were examined thermochemically to pro-
vide quantitative evidence to support a “forbidden”
concerted, antiaromatic mechanism for their [2 + 2]
cycloreversion.?® This work was followed, in 1996, by
study of the energy profiles for the con- and disrota-
tory opening of benzocyclobutene by NO and oxygen
trapping. The enthalpy for the transition states for
the “forbidden”-concerted, antiaromatic cyclorever-
sion was identical with the heat of formation of the
orthogonal biradicals derived by geometrical isomer-
ization of the diene formed in this reaction.?* As proof
of the proposed stepwise biradical(oid) pathway
instead of the concerted “forbidden” electrocyclic
disrotatory ring opening, a comparison between dim-
ethylbenzocyclobutene and the diphenyl analogue
was carried out. In Scheme 3 is depicted the proposed
mechanism for the geometric isomerization of (a) o,o-
dimethyl-o-quinodimethane (9) and (b) a,o'-diphenyl-
o-quinodimethane (11). As a consequence of the
higher stabilization of 13 (benzyl stabilization) in
comparison with 10, the difference in the enthalpy
for the con- and disrotative ring opening in the
diphenyl isomer should be smaller. This prediction
was further corroborated experimentally. While a
difference of 20.5 kJ/mol (4.9 kcal/mol) was found for
the dimethyl isomer (9), a difference of only 4.2 kJ/
mol (1.0 kcal/mol) was observed for the diphenyl
isomer (11).

Korth, Sustmann, and co-workers have studied
very recently, for the first time, a meso/rac isomer-
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ization process for substituted benzocyclobutenes at
room temperature.?® In agreement with the above-
mentioned drop in the difference between the activa-
tion barriers for the “forbidden” and conrotatory
isomerization when going from the dimethyl-substi-
tuted o-quinodimethane 9 to the diphenyl analogue
11, they assume that for a diphenyl dimethoxy
analogue, the energy difference between both pro-
cesses should be of the same order or probably even
more in favor of the “forbidden” one due to the
additional stabilizing effect of the methoxy groups.
Thus, the energetic difference between the “allowed”
and the “forbidden” reaction pathways might have
virtually vanished, thus explaining the facile meso/
rac isomerization observed for the diphenyl dimethoxy
substituted benzocyclobutenes at room temperature.

Mechanistic studies on the photogeneration of
0QDM have been recently carried out.'*?% Fujiwara,
Tanimoto, and co-workers have studied the photo-
chemical formation of 0QDM by two-pulse fluores-
cence and transient absorption spectroscopy. They
found that formation of 0QDM from dissociation of
both C—CI bonds in a,a’'-dichloro-o-xylene (14) pro-
ceeds via a 266-nm two-photon process, and a ques-
tion arises about an intermediate species that ab-
sorbs the second 266-nm photon.!! Three possibilities
have been considered: the S; and T, states of 4 and
the o-(chloromethyl)benzyl radical 15 (Scheme 4).

Miranda et al. have further explored the photo-
chemistry of the benzyl radical 15 produced after
dissociation of one C—CI bond of 14 by using two-
laser two-color techniques to obtain new data to
support or reject the intermediacy of 15 in the
formation of 0QDM.?® Thus, 266 nm laser pulses (20
mJ/pulse) were used to photolyze 14, and a 308 nm
excimer laser (90 mJ/pulse) was used to irradiate 15.
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They have demonstrated that benzyl radical 15 is the
key light-absorbing transient in the two-photon
generation of oQDM 4 from the corresponding
dichloroxylene by comparing the spectra obtained
upon irradiation with the first and second laser, and
therefore, the mechanism for the photogeneration of
0QDM from a,o’-dichloro-o-xylene (14) is that de-
picted in Scheme 4.

Prior to these fluorescence experiments, other
spectroscopic investigations on oQDM have given
direct evidence for its existence. The absorp-
tion’lﬁa,l7,l9,27,28 ﬂuorescence,ls,lGa—l9,27 |R,19’28 and Ra-
man?® spectra of 0QDM have been observed in low-
temperature matrixes, and the absorption spectrum
of oQDM has been obtained in solution by flash
photolysis322° and stopped flow??* techniques.

Despite the great amount of research focused on
the 8m-electron 0QDM system, the 9m-electron quin-
odimethane radical anion and its derivatives have
remained elusive. Although resonance-energy calcu-
lations suggest that the o0QDM radical anion should
be well stabilized,® it has eluded unequivocal ex-
perimental observation.?®3! It has been only recently
that the o0QDM radical anion of a,a’-bis(trimethylsi-
lyl)-o-quinodimethane (16) was prepared by photoly-
sis of a suitable precursor (Scheme 5) at —120 °C with
a high-pressure mercury lamp (500 W), which leads
to a strong ESR signal (g = 2.0029) showing hyper-
fine splittings of 0.698 (2H) and 0.192 mT (4H).32

On the other hand, oQDM radical cations can be
generated in the gas phase under carefully controlled
conditions as stable, noninterconverting species.
These species are particularly interesting provided
that [4 + 2] cycloadditions of the Diels—Alder type



0-Quinodimethanes

Scheme 6
H
H H
= l (OH El ZN |
X H -H,0 xH
W H ortho-effect H
17 18

o\

=
+e
N

tetralin molecular ion

m/z 132

m/z 196

are accelerated dramatically by the oxidation of one
of the reactants to the radical cation.®® Thus, reac-
tions of 0QDM radical cations (18) with alkenes are
particularly well suited for the study of [3x + 27]
radical cation-mediated reactions considering that
the ionization energy (IE) of 0QDM (7.70 eV?) is
sufficiently well below the IE of alkenes to prevent
charge exchange from competing radical cation-
mediated reactions. Grutzmacher and Barkow have
studied ion—molecule reactions of 0QDM** ions (from
El-induced loss of water from 2-methylbenzyl alcohol,
17) and different alkenes by using FT-ICR (Fourier
transform-ion cyclotron resonance) spectrometry
(Scheme 6).3% All fragmentation products from the
reaction of 0QDM radical cations are derived from
the [4 + 2] cycloadduct, suggesting either a concerted
process or a fast two-step process.

lll. Generation of o-Quinodimethanes

In connection with the utility of 0QDMs as syn-
thetic intermediates, the development of efficient
methods for the generation of these reactive species
under mild conditions and with control of the stere-
ochemistry of the cycloaddition reactions to dieno-
philes has received considerable attention. Numerous
methods for the generation of 0QDM intermediate
from the corresponding precursors using various
types of promoters have been collected in different
review articles.?%637

In our last account of 1991,2 we classified and
reviewed the most general generation methods of
0QDM in five main groups according to the different
precursors used: thermolysis of benzocyclobutenes
(path A), 1,4-elimination of o,a’-substituted o-xylenes
(path B), from benzo-fused heterocyclic compounds
(reverse Diels—Alder reaction; path C and D), from
o-methylbenzaldehydes or o-methylstyrenes (photo-
enolization and photorearrangement, respectively;
path E), and from o-xylylene—metal complexes (path
F) (Scheme 7).

An exhaustive overview of the generation methods
for oQDM is out of the scope of the present review
and would be somehow repetitive provided that the
main reactions paths outlined above? have continued
being the preferred synthetic routes in recent 0QDM
syntheses. We will focus now on the most important
modifications carried out on previously described
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methods which have contributed to the development
of the o0QDM use in organic syntheses. Reactions will
be classified into three main types according to the
different conditions used for the generation of the
0QDM: (i) thermal reactions; (ii) photochemical reac-
tions; and (iii) electrochemical reactions.

A. Thermal Generation of Substituted Carbocyclic
0-Quinodimethanes

1. Thermolysis of Benzocyclobutenes

Reversible conrotatory opening of the cyclobutene
ring in benzocyclobutenes (19) has been a widely used
procedure for the generation of oQDM deriva-
tives.236:37.3839 Derivatives bearing a substituent on
the cyclobutene ring undergo a thermally allowed
conrotatory ring opening preferentially outward to
give the sterically less hindered E-diene®® (Scheme
8).

The ease of ring opening varies widely with the
nature of the substituent on the cyclobutene ring;*°
therefore, recent developments on this reaction in-
volve the preparation of differently substituted ben-
zocyclobutenes. Sammes and co-workers demon-
strated that the thermal conversion of o-methoxy-
cyclobutenes to a-methoxy-o-xylylene occurs with
exclusive formation of the E-isomer.** The methoxy
group leads to a lowering of ca. 9 kcal/mol in the
activation energy for the ring-opening reaction. This
lowering of the energy barriers toward 0QDM forma-
tion has been observed when other electron-donating
substituents are present at sp® carbons of the ben-
zocyclobutene ring. Thus, the ease of ring opening



3204 Chemical Reviews, 1999, Vol. 99, No. 11

parallels the availability of the electron pair when
the substituent on the cyclobutene ring is capable of
donating an electron pair, and temperatures even
below 0 °C have been reported for the ring opening
of electron-donating-substituted benzocylobutenes.*?
For 19a (R = NH,) the ring opens at 25 °C, 19b (R =
OH) at 80 °C, 19c (R = NHCOR') at 110 °C, and 19d
(R = Alk) at 180 °C.%¢ An extraordinary accelerating
power on the conrotatory opening has been observed
for the arylsulfoxy (R = Ar—S0O-) and sulfonyl (R =
Ar—S0,—) groups which lower the reaction temper-
ature for the ring opening to as low as —30 °C.*®

Not only electron-donating-substituted benzocy-
clobutenes have been used to generate substituted
0QDM. 1-Benzocyclobutenecarbonitrile (19e, R =
CN)* and different ketone-substituted benzocy-
clobutenes® have been used as precursors of the
corresponding a-cyano- or o-keto-substituted 0QDMs
which have been used as intermediates in different
organic syntheses. In this case, as a consequence of
the electron-accepting ability of these groups, the
thermal conversion has to be carried out in a high
boiling point solvent provided that temperatures
above 160 °C are required to afford the reactive diene.

Different studies have been reported on the prefer-
ence of the less hindered conrotatory ring opening of
the benzocyclobutene system.?44145 Steric effects are
only partially responsible for the preferred outward
rotation of substituents in the ring opening of ben-
zocyclobutenes. To the best of our knowledge, in the
most recent reports on this subject, Roth and co-
workers?* and Korth, Sustmann, and co-workers?
have studied the con- and disrotatory opening of
benzocyclobutenes taking into account the orbital
symmetry of the transition state.

However, the most studied feature of benzocy-
clobutenes as precursors of 0QDM has been their use
as intermediates in organic synthesis.®® Recently,
boron compounds have proved to be efficient as
trapping reagents of a-hydroxy oQDM when gener-
ated by thermolysis of 1,2-dihydrobenzocyclobuten-
1-ol (19b) (Scheme 9). Thus, when a boron compound
could both trap an o-hydroxy o0QDM and a dienophile
as a mixed boronate (22), o0QDM (23) could be
prevented from dimerization or isomerization and the
Diels—Alder reaction proceeds regioselectively in an
intramolecular manner.4¢

Special attention has been devoted to the genera-
tion of 0QDM by thermolysis of substituted benzo-
cyclobutenes which are involved in further intramo-
lecular reactions*3:3° (Scheme 10).

We will return later to the generation of this type
of oQDM derivatives when discussing the use of
0QDM as a synthetic intermediate in the preparation
of natural products as well as in its use as a building
block for the preparation of polymeric materials.

2. 1,4-Elimination of o,,a’-Substituted o-Xylenes

One of the most important methods for the genera-
tion of o0QDM is the 1,4-elimination from o-xylene
derivatives because of the ready availability of the
starting materials. The 1,4-elimination process to
generate 0QDM may involve (i) thermal eliminations,
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(i) base-catalyzed eliminations, (iii) reductive elimi-
nations, and (iv) ion-catalyzed eliminations (Scheme
11)'2,37

Flash vacuum thermolysis of o-methylbenzyl chlo-
rides 26 has proved to be a convenient method for
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the generation of 0QDM through 1,4-dehydrohaloge-
nation.'? By using this method, good yields of ben-
zocyclobutenes are obtained while dimerization of the
intermediate 0QDM is minimized.*’

1,4-Methanol elimination from derivatives 27 in-
duced by a strong base has also been used to generate
0QDM.* The process has been used as an efficient
route to polycycles by intramolecular trapping of the
intermediate 0QDM formed.*°

Reductive 1,4-dehalogenation using zinc has been
used to generate 0QDM from o-xylylene dibromides
28.50 The use of ultrasound has been recommended
to improve the efficiency of these reactions.5!

Hofmann elimination from (o-methylbenzyl)tri-
methylammonium hydroxide (30), induced iodide
debromination of o-xylylene dibromides (28),%52 and
elimination from o-(trimethylsilyl)methylammonium
salts (29), triggered by fluoride ion,>® have been also
used to generate 0QDM (Scheme 12).

During the past years, much attention has been
focused on the use of different leaving groups in these
types of 1,4-elimination reactions of o,a’-substituted
o-xylenes in the search for milder generation methods
for 0QDMs. Thus, the high leaving ability of the
tributylstannyl cation®* has allowed the formation in
high yields of substituted o0QDM by base-induced

Scheme 13
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destannylation of [(tributylstannyl)methyl]benzylam-
monium salts (31),% by electrophile addition to
o-vinyl benzyltributylstannane (32) in the presence
of ZnBr,,%%2° or by elimination of the tributylstannyl
radical triggered by one-electron reduction of stan-
nylaldehydes (33)%¢ (Scheme 13).

Alternatively, Lenihan and Shechter have devel-
oped a methodology to obtain substituted 0QDM by
1,4-elimination of o, a-disubstituted silyl sulfones (34)
with tetrabutylammonium fluoride (TBAF, Scheme
14).57 It has proved to be a mild and efficient method
for generating substituted o0QDM. Of note is that
o-alkyl-a-bromosulfones (34: R!= Alkyl; R?= Br)
react with TBAF to give stable benzocyclobutenes
(36) by ring closure of intermediate 0QDMSs (35) while
producing vinyl sulfones (38) by 1,5-sigmatropic
rearrangement of hydrogen in oQDM intermediate
37.

Finally, a synthesis of bis(alkylthio)-o-quinodimeth-
anes (41) has been recently reported.>® By S-methy-
lation of o-alkyl-substituted dithiobenzoates (39) with
trimethyloxonium tetrafluoroborate, the correspond-
ing bis(alkylthio)arylmethylium tetrafluoroborate (40)
is obtained and upon treatment with lithium hex-
amethyldisilazane (LiIHMDS) is attacked almost ex-
clusively at the o-methyl group to afford the bis-
(alkylthio)-o-quinodimethane (41) which dimerizes in
a [4 + 4] cycloaddition to yield a dibenzo[a,e]cy-
clooctene (42) (Scheme 15).

