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Aldehydes

3. Acetylenedicarbaldehyde (ADCA) and Related 5162
Acetylenic Derivatives in 1,3-Dithiole and TTF
Chemistry

1. Introduction

3.1. Advent of Acetylenedicarbaldehyde (ADCA) 5162 1.1. Background
and Related Compounds Since the famous work by Wudl et al. on tetrathia-
3.2. Aldehydic TTFs or 1,3-Dithioles from 5163 fulvalene (TTF),! long after dibenzoTTF was first
Acetylenedicarbaldehyde Monoacetal reported,? interest in this exceptional sz-donor in the
(ADCA'MA) . . field of materials chemistry has regularly increased.
3.2.1. Reaction of ADCA-MA with Ethylenetrithio 5163 This results from its ability to be reversibly oxidized
(or Triseleno) Carbonates to cation radical and dication at accessible potentials,

these properties being tuned by substitutions or
chemical modification of the TTF framework. Crucial

”»
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TCNQ charge-transfer complex® and the first super-
conducting Bechgaard’s salts.* Much effort has been
devoted to enhancing the critical temperature 7', of
these superconducting materials by chemical modi-
fication of the s#-donor,’ in particular by enhancing
the dimensionality of the corresponding salts.® Best
results in this field have been obtained with bis-
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(ethylenedithio)tetrathiafulvalene (BEDT-TTF).” In
addition to work on electrical conductivity, applica-
tions using TTFs have progressively been extended
in varied areas of modern materials.®? Excellent
reviews have been published regularly over the years,
emphasizing either the incomparable width of pos-
sible applications of TTF-based systems (macro-
molecules,'%" supramolecular systems, ¢ donor—
acceptor assemblies!”18) or the extraordinary imagi-
nation developed by synthetic chemists around
TTF"25 and 1,3-dithiole?6~3° frameworks.

1.2. Scope of the Review

The aim of the present review is to give an updated
vision of synthetic aspects in the field of the TTF
chemistry with, as a guideline, the central role of
electrophilic alkynes in the synthesis of 1,3-dithiole
and TTF systems. Of particular interest will be
dimethyl acetylenedicarboxylate (DMAD) and acetyl-
enedicarbaldehyde (ADCA) or its monodiethylacetal
(ADCA-MA), which can be regarded as prototypical
electrophilic alkynes. Their dienophilic (Diels—Alder
reactions) and dipolarophilic properties, combined
with their electrophilicity, have been widely exploited
in the development of highly functionalized TTFs.

The general reactivity of electrophilic alkynes
leading to 1,3-dithiole or TTF derivatives is dis-
cussed, followed by the discovery of ADCA and its
synthetic applications in this field. This review also
presents the more recent interest in organic materi-
als, particularly in the use of electrophilic alkynes
as starting building blocks for the synthesis of highly
extended sulfur-rich and highly functionalized TTF
derivatives.

2. 1,3-Dithioles and TTFs from Electrophilic
Alkynes: More Usual Reactions

Acetylenic aldehydes will be detailed in section 3
and so are excluded from this section.
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2.1. Reactions of Alkynes with Carbon Disulfide
2.1.1. Electrophilic Alkynes

Carrying on the pioneering work of the Du Pont
de Nemours Central Research Department,?! in 1970
Hartzler found that, at 100 °C, it is possible to add
carbon disulfide to acetylenes having at least one
electron-attracting substituent (in particular with R
= CF3) to give the products 1—8 (Scheme 1) whose
relative yields depend on the experimental condi-
tions.?2 In the presence of a large excess of CSs,
compound 3 is predominant, whereas in the presence
of trifluoroacetic acid, the TTF derivative 1 is quan-
titatively formed.

Detailed investigations of this reaction using vari-
ous trapping reagents (alcohols, phenols, alkenes,
aldehydes, ketones) allowed a mechanism to be
suggested.?® This involves formation of an aromatic
1,3-dithiolium carbene 4 and accounts for the forma-
tion of all the products (Scheme 2). Similar mecha-
nistic conclusions were suggested by Coffen* in the
case of addition of dimethyl acetylenedicarboxylate
(DMAD) to CSs.

Some years later, a one-step synthesis of TTF's from
CS; and electrophilic alkynes (DMAD, acetylenedi-
carboxamide, propiolic acid and its methyl ester)
under high pressure (5000 atm) was proposed.3®
Replacing carbon disulfide by CSes and CSSe (Scheme
3)36 allowed this reaction to be used to access the
elementologues of TTF.

2-Thioxo-1,3-dithioles 5, which are good precursors
of TTFs upon dimerization—desulfurization,®21-23
can also be obtained from acetylenes, carbon disul-
fide, and either bis(2,2,6,6-tetramethylpiperidine)-

Scheme 2
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disulfide or bis(morpholino)disulfide at 140 °C under
nitrogen.?” This methodology is not restricted to
electrophilic alkynes since it also works with terminal
alkynes. A mechanism involving a 1,3-dipolar cy-
cloaddition between CS; and a transient thioketo-
carbene 6 has been proposed (Scheme 4).

Scheme 3

100°C R_X X-_R
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2.1.2. Strained Cyclic Alkynes

Benzyne®® and seven- or eight-membered cy-
cloalkynes3® are known to cycloadd rapidly to CS; to
afford dibenzoTTF and dicycloalkyl or alkenylTTFs,
respectively (Scheme 5).

Scheme 5
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2.2. Reaction of Electrophilic Alkynes with the
Adduct of Bu 3P and CS;

In 1971 Hartzler found that the purple-red adduct
BusP—CS;, reacts very rapidly with acetylenes having
at least one electron-withdrawing substituent at
temperatures as low as —30 °C as judged by the
disappearance of the color. Poor yields of TTFs were
obtained, but when aromatic aldehydes were also
present, excellent yields of 2-benzylidene-1,3-dithioles
were formed.*° The tremendous rapidity of this Wittig
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reaction was noted and explained as being due to the
antiaromatic character of the ylid 7 (Scheme 6).
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When methyl propiolate was added to a THF—CS,
solution of BusP—CS,; adduct at —30 °C, Z- and
E-isomers of 4,4'(5')-bis(methoxycarbonyl)TTFs were
formed in 21% yield. Their saponification with so-
dium hydroxide and further pyridine-induced decar-
boxylation of the resultant mixture of Z- and E-di-
acids afforded the parent TTF in 16% overall yield
based on methyl propiolate (Scheme 7).4142
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Propiolic (R = H) or acetylenedicarboxylic (R =
CO9H) acids react at low temperature with BusP—
CS; to give the zwitterionic compounds 8,3 which are
useful olefinating Wittig reagents of carbonyl com-
pounds (Scheme 8).44
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In 1979 Cava suggested a modification of Hartzler’s
procedure: by adding a mixture of DMAD and tetra-
fluoroboric acid etherate at —65 °C to BusP—CS,, the
intermediate ylid was protonated and then trapped
as its phosphonium salt 9, which was isolated in 72%

Gorgues et al.

yield.#>2 This salt proved to be of high synthetic value
in 1,3-dithiole and TTF chemistry since it allowed
Wittig olefination of carbonyl compounds (see ref 45
and references cited for the extended analogues of
TTFs which are discussed in more detail in sections
4.1. and 4.2; Scheme 9). A similar preparation was

Scheme 9
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applied to the 1,3-diselenole series by replacing
carbon disulfide with carbon diselenide.*® In the
sulfur series, the preparation of 9 has been general-
ized to other diesters (E = CO3R) of acetylenedicar-
boxylic acid with long alkyl chain alcohols. This gave
TTFs with suitable amphiphilic properties for Lang-
muir—Blodgett film formation.*’

When DMAD is reacted with BusP—CSs at room
temperature without any trapping of the ylid 10 first
produced (Scheme 10), a further reaction occurs
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which gives rise to another ylid 11 whose formation
is explained as resulting from a [2+2] cycloaddition
of a second molecule of DMAD to the first ylid,
followed by electrocyclic ring opening.48

Carrying on their studies, Aitken et al.*® suggested
a modification of the mechanism initially proposed
(Scheme 11a)*! for the direct formation of the TTF
core when DMAD or methyl propiolate is reacted
with BusP—CS; (Scheme 11b). This reaction is very
similar to the known cycloaddition of DMAD to
trialkylphosphonodithioacetates 12.5

These workers also found that the cycloadduct of
BusP—-CS; and norbornene, after reversible addition
of CSq, cycloadds to DMAD to afford the norbornane-
fused dihydroTTF 13. The same sequence, starting
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from norbornadiene, affords the norbornane-bisfused
dihydroTTF 14.5' More recently, it was shown that
600 °C flash vacuum pyrolysis of compounds related
to structure 13 allows extrusion of cyclopentadiene
moiety, thus offering an unusual indirect synthesis
of TTFs (Scheme 12).52

2.3. Reaction of Electrophilic Alkynes with
(>-CSz)Metal Complexes

2.3.1. Reactions with (17?-CS;)FeL,(CO),

It was found in 1978 that electrophilic alkynes
cycloadd readily to the CSs moiety of the iron
complexes 15 (with L. = PhsP or P(OMe)s) to afford
the carbene—iron complexes 16, stable only under an
inert atmosphere. In air, these species are decom-
posed to the 1,2-dithiolene—iron complexes 17b and
17¢ accompanied by ca. 25% yield of the TTF 17a
resulting from dimerization of the 1,3-dithiole-2-
ylidene carbene moiety (Scheme 13).53756

The importance of the electron-donating character
of the phosphine ligand L on the behavior of the
reaction is obvious. By adding DMAD to complex 15
at room temperature, whatever the electron-donating
character of the phosphorus ligand L (PPhs, P(OMe)s,
PMe;Ph, PMes), carbenic complexes 16 are always
instantaneously formed (kinetic products). These
complexes are stable only with poorly donating

Scheme 12
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ligands (L. = PPh3 or P(OMe)3), but they are unstable
with better donating ligands (L. = PMes; or PMeyPh)
when they isomerize into the metallacyclic complexes
16¢ (thermodynamic products). Therefore, for the
synthesis of TTFs, PPh; and to a lesser extent
P(OMe);s are the ligands of choice (Scheme 14).5455

Scheme 13
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The yields for the conversion of the carbenic
complexes 16a and, to a lesser extent 16b, into TTFs
17a can be significantly improved (up to 30—80%) by
either iodine oxidation or thermal treatment (reflux
in toluene).’” Optimized access to the starting mate-
rial (#2-CS3)Fe(CO)y(PPhs); was reported using an
ethanolic solution of iron pentacarbonyl in the pres-
ence of triphenylphosphine and carbon disulfide with
an excess of trimethylamine oxide.?® This methodol-
ogy appears to be very useful for the one-pot synthe-
sis of TTFs 17a substituted with electron-withdraw-
ing groups (Scheme 15). Its main limitation lies in
the availability of the required alkyne. Additionally,
electrooxidations and other chemical oxidations (with
silver triflate or ferricenium hexafluorophosphate) of
the carbenic complex 16a (with R = CO3;Me) have
also been carried out.5®

S
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Scheme 15
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It should also be noted that on thermal treatment
of carbenic complexes 16a or 16b in the presence of
sulfur, 2-thioxo-1,3-dithioles are formed in moderate
yields (Scheme 16).%8

Scheme 16

= =1

A toluene

16 (a, L = PPhg; b, L = P(OMe)3)

2.3.2. Reactions with [(triphos)Ni(n?-CS;)]

Another metal-assisted synthesis of TTFs from
electrophilic alkynes was the use of the (triphos)Ni-
(72-CS2) complex in which triphos represents 1,1,1-
tris(diphenylphosphinomethyl)ethane, but this method
is restricted to the case of perfluorobut-2-yne and
requires the use of either carbon monoxide or a very
large excess of alkyne (Scheme 17).50

Scheme 17
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2.4, Reaction of Electrophilic Alkynes with
Ethylene Trithiocarbonates

Easton and Leaver found in 1965 that on heating
at 140 °C, DMAD cycloadds to ethylene trithiocar-
bonate with evolution of ethylene and production of
4 5-bis(methoxycarbonyl)-2-thioxo-1,3-dithiole 18a in
almost quantitative yield (Scheme 18a).%! The latter

CO or CFy

Scheme 18
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compound was further used for the synthesis of the
parent TTF4! and bifunctionalized TTFs.*? Cycload-
dition of DMAD with O,S-ethylene dithiocarbonate
with evolution of ethylene and production of the

Gorgues et al.

corresponding 2-oxo-1,3-dithiole was observed, but no
reaction occurred with either S,S’-ethylene dithio-
carbonate or O,0'-ethylene thiocarbonate (Scheme
18b).62

This reaction has been applied to other dipolaro-
philic acetylenes such as perfluorobut-2-yne (18b,
76% yield), cyanoacetylene (18c, 33%), and even
acetylene (18d, less than 5%) but is fully different
in the case of bromocyanoacetylene. It was also found
that DMAD reacts in the same way with phenyl- and
cis-diphenylethylene trithiocarbonates.52

Recently, Becher et al. demonstrated that the
reaction of dibenzoylacetylene with ethylene trithio-
carbonate in the presence of Zn(II) chloride as a
catalyst does not produce the expected 2-thioxo-1,3-
dithiole but 2,3,5,6-tetrabenzoylthiopyran-4-thione
(Scheme 19).53

Scheme 19
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This general scheme was extended to the synthesis
of diselenadithiafulvalene, the first step being cyclo-
addition of DMAD to 2-thioxo-1,3-diselenolane.* It
was also used for the synthesis of tetraselenaful-
valene from ethylene triselenocarbonate (Scheme
20).5>
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When the isomeric ethylene selenodithiocarbonates
either 19a or 19b are reacted with DMAD, unexpect-
edly, a mixture of isomeric thione 20a and selone 20b
was obtained, the latter compound being possibly
dimerized with loss of selenium under PhsP treat-
ment (Scheme 21).%6

Scheme 21
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To explain the formation of this mixture (20a +
20b), Cava et al. suggested that 1,3-cycloaddition of
DMAD to ethylenetrithiocarbonate was stepwise,
with formation of a discrete intermediate correspond-
ing to the bicyclic tetracovalent sulfur heterocycle 21
(Scheme 22).
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Scheme 22
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From the reaction of 19a or 19b with DMAD, the
expected intermediates would have afforded different
reaction products, but it was observed that whereas
both compounds 20a and 20b are quite stable in pure
refluxing toluene, they are interconverted under
these conditions in the presence of DMAD, thus
explaining that, due to the key intermediate 22, both
compounds 20a and 20b are formed (Scheme 23).

Scheme 23
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On the basis of this mechanism, Nakayama et al.%”
decided to intercept such intermediates and exploit
them for synthetic purposes. Thus, HCl-mediated
trapping of the intermediate 23a first produced by
interaction between benzyne (generated by thermal
decomposition of 2-carboxybenzenediazonium chlo-
ride) and 2-thioxo-1,3-benzodithiole allowed them to
isolate the chloride salt 24 (Scheme 24).

Scheme 24

s\”/s ]
< §/s\< >
S\T,s HCI sﬁa/s
O+ OO
® @

24 c|9 — 23a -

More importantly, by reacting ethylenetrithiocar-
bonate with benzyne (similarly generated), they
obtained a mixture of 2-thioxo-1,3-dithiole (15% yield)
and the salt 24 (62% yield), these results being in
agreement with the transient formation of intermedi-
ates 25 and 26 (Scheme 25).

Deprotonation of the chloride salt 24 with tBuOK
gave the dimeric product 27 (84% yield), a “higher
analogue” of TTF, probably arising from initial
generation of the carbenic intermediate 23b, a va-
lence isomer of intermediate 23a (Scheme 26).