3. From Benzo-Fused Heterocyclic Compounds

Different strategies toward the generation of 0QDM
from benzo-fused heterocyclic compounds have been
employed including (i) reverse Diels—Alder reaction
in which a small molecule like nitrogen?*° or carbon
dioxide® 62 is lost from compounds of type 43 and
44, respectively, and (ii) by thermal cheletropic
extrusion of sulfur dioxide from sulfinates (45) and
sulfones (46) (Scheme 16).2:2037

Loss of nitrogen from 1,4-dihydrophthalazine (43)
through a Diels—Alder cycloreversion process has
been used to generate oQDM either thermally®® or
photochemically.?®2° Oxidative loss of nitrogen from
N-aminoisoindolenines (47) can be performed by
mercuric oxide or through reaction with p-toluensul-
fonyl chloride in pyridine to give diphenylcyclobutene

—fx
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(12) by fragmentation of the intermediate amino—
nitrene (48)% (Scheme 17).

Another type of Diels—Alder cycloreversion process
is the thermal decarboxylation of isochromanones 44
which takes place by flash vacuum thermolysis at
temperatures close to 500 °C and which has been
used as a convenient route to certain benzocy-
clobutenes.®*

Fragmentation involving reverse Diels—Alder reac-
tions has been extensively used to generate 0QDMs
of the type 52 from the adducts 51 which are readily
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available by addition of benzyne (49) to different
dienes 50265 (Scheme 18).

Cheletropic elimination of sulfur dioxide from sul-
fones (46) was first reported by Cava in 1959,% the
literature on this reaction being reviewed by Op-
polzer.6° Since then, other papers concerning this
type of 0QDM generation method have appeared.3”
However, most of the recent work involving the use
of sulfones is devoted to the syntheses of 0QDM
heteroanalogues which will be later studied.

The route which has attracted more attention
during the last years has been the 0QDM generation
via sultines, which were first synthesized by Durst
and co-workers.%” Generation of 0QDM from sultine
(45, 4,5-benzo-3,6-dihydro-1,2-oxathiin-2-oxide) has
advantages over methods involving metals and di-
halide, which cannot be used in the presence of
reducible groups, or the fluoride ion catalyzed de-
composition of {o-[(trimethylsilyl)methyl]benzyl}-
trimethylammonium bromide, because enolization
can take place in the quinone adducts.® On the other
hand, while sulfone 46 is stable and requires tem-
peratures around 300 °C to generate 0QDM,%” sul-
tines are known to require lower thermolysis tem-
perature for the cheletropic elimination of SO,. Thus,
0QDM can be obtained from sultines at temperatures
as low as 80 °C.®°

The disadvantage of this method was the multistep
process involved in the synthesis of the starting
sultine.®”7% Connolly and Durst have recently reex-
amined’® the original synthesis of sultines from
o-hydroxysulfoxides (53)8” with the purpose of ex-
tending this synthetic route to obtain bicyclic sul-
tines. As depicted in Scheme 19, S-benzyl- (53a) and
S-tert-butyl- (53b) é-hydroxysulfoxides, when treated
with chlorinating agents, undergo an intramolecular
cyclization—fragmentation sequence to afford sultines
45 in high yields (Scheme 19). However, reaction of
the bicyclic system 55 with N-chlorosuccinimide
(NCS) or SO,CI; did not provide the desired sultines
(54); instead, the dichloroxylenes 56 were isolated.
Therefore, they have concluded that this type of
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reaction is not as general as that previously described
provided that a cyclic intermediate oxo—sulfonium
salt is formed and may react via a number of
pathways to afford y-chlorosulfones and o,o’-dichlorox-
ylenes.

Bicyclic 0QDM could be finally prepared from the
tricyclic sulfones 57.72 However, the mild reaction
conditions used for the generation of o0QDM from
sultines could not be used, and reactions have to be
carried out by heating the sulfones with an excess
amount of dimethylacetylene dicarboxylate in the
absence of solvent at 250—320 °C to afford the
corresponding cycloadduct 59.

There have been several recent advances in the use
and synthesis of sultines’ since they can be versatile
synthetic intermediates™ and, in addition to the ring-
opening reactions, they undergo alkylation and oxi-
dation reactions at the sulfur atom to give sulfones,”™
and reductive desulfurization. Dittmer has developed
a straightforward and versatile high-yield method for
the synthesis of sultines (45) by treatment of o,a’'-
dihaloxylenes (14) with rongalite (sodium hydroxy-
methanesulfinate) and sodium iodide in DMF (Scheme
20).%%76 Formation of sultine could occur by simple
displacement of one of the halogen atoms to produce
the sulfinate, which reacts intramolecularly.

Microwave irradiation can be employed to acceler-
ate organic reactions, increasing both product purity
and yields.”” We have recently applied this methodol-
ogy for the generation of o0QDMs from the corre-
sponding sultines.”®™ Thus, reaction of Cg with
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0QDM, formed from sultine under microwave ir-
radiation for 20 min, affords the corresponding 1:1
cycloadduct in higher yield (39%) in comparison with
conventional thermal conditions (30% after 18 h,
refluxing). By using other substituted sultines,”®
higher yields in shorter times have been also ob-
served for the cycloaddition reactions, therefore, the
accelerating microwave effect in the generation of
0QDM from sultines seems to be quite general (see
below).

Finally, it is worth mentioning that during the last
few years, the preparation and study of the reactivity
of heterocycle-fused sultines have also been the
subject of intensive research in order to obtain
heteroanalogues of 0QDM.& Therefore, we will come
back to this route when studying the methods for the
generation of heteroanalogues of 0QDM.

B. Photochemical Generation of Substituted
Carbocyclic o-Quinodimethanes

There are a number of synthetically useful trans-
formations leading to the preparation of 0QDMs that
can only be carried out, or can be best carried out,
under irradiation of light. Photochemical formation
of reactive intermediates presents some advantages
in comparison with thermal conditions, since they can
often be generated under conditions (e.g., tempera-
ture) and concentrations (e.g., by flash photolysis) not
possible from ground-state reactions.?® Among them,
the photochemical extrusion of carbon monoxide from
substituted 2-indanones (60),2°8! the photoenolization
of o-alkylbenzaldehydes and o-alkylbenzophenones
(61), and the photochemical 1,5-hydrogen shift of
o-alkylstyrenes (62) (Scheme 21) have deserved spe-
cial attention.

Quinkert and co-workers have employed the pho-
todecarbonylation of 2-indanones (60) to prepare a
number of aryl-substituted 0QDMSs and have shown
that the loss of carbon monoxide occurs from the
same singlet excited state, which is consistent with
a stepwise, noncheletropic carbon monoxide elimina-
tion.® Following the report of Starr and Eastman®?
on the photodecarbonylation of 1,1,3,3-tetrameth-
ylindan-2-one, McCullough and co-workers prepared
a series of methylated 2-indanones?® by flash pho-
tolysis to study their photodecarbonylation as a route
to o0QDM intermediates.
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This route has also been used to prepare isolable
0QDMs by inclusion of the normally reactive diene
system of 0QDM in a six-membered ring which
prevents conrotatory ring closure to the benzocy-
clobutene, although it retains high o-quinodimethane
reactivity. Thus, by photolysis of 63, a deep orange
solution of the 0QDM 64 is formed (Scheme 22) which
crystallized from the reaction mixture and could be
further recrystallized under N, atmosphere. Reaction
of 64 with phenyltriazolinedione (PTD) and other
dienophiles all occur at the less hindered face of the
diene system, terminating at the a,o'-positions of the
oQDM.84

An effective route to a-hydroxy-oQDMs is the well
established®":8586 photoenolization of o-alkylbenzal-
dehydes and related carbonyl compounds (61) by a
photochemical 1,5-hydrogen shift. The mechanism of
this photoenolization is now very well understood,
and many of the generated intermediates have been
observed and characterized via time-resolved spec-
troscopy.®” The process involves excitation to an nz*
triplet state followed by intramolecular hydrogen
abstraction to give a triplet 1,4-diradical. Thus,
2-methylbenzaldehyde (61la, R = H) serves as a
source for the parent (Z)- and (E)-w-hydroxy-oQDM
(66) generated photochemically via two triplet states
(zr = 1.1 and 95 ns®) and subsequently a common
triplet 1,4-diradical (g = 310 ns®°). (E)-66 could be
trapped with a variety of dienophiles such as dim-
ethyl butynedioate, maleic anhydride, tetracyanoet-
hylene, and even with triplet oxygen. In the absence
of trapping reagents, the photolysis of 61a leads to a
dimerization product (hemiacetal, 67) besides a pho-
toreduction product (1,2-ditolylglycol) (Scheme 23).%°
The dimerization product 67 was not observed when
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(E)-w-hydroxy-oQDM (66) was generated by ther-
molysis of the benzocyclobutanol 19b. The explana-
tion given in the literature is the assumption of a two-
photon process for the photochemical reaction, i.e.,
the reaction of triplet excited 2-methylbenzaldehyde
(61la*) with the photochemically generated oQDM
66.°1 Griesbeck and Stadtmduller have recently re-
ported the first example of a photochemically gener-
ated hydroxy-oQDM trapped by a ketone®® and
propose that a rather low bimolecular reaction rate
constant for dimerization and not the previously
proposed photochemical formation must be respon-
sible for the exclusive formation of 67 during ther-
molysis of cyclobutanol 19b.

An application of the photoenolization of o-benzyl-
benzaldehyde (68) involved trapping the photoenol
formed upon irradiation (69) with sulfur dioxide to
give the sulfone (70). Reduction of 70 with NaBH,
and acid treatment led to the sultine 71, which was
useful for the generation of 1-phenyl-oQDM (Scheme
24).92.12

As mentioned above, Durst and Connolly had
previously reported on bicyclic 0QDMs. As an ef-
ficient alternative to the thermal route previously
described (Scheme 19),72 they prepared a series of
carbonyl compounds (72) that afforded an E-photo-
enol (73) when irradiated (Scheme 25a).%® The reac-
tion conditions are now milder, being conducted at
room temperature rather than in the 250—300 °C
range found necessary for expulsion of SO, from
tricyclic sulfones.

Interestingly, contrary to the observed high reac-
tivity of 72b and 72c, aldehyde 72a reacts only with
very reactive dienophiles and even then only spar-
ingly. One possible explanation for this behavior is
the geometry limitation imposed by the five-mem-
bered ring. If the triplet 75 (Scheme 25b) cannot
attain the correct geometry to abstract a y-hydrogen,
then conversion to biradical 76, which is the triplet
state of the photoenol, will not occur.

The all-carbon analogue of the photoenolization
reaction has also been studied. The reaction involves
the photolysis of o-alkylstyrenes (62) to produce
0QDMs via a [1,5]sigmatropic shift (Scheme 21).20.%4
This route has not been exploited much and presum-
ably occurs because the 1,5-hydrogen shift can be
antarafacial and photochemically allowed in the
open-chain system. Thus, the closed system analogue,

isoindene, could not be generated in a similar fash-
ion.20:9
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Other less general photochemical generation meth-
ods of o0QDM have also been used. Furukawa re-
ported not long ago on the generation of 0QDM by
photolysis of 8,13-dihydrobenzo[g]naphtho[1,8-bc]-
[1,5]diselenonin (77a) and 8,13-dihydro-benzo[g]-
naphtho[1,8-bc][1,5]dithionin (77b) (Scheme 26). The
decomposition of 77a,b takes place quantitatively
when exposed to sunlight in the presence of air to
give an oQDM dimer (80) and naphtho[1,8-c,d]-1,2-
diselenole (78).% In the presence of a dienophile, upon
UV irradiation, the corresponding tetrahydronaph-
thalene (79) derivatives can be isolated in high yields,
together with 100% recovery of 78.%7

Recent developments on the application of lasers
to organic photochemistry have revealed the occur-
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rence of many reactions which only proceed by the
use of lasers.®® The use of lasers can provide more
precise control over the reaction of intermediates and/
or excited states which are involved in the photo-
chemical process.?® Thus, Ouchi and co-workers
recently reported on an efficient double-homolytic
C—X (X =0, S, Se) bond cleavage of 1,8-bis(substi-
tuted-methyl)naphthalenes by the use of excimer
lasers, which proceeds through a two-photon pro-
cess.1® This efficient reaction has been applied to the
generation of 0QDM by the laser photolysis of 1,2-
bis(phenoxymethyl)benzene (81a), 1,2-bis[(phenylthi-
o)methyl]benzene (81b), and 1,2-bis[(phenylseleno)-
methyl]benzene (81c) (Scheme 27).°” 0QDM precursors
81 can be easily prepared by a one-step procedure
from commercially available 1,2-bis(bromomethyl)-
benzene (28) and, within a pulse of an excimer laser,
generate oQDM, which can be trapped with various
dienophiles. The phenylseleno group was found to be
the best among the three heteroatoms tested, and the
maximum yield of the cycloadduct (48%) was ob-
tained by the use of a KrF laser.

Laser flash photolysis (LFP) has been extensively
used for the study of aryl and diaryl carbenes.1°
These studies have been recently extended among
others to mesitylcarbene, observing the formation of
dimethyl-substituted 0QDM.%%2 Thus, short photolysis
(six photolysis cycles, 10 s) of mesityldiazomethane
(82) in rare gas matrixes (argon or nitrogen) at 11 K
with the full arc of a 200 W high-pressure mercury
lamp releases mesitylcarbene (MSC). Utilization of
the full arc of the photolyzing light leads to the
formation of a dimethyl-substituted-o-quinodimethane
which may be the result of secondary photolysis of
carbene (Scheme 28). Triplet mesitylcarbene (MSC)
is thermally unstable even at 11 K and isomerizes
to the dimethyl-substituted-oQDM (83). The thermal
conversion can be easily monitored by UV—Vis
spectroscopy.

C. Electrochemical Generation of Substituted
Carbocyclic o-Quinodimethanes

The cathodic generation of 0QDMs from 1,2-bis-
(halomethyl)arenes was first reported by Covitz,'%
and electrochemistry has recently proved to be a very
convenient method for the generation of a variety of
0QDMs. Since the electrochemical method avoids the
production of potentially harmful inorganic residues,
it has gained attention during the last years, and
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very recently the redox chemistry of quinodimethanes
has been reviewed.1° In 1993, Utley and co-workers
described the preparation of Diels—Alder adducts
(86a,b) of o0QDMs 85 by the cathodic reduction of
dibromides 84 in the presence of substituted maleic
anhydrides!® (Scheme 29).