Chemical Reviews, 2004, Vol. 104, No. 11 5157

Scheme 25
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2.5. Reaction of Electrophilic Alkynes with
3-Thioxo-1,2-dithioles

In 1965, [3+2] cycloaddition using dipolarophilic
DMAD was achieved by two research groups. Thus,
upon addition of DMAD to 3-thioxo-1,2-dithioles (1,2-
trithiones), the 1:1 adducts 28 were first produced®-68
(similar behavior being observed when benzyne was
used instead of DMADS®!), but using an excess of
DMAD, a second cycloaddition took place, finally
giving rise to 1:2 adducts (Scheme 27).61

Scheme 27
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This reaction was applied to other alkynes such as
arylacetylenes and tolane, and it was simultaneously
observed by several groups that the nature of the
adducts 28 or 28' produced was dependent on the
experimental conditions (presence or absence of dry
HCI; Scheme 28).69-73

The thials 28 (R; = H), originating from DMAD,
dibenzoylacetylene, and ethyl phenylpropiolate with
1,2-dithiole-3-thione and 4-phenyl-1,2-dithiole-3-
thione, have been shown to undergo thermally in-
duced dimerization—desulfurization with production
of the trienic TTF analogues 29 (Scheme 29).7
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Scheme 28
S
Hel RISM
s-S . 4+2] RS R,
RHQ\(— — %
+ R
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Scheme 29
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(E = E'= CO,Me, COPh) & H Ph)
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2.6. Reaction of DMAD with
1,3-Dithiole-2,4,5-trithione

When submitted to iodine oxidation, the zincate
complex salt3®’® is converted into a polymeric in-
soluble material, (CsS5),, which upon heating pre-
sumably depolymerizes to the 1,3-dithiole-2,4,5-
trithione 31.76 This latter compound may behave as
a conjugated heterodiene to afford with dienophiles
the corresponding Diels—Alder cycloadducts. After
experimental improvements?® and application to
various alkenes” including the parent TTF itself™”
(by its external ethylenic linkage), Rauchfuss et al.
showed that this cycloaddition also occurred in the
case of dimeric C3S5 and DMAD?8 (Scheme 30).

Scheme 30

2-
S-S S~ s I
\_/ 2
s<X L A= | —=
S IS S S
30

2 Et,N*

S-S
T
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n

R4R,C=CR4R,

R1 S
S
Ry :[>=S
Ry S S
R4
E_s
S n=2
| [ )=s —
E———E
g s S

(E = CO,Me)

2.7. Ester Group as a Synthetic Tool for Varied
Functionalized TTFs: Scope and Limitations

2.7.1. General Considerations based on the Availability of
Starting Alkynes

As previously seen, in addition to DMAD (or the
corresponding diethyl ester), other electrophilic
alkynes (acetylenedicarboxylic or propiolic acids,
cyano and dicyano acetylenes, a-carbonyl alkynes,
o-acetylenic esters, etc.) have been used to synthesize

Gorgues et al.

S

28'

various functionalized TTFs. However, due to practi-
cal considerations, DMAD has been the most widely
used starting material, the ester functionalities of the
initially generated TTFs (or of their precursors
2-(thi)oxo-1,3-dithioles) being further modified de-
pending on the final targeted functionality. There-
fore, we shall review the main transformations of
methoxycarbonyl substituents which allow introduc-
tion of given functionalities to TTF's or 1,3-dithioles.
The case of acetylenic aldehydes will be developed
separately in section 3.

2.7.2. Proto-Decarbomethoxylation of the Methoxycarbonyl
Group

Conventional methods based on saponification
(NaOH or KOH) or hydrolysis (HCI) of the ester
functionality and further decarboxylation of the cor-
responding acid*142637 were used until the discovery
of the one-step proto-decarbomethoxylation of the
COgMe functionality upon thermal treatment with
LiBr salt in a dipolar solvent (HMPA or DMF). In
addition to the less toxic character of DMF related
to HMPA, it has been noted that slightly better yields
are obtained for monodecarbomethoxylated products
when LiBr is used in DMF instead of HMPA (Scheme
31).80

Scheme 31
LiBr/ HMPA, A
TTF | ’ TTF |
derivative (COMe)n derivative (H)n

or LiBr/ DMF, A

This methodology,?! first introduced by Cava dur-
ing the synthesis of tetraselenafulvalene (TSeF),% is
now commonly used to prepare more or less sophis-
ticated TTF derivatives or 1,3-dithioles.

Although nonexhaustive, the following examples
illustrate this efficient methodology. The reaction was
successfully applied to synthesize unsymmetrically
substituted donors such as benzo-TTF,%2 EDT-TTF's
32,8384 and 83% as mono- (834a from 34b)86:87 or bis-
alkylthioTTFs (35a, or 35b from 35¢).8%888% Never-
theless, in the case of the parent TTF, better yields
were obtained by decarboxylation of the tetraacid
compared to the treatment of the tetramethyl ester
with LiBr-H,O/HMPA, Chart 1.7°

The control of the mono or di proto-decarbometh-
oxylation could be achieved in the ethylenedichalco-
genoTTF series (X = S or Se) by operating from the
diesters 36 and 36’ at 80 and 150 °C, respectively,
thus allowing selective preparation of partially 37a
and 37'a or fully 32 and 37'b decarboxylated com-
pounds (Scheme 32).89791



Highly Functionalized Tetrathiafulvalenes
S
F IS S
| |
X J
33

RS S S R4

T~
RS S ST R,
35a:R;=COOH,R,=H

35b:R;=R,=H
35c : Ry =R, =CO,Me

Chart 1
S-S, S
I |
O
32

s—-S_ s R
CILA~X
S S R
34a:R=H
34b : R = CO,Me

Scheme 32
CO,Me

CI<X

H

X__s §._COMe _ 80°C 37a X=§
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36 X=8§ X S) <S H

36'X = Se [I I

X778 8T TH

32 X=§

37'b X = Se

This methodology has also been applied to ex-
tended analogues of TTF or TSeF by the group of
Yoshida®? (the dienic 389209 or trienic 3993
vinylogues, dendralenes,?* and radialenes,?d) or to
fused-TTF derivatives by Misaki et al. (BDT-TTP
40,°* DT-TTFs 41, DTEDT 42,% its selenium ana-
logue 43°7) or by Yamada et al. (DTH-TTP 44,%) but
also by Frere et al. to hybrid TTF analogues 45 using
oligo furan or thiophene-2,5-diylvinylenes as s-con-
jugated spacers, Chart 2.%°

2.7.3. Conversion of Methyl Esters to Carboxylic Acids,
Acid Chlorides, Anhydrides, and Amides

4,5-Bis(methoxycarbonyl)-2-thioxo-1,3-dithiole 18a*
can be transformed by hydrolysis with hydrochloric
acid into the corresponding dicarboxylic acid 46,
which can be decarboxylated to the corresponding
monocarboxylic acid when heated for a longer time.*?
Compound 46 can be easily converted into the cor-
responding anhydride 47, a very reactive substance
easily hydrolyzed by atmospheric moisture, using
acetic or trifluoroacetic anhydride. The ammonium
salt is obtained when ammonia is bubbled through
a solution of this anhydride. Acidic treatment using
an aqueous solution of sulfuric acid affords the
amidocarboxylic acid 48 (Scheme 33).190

The diamide 49 is easily obtained from the corre-
sponding diester 18a by reaction of an aqueous
solution of ammonia. After transchalcogena-

Chart 2

[z/\zilz):\:i] [2>=<§Iz>=\=<zeﬂ :F(iIz/E(z] S /‘Qj X s

42 : DTEDT 4

O, OXT0
o =]
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tion1921723.101 {4 increase the resistance of the diamide
to oxidants, oxidative rearrangement—cyclization
takes place smoothly with phenyliodosyl(hydroxy)-
tosylate and the pyrimido heterocyclic compound 50
is obtained (Scheme 33).1%° This methodology was
applied to the selone derivative 51 to prepare sym-
metrical or dissymmetrical bis[2,4-dioxo(1H,3H)-
pyrimido]TTFs that are capable of forming specific
intermolecular hydrogen bonds.!%2 The formation of
such bonds may have a specific influence on the solid-
state properties of the corresponding cation radical
salts by generation of closer packing of molecules and
increased dimensionality (Scheme 33).

As indicated above (section 2.7.2), methyl esters
can be easily saponified with sodium or potassium
hydroxides followed by acidic hydrolysis. Neverthe-
less, lithium hydroxide often gives better results.®°
Subsequent dicyclohexylcarbodiimide (DCC) coupling
of the resulting acid was used to prepare amide
derivatives. Thus, the monoamide TTF 52 was pre-
pared by reaction with N-trityldiaminopropane fol-
lowed by deprotection of the second amino function-
ality. The bis-TTF 53 was assembled by coupling the
diamine with a suitable monoacid and synthesis, of
the tris-TTF 54 was carried out by condensation of
the monoamide TTF 52 with the corresponding TTF
diacids in basic medium. These new amphiphilic
TTFs were subsequently deposited to give Lang-
muir—Blodgett (LLB) films, Chart 3.8

Another example in the EDT-TTF series is given
by the synthetic sequence methyl ester, carboxylic
acid, acid chloride, primary amide as shown in
Scheme 34.19 It has been shown that the carboxylic
acid can be converted first into the acid chloride using
oxalyl chloride in the presence of catalytic pyridine!®*
and then into different alkyl esters.'?® Corresponding
primary, secondary, and tertiary amides as well as
hydrazides have been similarly obtained upon treat-
ment of the EDT-TTF acyl chloride with ammonia,
methylamine, dimethylamine, and hydrazine, respec-
tively (Scheme 34).106.107

We should note that 2,3-diamidoTTFs have also
been prepared by reaction of the corresponding
diesters with an aqueous solution of ammonia or
methylamine (Scheme 35).108,109

An original supramolecular hydrogen-bond pattern
was demonstrated in the solid state of cation radical
salts obtained by electrocrystallization from these
different donors. The solid-state architecture appears
to be a compromise between the hydrogen-bond
requirements of the (OH, NH,;, CH) and (C=0)
groups, which act as hydrogen-bond donors and

Lo~ =]

40 : BDT-TTP 41
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Scheme 33
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acceptor respectively, and S-S van der Waals inter-
actions of the EDT-TTF moiety.103.106,107.109

The conventional route to cyano-substituted de-
rivatives from an ester via saponification, amidation
by ammonia, and dehydration of the bisamide with
POCI; has been successfully achieved in the 2-thioxo-
1,3-dithiole series.!% Introduction of the cyano group
has also been made at the level of the starting
material, either using dicyanoacetylene itself as the
electrophilic alkyne!!! or using 4,5-dicyano-2-(thi)oxo-

R-R = -SCH,CH,S- CONHMe

H,0

R-s s
RI S>=I<SEE

1,3-dithioles,''? which were further submitted to a
dimerization—dechalcogenation procedure with ei-
ther with P(OPh); in the case of thioxo derivative!l?
or P(OMe); in the case of the oxo compound!*
(Scheme 36).

Scheme 36
s-_CN
=< L=
2.7.4. Conversion of Methoxycarbonyl Groups to Alcohols

2.7.4.1. In the Dithiole Series.

Starting from 4,5-bis(methoxycarbonyl)-2-thioxo-
1,3-dithiole 18a,*! it proved possible to reduce the
ester functionalities by controlling the reaction tem-
perature at —10 °C using sodium borohydride and

CONHMe

X=S8:A P(OPh)s

X=0:4 P(OMe);
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lithium chloride. The desired diol 55 was produced
in reasonable yield (70%), and reduction of the
conjugated double bond was thus avoided (Scheme
37).115 An improved yield (85%) was very recently

Scheme 37
S~ -COMe  NapH,, Lici S~ ~CH:OH
s=<( I s=<( I
$7>co,Me THF{%AO%OH S7 “CH,0H
18a 55

reported by replacing lithium chloride by lithium
bromide.!16

In the monoester series, reduction of ester func-
tionality to an alcohol was achieved using DiBAl-H
in dichloromethane at controlled temperature. The
4-hydroxymethyl-2-thioxo-1,3-dithiole 56 was con-
verted into the corresponding phosphonium salt 57
as an interesting intermediate for the synthesis of
extended-TTFs through Wittig-type reactions (Scheme
38).117

Scheme 38
§._CO;Me DiBAI-H §._-CH,OH
s=( ]/ CH,Cl, s= ]/
S - 20°C S
56
® ©
1) MeSO,Cl
S._CH,PPh; Br 2; BU4NB2r
S=<s]/ 3) PPhy

57

2.7.4.2. In the TTF Series.

Although not, strictly speaking, a synthesis involv-
ing electrophilic alkynes, one should mention that in
the TTF series the first method used to prepare the
alcohol functionality was introduction of the aldehyde
group by successive lithiation—formylation steps.!1®
This functionality is one of the most synthetically
useful groups in TTF chemistry since it opens the
way to many standard transformations, and its
reactivity in the case of TTFs and TSeFs has been
reviewed by Garin.?® Thus, monoformylTTF,118:119 2 3-
diformylEDT-TTF,? and tetraformylTTF!2%< can be
reduced by sodium borohydride to give the corre-
sponding mono-, 2,3-di-, and tetraalcohols, (58, 59,
and 60, respectively) in excellent yields (92%, 93%,
and 80%). The analogous tetrakis(hydroxymethyl)-
TSeF 61!2%%¢ was also prepared by simple sodium
borohydride reduction in 53% yield, Chart 4.

Chart 4

T T
58 59
L=y G

60

A second method for preparing hydroxymethyl
groups is the reduction of ester groups from the
readily synthesized mono or bis(methoxycarbonyl)-
TTFs. The mono(hydroxymethy)TTF derivative 62
is obtained in good yield using the LiBr/HMPA
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monodecarbomethoxylation procedure (route A, cf
section 2.7.2) followed by reduction of the remaining
ester function using DiBAI-H in dichloromethane. It
should be noted that reduction of the diester with
NaBH, and then decarboxymethylation (route B)
leads to the same derivative 62 but in lower yields
(Scheme 39).%9

Scheme 39
CO;Me NaBH4 CH,0H
[ I H I routeB [ I >=< ICOZMe
route A ‘LiBr/HMPA J LiBr/THMPA
CH,OH

S CO,Me D|BAIH
(=T o EI —~J

New difunctionalized TTF derivatives were readily
prepared by reduction in mild conditions using
sodium borohydride in the presence of zinc chloride
to afford the corresponding dialcohols in excellent
yields (Scheme 40).12! This reduction procedure has
Scheme 40

I ICOZM‘* NaBH, / ZnCl, I
| ve ATHF ) (

been extended to the synthesis of the bis(hydroxym-
ethyl)ethylenediselenoTTF (R—R = —SeCH:CH,-
Se—).2091 Reduction using DiBAl-H was also re-
ported to produce the bis(thydroxymethy)TTF deriva-
tive in 70% yield.122

Functionalized TTF s-electron donors incorporat-
ing hydroxy group(s) have attracted considerable
interest with the aim of increasing the dimensionality
of cation radical salts or charge-transfer complexes
by establishment of intermolecular hydrogen bonds.®
These expectations were confirmed by preparation of
the corresponding cation radical salts which associate
EDT-TTF—-CH,0H 62 with the closed-shell tetrahe-
dral perchlorate and perrhenate anions and whose
X-ray structures demonstrate the presence of hydro-
gen bonding involving the hydroxyl group and one
oxygen atom of the anion, leading to a «k-phase 2D
network.!?? Analogously, electrocrystallization of 59
or 60 in the presence of [n-Buy"]2[MogO19]?~ afforded
2:1 cation radical salts whose crystal structures show
hydrogen-bond interactions.!?*

This method of reduction was also applied to the
synthesis of the 2-mono- and 2,3-bis(hydroxymethyl)-
6,7-ethylenedithioTTF vinylogues 63 and 64, respec-
tively. For the monoalcohol 63, stereochemical fea-
tures were deduced using 'H NMR spectroscopy due
to the presence of a favorable zigzag arrangement,
allowing %Jy-_c—c—s—c—u coupling in one of the isomers,
Chart 5.1