The mechanism and scope of this reaction has been
further studied by Utley's group.t®1% They have
observed that the reduction potential of the maleic
anhydride (6) is higher (less cathodic) by several
hundreds of millivolts than that required for direct
reduction of 1,2-bis(bromomethyl)benzene 84. They
have also observed by cyclic voltammetry that the
dienophile was reversibly reduced at relatively low
scan rates, and the addition of the less easily reduced
o,a’-dibromo-o-xylene caused reduction to become
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irreversible with a considerable rise in the cathodic
peak current. Utley points out that this behavior is
characteristic of redox catalysis and can be consid-
ered as evidence of the dual role of the dienophile as
a mediator in the formation of the 0QDM and as a
reactant with it.’® An alternative mechanism pro-
posed for this type of reaction involves cycloadditions
between the dienophile radical anions (SOMO) and
the neutral o-quinodimethane (LUMO) in the propa-
gating step. However, the most commonly accepted
mechanism is the first one. In Scheme 30 is depicted
the redox-catalyzed electrogeneration of 0QDM com-
bined with cycloaddition.

Other dienophiles, including quinones and other
maleic anhydride derivatives, have been used in the
preparative-scale reductions and associated Diels—
Alder reactions with o,a’-dibromo-o-xylene, obtain-
ing, in most cases, the respective cycloadducts in high
yields (48—98%).1% The products and their stereo-
chemistry are as expected, and when comparison is
possible, they are identical with those obtained by
zinc-induced formation of the o0QDM.°

D. Generation of o-Quinodimethane
Heteroanalogues

From a synthetic point of view, heterocyclic o0QDMs
are very interesting because of the wide range of
heterocyclic systems which can be incorporated.
Inter- or intramolecular cycloaddition reactions in-
volving heterocyclic 0QDMs provide an attractive
route to heteropolycyclic compounds,®® and an in-
creasing number of examples of such processes are
to be found in recent review articles where the
literature of the generation of heterocyclic 0QDMs
until 1993 is thoroughly reviewed.? Thus, during the
past decade a great deal of effort has been devoted
to the syntheses of heteroanalogues of 0QDM and
furan (87),1%6-1%° pyrrole (88),° thiophene (89),111112
oxazole (90),3 isoxazole (91),*4115 pyrazole (92),116:117
imidazole (93),11% thiazole (94),1181% isothiazole (95),*%°
triazole (96),'?* pyridine (97 and 98),'%2123 pyridazine
(99),%2* pyrimidine (100),%?526 pyrazine (101),*?" py-
rimidinone (102),%?8 benzofurano (103),12°%° indolo
(104),%3% benzothieno (105),*%2 quinoline (106 and
107),13 quinoxaline (108),'34135 quinolinone (109),3¢
coumarin (110),'%” phenanthroline (111),%*8 and car-
bazole (112)**° based 0QDMs (Scheme 31).140.141
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As noted above, Chou reviewed the generation
methods of heteroanalogues of 0QDM until 1993, and
therefore, we will mainly focus on the most recent
developments in the field.

Flash vacuum pyrolysis (FVP) of cyclohexene-fused
heterocycles,'#? suitable esters, or chloromethyl de-
rivatives'?” usually needs very harsh conditions (tem-
peratures may vary from 600 to 900 °C).® Traha-
novsky and co-workers have studied extensively
during the past decade the dimerization mechanism
of furan-based oQDMs generated by FVP of (2-
methyl-3-furyl)methyl benzoate (113), which occurs
readily in solution at temperatures above —30 °C and
proceeds by a stepwise mechanism via the diradical
intermediate (114) to yield mainly the head to head
[4 + 4] dimer 115 (Scheme 32).1°72 On the basis of a
secondary deuterium Kinetic isotope effect study, it
was concluded that the cyclization involves rate-
determining formation of the diradical 114, followed
by rapid closure of the diradical to give the dimer.??2
The same authors have also reported that furan-
based 0QDMs when in contact with triplet oxygen
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give rise to the corresponding cyclic peroxide 116 in
addition to the [4 + 4] dimer 115.107

Tautomerism of imino derivatives bearing a methy!l
group in an ortho position (117) offers another
method for the generation of five-membered hetero-
cyclic o0QDMs (Scheme 33).12 Trapping such inter-
mediates (119) with dienophiles by an intramolecular
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[4 + 2] cycloaddition has constituted an efficient
strategy toward the total synthesis of indole alkaloids
(120).2

One stable version of heteroaromatic o-quin-
odimethanes are the pyranones 121, which undergo
smooth Diels—Alder reactions with, for example,
alkynes or alkyne equivalents to yield adducts 122;
subsequent loss of carbon dioxide from 122 results
in the generation of a benzene ring (123) (Scheme
34).144

1,4-Exocyclic eliminations are also largely em-
ployed to generate oQDMs since they are carried out
under very mild conditions. Indeed, o0QDM het-
eroanalogues have been synthesized (i) by fluoride-
induced expulsion of the silicon and leaving groups
(L = OAc or NR3") from substrates 124,130.145 hased
on the original Ito—Saegusa idea for the generation
of o-quinodimethanes from the corresponding ben-
zenoid derivatives, (ii) by treatment of a tributyl-
stannylfuryl derivatives (125) with boron trifluoride—
diethyl ether,® or (iii) by the well-known reductive
debromination of vicinal halomethyl derivatives 126
(Figure 3)_109b,115,117,119,131&,132a,146

A general strategy toward the generation of these
reactive intermediates involves cheletropic extrusion
of sulfur dioxide from heteroaromatic-fused-3-sul-
folenes.**” As Chou points out,'>®2 there are several
advantages to this approach: (a) removal of SO, from

SiR3 SnBU3

X OAc Y

124: X = OAc, RsN* 125

Figure 3. Precursors of 0QDM heteroanalogues by 1,4-
exocyclic elimination.

126: Y =Br, Cl
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3-sulfolenes requires moderate temperatures, nor-
mally between 100 and 180 °C, and neutral condi-
tions so that the o0QDM heteroanalogues generated
in situ can be trapped in good yield, (b) derivatives
of 3-sulfolenes are easily prepared and handled, and
(c) heteroaromatic-fused-3-sulfolenes of similar struc-
ture can be synthesized from a common intermediate.
To date, furan,'%® pyrrole,'° thiophene,*! oxazole '3
isoxazole,''* pyrazole, ¢ thiazole,*® isothiazole,?°
pyridine,'?? pyrimidine,*?® pyrazine,'?” pyrimidone,'?®
benzofurano,*?® indolo,*3* benzothieno,**? quinoline,'
guinoxaline,’®* and quinolinone'3® 3-sulfolenes have
been synthesized.

The ease of introducing substituents at the a-posi-
tion of the sulfolene group,**” leading to various
functionalities, has been applied in the syntheses of
compounds 128 of which the thermal extrusion of
sulfur dioxide and subsequent intramolecular Diels—
Alder reaction of intermediate 129 produce a multi-
cyclic heteroaromatic system 1303 (Scheme 35).

It is worth mentioning the special reactivity pre-
sented by heteroaromatic-fused 3-sulfolenes at 3,4-
positions. 3,4-Dimethylene heteroaromatics (131) are
m-conjugated non-Kekulé molecules for which full
valence structures can be written only by expansion
of heteroatom octet and, therefore, are classified as
nonclassical o-quinodimethanes.® They have been
generated from the corresponding diazenes'*® or
postulated as transient intermediates in base-cata-
lyzed rearrangement of the bis-allenyl compounds.*°
Although the furan- and pyrrole-fused sulfolenes at
3,4-positions have been synthesized and seem to be
ideal precursors of 3,4-dimethylenefuran and pyrrole,
it has not been possible to generate them under the
usual conditions.*#”¢ However, these compounds have
been shown to be useful building blocks. Since both
furan and 3-sulfolene moieties can be used as the
diene component in Diels—Alder reactions, 132 could
sequentially react with two types of dienophiles [first
on the furan moiety (133) and then on the diene
moiety (135), resulting from cheletropic desulfony-
lation] and offer a rapid elaboration of multicyclic
systems (136) (Scheme 36).151

Other precursors of heterocyclic 0QDMs are the
sultine derivatives. One of the advantages of using
sultines over sulfones is the lower thermolysis tem-
perature required for the cheletropic elimination of
SO,. However, despite the extensive use of sultines
as precursors of carbocyclic 0QDM derivatives, the
use of sultines in heteroaromatic analogues is still
rare. Chung and co-workers have reported on the
syntheses of furan-, thiophene- and pyrrole sultines
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as precursors for nonclassical heteroaromatic 0QDMSs,
and their application in the Diels—Alder reactions.
In the absence of a dienophile, sultines 137 undergo
thermolysis to give the sulfolene 140 in good yields.
Heating the sultines in the presence of dienophiles
at 180 °C gave both the isomerized sulfolenes 140
and fused adducts 138. No adducts were formed
when the thiophene-fused sulfolene 140 was heated
in the presence of a dienophile at the same reaction
temperature. Possible reaction pathways proposed by
Chung are depicted in Scheme 37.

Sultines can be generated in good yields following
the general method of Dittmer®®7® by treatment of
the corresponding heterocyclic bis(chloromethyl)-
derivative with rongalite (sodium hydroxymethane-

Scheme 37
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sulfinate) and tetrabutylammonium bromide (TBAB)
in dimethylformamide. A recent example of this
synthesis has been the preparation of quinoxaline-
fused sultines (145) by Chung and Liu (Scheme
38).13* They have been used as precursors for qui-
noxalino-o-quinodimethanes (108) in Diels—Alder
reactions. In the absence of a dienophile, quinoxaline-
fused sultine undergoes thermal extrusion of SO, to
form the corresponding cyclobuta[1,2-b]quinoxaline
(146) almost quantitatively. Diels—Alder adducts
were also formed in excellent yield when the cy-
clobutene 146 was heated in the presence of dieno-
philes at 200 °C, indicating that this cyclobutene is
also a good precursor of 0QDM 108.

The use of cyclobutene-fused heterocycles as pre-
cursors of 0QDM heteroanalogues has remained
practically unexplored. Thus, we have recently re-
ported, to the best of our knowledge, the first
synthesis of 0QDM heteroanalogues from the corre-
sponding cyclobutene-fused heterocycles.122 Cyclob-
utapyrimidines (149)*?6¢ have proved to be excellent
precursors for the in situ generation of the reactive
substituted pyrimidine 0QDM analogue (150), which
can be trapped as 1:1 adducts (151) when heated in
o-dichlorobenzene (ODCB) at 180 °C in the presence
of different dienophiles. 2,4-Disubstituted alkyl or
aryl cyclobutene-fused pyrimidines (149) can be
directly obtained in one step by reaction of cyclobu-
tanone (147) with nitriles (148) (Scheme 39).

IV. 0-Quinodimethanes as Synthetic Intermediates

A. 0-Quinodimethanes Reactivity

0QDM s are highly reactive intermediates which in
many cases cannot be isolated as a consequence of
various decay modes (Scheme 40) including electro-
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cyclic ring closure to substituted benzocyclobutenes
(path A), [4 + 4] cycloaddition to give dibenzocyclooc-
tadienes (path B), formation of spiro compounds via
[4 + 2] cycloadditions (Diels—Alder reaction; path C),
1,5-hydrogen shift if suitable hydrogen-donating sub-
stituents (alkyl, hydroxyl) are present (path D), and
electrocyclic ring closure to 4a,10-dihydroanthracene
derivatives in the case of R = phenyl (path E).*?

Taking advantage of the ability of 0QDMs to
undergo Diels—Alder cycloadditions, they have been
used (a) to test fundamental aspects of the Diels—
Alder reaction and mainly (b) as efficient intermedi-
ates in organic synthesis. On the other hand, as a
consequence of their high reactivity, o0QDMs have
also found practical use as “traps” to intercept species
such as nitric oxide.
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Figure 4. Preferred stereoselectivity (endo) and regiose-
lectivity (1,2-disubstituted) in Diels—Alder reactions.
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B. 0-Quinodimethane as a Diene in Diels—Alder
Reactions

Diels—Alder reaction occupies a position of par-
ticular prominence in the arsenal of the synthetic
organic chemist provided that it offers the possibility
to generate six-membered rings with high regio- and
stereoselectivity, leading to the creation of four
continuous stereogenic centers in one synthetic op-
eration.®? Although its mechanism remained obscure
for a long time, %3 now the regio- and stereochemistry
of these reactions are well understood** and several
generalizations can be made.®” Although Diels—Alder
reactions are considered to be concerted (pericyclic)
with bonds being broken and formed simultaneously,
depending on the electronic properties of the diene
and dienophile, stepwise mechanisms are also
known.'*¢ The reaction is stereospecifically syn (su-
prafacial) for both the diene and dienophile, endo
products (152) are stereoselectively preferred over exo
isomers and 1,2-disubstituted products (153) are
regioselectively preferred over 1,3-disubstituted iso-
mers (Figure 4).%7

0QDMs are constituted by two diene units, one
endocyclic and the other exocyclic, and theoretically
both units can take part in a Diels—Alder reaction.
However, the exocyclic diene unit is known to react
preferably over the other, and it has also been
verified from the frontier orbitals of 0QDM that the
exocyclic diene unit forms the HOMO.154¢

In 1987, Charlton and Alauddin reviewed®” the
regio- and stereochemical course of the Diels—Alder
addition of differently substituted 0QDMs, hinting at
the asymmetric induction in Diels—Alder reactions
of o0QDMs which can occur if the reaction can be
induced to take place preferentially on one face of the
diene or dienophile®®® (Scheme 41).

Among the many ways to obtain good facial selec-
tivity, linking the diene!®® or the dienophile!®” to a
chiral auxiliary, chelating the dienophile with a
chiral Lewis acid®®® or incorporating an allylic ste-
reogenic center!s? have been the subject of different
studies. Numerous reports have also appeared con-
cerning the role of heteroatom substitution at the
allylic position and the use of protecting groups of
allylic alcohols as a means of controlling s-facial
selectively.®? Efficient asymmetric control (>90% de)
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in Diels—Alder reaction of 0QDMs has been demon-
strated in intra- and intermolecular reactions be-
tween achiral 0QDMs and chiral dienophiles.'® Only
moderate asymmetric inductions (30—60% de) were
found, however, in the few examples where the chiral
auxiliary was fixed on the 0QDM rather than on the
dienophile.*®® By using the ability of 0QDMs to form
transition metal z-complexes,'®® Kundig and Lere-
sche have recently generated (o-quinodimethane)Cr-
(CO); complexes (154) and studied their reactions
with dienophiles and the stereochemical control of
the chiral centers in the cycloadducts.'° They observe
that the Cr(CO); complexes of in situ generated
0QDMs undergo cycloaddition reactions exclusively
to the face opposite the metal center (Scheme 42).
High inductions (ca. 90% ee) can be achieved by this
method. However, to expand the scope of this strat-
egy for synthetic applications, a more efficient access
to enantiopure (0-quinodimethane)Cr(CO); would be
required.