Chart 5

[ I >:\:<S 2 CH,OH [ I >:\:< ICHZOH

CH,0H
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Reduction of the ester groups of the readily syn-
thesized tetrakis(methoxycarbonyl)TTF has also been
investigated. The first approach to the corresponding
tetraalcohol was to consider reduction with DiBAI-H
followed by LiAlH,4. Problems were encountered due
to the presence of some complicated insoluble byprod-
ucts.126 This reduction was more recently reinvesti-
gated for the preparation of new hydroxymethylTTF
derivatives using a mixture of NaBH/LiCl, the
proportion of each compound in the mixture being
dependent on the relative amounts of reagents and
temperature. Consequently, mono-, di-, tri-, or tetra-
alcoholTTF derivatives were isolated, Chart 6.127

Chart 6
R1, Rz, R3 = COZME
Ri—S. S~ CHOH 2l Co,Me; Ry, Ry = CH,0H
| >=< | R1, Ry= CO,Me; Ry = CH,OH
R;” S ST R, R¢ = CH,OH; R, Ry = CO,Me
R1, Ry, R3 CH,OH (60)

An efficient alternative method for the preparation
of compound 60 was developed by Fox.''® The TTF
core was formed by self-coupling of the corresponding
1,3-dithiolium salt prepared in several steps from 4,5-
bis(hydroxymethyl)-2-thioxo-1,3-dithiole 55. Thus,
2,3,6,7-tetrakis(acetoxymethyl)TTF 65 was prepared
in 68% overall yield, and subsequent basic hydrolysis
led to 2,3,6,7-tetrakis(hydroxymethyl)TTF 60 in 92%
yield (Scheme 41).

Scheme 41
1) Mel, THF
=<s CH,OH  2) NaBH,, MeOH
=T j — ﬁ
S~ NCH,OH 3) HBF4, Ac,0
4) EtsN

N KOH, EtOH
j N I:OH

2.7.5. Conversion of Methoxycarbonyl Groups to
Aldehydes

Because of its instability (danger of explosion), the
reactivity of propiolaldehyde as starting electrophilic
alkyne has not been extensively studied, and this was
also the case for acetylenedicarbaldehyde until its
discovery at the beginning of the 1980s (vide infra).
Besides direct formylation of lithiated derivatives of
TTF with N,N-dimethylformamide!!® or related re-
agents,?5119:128.129 introduction of the aldehyde group
in the 1,3-dithiole or TTF series consisted of reducing
the methyl ester either directly to formyl with
DiBAI—H at low temperature!?*130 (Scheme 42) or to
the alcohol, which was then reoxidized with MnO,%

Scheme 42
DiBAI-H

s._COyMe CHzClz CHO HC(OEt)a S
T =T T
s | Tlasc S

/COZ(CO)S

OHC— >=< j/ Heoon (EtO)ZHC£ >=< j/ HOED:

CH(OEt),

67

P(OMe)3

Gorgues et al.

Scheme 43

X I,

or SeO; (Scheme 43).128129 4-Formyl-2-thioxo-1,3-
dithiole 66 and its corresponding acetal 67 have also
been prepared using two alternative routes.!3!

Transformation of the hydroxymethyl group to the
formyl group was recently achieved in improved
yields using the Magtrieve (CrO;) reagent (Scheme
43).132

Originally, simultaneous introduction of aldehyde
groups together with a vicinal trivalent functional
group to TTFs appeared very difficult and the yields
in these time-consuming multistep syntheses were
often low. This situation has been significantly
improved thanks to the efforts devoted to the syn-
thesis of new a-acetylenic carbonylated compounds
depicted below.

MnO,
or SeO,
or Magtrieve

CH,OH CHO

CH,0H

3. Acetylenedicarbaldehyde (ADCA) and Related
Acetylenic Derivatives in 1,3-Dithiole and TTF
Chemistry

3.1. Advent of Acetylenedicarbaldehyde (ADCA)
and Related Compounds

The group of Levas discovered the very efficient
acidolysis of acetals using pure formic acid (Scheme
44),3% and iodo and bromopropynals were first

Scheme 44
R4 OR' R1
>c< + 2 HCOOH . >c=o
Rz OR' excess R;
'+
Ry = orAH + 2 HCOOR H,O

obtained.’32 This reaction was applied to other
o-acetylenic aldehydes, such as phenylpropiolalde-
hyde,'?313% and acetals usually known as highly
resistant to hydrolysis. In particular, conjugated
polyacetylenic aldehydes were isolated and their
thermal instability was demonstrated (Scheme 45).1%5

Scheme 45

R—%;(:H(oa)2

1,2,3
R = Alk or Ar
A, solution
X2
co + R—%—CH:C(CHO)—%—R
n-1 n

After the development of new preparations of
alkynes including a-acetylenic acetals, aldehydes,
and ketones by dehydrohalogenation of the corre-
sponding haloalkenes by Triton B3¢ or Bu,NOH?%7
(in particular the preparation of propargylic diethyl
acetal by ion pair extraction dehydrohalogenation
with BuyNHSO,—NaOH!%), the still unknown acetyl-
enedicarbaldehyde ADCA was studied. It was found
that when 1,1,4,4-tetraethoxybut-2-yne 68 was dis-
solved in pure formic acid at room temperature,
formolyses of both acetal functionalities occurred
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Scheme 46
HCOOH HCOOH
excess excess
(EtO),HC—==—CH(OEt), OHC—==—CH(OEt), OHC—==—CHO
step 1 step 2
68 ADCA-MA ADCA
Scheme 47
H—==—CH(OEY), i) . i) _
—— ~  EtO,C—==CH(OEt), ——»  EtO,C—==—CHO
1 nBuLi 69a
L—=CHOEY, — | "™  Me;N-CO—=—CH(©OEt), _ "), Me,N-CO—=—CHO
69b
| v, NC—==—CH(OEt), v) NC—==—CHO
69c
i) CICO,Et; ii) HCOOH; iii) CICONMe,; iv) CF3COOH; v) PhOCN
Scheme 48
EtO)HC—=—CHOE), —2°%  (E0)HC—=|=—CH(OEL
(EtO);HC—==—CH(©OE), —~ "7 (EtO), —’—()ZwOH
70  Cox(CO)s OHC—:T:—CHO
Cox(CO
OHo—=—cH(orY, X% OHC—:‘:—CH(OEt)z /HC:)OH 72 ©02CO
] Cox(CO)e
(Scheme 46) so that a solution of this highly electro- Scheme 49
philic alkyne could be obtained in formic acid in high ¢HO X x__CHO
yield.’®® Thanks to the kinetic difference between |‘| + [ =X — x= I
steps 1 and 2 in Scheme 46, by using a solvent such SHoRt X X7 CH(OEY),
as CHCl; or CHCIs, it was possible to isolate the (OED), Z{gg ;((=_SS Co,(CO)g
monoacetal of acetylenedicarbaldehyde (ADCA-MA) =se
in fairly good yield.'*® Very recently an improved
synthesis of 1,1,4,4-tetramethoxybut-2-yne and cor- OHC. X~ X~ CHO pcoon  OHC _x X~ CHO
responding ADCA-MA has been described starting Ix> <XI Ix>:{xj[
from 2,5-dimethoxy-2,5-dihydrofuran.14! OHC CcHO (EtO),HC CH(OEY,
Given the dienophilic and dipolarophilic properties 75a X=§ 74ax=s  (Z+F)
75b X = Se 74b X = Se

of these compounds, in addition to the electrophilicity
of their aldehyde functionalities, the synthetic utility
of formic acid solutions of ADCA139.142143 gand pure
ADCA-MA40.142-145 ya5 revealed (since 1986, com-
pounds 68 and ADCA-MA have been marketed by
Janssen Chimica!*% [now Acros Co.]). This study has
been extended to the synthesis of other acetals of but-
2-ynal such as the ester 69a,4>143 the amide 69b,!4
and the nitrile 69¢'*? from propargyl diethylacetal
(Scheme 47).

Further studies devoted to the isolation of ADCA
in the pure state revealed its thermodynamic insta-
bility (mp at —10 °C with explosion) and showed
differences in its strong electrophilic reactivity be-
tween neutral and acidic conditions.!*6 ADCA was
stabilized by complexation using dicobalt octacarbo-
nyl, affording the much more stable solid compound
72 by formolysis of complex 70 or of the cobalt

alkyne, and we now discuss its uses in TTF and 1,3-
dithiole chemistry below.

3.2.1. Reaction of ADCA-MA with Ethylenetrithio (or
Triseleno) Carbonates

As indicated in Scheme 49, ethylene trithiocarbon-
ate and ADCA-MA give rise to the aldehyde—acetal
73a, which was dimerized with loss of sulfur to yield
a mixture of the [Z]- and [E]-geometric isomers of the
TTF 74a. The coupling step involves dicobaltocta-
carbonyl!48149 rather than the more classical trialkyl
phosphite or phosphine coupling reagents which are
incompatible with the highly electrophile aldehyde
functionality. Formolysis of 74a gives tetraformylTTF
75a almost quantitatively.!202150 Similar reactions

complex of ADCA-MA 71 (Scheme 48).147 Scheme 50
NC.__sg s._CHO
3.2. Aldehydic TTFs or 1,3-Dithioles from A 1)[5#3 IS%SI
Acetylenedicarbaldehyde Monoacetal (ADCA-MA) ,h s OHC » CN
2) Co,(CO) ¢
Although ADCA-MA is far less electrophilic than CH(OEY), i
the free dialdehyde ADCA, given the difficulties of A= CN, COEt %) HCOOH E10,C CHO

isolation of ADCA and the versatility of the reactivity
of ADCA-MA in formic acid solution, ADCA-MA has
always been preferred as the starting electrophilic

T~

OHC
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Scheme 51
NH,NH,
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o G
oHC” X X7 “CcHo
75
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Scheme 52
Me EtO),HC
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P
PH \N -NH,
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have also been applied to the selenium series starting
from ethylene triselenocarbonate to afford 75b
(Scheme 49).12%b¢ This methodology has been suc-
cessfully applied to the related o,a'-cyanoacetal or
o,o'-ester acetal alkyne compounds, thus producing
the diformyl dicyano or diformyl dicarboethoxy TTF
derivatives 74¢ and 74d (Scheme 50).151

Classical chemical modifications in the 1,3-dithiole
or TTF series (and Se analogues) have been achieved,
showing the high versatility and utility afforded by
the aldehyde functionalities (interaction with hydra-
zine, Wittig reaction, NaBH,4 reduction; Scheme 51).

An illustration of the wide range of applications of
the TTF 74a is the [2+2] cyclocondensation of the
Z-isomer in the presence of phosphodihydrazides to
produce phosphorus-containing TTF macrocycles in
yields of up to 60—80%%2 (Scheme 52).

The 5-diethoxymethyl-4-formyl-2-thioxo-1,3-dithi-
ole 73a was reduced by sodium borohydride and
converted into the fused furano-2-thioxo-1,3-dithiole
78. Compounds 74a and 79 were also synthesized by
symmetrical or dissymmetrical coupling and sepa-
rated. Further identical reduction and cyclization

Scheme 53
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reactions afforded the corresponding mono- and di-
[3,4]furanoTTFs F-TTF and DF-TTF, respectively
(Scheme 53).1%% Coupling reaction using trialkyl
phosphite from compound 78 led to DF-TTF but in
low yield.1%3

Various vic-diformyl TTFs have also been prepared
by dissymmetrical coupling of 73a (or its oxo ana-
logue 73b) or the corresponding vic-diacetals (73¢ or
73d) with a variety of 2-(thi)oxo-1,3-dithioles or

ethylene trithiocarbonate, as shown in Scheme
54 121ac154

Scheme 54
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3.2.2. Reaction of ADCA-MA with 3-Thioxo-1,2-dithioles

As expected, given its dipolarophilic properties,
ADCA-MA readily cycloadds at 20 °C to 3-thioxo-1,2—
dithioles to give rise to the thials 80 (R! = H)155-157
or the thiones 81156157 (R! == H; Scheme 55). The
thials 80 were dimerized to 82a with loss of sulfur
on refluxing in xylene, both remaining acetal func-
tionalities being further conveniently hydrolyzed in
the presence of Amberlyst-15 with production of the
tetraaldehydes 82b. Additionally, when treated with
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Scheme 55
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mercuric diacetate in the presence of acetic acid, the
thial and thione functionalities of 80 and 81 were
readily converted into aldehydes or ketones, the final
deketalization of the monoacetals 83a being achieved
with generation of tricarbonylated compounds 83b,
either by formic acid acidolysis or Amberlyst-15
hydrolysis. Because of its more electrophilic proper-
ties, ADCA (neutral solutions) also cycloadded to

3-thioxo-1,2-dithioles in the same way but at lower
temperatures (less than 0 °C; Scheme 55).

3.2.3. Reaction of ADCA-MA with (7?-CS;)Fe(PPhs),(CO);
Iron Complexes

Production of 1,3-dithiolium carbenic iron complex
was achieved at an early date,'** and the reaction
was successfully applied to the preparation of 4,4'-
(5")-diformyl TTF 84 starting from propiolaldehyde
obtained by formolysis of its diethylacetal (Scheme
56)'151
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3.2.4. ADCA-MA as Dienophile in Diels—Alder
Cycloaddition with Heterodienes

The [4+2] cycloaddition of the electron-rich bis-
heterodiene, oligo(1,3-dithiole-2,4,5-trithione),’®" with
Scheme 57
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ADCA-MA afforded the dithiin-fused 1,3-dithiole-2-
thione 85 in satisfactory yields.!®® The latter com-
pound could be transformed into the dicarboxalde-
hyde by deprotection of the acetal group or it could
be submitted to a complete acetalization to give
compound 86. Functionalized TTFs 87a and 87b
were synthesized using self- or cross-coupling via the
phosphite-mediated desulfurization method. Intro-
duction of the thiophene ring was reported to afford
compound 88a as the key intermediate in the syn-
thesis of a polythiophene bearing the strong electron-
accepting fluorene unit.’®2 The furano analogue 88b
was reached by acidic treatment using the same
intermediate.’® Finally, the Diels—Alder reaction
with 4,5-dimethylidene-2-o0xo0-1,3-dithiole, generated
by thermal rearrangement of S-propargyl xan-
thate,1%0 afforded the cycloadduct 89, which was
converted on silica gel to a mixture of compounds
resulting from (i) aromatization, (ii) deprotection of
the acetal, and (iii) Cannizzaro-type reaction followed
by intramolecular lactonization (Scheme 57).161

A similar Diels—Alder strategy has been used
starting from propargyl aldehyde diethyl acetal and
oligo(1,3-dithiole-2,4,5-trithione) to prepare the TTF
derivative 90 in several steps, Chart 7.162

(=™

3.3. General Considerations on the Comparative
Reactivity of Electrophilic Alkynes, Including
o-Acetylenic Aldehydes

As previously seen in the preceding sections (sec-
tions 2.1—2.7 and 3.1—3.2), several syntheses of 1,3-
dithioles and TTF's using the interaction of electro-
philic alkynes and CS; derivatives are available. Of
course, the choice of the method to be employed to
reach a given target is fully dependent on the nature
of both antagonistic reagents (availability, stability,
reactivity). In the absence of kinetic data and sys-
tematic study, it is impossible to establish serious
comparative scale of reactivity. Nevertheless, some
general trends can be extracted from the literature.

Chart 7
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Considering electrophilic alkynes substituted with
the electron-withdrawing group E (e.g., CN, CHO,
COR, CO3R, CONRy), a general feature is that di-E-
substituted alkynes are more reactive than those
substituted with only one E group. Among the latter
derivatives, terminal alkynes are more reactive, and
finally, nonelectrophilic alkynes are mostly unreac-
tive toward CS; derivatives, Chart 8.