During the last two decades, it has become increas-
ingly clear that the intramolecular [47 + 27] reaction,
where the diene and the dienophile are constrained
in the same molecule, can be used effectively to
synthesize a variety of interesting polycyclic species.
In properly designed systems, added advantages
result in terms of ease of reaction and regio- and
stereoselectivity.6!

Indicative of the worldwide activity is the number
of reviews on this field which have appeared in the
past:161.162 Special attention has been devoted to the
in situ generation of 0QDMs which can be trapped
intramolecularly by a dienophile to give fused ring
systems which have been successfully applied, among
others, to the total synthesis of natural products. In
the next sections we will focus on the applications of
o-quinodimethanes as intermediates in the synthesis
of natural products as well as in materials science,
among others.

V. Synthesis of Natural Products from
0-Quinodimethanes

The utilization of 0QDM intermediates and their
respective derivative enophiles for the regio- and
stereocontrolled annulation of aromatic systems is of
practical importance and has been successfully ap-
plied in efficient synthesis of alkaloids, steroids,
terpenes, anthracyclines, and lignanes among other
natural products. In fact, the literature is so exten-
sive that an exhaustive survey would be impractical.
The reader is referred to several review articles for
complete coverage of the field.36:60.143d,161,162d,163,164

In the following, we will discuss some selected and
representative examples of the literature to illustrate
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the usefulness of oQDMs in the preparation of
biologically active compounds.

The syntheses of steroids via 0QDM? has been
recently reviewed by Nemoto and Fukumoto. Several
groups independently and almost simultaneously
realized that intramolecular o0QDM cycloadditions
could provide a convenient approach to the aromatic
steroid skeleton. Some examples are depicted in
Scheme 43. The total synthesis of p-homoestrone
methyl ether (157) through cycloaddition of in situ
generated 0QDMs by thermolysis of benzocyclobutene
(155) was carried out by Kametani and co-workers
in 1977.166

Oppolzer and co-workers carried out the synthesis
of (+)-stradiol from the polycyclic compound (160)
which could be obtained by thermolysis of the mono-
substituted sulfone (158).16” Quinkert and co-workers
developed photochemical reactions toward the syn-
thesis of natural products.’®* One example is the
photoenolization of o-toluketone 161 to yield the 9a-
hydroxyestrone methyl ether 163 via 0QDM 162,168
One synthetic drawback of the above procedure lies
in the relative difficulty of synthesizing appropriately
substituted benzocyclobutenes. Vollhardt and co-
workers developed a synthetic strategy toward the
preparation of substituted benzocyclobutenes from
hexa-1,5-diynes (as well as other a,w-diynes) by co-
cyclization with substituted acetylenes in the pres-
ence of a cobalt(l) catalyst (1°-cyclopentadienyldicar-
bonylcobalt).’6® In Scheme 43 is shown how the
cobalt-mediated co-cyclization of the diyne 164 with
bis(trimethylsilyl)acetylene (BTSA) generates the
0QDM derivative 165 to give the corresponding
polycyclic product 166, which was finally converted
to (£)-estrone.®® Recently, the synthesis by Kamet-
ani, Nemoto, and co-workers of 14a-hydroxyestrone
methyl ether (170)'7° was improved by Blazejewski
and co-workers by using the Torgov reaction of the
benzocyclobutanol 167 and the cyclopentadione 168
followed by catalytic hydrogenation to afford the
intermediate 169'"* used in the original synthetic
route.

Since all these routes are only useful for preparing
aromatic steroids, during the last 10 years more
flexible and efficient routes to both aromatic and
nonaromatic steroids have been developed. Kametani
and co-workers have used benzoperhydroindanes
(174, Scheme 43) as key intermediates for the prepa-
ration of either A-trienic or nonaromatic steroids (175
or 176 respectively). 174 can be prepared out of
benzocyclobutene 171 by chemical transformation to
172 and further ring opening to afford 173, which
finally undergoes an intramolecular cycloaddition.
The versatility of this route has been proved through
the total syntheses of various types of biologically
important steroids such as 19-norspironolactone, 19-
nordeoxycorticosterone, aldosterone analogues, 11-
oxoprogesterone, adrenosterone, cortisone, and vita-
min Dz and related compounds.*

However, the synthetic utility of o0QDMs is not
restricted to steroids, and they have also been used
in the syntheses of other interesting natural prod-
ucts. As an example, in Scheme 44 is depicted the
thermal reaction of benzocyclobutene 177 as the key
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step in the total synthesis of the alkaloid chelidonine
(180).172

Magnus and co-workers developed a route to indole
alkaloids 183 from an indole-2,3-quinodimethane
intermediate 182 through imine tautomerization and
subsequent intramolecular trapping!+3 (Scheme 45).

Intermolecular Diels—Alder reactions have also
proved to be synthetically valuable for the prepara-
tion of natural products. Thus, intermolecular cy-
cloaddition between oQDMs and dienophiles has
allowed the synthesis of naturally occurring lignans
with biological activities including some optically
active podophyllotoxin analogues'”® with antitumor
properties. This application of 0QDM chemistry is
studied in detail in the review article of Charlton and
Alauddin,®” and therefore, we will only present some

representative examples. Reaction of sulfones 184
with different dienophiles afforded the corresponding
cycloadducts 185—188 with a high degree of stereo-
selectivity and regioselectivity (Scheme 46). Further
transformation of these cycloadducts offers a flexible
approach to the preparation of 1-aryl lignans. For
example, the diester 186 may be reduced to give
isodeoxypicrophyllotoxin while reduction of diester
187 to the corresponding diol and subsequent treat-
ment with methyl iodide and sodium hydride in
dimethyl sulfoxide afforded (+)phenyltetralin.t”

Saa and co-workers reported the use of cis-2-
arylbenzocyclobutenol methyl ethers (191) for the
synthesis of lignans (Scheme 47). Irradiation of some
highly congested, phenolic 2-(methoxymethyl)ben-
zophenones (189) provides a rapid, efficient, and
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stereoselective entry to the corresponding l-aryl-1-
hydroxy-2-methoxybenzocyclobutenes (190) which
may be used for the synthesis of lignanes via the
intermolecular Diels—Alder approach.”®

Jones and co-workers carried out model experi-
ments toward the synthesis of podophyllotoxin by
using Diels—Alder additions of the 0QDM derivative
1-phenyl-2-benzopyran-3-one (193) with different di-
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enophiles to yield the cycloadducts 194'7¢ (Scheme
48).

VI. 0-Quinodimethanes in Materials Chemistry

During the past decades the chemistry of new
molecular and polymeric organic materials exhibiting
different optoelectronic and magnetic properties has
experienced huge development. 0QDMs have some-
how contributed to this development provided that
they were extensively used as the intermediate in the
syntheses of w-extended systems including new donor
and acceptor molecules as precursors of electrically
conducting or semiconducting charge-transfer com-
plexes, they were employed as the monomeric unit
in the preparation of different polymeric materials
with different solid-state properties, and they were
used as dienes in combination with the exceptional
molecule of [60]fullerene leading to a great amount
of thermally stable cycloadducts which preserve the
properties of the parent Cego.

A. 0-Quinodimethanes as Precursors of
m-Extended Systems

1. Synthesis of Polyacene Derivatives

The synthesis of ladder conjugated polymers as a
mean of reaching low band gap polymers was con-
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Figure 5. Polyacene systems as examples of low-dimen-
sional ladder conjugated polymers.

sidered in early works.}’"17® Such polymers, which
can be considered as one-dimensional graphite rib-
bons, represent a possible strategy for increasing the
dimensionality of low-dimensional w-conjugated poly-
mers.'”® Polyacene (Figure 5) is probably the most
famous member of this class of materials.

It can be viewed as a combination of two parallel
chains of trans (CH), fastened together, and due to
its unique structure, this polymer has been the focus
of much theoretical interest.'”®

Miller and co-workers have developed a method for
the synthesis of linear, multiring, polyquinoidal
polyacenes which are of theoretical and practical
interest because of their electronic properties.80.181
Considered in the context of polyacene hydrocarbons,
like hexacene, quinoidal derivatives have interesting
properties for substantially varying the electronic
structure of a large molecular framework, and by
appropriately choosing quinone, semiquinone, and
hydroquinone type moieties the reactivity and the
optical, magnetic, and electrical properties may be
controlled. The synthetic route used for the synthesis
of the polyacenequinoid derivatives involves the use
of appropriate bisdienes and quinones. Among them,
bis-o-quinodimethanes proved to be useful bisdienes
for the generation of these polyacenequinoid systems.
When tetrakis(bromomethyl)benzene derivatives 195
are allowed to react in DMF with iodide and 2,3-
dimethylbenzoquinone (196), the corresponding bis-
0oQDM is formed and the Diels—Alder reaction,
including dehydrogenation, takes place successfully
giving the polyacene quinoid 197 (Scheme 49a).

Further reduction conversion of quinone units to
solubilizing ionic or bulky groups increases the
solubility of the final materials, thus allowing their
structural identification and different spectroscopic
studies.182.183

McLaughlin recently reported the application of
this approach to the synthesis of other linear aro-
matic systems. As a representative example, in
Scheme 49b is depicted how tetrakis(dibromomethyl)-
benzene can be used as a precursor of the corre-
sponding bis-o-quinodimethane, which undergoes
cycloaddition with 2 equiv of maleimide (199) to
generate the corresponding anthracene derivative
(200) in good yield.*®*

2. s-Extended Electron-Donor and Electron-Acceptor
Systems

The synthesis of the highly conducting charge-
transfer (CT) complex formed by tetracyano-p-quin-
odimethane (TCNQ) and tetrathiafulvalene (TTF), as
electron-acceptor and electron-donor components,
respectively (Figure 6), opened up the field of molec-
ular organic conductors.'®® Since then, a large num-
ber of different CT complexes have been prepared in
the search for electric properties. The synthesis of the
so-called ‘organic metals’ or ‘synthetic metals’ has
mainly focused on modification of the donor fragment,
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and much less synthetic effort has been devoted to
the preparation of novel acceptors.186-188

One of the most interesting aspects in the synthesis
of tetracyano-p-quinodimethanes other than TCNQ
is to increase the w-extension of the electron acceptor
in order to lower the intramolecular Coulombic
repulsion in the anion of the acceptors, resulting in
more stable radical anions and hence in highly
conducting CT complexes.’®” Thus, we have recently
used 0QDM in the syntheses of new benzo-fused
tetracyano-p-quinodimethane (TCNQ)'#°1°1 and di-
cyano-p-quinonediimine (DCNQI)'91~1% derivatives
as new m-extended electron-acceptor systems.

The synthesis of novel -extended TCNQ (204, 209)
and DCNQI (205, 210) derivatives was carried out
from the corresponding 1,4-anthraquinone (203) and
6,13-pentacenedione (208) by reaction with malono-
nitrile and bis(trimethylsilyl)carbodiimide (BTC),
respectively, in the presence of titanium tetrachloride
(Scheme 50). 1,4-Anthraquinone derivatives (203)
could be obtained by reaction of substituted p-
benzoquinones (201) with o0QDMs generated favor-
ably from either sultine (45) or o, 0,0 ,0'-tetrabromo-
o-xylene (1). The intermediate Diels—Alder adduct

CN
Se” [S S
-------------- =
S s~
CN
TCNQ TTF

Figure 6. CT-Complex TTF-TCNQ with orr =500 Scm™!
opened up the field of “synthetic metals”.
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(202) easily undergoes oxidation to the fully aroma-
tized quinones (203) (Scheme 50).

More z-extended TCNQ and DCNQI derivatives
were also obtained starting with reaction of 0QDM
with unsubstituted p-benzoquinone (206). The 5,5a,-
6a,7,12,12a,13a,14-octahydro-6,13-pentacenedione
(207) obtained after the bis-cycloaddition can be
easily oxidized by bromine/pyridine in DMF to form
6,13-pentacenedione (208). In the presence of tita-
nium tetrachloride, reaction of this quinone with
malononitrile or BTC yields the corresponding s-ex-
tended TCNQ (209) and DCNQI (210), respectively.
Cyclic voltammetry measurements reveal that the
increase in benzannulation results in a shift of the
reduction potentials toward more negative values
(weaker electron acceptors), following the same trend
as both TCNQ and DCNQI derivatives.

These w-extended TCNQ derivatives have recently
been used as acceptors in composite films together
with conjugated semiconducting polymers which act
as donors.*®* The composite films of these D/A couples

n-Extended DCNQI

give rise to long-lived charge-separated states upon
photoexcitation and, therefore, have been tested as
suitable materials for the preparation of photovoltaic
cells.

Not only acceptor molecules have been synthesized
from the previously described m-extended quinones
obtained from oQDMs. We have also recently re-
ported the synthesis of largely m-extended p-quin-
odimethane analogues of TTF (211) (Scheme 50). The
synthesis of these compounds is carried out by
Wittig—Horner reaction of a phosphonate with the
corresponding quinonic system.1%

B. Cycloadditions of o-Quinodimethane to
Fullerenes: A Versatile Approach to Stable
Modified Fullerenes

In the more recent years, one of the most outstand-
ing applications of 0QDMs has been the formation
of novel cycloadducts with fullerene Cgo (212). Since
the preparation of Kratschmer et al. of macroscopic
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Scheme 51
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guantities of fullerenes,'®¢ the chemistry of these new
carbon allotropes has been efficiently and rapidly
developed. The wide variety of novel organofullerenes
reported has led to an understanding of the basic
chemical reactivity of fullerene Cgo, which is already
well-established.*®’

Compared to Cg, the lower symmetry of the known
higher fullerenes results in the formation of a large
number of possible structural isomers which are
difficult to separate. As a consequence, in addition
to their low abundance in the original soot, the
chemistry of higher fullerenes has been mainly
focused on C7o and much less on the larger spheres.'%

Among the different methods reported in the
literature for the functionalization of [60]fullerene,
cycloadditions and, particularly, Diels—Alder reac-
tions play a very important role.’®® Cq has a low-
lying LUMO which is a clear advantage for Diels—
Alder and other cycloaddition reactions. It behaves
as a dienophile, reacting in [4 + 2] cycloadditions by
a 6—6 double bond, thus avoiding the unfavorable
5—6 double bonds within the fullerene framework.

The Diels—Alder reaction of Cg with 0QDMs has
been carried out from different precursors for the in
situ generation of the reactive intermediates as
shown in Scheme 51. The experimental conditions for
the generation of the reactive diene are highly
dependent on the starting material used as the
precursor.

It is important to note that some of the cycload-
ducts prepared by reaction of Cgo with dienes undergo
facile cycloreversion to the starting materials as a
consequence of their thermal instability. Thus, as a
typical example, cycloadducts resulting from cyclo-
pentadiene are unstable and can be stabilized by
selective hydrogenation of the resulting double bond
or by transforming it into a different functional group
by a further chemical reaction.?%

In contrast, adducts obtained from oQDMs as
dienes are thermally stable due to the additional
stabilization provided by the aromatic system formed.

In addition, 0QDMs can be used as a vehicle for the
introduction of a wide variety of reactive functional
groups useful for further chemical modification.

In general, [4 + 2] cycloadditions of Cgo proceed
reasonably well with formation of the [60]fullerene-
based monocycloadducts in moderate yields. Addition
of a second o0QDM leads to the formation of regioi-
someric mixtures which are difficult to separate.
Thus, cycloadditions to [60]fullerene have been mainly
directed (see below) to the preparation of the respec-
tive monoadducts which can be easily characterized.

The [4 + 2] cycloaddition of unsubstituted 0QDM
(4) to Cgo was first reported by Mullen in 1993.2°1 In
this case, the reactive diene was generated by iodine-
induced 1,4-elimination of 1,2-bis(bromomethyl)ben-
zene (28) in boiling toluene and using 18-crown-6 as
the phase-transfer catalyst. Simultaneously and us-
ing differently substituted 1,2-bis(bromomethyl)ben-
zenes as precursors of the oQDM, Diederich et al.
reported the synthesis and X-ray analysis of the
dimethoxy-substituted cycloadduct (214) as well as
the benzo-18-crown-6 derivative (215).2°%2 Cycload-
duct 217 was obtained from 216 by further chemical
reaction (Figure 7).202

Since then, many other Cgo-based cycloadducts
have been prepared by generation of the oQDM
intermediate from other starting materials (Scheme
51). Although one of the most widely used methods
is based on the 1,4-elimination of halogen from o,a'-
dihalo-o-xylenes,?°? thermolysis of benzocyclobutenes
(5) carried out in high boiling point solvents to
promote the ring opening?%32%4 or extrusion of CO,
from isochromanone (44) derivatives?® has also been
used for the generation of 0QDM and further trap-
ping by Ceo.

In Scheme 52 some examples of cycloadducts
obtained by thermally allowed conrotatory [0? + 77]
electrocyclic ring opening of benzocyclobutene deriva-
tives 19b,f together with other cycloadducts (219—
222) prepared by a further chemical transformation
are shown.20%
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217

Figure 7. Some representative Cgo-based cycloadducts
obtained from substituted 0QDM.

Organofullerenes 218 were prepared in refluxing
toluene due to the presence of the alkoxy substituent
on the cyclobutene ring which, as it was already
mentioned, produces a lowering of the activation
energy in the generation of the alkoxy-o-quin-
odimethane, which can be thus generated under
smooth conditions.

The cycloadducts obtained exist as two intercon-
verting boat conformers at room temperature, show-
ing an interesting dynamic behavior because of the
rigidity of the Cgo backbone and the peri-interactions
of the a-substituent.?%® Thus, the NMR experiments
and observed NOEs on 218f allowed the configura-
tional assignment in which the less stable isomer has
a pseudoequatorial alkoxy group (Figure 8).

Interestingly, some substituted benzocyclobutenes
react with Cgo to afford novel cycloadducts bearing
different functional groups. Thus, thermolysis of
benzocyclobutenone in dichlorobenzene in the pres-
ence of [60]fullerene affords the [4 + 2] cycloadduct
223_207a

Cycloadduct 224 was prepared from 3-phenylben-
zocyclobutenol in refluxing toluene.?”™ A [60]fullerene
adduct 225 endowed with a reactive triethoxysilyl
functional group has been recently synthesized.?%®
The high solubility of this adduct in polar solvents
enables its covalent incorporation into sol—gel silica
matrix (Scheme 53).

Benzocyclobutene homologues containing polyaro-
matic hydrocarbons also undergo ring opening.?*® The
activation barriers to the oQDM are not reduced as
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Table 1. Comparative Results in Cycloadditions Using
Classical and Microwave Procedures

classical

ratio  microwave®  yield & yield
45a:Ceo  (time/min) 230 (%) T (°C) time (h) 230 (%)

5:1 25 10 (12)° refluxe 15 10 (10)P
2:1 20 39 (44)°  reflux° 1 22 (31)°
2:1 45 30 (44)°  refluxe 1 24 (40)°
1:1.1 20 23 (28)> reflux® 18 30 (47)°

a Power 800 W. P On the basis of recovered Cg. ¢ Solvent:
benzene.

much as when some functional group is linked at the
benzyl position. An activation free energy of the ring
opening of AG* = 142 kJ/mol at 200 °C was reported
for the oQDM used for the preparation of 226.

0QDMs can also be efficiently generated from
sulfolenes 46 as well as from sultines 45 by SO,
extrusion. Thus, Gugel and Mdullen reported the
generation of an amino-substituted oQDM from 1,3-
dihydro-5-amino-isobenzothiophene-2,2-dioxide 227
by sulfur dioxide extrusion at about 200 °C.

The good solubility of the obtained cycloadduct
(228) in chloroform allowed its further chemical
derivatization to yield novel substituted organof-
ullerenes 229a—e?® (Scheme 54).

As already pointed out, sultines (45) are ideal
precursors for the generation of 0QDMSs because they
decompose at around 80 °C and do not produce
organic or inorganic byproducts except for the chele-
tropic extrusion of SO,. Thus, we have reported the
first example of a Cgo-based cycloadduct (230) ob-
tained from 4,5-benzo-3,6-dihydro-1,2-oxathiin-2-
oxide (45a, sultine) (Scheme 55).7® The starting
sultine can be now favorably generated in situ in a
one-step procedure from o,a’-dibromo-o-xylene (28)
and sodium hydroxymethanesulfinate (“rongalite”) in
high yield.”®

Application of microwaves to fullerene’s chemistry
was first studied in the [4 + 2] cycloaddition of the
parent 0QDM generated from sultine.”® It is well-
known that microwave irradiation can be employed
to accelerate organic reactions, increasing product
purity and yields.”” In Table 1 are shown the com-
parative results in the cycloaddition of sultine and
Ceo using classical and microwave procedures.

Higher yields in shorter times were obtained under
microwave irradiation. This quick functionalization
of Cgo can be particularly useful to prepare adducts
which decompose under long heating periods of time.

1. Cycloadditions of Masked 0QDMs and Related
Structures to Cgg

[60]Fullerene functionalization from 0QDMs has
been intensively investigated since highly stable [4
+ 2] adducts are obtained in relatively high yields.
This behavior is in contrast to that of cyclopentadiene
which forms cycloaddition products which are not
energetically stabilized.

An interesting case has been recently reported by
[4 + 2] cycloaddition of isoindene (232), generated
in situ from indene (231) to afford cycloadduct 233
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Scheme 52

c toluene
+ — .
60 reflux

219 (86%)
Ny 218a
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221 (50%)

as an alternative procedure for the derivatization of
fullerenes?'® (Scheme 56).

To prove the reactivity of Cg with benzylic-
substituted 0QDMs, 6b,10b-dihydrobenzo[j]cyclobuta-
[alacenaphthylene (234) was reacted with Cgo in
1,2,4-trichlorobenzene to afford the novel cycloadduct
236 from the substituted intermediate 235 in 57%
yield.2!

Very recently, Echegoyen has reported the reaction
of Cgo With 1,8-bis(bromomethyl)naphthalene (237)
in the presence of KI/18-crown-6 to form a cycload-
duct with a seven-membered ring fused to a 6—6
junction.?? A naphthoquinodimethane intermediate
(238), formed from a very unstable three-membered
ring containing intermediate, has been suggested as
a mechanistic explanation of the formation of cy-
cloadduct 239 (Scheme 56). Theoretical calculations
reveal that cycloadduct 239 has a lower binding
energy than other oQDM fullerene adducts by ~16.7
kJ/mol (4.0 kcal/mol).

OCHz H H H
Hi{%? H H3co)?,:§ H
218f (major) 218f (minor)

Figure 8. Conformational isomers for cycloadduct 218f.
The major conformer has the methoxy group on a flagpole
position.

Segura and Martin

DCC / DMAP 220 (31%)
[0}
Co
[e]
DMAP /Pyr
HO
(o]

222 (78%)

On the other hand, the thermal reaction of Cgo with

(7°-bicyclo[3.2.0]hepta-1,3-dienyl)(y*-tetraphenylcy-
clobutadiene)cobalt(l) (240) has been reported to yield
cycloadduct 242. The reaction is carried out in
o-dichlorobenzene (ODCB) at 240 °C for 48 h in a
sealed tube to give 242 in 28% vyield as a stable
crystalline solid.?'3 It has been suggested that the [4
+ 2] cycloaddition occurs by a “ring-slippage-reaction”
involving a reversible change in hapticity from #° to
7.
Interestingly, the *H NMR spectrum of cycloadduct
242 showed no ring inversion of the cyclohexene ring,
in contrast to that observed for the o-xylene-bridged
fullerenes.?'* The structure of 242 was determined
unambiguously by X-ray analysis, which closely
resembles those obtained from real 0QDMs (Scheme
56).

2. 0-Quinodimethanes as Useful Tools in the Selective
Functionalization of [60]Fullerene

The selective synthesis of [60]fullerene bisadducts
is currently a very important task for those chemists
engaged in the chemistry of fullerenes since the first
papers reported by Nishimura®'® and Diederich.?'6
Thus, when an 0QDM homologue was used for the
modification of [60]fullerene, bisadducts turned out
to be a complex mixture which could not be separated
by a simple column chromatographic technique.
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Scheme 53

Si(OEt)

226

Diederich et al. first reported a sophisticated
method based on the tether-directed remote func-
tionalization of Cg.2%® The procedure is based in a
first modification of a 6—6 junction of the fullerene
by cyclopropanation reaction. Then, two sites around
the equator of Cgo were selectively modified by the
Diels—Alder addition of the dienes attached at the
end of the two tethers stretched from the cyclopro-
pane ring to form a headphone-shaped trisadduct.

For the selective bisaddition of Cg using 0QDM,
o,w-bis(3,4-bis(bromomethyl)phenoxy)alkanes (243),
which in situ generates 0QDMs at both ends by 1,4-
elimination, was reacted with Cg. By changing the
length of the tether connecting both 0QDMs, it is
possible to achieve a selective addition on the Cg
core?'’ (Scheme 57).

The linkage of all bisadducts could be cleaved
guantitatively by treatment of excess boron tribro-
mide in benzene at room temperature to give the
corresponding bisphenols.

By using this methodology, the selective synthesis
of Cgo bisadducts was successfully carried out from
two a,o’-dibromo-o-xylene moieties connected by an
oligomethylene chain [—(CH,),—, n = 2—5]. cis-2- and
cis-3-bisadducts were selectively obtained when n =
2 and 3 but only one e-bisadduct with n = 5. A
balance of stereochemical and electronic effects has
been suggested as being responsible for the obtained
selectivities, since these high selectivities are not
accomplished in the absence of the chain.
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These [60]fullerene derivatives bearing two phenol
moieties are of interest for further transformations
in the search of bioactive compounds,?8 electrolytes
or functional dyes,?'° and pearl-necklace-shaped [60]-
fullerene polymers.??

A similar approach based on the regioselective
introduction of two boronic acid groups into [60]-
fullerene (256) using saccharides as imprinting tem-
plates has been reported very recently by Shinkai et
al.??% (Scheme 58).

It is interesting to remark that the regioselectivity
obtained in the cycloadducts 257 is highly dependent
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Scheme 56
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on the saccharide structure (252—255) used as the
template.

A topochemically controlled, regiospecific fullerene
bisfunctionalization is an elegant approach reported
by Krautler et al.??! In this case, the functionalization
of Cg is based on a thermal, intermolecular an-
thracene transfer reaction in the solid state.

The crystalline 6,6-monoadduct (258) prepared
from Cgo and anthracene??? undergoes a regiospecific
thermal transformation into a solid 1:1 mixture of
Ceo and the antipodal bisanthracene adduct 259 as
shown in Scheme 59.

The reaction is suggested to proceed by intermo-
lecular anthracene transfer, in which a molecule of
the starting compound acts as an intimate an-
thracene donor for the neighboring fullerene, which
acts as an acceptor.??* The occurrence of this reaction
can be rationalized by the specific packing of mol-
ecules of 258 in the crystal, allowing a combination
of a [4 + 2] cycloreversion and [4 + 2] cycloaddition
steps. Although formally an oQDM is not involved
in this process, the [4 + 2] cycloaddition reaction as
well as the geometry of the resulting cycloadduct are
close to the 0QDM cycloadducts studied.

Compound 259 has also been used for the prepara-
tion of symmetric mixed hexaadducts (260) and
equatorial Dyn-symmetric tetrakis adduct (261).22

Segura and Martin

236

Now the two anthracene addends control the attach-
ment of other addends toward the molecular equator,
thus forming mixed symmetric hexaadducts. In a
further step, the anthracene moieties are removed
by heating the solid sample (195 °C, 5 min) to form
symmetric tetrakis adduct. (Figure 9). This approach
paves the way to the design and synthesis of novel
three-dimensionally structured molecules.

3. Diels—Alder Adducts of [60]Fullerene and Heterocyclic
0-Quinodimethanes

Heteroaromatic analogues of 0QDMs as dienes
have received much less attention, compared with the
parent 0QDM, despite their potential synthetic inter-
est and, only recently, have been thoroughly re-
viewed.® Most studies involving heteroaromatic ana-
logues of 0QDM involve their generation, and only a
few of them are related with their synthetic applica-
tions.

Heteroaromatic 0QDMSs are not easy to prepare,
particularly those bearing functionalities that can be
altered during the generation process of the reactive
intermediate 0QDM. Unlike the parent oQDM, a
specific precursor is required for the preparation of
each particular heteroaromatic 0QDM and this is one
of the reasons that many of these elusive intermedi-
ates are still unknown.
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Scheme 57
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BBrs, benzene
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248: quantitative 249: quantitative
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The first reaction of heteroaromatic analogues of
0QDM with Cg was reported by Eguchi et al.??* and
Martin et al.??® involving the parent thieno-o-quino-
dimethane and substituted thieno-o-quinodimeth-
anes, respectively.

The intermediate thieno-oQDMs were generated in
situ by iodide-induced 1,4-elimination from the re-
spective 2,3-bis(halomethyl)thiophenes (262a—c,
Scheme 60). The cycloaddition reaction is carried out
in toluene to solubilize Cgp, and consequently, 18-
crown-6 ether is required as a phase-transfer cata-
lyst.