Chart 8

F— [ H—F
ETTY——t&t > n—/—=t&t >>

E———R >>> R—R

In these series, roughly speaking, the higher the
electrophilicity of E, the higher the reactivity of the
alkyne.

CN ~ CHO > CO,R > COR

Nevertheless, the choice of a methodology for
synthesizing a target molecule will also depend on
several other data of each antagonistic counterpart:
availability, stability, physical properties (boiling
point in particular for the alkyne). Thus, for example,
for reaching polyaldehydic TTF's, highly reactive
ADCA will not be suggested as the starting material
because of its instability and its monodiethylacetal
will be preferred. For alkynes of low boiling point
(propiolaldehyde, alkyl propiolates, cyanoacetylene),
CS; derivatives cycloadding at room temperature will
be preferred to those working at high temperature.
Also note that, for practical reasons, commercially
available DMAD is often used as the starting alkyne,
the ester group being further transformed (section
2.7).

4. Highly Extended Tetrathiafulvalene Derivatives
Prepared from Acetylenic Precursors

4.1. Major Principles and Guidelines

As mentioned in the Introduction, the advent of
TTF chemistry was initially closely associated with
the discovery in the early 1970s of the solid-state
electroconducting properties of the corresponding
TTF-TCNQ charge-transfer salts® and later with the
discovery of a superconducting state at low temper-
ature for the related cation radical salts.*>” The
latter salts were the first superconducting organic
materials ever prepared and are obtained by elec-
trooxidation (electrocrystallization) of the correspond-
ing neutral TTF derivatives. Most of the cation
radical salts thus obtained undergo breakdown of
conductivity when the temperature is decreased, this
limitation being associated with their strong mon-
odimensional character in the solid state. It is well
established that stabilization of the metallic state of
these materials may be reached by increasing their
dimensionality,® which can be achieved chemically by
subtle molecular engineering around the electroactive
TTF framework.

Different strategies have been developed in order
to increase the intermolecular interactions in the
solid state of these cation radical salts, such as (i)
replacing of the sulfur atoms of the TTF unit by
selenium or tellurium atoms, which possess more

Gorgues et al.

diffuse orbitals and therefore allow closer contacts,
producing the first superconductors from the tetram-
ethyl tetraselenafulvalene (TMTSF) moiety,* or (ii)
substituting the TTF framework by S-alkyl groups
in order to increase the number of S:--S intermolecu-
lar contacts, as is the case with the superconducting
salts of the very prolific bis(ethylenedithio)tetrathi-
afulvalene (BEDT-TTF).”

Another actively developed trend is the synthesis
of highly extended and S-rich TTF analogues. These
compounds are built from a combination of several
1,3-dithiol-2-ylidene heterocycles into a single highly
conjugated molecule. The effects which are expected
from such extended m-donating molecules are as
follows: (a)in the solid state, (i) enhancement of the
dimensionality in the related oxidized salts through
accumulation of sulfur atoms in the molecular struc-
ture, which allows multiple intra- and interchain
S---S contacts and therefore a higher conductivity and
(ii) strong intermolecular interactions in the stacking
mode of related materials due to the lowering of the
charge density in the oxidized states; (b) in solution,
(1) higher s-donor ability than TTF itself due to the
strong electron-donating effect promoted by each 1,3-
dithiol-2-ylidene ring and (ii) easy access to unusually
high positive charges upon full oxidation, resulting
from the lowering of the intramolecular Coulombic
repulsions in the oxidized species, which may provide
organic salts of unusual stoichiometries.

Pioneering work in this area by Yoshida et al.%22
concerned the synthesis of the vinylog 38 (R =
H),%2b:¢93b ethylenic analogue 39 (R = H) of TTF,?3ab
[n]-radialenes?®d such as 92—94, and [n]-dendralenes
95.93%¢ Several groups have subsequently carried out
the synthesis of some analogues of these compounds
with different R-substituents or by changing S to Se
or Te in the molecular structure of 38,125.159.163
39,450,164 gapnd 91165166 gnd of the dendralene-TTF
derivatives 95, Chart 9.167

Chart 9
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Similar guidelines led to the synthesis of a large
number of highly extended 7-systems derived from
TTF, some representative examples being compounds
96—105, which have been subject to subsequent
chemical variations notably on R substituents through
different synthetic routes: 96,168 97,169 98 170 99 171
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Chart 10

100,12 101,72 103,74 104,15 105,'76 and DTEDT 42.%
In the latter case the corresponding cation radical
salt (DTEDT)[Au(CN)z]o.4 was found to be supercon-
ducting below 4 K at ambient pressure, which
validates the concept of an increased spatial exten-
sion for the m-framework. Frere, Roncali, and co-
workers extensively studied the synthesis of various
combinations of thiophene-based linear conjugated
linkers between both heterocyclic 1,3-dithiol-2-ylidene
moieties, 499159177 compound 102 constituting a
recent example of such a strategy, Chart 10.178

In all of these examples the highly extended system
involves two or more 1,3-dithiol-2-ylidene moieties
which are generally introduced through Wittig (poly)-
olefination under basic conditions using ylides W
generated from phosphonium salts 9 (described by
Cava et al.*5?) or 106 (first developed by Akiba et
al.'”) The latter group demonstrated that a Horner—
Wadsworth—Emmons (HWE) reaction with the phos-
phonate anions P, generated under basic conditions
from 107, can alternatively be used. Extensive de-
velopments and mechanistic studies on the synthetic
intermediates 106, 107 were then carried out, nota-
bly by Fabre et al.'® The synthesis of the phospho-
nium salt 9 in one pot from BusP—CS; and DMAD
has been described in section 2.2. The phosphorus
compounds 106 and 107 are, respectively, prepared
by reacting an aromatic 1,3-dithiolium salt with
triphenylphosphine and with trialkyl phosphite in
the presence of sodium iodide, a wide variety of R
substituents being available for W and P, Chart 11.
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105

New phosphonium salt'® and phosphonate!®? (with
R = CO:Me) synthetic equivalents of 9 and 107,
respectively, have been prepared recently starting
from the key dithiolium salt'® readily obtained from
4,5-bis(methoxycarbonyl)-2-thioxo-1,3-dithiole 18a,
Chart 12.

Chart 12
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Access to the target extended systems has been
achieved by reaction between the olefination reagents
W or P and a suitable (poly)ketonic or polyaldehydic
derivative (Scheme 58).

Scheme 58
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Rz RZ S

4.2. Highly Extended and Sulfur-rich
Tetrathiafulvalene Derivatives Incorporating
1,4-Dithiafulven-6-yl Fragments

R

4.2.1. Acetylenic Analogs of Tetrathiafulvalene

A huge number of linearly extended analogues of
TTF derivatives has been described, incorporating a
very large panel of conjugated linkers between both
1,3-dithiole rings (i.e., polyenic (e.g., 39, 97), (poly)-
aromatic (e.g., 98, 100, 105), (poly)heteroaromatic
(e.g., 101, 102)), but very few of these incorporate a
(poly)acetylenic linker.

Benefiting from our work on ADCA (see section 3),
we developed the preparation of acetylenic deriva-
tives of the TTF 108.'8 Symmetrically substituted
derivatives (R = R') were obtained via a direct 2-fold
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Wittig or HWE reaction between ADCA and W or P.
Because of hydrolysis problems in freeing the alde-
hyde intermediate 109 from its corresponding acetal,
the two-step strategy, which is required to reach
dissymmetrical 108 derivatives (with R = R'), can be
significantly improved by prior triple-bond protection
of ADCA-MA as a cobalt carbonyl complex, which at
the end of the synthesis is oxidatively decomplexed
with trimethylamine oxide (Scheme 59). Electro-
chemical studies by cyclic voltammetry (CV) show
that unlike ethylenic analogues of the TTF 39 which
exhibit one 2e~ reversible peak, the acetylenic de-
rivative 108 exhibits a moderate z-donating ability
associated with poor electrochemical reversibility of
the redox processes.