Since these first reports and during more recent
years, many other Diels—Alder reactions of hetero-
cyclic analogues of 0QDM to Cg have been re-
ported.??® Thus, heterocycles such as furan, oxazole,
thiazole, indole, 1,4-diazine, and pyrimidine have
been covalently attached to the Cgo core. Although

(m-form of cis-3 isomer)

250: quantitative
{m-form of e isomer)

the first two pentagonal rings (furan and oxazole)
were oxygen labile due, probably, to the ability of Cg
to act as a good photosensitizer for producing singlet
oxygen,??” the remaining Cgo-based heterocycles con-
taining cycloadducts were obtained as stable solid
compounds.

Thus, 2,3-dimethylene-2,3-dihydrofuran (87) was
generated by 1,4-elimination of a benzoate derivative
(264) through flash vacuum pyrolysis by following
Trahanovsky's method.??® Cycloadduct 265 (Scheme
61) was formed by trapping the diene intermediate
with liquid nitrogen, to which a chlorobenzene solu-
tion of Cgp was added and the mixture was allowed
to stay at room temperature with protection from
light to avoid photooxidation.??°

The oxazole- and thiazole-linked Cgo derivatives
268a,b were obtained by cheletropic elimination from
the respective starting materials 266a,b, respec-
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Figure 9. Basic scheme for the preparation of Cgo-based
symmetric tetrakis adducts.

add protection

afford, respectively, diene intermediates 267 which
259 react with Cg to yield cycloadducts 268a,b in moder-
ate yields.??°
tively. Thermolysis of the sulfolenes were carried out The indole-linked Cg cycloadduct 271 was obtained
in refluxing chlorobenzene and dichlorobenzene to by generating the indole analogue of 0QDM (270)
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Scheme 60
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from the N-benzoyl-2,3-bis(bromomethyl)indole by
following the standard procedure using KI1/18-crown-6
conditions??® (Scheme 61).

Diels—Alder adducts of Cg with six-membered 2,3-
pyrazinoquinodimethanes have been recently re-
ported by different research groups.??°-231 However,
only in two cases??* 231 the heterocycle ring was
connected to the Cgo core from the substituted 2,3-
pyrazinoquinodimethanes. [4 + 2] Cycloaddition of
Ceo With the corresponding 2,3-bis(bromomethyl)-
pyrazine derivatives (274), which can be easily
prepared in a one-step procedure by condensation of
1,4-dibromo-2,3-butanedione (273) with 1,2-diphe-
nylenediamine (272a), naphthalenediamine (272b),
and 2,3-diaminobutenedinitrile (272c) (Scheme 62).

2,3-Pyrazinoquinodimethane derivatives (275a—c)
were generated in situ by treatment of 2,3-bis-
(bromomethyl)pyrazine derivatives (274a—c) with
sodium iodide in ODCB at 130 °C.

Variable-temperature NMR experiments reveal
that these cycloadducts present a flipping cyclohex-
ene ring with activation free energies depending upon
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Table 2. Activation Free Energies Determined for
Ceo-Based Thiophene- and Pyrazine-Containing
Cycloadducts

T Av AG* AG*
compd (K) (Hz) (kJ mol~1)2 (kJ mol~1)2
276a 323 104.4 64.7 64.5
276b 333 126.1 66.2 66.1
263b 245 26.2 51.3 50.2
263b 241 14.8 51.6 49.8
263c 223 51.0 45.3 44.9
263c 231 86.7 45.9 45.8

a Activation free energies at the coalescence temperatures
according to AG* = aT[9.972 + log(T + Av)]. a=1.914 x 1072
kJ mol~1. P Activation free energies at the coalescence tem-
peratures according to AG*¥ = aT[9.972 + log(T + (6v? +
6J2AB)1IZ)] i

the heterocyclic system covalently attached to the Ceo
cage. Interestingly, the activation energies found for
the six-membered pyrazine adducts (276) were very
close to that found for the carbocyclic compounds, and
striking lower values were obtained for the five-
membered thiophene adducts (263), which showed
two different coalescence temperatures for the two
different methylene units present in these com-
pounds?3! (Table 2).

The electronic structure for the heterocyclic o0QDMs
indicate that these cycloadditions to Cg are con-
trolled by the HOMO of the dienes, all the reactions
being energetically favored.?3!

The photophysics of some pyrazine—fullerene dy-
ads have been recently studied by Guldi?®? and
represent a versatile approach to improve the light-
harvesting efficiency of fullerenes. Photoexcitation of
the pyrazine moieties in these dyads is followed by
rapid intramolecular deactivation via energy transfer
to the fullerene ground state with half-lives between
37 and 100 ps. In turn, energy transfer transforms
the pyrazine singlet excited states into the highly
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reactive fullerene triplet excited state. It is important
to note that reports on intramolecular energy-
transfer reactions to fullerenes are still relatively
scarce.

Recently, the synthesis of novel pyrimidine-con-
taining cycloadducts prepared by Diels—Alder reac-
tion of Cgo and pyrimidine 0QDMs has been re-
ported.1?6:141.233 The pyrimidine ring occurs widely in
compounds with biological and pharmacological ac-
tivity, and therefore, pyrimidine-containing organof-
ullerenes are of particular interest in the search for
novel properties.?'®

Cyclobutapyrimidines (149) are easily prepared in
a one-step synthesis from aliphatic or aromatic
nitriles and aliphatic or alicyclic ketones (Scheme
39).126a Thermally allowed conrotatory [0? + 7]
electrocyclic ring opening of cyclobutapyrimidines
(149) in ODCB at 180 °C yields the reactive inter-
mediate 150 which reacts with Cg to afford cycload-
duct 278 as a stable solid (Scheme 63).1260

Pyrimidine o0QDM (150) has also been generated
very recently from pyrimidine-fused-3-sulfolenes (277)
by thermal extrusion of sulfur dioxide.1250.128b

The dynamic behavior of the novel cycloadducts
(278) has been investigated by using variable-tem-
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perature 'H NMR measurements.’®® The energy
barriers for the boat-to-boat inversion of the cyclo-
hexene ring show AG* values (14.9—17.2 kcal/mol)
with a significant dependence of the alkyl or aryl
substitution on the pyrimidine ring. Interestingly, the
redox properties of the novel organofullerenes, de-
termined by cyclic voltammetry, indicate a certain
interaction between the organic addend and the Cgo
moiety. 2%

4. 0-Quinodimethanes as Precursors for Electroactive
Ceo-Based Dyads

[60]Fullerene is a redox-active chromophore which
behaves like an electronegative molecule which can
accept up to six electrons.?®* Moreover, the unique
photophysical properties of fullerenes, and in par-
ticular the readily available Cgo, attributed to a
combination of the high symmetry of Cg and the
pyramidal nature of their constituent carbon at-
oms,?% are currently under investigation as artificial
photosynthetic systems with efficient and long-lived
charge separation. Thus, the design of organof-
ullerenes endowed with electron-donor or electron-
acceptor moieties represents a promising field as a
consequence of the optical and electronic properties
they can display.®

0-Quinodimethanes have also played an important
role in the design of dyads as a versatile approach to
stable cycloadducts bearing an electroactive moiety.
Thus, different substituted porphyrins (279—282)
have been connected to the Cg core through a
substituted o0QDM (Figure 10).23¢

Dyads 279a,b bearing six tert-butyl groups on the
aromatic rings of the porphyrin moiety to increase
the solubility were prepared from the appropriately
substituted oQDM forming the amido bond at the
final stage of the synthesis.?®” A fluorescence quench-
ing of both the singlet excited states of zinc and free-
base porphyrins 279a,b by the Cgs moiety was
observed in THF.

Other Cgo-linked zinc porphyrins (280—282) were
also synthesized by modifying the linking position at
the meso-phenyl ring from ortho to para, and the
linkage and solvent dependence of their photophysi-
cal properties were investigated.?®®

In our group we have reported the facile formation
of [60]fullerene adducts from sultines via a Diels—
Alder reaction as an alternative procedure for the
functionalization of Ceo under mild conditions.” We
have used this approach for the preparation of novel
organofullerenes in which the Cgo core is linked to
an electron-acceptor p-benzoquinone ring.?*® It is
worth mentioning that in contrast to the wide variety
of Ceo-based donor—acceptor dyads reported, the
number of organofullerenes in which an electron
acceptor unit is covalently attached to the Cg cage
is still very small.®

The synthesis of the Cgo-based cycloadducts was
carried out from the appropriately substituted sul-
tines which react with Cg in refluxing toluene by
extrusion of SO, to generate the substituted 0QDM
(284). This reactive diene is readily trapped by Cso,
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Figure 10. Selected examples of Cgo-based porphyrin-containing dyads.

acting as a good dienophile to afford the cycloadducts
285 in moderate yields (22—45%) [44—58% based on
recovered Cgo] (Scheme 64).

The experimental conditions used from sultines are
milder than those recently reported to obtain cy-
cloadduct 285b from 3,6-dimethoxybenzocyclobutene,
which requires heating in ODCB at 220 °C for 24 h,
with similar yields.?4°

The prepared cycloadducts (285) were easily trans-
formed into the corresponding p-benzoquinone de-
rivatives (287) by removing the alkyl groups with
boron tribromide and further oxidation with DDQ.2%°

The temperature-dependent *H NMR spectra of
these cycloadducts show a dynamic process of the
methylene protons. The activation free energy deter-
mined for the boat-to-boat inversion (11.3—11.6 kcal/
mol) is remarkably lower than that determined for
other related carbocyclic or heterocyclic analogues
(see above). Geometrical features seem to be respon-
sible for the low activation barriers. Interestingly, the
attachment of the first electron in the reduction
process takes place on either the Cgo core or the
p-benzoquinone ring depending upon the nature of
the substituents on the quinone unit, which controls
the relative energy of the LUMO.?%°

Although the strong electron-donor tetrathiaful-
valene (TTF) had already been linked to the Cg core
through a [3 + 2] dipolar cycloaddition,?*1?42 more
recently TTF and its derivatives have also been
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covalently attached to the Cg framework by using
the 0QDM analogue of TTF (2,3-dimethylene-TTF,
290) (Scheme 65).243:244

As already pointed out, tetrathiafulvalene (TTF)24
is a strong electron-donor molecule which has been
successfully used in the preparation of electrically
conducting and superconducting organic materials.?*¢

Ceso—TTF dyads (291) were prepared from 2,3-bis-
(bromomethyl)-6,7-bis(methylsulfanyl)tetrathiaful-
valene (288)%* and the sulfone analogue (289)%?* as
precursors of the transient-substituted 2,3-dimeth-
ylene—TTF (290) which was subsequently trapped by
Ceo (Scheme 65).

The spin density distributions of radical cations
and radical anions derived from dyads 291 are
mainly located on the TTF and fullerene moieties,
respectively. The modification of the donor strength
of the TTF unit enables the tuning of the HOMO—
LUMO gap of these dyads, thus allowing one to study
the interaction between the two electroactive frag-
ments as a function of the donor strength. Nanosec-
ond-resolved flash photolysis in the UV—vis region
of some dyads (291b—d) in benzonitrile shows a rapid
guenching of the excited triplet states.?*

An alternative route for the preparation of dyads
291 had been previously attempted by Diels—Alder
cycloaddition of 2-(thi)oxo-4,5-bis(methylene)-1,3-
dithioles (292) to Cg as shown in Scheme 66. Three
different routes were followed for the in situ genera-



3230 Chemical Reviews, 1999, Vol. 99, No. 11

Scheme 64

287a: R%=H
b: R*= (CH=CH),
¢: R%= Br

tion of the reactive diene (292).247248 However, further
attempts for the construction of the TTF unit by
coupling reactions from the obtained cycloadduct
(293) were unsuccessful.

5. 0-Quinodimethanes in the Chemistry of Higher
Fullerenes

The development of the covalent chemistry of
higher fullerenes, that is, homologues of Cg, with 70
or more carbon atoms, has been mainly carried out
on the C;, molecule due to its availability. More
recently, pure derivatives of larger spheres such as
Cv6, Css4, as well as Csg have been isolated and
characterized.?#

The Diels—Alder [4+2] cycloaddition of 4,5-dimeth-
oxy-0-quinodimethane to C;o and Cs has been stud-
ied by Diederich et al.?5° Compared to Cg, the lower
symmetry of the higher fullerenes leads to the
formation of a large number of possible structural
isomers which are usually difficult to separate.

In a similar way to that found for the parent Cey,
Diels—Alder reaction on higher fullerenes occurs
selectively at the junctions between two six-mem-
bered rings (6—6 bond). This fact, in addition to the
formation of thermodynamically stable cycloadducts
by aromatization, makes the reaction of higher
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fullerenes with o0QDMs very attractive for regiose-
lective studies.

The 1,2-bis(bromomethyl)-4,5-dimethoxybenzene
was refluxed in toluene in the presence of tetrabu-
tylammonium iodide to generate the dimethoxy-
substituted o0QDM (294) which was trapped by Co
or Czs as shown in Scheme 67.

In the case of C;o (Ds, sSymmetry), three of the four
possible isomers (295a—d) were isolated and char-
acterized (295a—c) in 24%, 10%, and 1—2% vyields,
respectively. Formation of the equatorial adduct 295d
was not observed. The two most abundant products
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Figure 11. Four possible isomers resulting from cycloaddition of dimethoxy-oQDM to C7. Only isomer 295d was not
observed. (Reprinted with permission from ref 250. Copyright 1994 Verlag Helvetica Chimica Acta.)

HaCO OCHs

Figure 12. Isomers isolated from cycloaddition of dimethoxy-oQDM to C.s. (Reprinted with permission from ref 250.

Copyright 1994 Verlag Helvetica Chimica Acta.)

were confirmed by X-ray crystallography.?>! The third
minor constitutional isomer has an inherently chiral
addition pattern (Figure 11).

On the other hand, the addition of 4,5-dimethoxy-
o-quinodimethane (294) to Cs (D, symmetry) leads
at least to six different isomers. On the basis of 'H
NMR spectroscopy and bond reactivities, a tentative
assignment of the major product, which was isolated
in pure form, as the C!-symmetrical C(2)—C(3) adduct
(%) 296 (Figure 12) was concluded, resulting from
attack at the polar o-type bond.?®® Similarly, the
structure of the C(1)—C(6) adduct (+)-297 was as-
signed to a C,-symmetrical monoadduct.

In this interesting study on the regioselectivity of
higher fullerenes, a good correlation between the
experimental results and the calculated pyramidal-
ization angles?®? was found, thus rationalizing the
formation of different isomers.

VII. 0-Quinodimethanes in Polymer Chemistry

As we have seen in this manuscript, benzocy-
clobutenes are among the most suitable precursors
of 0QDM. Several reports on the polymer chemistry
of benzocyclobutene have been published recently.8253
Polymeric materials prepared by thermally initiated
polymerization of monomers based on benzocy-
clobutenes have attracted interest due to the unusual
physical property profiles available from these
materials.?%4-259

From a chemical point of view, the study of the
polymerization of benzocyclobutenes can be divided

into four main types depending on the nature of the
basic benzocyclobutene monomers involved in the
polymerization reaction: (i) monomers which contain
only benzocyclobutene moieties as reactive groups;
(i1) benzocyclobutene monomers that contain sites of
unsaturation capable of reacting with an 0QDM to
give cycloaddition products; (iii) aryl-substituted vi-
nylbenzocyclobutenes; and (iv) bisbenzocyclobutenes
which readily react with molecules containing two
sites of reactive unsaturation.

A. Polymerization of Benzocyclobutene
Monomers Containing the Benzocyclobutene
Functionality as the Only Reactive Species

There seems to be a general agreement in the
literature that the first step in the polymerization of
a benzocyclobutene monomer is the thermally-
induced ring-opening reaction to yield the corre-
sponding 0QDM intermediate.?®®© When no other
functionality is present in the benzocyclobutene
monomer, the polymerization mechanism has largely
been discussed in terms of the thermolysis reaction
of the benzocyclobutene moiety and the self-addition
products of the 0QDM formed.

The fate of the 0QDM formed appears to depend
to a large extent upon the conditions under which it
is generated. Thus, for example, the thermolysis of
benzocyclobutene hydrocarbon in a sealed flask at
200 °C gave a 24% yield of 1,2,5,6-dibenzocycloocta-
diene (80) along with a mixture of unidentified
oligomeric materials?5! (Scheme 68). Formation of 80
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may be explained as being the result of 0QDM having
considerable radical character.

In a series of experiments, Errede®%? prepared
0QDM itself by the flash pyrolysis of o-methylben-
zyltrimethylammonium hydroxide (30), the o0QDM
being quenched soon after it was formed by cooling
to —78 °C. The product trapped out under these
conditions was an approximately 25:75 mixture of a
1,2,5,6-dibenzocyclooctadiene 80 and the spiro o-
quinodimethane dimer 299 (Scheme 69).

The spirodimer 299 is stable at low temperature,
but upon warming, it polymerizes to poly-o-xylylene.

There is no experimental evidence of any 1,2,5,6-
dibenzocyclooctadiene 80 being formed by heating the
spirodimer 299. Therefore, it appears that the po-
lymerization of 299 and the formation of 80 occur
through different intermediates. The mechanism
proposed for this transformation involves the initial
formation of an 0QDM. When this is rapidly quenched,
it can form a bibenzyl biradical 298 which can close
to either the spirodimer 299 or 1,2,5,6-dibenzocy-
clooctadiene 80. While the last one is thermally
stable, the spirodimer 299 is not. Upon warming it
can undergo some unspecified radical initiation to
yield a monobibenzyl radical (301) which then at-
tacks another molecule of spirodimer (299) to begin
a chain-type polymerization being terminated by
hydrogen-atom abstraction to yield poly-o-xylylene
(303) (Scheme 70). However, the high isomerization
temperature of unsubstituted benzocyclobutene (>
200 °C) renders the investigation of the polymeriza-
tion of o-quinodimethanes difficult, and until re-
cently, detailed studies of the polymerization of
substituted o0QDM have not been reported.?63-265

As already mentioned, by introducing an electron-
donating methoxy substituent into the cyclobutene
ring, the isomerization temperature is effectively
lowered, which allows one to study the radical
polymerization of substituted cQDMs.

Methoxy-substituted benzocyclobutene is known to
isomerize to o0QDM at around 100 °C. When this
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benzocyclobutene derivative is heated at 120 °C in
the absence of a radical initiator, no polymer is
obtained but instead oligomeric products including
dimers are found. At a temperature above 90 °C in
the presence of a radical initiator, in the bulk, poly-
(1-methoxy-o-quinodimethane) (304) is obtained as
a MeOH-insoluble polymer. Below 80 °C, no polymer
is found.?®® The highest yield of polymer is observed
at 110 °C in a range from 90 to 140 °C. Besides the
necessity of a radical initiator, the temperature
dependence of the polymerization suggests that the
polymerization is a monomer isomerization polym-
erization. Thus, the mechanism proposed for the
polymerization involves first isomerization of the
benzocyclobutene derivative to the corresponding
0QDM derivative (1) and second attack of the radical
initiator to a methylene group of I. The formed
radical species (I1) will transfer to the benzyl position
via aromatization, and the radical species successive
attack to the next monomer afford the polymer
(Scheme 71). Side reactions are thought to be the self-
Diels—Alder reaction, which, together with oligomers,
generated the cis-1,2-dimethoxy dimer, which could
be isolated and characterized.



0-Quinodimethanes

Scheme 71

Chemical Reviews, 1999, Vol. 99, No. 11 3233

p-TsOH 10 mol%
0 °C, 3h
Under vacuum

quant.

e/l

l Polymerization

R’ —R

\ Isomerization \ / \ /

19f: R = OMe !
19g: R= SiMe3

COOMe
Polymerization

/LfCHT—CH
Loome
f/ +  OLIGOMER

cis-1,2-dimethoxydimer

Further studies have proved that this new type of
radical polymerization can be applied successfully to
the copolymerization with different vinyl mono-
mers.?%4 Thus, radical copolymerization of methoxy-
substituted benzocyclobutene with different vinyl
monomers at 120 °C by using di-tert-butyl peroxide
(DTBP) as an initiator has been reported to yield the
corresponding polymeric materials (306) (Scheme 71).
On the other hand, treatment of poly(1-alkoxy-o-
quinodimethane) (304) with p-toluenesulfonic acid
monohydrate (10%) results in poly(o-phenylenevi-
nylene) (305) quantitatively.?63264 Therefore, benzo-
cyclobutenes can be also used as building blocks for
the preparation of conjugated polymers, these types
of materials having gained extraordinary interest
because of their electrooptic properties.256.267

B. Polymerization of Benzocyclobutene
Monomers Containing Sites of Unsaturation

The propensity for the oQDM to function as a diene
in the Diels—Alder reaction has led to a second type
of polymerization of these compounds. Several mono-
mers have been prepared in which o,S-disubstituted
alkenes have been attached to the benzocyclobutene
moiety and serve as dienophilic sites.?5”258 Monomers
of this sort are often termed AB monomers to
represent their dual and mutually interactive func-
tional groups.

Although there are many examples of AB mono-
mers in the polymer literature,?%® there are several
practical problems associated with this type of syn-
thesis, especially when the Diels—Alder reaction is
involved in the polymer synthesis. In general, these
reactive monomers containing a diene and a dieno-
phile are difficult to store without some partial degree
of oligomerization. On the other hand, if the diene
or the dienophile is not very reactive under moderate
conditions, then low molecular weight polymers are

306: R = Me, SiMe3

obtained while the use of more stringent conditions
for the polymerization may lead to the retro-Diels—
Alder reaction and side reactions can become more
important.?>3

Thus, the use of benzocyclobutene as the source of
the diene in a Diels—Alder polymerization offers a
solution to the problems described above provided
that benzocyclobutene-containing monomers can be
stored indefinitely at room temperature, and it is only
upon heating to temperatures close to 200 °C that
the reactive diene, 0QDM, is formed.

The most common dienophiles that have been
successfully used in the formation of polymers from
AB-type benzocyclobutene monomers have been acety-
lenes, olefins, and maleimides.?53

In Figure 13 some representative examples of
benzocyclobutene—acetylene-containing monomers
(307—310) are shown.

Although there is a reasonable amount of data
concerning the synthesis of these acetylenic benzo-
cyclobutene imide monomers, little characterization
has been performed on the resulting homopoly-
mers.26°

A second class of AB benzocyclobutene monomers
and polymers are those derived from the reaction of
benzocyclobutene with a double bond contained within
the same molecule.?%2"* Some representative ex-
amples of these types of compounds (311—-312) are
depicted in Figure 14.

One recent example of polymerization of these
types of compounds has been reported by Hahn and
co-workers. They studied the polymerization chem-
istry of stilbene-containing benzocyclobutene mono-
mers (311a) in order to obtain poly(tetrahydronaph-
thalene)s (313).%%* As expected, the dominant mode
of polymerization is the Diels—Alder reaction of the
trans-o,-disubstituted olefin with the intermediate
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Figure 13. Selected examples of benzocyclobutene—
acetylene-containing monomers used for the preparation
of AB-type polymers.

311d: R=Ph 312

Figure 14. Selected examples of vinyl-containing benzo-
cyclobutene monomers used for the preparation of AB-type
polymers.
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0QDM which arises from the thermally-induced
isomerization of the benzocyclobutene functionality
(Scheme 72).

The rate-limiting step of the reaction is the ring-
opening rearrangement of the benzocyclobutene ring
which is followed by a relatively rapid Diels—Alder
reaction.?**

The third important type of AB monomers contain-
ing benzocyclobutene rings are those containing

Segura and Martin

maleimide end groups which form substantially
linear homopolymers.

Similar to the other AB monomers, the homopoly-
mer-forming reaction involves the generation of an
0QDM from the benzocyclobutene moiety followed by
Diels—Alder reaction with the double bond of the
maleimide moiety of a second monomer. These types
of polymers have been extensively investigated by
researchers at both the University of Dayton Re-
search Institute and the Dow Chemical Co. Some
representative examples of these cyclobutene AB
monomers containing maleimide units (314—321) are
shown in Figure 15.2727274

For a complete discussion on the synthesis, thermal
stability, and reactivity of all these AB monomers in
a Diels—Alder reaction as well as on the study of the
solid-state properties of the polymers obtained, we
refer the reader to the excellent comprehensive
review article of Kirchhoff and Bruza.?%®

C. Polymeric Materials with Pendant
Benzocyclobutene Groups

Generally, the most commonly reported alkenyl-
benzocyclobutene monomers are those represented in
Figure 16 where the alkenyl moiety is a terminal
vinyl group.

When n = 0 in 322, the monomer in Figure 16 is
the styrene analogue, 4-vinylcyclobutene, which is
the only reported example of a benzocyclobutene with
a vinyl group directly attached to the aromatic
ring.2’%27> 4-Vinylbenzocyclobutene has been homo-
and copolymerized by free radical and anionic meth-
ods and behaves very much like styrene.?53276 An-
other alkenyl benzocyclobutene that has been exten-
sively used in various polymer-forming applications
is 4-(4-benzocyclobutenyl)-1-butene (322, n = 2).277
It has been used in a variety of Ziegler—Natta-type
polymerizations with simple a-monoolefins such as
ethylene, propylene, or 4-methyl-1-pentene.?’’

In the most useful examples, these monomers
possess a dual yet independent reactivity in that they
can be polymerized through the alkene group in a
way that leaves the benzocyclobutene ring intact.?%
These monomers are very interesting provided that
they offer the possibility to synthesize polymers
capable of undergoing Diels—Alder reactions.

Thus, Chino and co-workers recently reported on
the synthesis of poly(4-vinylbenzocyclobutene) (323)
which undergoes efficient Diels—Alder reaction with
dienophiles to give quantitative conversion to the
corresponding polymeric adducts (325)?"® (Scheme
73a). As the reaction conditions for the benzocy-
clobutene ring opening were somehow slightly severe
(>200 °C), the same authors have reported in 1999
the synthesis of novel reacting polymers [poly(1-
benzocyclobutenyl vinyl ether)] in which the presence
of the electron-donating ether group linked to the
benzocyclobutene moiety lowers the isomerization
temperature to o0QDM (Scheme 73b).27°

Benzocyclobutene polymer 327 was obtained quan-
titatively by cationic polymerization in the presence
of BF3-Et,O as an initiator at —78 °C for 2 h in
toluene. The spectral data indicate that the polym-
erization proceeds via a simple vinyl polymerization.
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Figure 15. Selected examples of cyclobutene AB monomers endowed with maleimide units.
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Figure 16. Alkenylbenzocyclobutene monomers are useful

starting materials for the synthesis of polymers bearing
pendant benzocyclobutene groups.

The isomerization temperature of 327 was found
to be about 75 °C. When 327 was heated at 60 °C for
12 h in the absence of a dienophile, a cross-linking
polymer was formed, probably by the intermolecular
reaction of the benzocyclobutene moieties in the side
chain. In the presence of maleic anhydride (6), the
corresponding adduct polymer was obtained. The
degree of incorporation of maleic anhydride and the
yield of the adduct increased with the temperature.
The reaction above 120 °C completely afforded the
adduct polymer (329, n = 0). The reaction of 327 with
N-phenylmaleimide (MI, 199) at 120 °C could not
afford a Diels—Alder adduct because MI predomi-
nantly undergo thermal polymerization.?® To prevent
the homopolymerization of MI, the Diels—Alder reac-
tion of 327 with MI was performed in the presence
of 4-tert-butylcathecol (1 mol %) as a radical inhibitor.
Thus, the polymerization of M1 could be inhibited to
give the corresponding adduct polymer (330, m = 0).

On the other hand, by treatment of the adduct
polymer having benzocyclobutene moieties (329, n =
0) with MI, adduct polymer 330 (m,n = 0) could be
obtained.

While prepolymer 327 is soluble in most solvents
such as benzene and THF, the Diels—Alder adduct
polymers were highly insoluble.

D. Polymerization of Bisbenzocyclobutenes with
Molecules Containing Two Sites of Reactive
Unsaturation

Bisbenzocyclobutenes (331) readily react with mol-
ecules which contain two sites of reactive unsatura-
tion such as bismaleimides (333) to give the corre-
sponding polymeric materials (334) (Scheme 74).2722.281
This is, in essence, a type of Diels—Alder polymeri-
zation in which the bisdiene is latently embodied
within two benzocyclobutene moieties. A great amount
of work has been devoted to the study of this specific
type of polymerization reaction. It is, however, out
of the scope of the present review to give a compre-
hensive overview on the synthesis and applications
of bisbenzocyclobutene provided that Kirchhoff and
Bruza have summarized in a recent review article
this type of polymerization reaction®® and Farona
has reviewed the preparation of monomeric units
containing two benzocyclobutene groups.® Therefore,
the reader is referred to these excellent review
articles for a complete coverage of the field.

E. Polymerization of o-Quinodimethanes
Generated from Precursors Different from
Benzocyclobutene

The photochemical generation of 0QDMs has also
been used to synthesize polymeric materials. Meador
and co-workers reported on the syntheses of polyim-
ides by using 0QDM generated photochemically from
the corresponding o-methylphenyl ketone.?82 2,5-
Dibenzoyl-p-xylene (335) upon photolysis produces
two photoenol moieties that can each undergo Diels—
Alder cycloadditions.?® Thus, photolysis of 336 in the
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presence of bismaleimide (337) and N-phenylmale-
imide (199) provide polyimides such as 338 (Scheme
75). By varying the stoichiometries of these reactants,
polyimides with different n values may be obtained
and in subsequent steps are converted into the
corresponding anthryl systems 339. This route offers
a photochemical alternative to traditional thermal
cures used in the preparation of polyimide thin films
for electronics packaging and optical applications.

The photochemical generation of 0QDMSs has been
recently used for the syntheses of random copolymers
through Diels—Alder reaction of 0QDM with unsat-
urated polymers. Thus, o-tolualdehyde (61a) reacts
with the double bonds of polybutadiene (340) under
photolytic conditions, changing the homopolymer into

acteristics such as mechanical strength and good
processability.?8528¢ Furthermore, the application of
fullerenes (e.g., as catalyst or stationary phase) often
requires their immobilization, and this can be at-
tained, in principle, in two ways: either by admixing
of [60]fullerene to a polymer (noncovalent immobili-
zation) or by linking either Cgo or Cgo derivatives
covalently to a carrier polymeric material. The latter
may be advantageous in cases where (i) the fullerene
unit should be more strongly bound, (ii) heteroge-
neous mixtures of [60]fullerene and the polymer tend
to undergo phase separation, or (iii) a precise tuning
of the material properties is desirable.?®” According
to the type of covalent connection of the fullerene
units in the polymer, a distinction can be made
between main-chain polymers (in chain, “polyful-
lerene”),?® side-chain polymers (on-chain, “polymer
bound”),?®® and dendrimers?® (Figure 17).

0-Quinodimethanes have also played a role in the
development of new Cgo-containing polymeric materi-
als both as pendant groups and as a part of the main
chain.

In principle, the construction of main-chain poly-
mers is possible by repetitive cycloaddition of [60]-
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fullerene, which acts as a multifunctional dienophile,
with a bis-o-quinodimethane (345) (Scheme 77).287
Flexible, solubilizing hexyloxy chains are introduced
on the bis-o-quinodimethane precursor (344) in order
to increase the solubility of the polymer after cy-
cloaddition. Thus, when the bis-o-quinodimethane
precursor (344) was treated with an equimolecular
amount of Cgo in refluxing 1,2,4-trichlorobenzene,
after 20 h reaction, a soluble mixture of the oligomer
346 (n = 0-5) was formed. Comparison of the
solubility of the various oligomers reveals noteworthy
differences. While the “higher” oligomers remain
dissolved for an unlimited period in chloroform, the
“dumbbell compound” (346, n = 0) precipitates and
it could be only redissolved in halogenated aromatic
solvents.

When the oligomeric mixture obtained from the
above reaction was further treated with an additional
equivalent of bis-sulfone (344), an insoluble product
was obtained. This result was due to multiple addi-
tions to the fullerene core which lead to cross linking.

In additions of 0QDMs to [60]fullerene, the tris-
adducts are easily formed whereas the tetrakis

adducts are not. Therefore, when the polymerization
reaction is carried out with a mixture of the mono-
sulfone (347) and the bisdiene precursor (344), the
cross linking is effectively suppressed, thus allowing
preparation of soluble polymers (348)%7 (Scheme 78).
Thus, the molecular weight was increased by using
a 347/344 mixture (7:3) and soluble polymers with
molecular weights on the order of 34 000 (M,,) and
7200 (M, are obtained. As a consequence of the high
solubility of this polymer, it is possible to prepare thin
amorphous films by spin coating which are of great
importance in order to study the solid-state proper-
ties of these materials.

There are also examples of polymeric materials
containing fullerene units as pendant groups. As we
have seen previously, a common strategy to introduce
the oQDM functionality as a pendant group in
polymeric materials involves the introduction of
benzocyclobutene-containing monomers through co-
polymerization with vinyl monomers. Thus, free
radical polymerization of the benzocyclobutenone-
containing monomer (349) and styrene in different
feed ratios afforded the copolymers 350 (Figure 18).
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Scheme 76
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The Cgo-containing polymers 351 may be readily
obtained from the reaction of Cgo and 350 in refluxing
1,2-dichlorobenzene.?®* GPC analysis indicates that
the weight-average molecular weight of the Cego-
containing polymer 351 is slightly higher than those
of the polymeric precursor (350) and both polymers
are monomodal with nearly equal polydispersity
indexes. Therefore, a specific 1:1 addition occurred
for the precursor polymers. Polymers 351 are readily
dissolved at room temperature in many common
organic solvents. This solubility behavior is similar
to polystyrene but unlike Cgp itself, demonstrating
the advantage of having a polymer-bonded fullerene
for improved processability.

[60]Fullerene can also be incorporated into certain
polymers by using the benzocyclobutenone group by
postpolymerization. Thus, polyethylene-graft-maleic
anhydride is readily converted to benzocyclobuten-
one-containing polymer 352 upon imidization with
5-aminobenzocyclobutenone in melt at about 150 °C.
Grafting of 352 with an excess of Csp may be carried
out in refluxing 1,2-dichlorobenzene yielding light
brown 353 quantitatively.

This so-called “benzocyclobutenone route” is useful
to prepare a variety of benzocyclobutenone-containing

OH

n
343

polymers by copolymerization with a wide range of
vinyl monomers. Furthermore, the amount of Cg
present in a polymer is dictated by the benzocy-
clobutenone content in the same polymer, and the
latter can be easily controlled through copolymeri-
zation or grafting.?®!

VIII. 0-Quinodimethanes as Nitric Oxide
Cheletropic Traps (NOCT)

One of the most interesting and recent applications
of o-quinodimethanes is their role as a trapping agent
for nitric oxide (nitric oxide cheletropic traps, NOCTs).”

NO has been identified to be an important cellular
messenger molecule in the mammalian body,?9%:2% is
involved in the regulation of blood pressure, partici-
pates in the inhibition of the aggregation of platelets,
and plays an active role in the regulation functions
of the heart, the muscles, the lung, and the kidney.”

For the monitoring and quantitation of *NO forma-
tion in biological systems, a number of physicochem-
ical and biochemical analytical methods have been
developed.?** Unfortunately, none of these methods
fulfills the desirable requirements for general use
with the variety of biological specimens, viz. specific-

polymer backbone

Figure 17. Cgo-based polymers and dendrimers according to the type of covalent linkage of the fullerene units in the

polymer.
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ity for *NO, high sensitivity, tolerance for the various
physiological conditions, easy structural modifica-
tions, and the potential to monitor *NO formation
with temporal and spacial resolution.?® To overcome
some of these difficulties, the most attractive route
appeared to be a chemical reaction by which *NO
could be converted into a persistent nitroxide radical.
The latter could be monitored, quantitated, and
imaged by electron spin resonance (ESR) spectros-
copy, and with this aim, Korth and Sustmann re-
cently developed an alternative method, based on the
reaction of NO with o0QDM derivatives.”295-29

7,7,8,8-Tetramethyl-o-quinodimethane (355) seemed
likely to meet the foregoing criteria. It reacts ef-
ficiently with *NO to produce the corresponding
1,1,3,3-tetramethylisoindolin-2-oxyl radical (356)
(Scheme 79), which is a radical eminently suitable
for quantitative ESR measurements since it is com-

346

pletely stable at ambient temperature and can be
synthesized as a pure compound.3%©

The scope of the NOCT methodology has been
explored by modifying the basic 0QDM structure in

CH; CHs
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Figure 18. Examples of benzocyclobutenone-containing
polymers obtained by “the benzocyclobutenone route”.
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Scheme 79

354 355 356

order to (i) increase their lifetime by stabilizing the
system thermodynamically and/or kinetically by sup-
pression of possible decay reactions, (ii) confer special
properties to the NOCTs, such as water-, lipid-
solubility or amphilicity, (iii) increase the preparative
yield, and (iv) increase the rate of reaction with *NO.
In Figure 19 are depicted some prototypical struc-
tures of NOCTs that form persistent nitroxide radical
on reaction with NO.”

An extension of the w-conjugated system produces
an increased thermodynamic stabilization of the
0QDM structure (359) and therefore a higher lifetime
of phenyl- (357) and indenyl-substituted derivatives
(Scheme 80). Additional incorporation of alkoxy sub-
stituents particularly increases the lifetime of the
NOCTs because no 1,5-H shift process can occur.
However, photolysis of the parent ketones (357)
produced only a low concentration of the NOCTs
because the benzocyclobutenes (358) were formed as
the major products’ (Scheme 80).

To avoid the different types of thermal decay of
0QDMs, derivatives 361 in which the exocyclic double
bonds are fixed have been prepared (Scheme 81).
These oQDM derivatives exhibit a high thermal
stability and produce very intense ESR spectra of
nitroxides when reacting with NO.
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Figure 19. Selected 0QDM derivatives used as NOCTs
which form persistent nitroxide radicals.
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However, the general disadvantage of applying
nitroxide radicals in biological environments still lies
in their reduced lifetime. Therefore, a new method
based on the NOCT concept that uses fluorescence
spectroscopy as a sensitive probe for detecting trapped
nitric oxide has been developed.?®® The so-called
fluorescent nitric oxide cheletropic traps (FNOCTS)
take advantage of the fact that aromatic = systems
(365) that are formed by reaction of *NO with suitable
selected NOCTs (364) exhibit fluorescence properties
(Scheme 82). Therefore, the sensitivity is significantly
increased over the ESR spectroscopy, and the limited
lifetime of the initially formed nitroxide radical is
beneficially used.

With the FNOCTS, the trapping of *NO can be
monitored independently by three sensitive spectro-
scopic methods: the formation of the radicals can be
observed by ESR spectroscopy, the decay of 0QDM
can be followed by UV—Vis spectroscopy, and fluo-
rescence spectroscopy monitors the formation of the
nitroxides as well as their degradation products.?®”
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Although 0QDMs have played an important role
in this field, for a more exhaustive and general study
on this specific topic, the reader is referred to a recent
review article on this field by Korth and Sustmann.”

IX. Summary and Perspectives

Since the last review article devoted to o0QDMs
almost a decade ago,? the interest of these reactive
intermediates and the prospects for useful applica-
tions in organic synthesis has increased drastically.
The aim of the present review has been to illustrate
the fact that 0QDMs offer a wide scope as an efficient
intermediate in a variety of different fields running
from the theoretical interest to practical applications
within, for example, the chemistry of polymers or as
nitric oxide cheletropic traps.

Although great effort has been dedicated to the
thermal generation of o0QDMs in the past years,
recent major advances have been concerned with the
photochemical as well as the electrochemical genera-
tion procedures. Both procedures exhibit some inter-
esting advantages over the thermal method, leading
to the 0QDMs under milder experimental conditions,
thus opening up their applications in organic syn-
thesis. In this regard, electrogenerated o0QDMs have
a radical-like reactivity which can be efficiently used
as a powerful tool in electropolymerization processes
for the preparation of useful electroactive polymers
such as poly(o-phenylenevinylene) or poly-o-xylylene.
Microwave irradiation has also been successfully
used in the generation of 0QDMs from sultines. An
interesting accelerating microwave effect leading to
0QDMs in higher yields in shorter times has been
observed. These findings are of particular interest for
the generation of 0QDMs in the presence of molecules
which can decompose under long heating periods of
time, and therefore, this approach deserves to be
studied in depth on other precursors of 0QDMs.

Heterocyclic 0QDMs are currently being intensively
studied and are of interest in the preparation of
biologically active compounds. Although a wide va-
riety of heterocyclic 0QDMs have already been syn-
thesized, more work is needed for the development
of more general synthetic strategies for the genera-
tion of these intermediates which are usually pre-
pared by following particular synthetic procedures.

The versatility of 0QDMs as synthetic intermedi-
ates has been classified according to their applicabil-
ity in different fields. o0QDMs have been used from
the very beginning in the chemistry of natural
products, and some recent examples presented in this
article indicate the vitality of these intermediates in
the inter- and intramolecular asymmetric synthesis
of biologically active compounds. Due to the extensive
literature on this topic, it is out of the scope of this
review and the reader has been referred to other
excellent specialized works.

One of the most recent and appealing applications
of 0QDMs has been in the emerging chemistry of
fullerenes. 0QDMs have proved to be efficient inter-
mediates for the functionalization of fullerenes, form-
ing thermally stable cycloadducts which are able to
undergo further chemical transformations in the
search of optical, electric, or magnetic properties.
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Interestingly, modified fullerenes derived from het-
erocyclic 0QDMs have also been prepared in the quest
for biological and pharmacological properties. cQDMs
have been successfully used as useful synthetic tools
in the design of different Cgo-based electroactive
dyads which mimic the photosynthetic process. This
is an outstanding and realistic application of organic
materials for the preparation of plastic solar cells
constituted by polymers and modified fullerenes in
the search for alternative energy resources.

Another recent and promising utility of 0QDMs is
the selective functionalization of fullerenes. Selective
bis-addition of 0QDM to Cg has been accomplished
by using the tether-directed remote functionalization
which represents one of the most capable approaches
for the bis-functionalization of fullerenes.

0QDMs have thus played a very important role in
the functionalization of Cg, and this trend will be
followed in the future for the modification of higher
fullerenes. The stability of the formed cycloadducts
from oQDMs and Cg, is of great interest in the
preparation of optoelectronic devices with practical
applications.

Although oQDMs have also found application for
the synthesis of electron-donor and -acceptor species,
their applicability in this field has been sporadic and
seems to be restricted to a few relevant cases.

0QDMs have a striking usefulness in the chemistry
of polymers, and a large number of recent papers
have dealt with this matter. Different polymeric
materials have been easily prepared by thermally
initiated polymerization of monomers based on ben-
zocyclobutenes. We have classified the different
polymers synthesized depending upon the nature of
the substitution pattern of the benzocyclobutene
monomers involved in the polymerization process.
Although oQDMs have also been photochemically
generated by precursors other than benzocyclobutene,
for the synthesis of polymers, most of the reported
polymerization processes based on 0QDMSs have been
carried out from substituted benzocyclobutenes.

A very promising field of applicability of 0QDMs
has been found in the combination of Cgy with the
polymer chemistry, and relevant examples in which
Ceo is placed as a pendant group or as a part of the
main polymeric chain have been presented. Although
these systems have not yet found a practical applica-
tion, the development of known efficient methodolo-
gies for the chemical modification of fullerenes has
opened up new perspectives in this field.

Nitric oxide cheletropic traps (NOCT) represent an
outstanding and practical application of 0QDMs
which efficiently react with nitric oxide to produce a
persistent radical that can be monitored by spectro-
scopic methods. The monitoring and quantitation of
nitric oxide formation in biological systems is of great
interest due to the role that *"NO plays as an impor-
tant cellular messenger, and 0QDMSs have proved to
be useful intermediates for the trapping of this
molecule.

In summary, 0QDMs maintain a strong presence
in organic synthesis, both from generation and ap-
plication points of view. Theoretical aspects as well
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as practical purposes of 0QDMSs will be thus an issue
for discussion in the coming years.
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