Recently, M. B. Nielsen et al. accessed a new set
of acetylenic analogues of the TTF 110,!8% starting
from a-acetylenic ketones, and using Wittig olefina-
tion with 9 under basic conditions. The intermediates
111 are then subjected to oxidative coupling after
desilylation to produce the diyne analogues of TTF
110. The same intermediate 111 allows access to a
wide variety of extensively conjugated poly-yne TTF
analogues such as 112, 113, or even 114 incorporat-
ing a thienyl ring (Scheme 60). In this case, the
electrochemical behavior shows a lowering of the
Coulombic repulsions between the two positive charges
of the dication compared to 108, as expected from the
longer conjugated linker. These compounds display
good third-order nonlinear properties.

Other molecular assemblies which associate the
TTF moiety to an acetylene fragment(s) are ethynyl
TTF derivatives,'8¢ diethynyl TTF,'®7 and tetraethy-
nyl TTF.18 The ability of some of these (poly)ethynyl-
TTFs to polymerize and produce polymers with in
chain or appended TTF has been studied.!®

4.2.2. Mono-, Bis-, and Tetrakis(dithiafulvenyl)
Tetrathiafulvalene Derivatives

4.2.2.1. Synthesis.

We have shown in section 4.1 that an actively
developed trend for the molecular design of TTF
derivatives relies on the synthesis of highly extended
m-structures based on a Wittig or HWE olefination
strategy involving W or P. Having in our hands the
powerful synthetic polyformyl TTF intermediates
depicted in section 3.2, we designed highly extended
and sulfur-rich TTF derivatives which incorporate
one (115),'%1 two [(116)%! and 117, 119154190] three
(120),'! or four (121154190 and 12215%) 1,4-dithiaful-
ven-6-yl groups and are therefore obtained by 1-, 2-,

MEOQC

Q 9/ BuLi s _
>—S|R3 —_— MeO c / P SIR3
R' ’v

R

R
M6020 1) K,CO3
MeO,C / S > / COzMe 2) CuCl
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MeO,C ®
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s

R’ 114

3-, and even 4-fold Wittig or HWE olefinations
(Scheme 61).

Scheme 61
R
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TIF or | <CHO) WorP TIF or |\ /S
TTF analog n TTF analog n

A wide variety of R substituents are available for
W and P, so that one may easily increase the
solubility or the m-donating ability (or both) of the
target molecules 115—122. We can even prepare
amphiphilic derivatives of 119 designed for LB films
from a phosphonium salt 9 bearing long carboalkoxy
chains (R = COyCgH;7), Chart 13.%7

Although the most powerful nucleophilic species
are the phosphonate anions P, in all cases except for
the tris(formyl) derivative 123 the easier to handle
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Chart 13

R R R R R

=

w

wn

S R' S S
Gyt 030

R R R R R
120 121

P-ylids W are reactive enough to achieve the required
polyolefinations of the conjugated aldehydes. These
reactions proceed in quite good yields (50—90%) if one
considers that up to four olefinations are achieved
in one step. In the case of 123, even the use of a large
excess of W does not allow the targeted 120 to be
prepared since the reaction stops at the stage of the
bis-olefinated compound 124. Nevertheless, the de-
sired tris-olefinated product can be obtained by
reacting 124 with P or by direct treatment of 123
with an excess of P (Scheme 62).1°! This lack of
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reactivity of the remaining carbonyl group in 124 is
attributed to electronic and structural effects, con-
firmed by an X-ray structural determination of 123,
which shows that the oxygen atom of the carbonyl
group concerned is strongly involved in a 1,5- S---O
intramolecular interaction,>7>163h

Interestingly, lijima et al. recently reported an
alternative olefination methodology using direct tri-
ethyl phosphite-mediated coupling between a conju-
gated aldehyde and a 2-thioxo-1,3-dithiole derivative.
This allows access to TTF vinylogues 38 bearing
substituents incompatible with the basic medium
necessary for Wittig reactions (Scheme 63).159163m
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The bis and tetrakis(dithiafulvenyl) derivatives
115—122 are characterized by an exceptionally strong
m-donating ability, illustrated in cyclic voltammetry
by a first oxidation potential (E,,!) markedly lower
than that of TTF itself, with E,,' values as low as
0.06—0.1 V/SCE (TTF, 0.40V/SCE in DMF) for some
compounds of the series. Such low oxidation potential
values certainly put this family among the best
m-donating molecules of the TTF series. This ability
to be easily oxidized is explained by introduction of
the strongly donating dithiafulvenyl groups on the
periphery of the TTF backbone, which reinforce the
n-donating ability. Of course, the E,,! values are also
strongly dependent on the electronic character of the
R-substituent on the dithiafulvenyl groups, electron-
donating substituents (R = alkyl) strengthening the
m-donating ability (lower Ep,!) and electron-with-
drawing ones (R = COzR’) giving rise to higher Ep,'.
Another singularity of this family lies in their easy
access to multicationic states. This remarkable, albeit
expected, feature is assigned to the very weak in-
tramolecular Coulombic repulsions in the polyoxi-
dized states of these highly extended systems and is
illustrated by the close proximity of the successive
redox steps relative to TTF. Such a characteristic
gave the opportunity to demonstrate the efficiency
of the thin layer cyclic voltammetry technique (TLCV)
as a complementary analytical tool in determining
the electronic charge involved in each redox process
and in the prediction of stoichiometries of subsequent
electrogenerated salts.1%?

Also, an unconventional electrochemical behavior
has been found for the simplest element of the series,
i.e., the mono(1,4-dithiafulven-6-yl) TTF derivatives
115 (Figure 2),'%! for which a strong effect of the
electronic character of the R-substituent on the
dithiafulvenyl substituent has been found and is
attributed, as confirmed by DFT theoretical calcula-
tions on both neutral and oxidized states, to the
occurrence of an unusual conformation involving a
tetravalent sulfur atom.
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Figure 1. X-ray structure of 119-C104 showing the overlap
mode through the lateral dithiafulvenyl within the organic

slab.
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Figure 2. X-ray structure of 120-PFs (anions omitted)
showing the overlap mode between 7-donors

Electrooxidation!®® of the dithiafulvenyl-TTF de-
rivative (119, R = H) produced single crystals of a
cation radical salt corresponding to the stoichiometry
119:ClOy4 as determined by X-ray diffraction (Figure
1) and which shows a remarkably high room tem-
perature conductivity for a 1:1 fully charge-trans-
ferred salt (0.4 S:cm™!; E, = 170 meV).15419 This
observation is associated with the low Coulombic
repulsion in such an extensively conjugated molecule
and also with a unique pattern of overlap in the
crystal, with multiple S---S intermolecular contacts,
notably through the lateral dithiafulvenyl fragments,
which confer a novel type of two-dimensional associa-
tion to this salt.

Electrogenerated single crystals of a 1:1 cation
radical salt of 120-PFs could also be obtained, and
the X-ray structure shows, as expected, an accumula-
tion of S---S intermolecular contacts within the
stacking mode (Figure 2).1°' The powder conductivity
is as high as 0.1 S-em™!, which illustrates again the
validity of the concept of designing highly extended
and sulfur-rich 7-systems to increase the dimension-
ality of related cation radical salts.
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Finally, electrooxidation of 118 (R = H) produced,
for the first time in the series of dithiafulvenyl TTF
derivatives, a mixed-valence salt ((118):PFs). The
quality of the crystals obtained was good enough for
a preliminary X-ray structural determination, which
demonstrated the expected 2D organization of the
donors with multiple S---S intermolecular contacts.
Given the 2:1 stoichiometry and the clear bidimen-
sional organization in the solid, such a salt fulfils the
requisite criteria for stabilization of the metallic state
at low temperature. Unfortunately, the crystals were
highly fragile and no conductivity measurement was
possible.

From our experience and the intensive efforts we
have made to exploit such exciting results in getting
new cation radical salts from this family, it appears
nevertheless that such z-donors present some dif-
ficulties in electrocrystallization.

The explanation for the difficulties in obtaining
crystals of high quality was found in the vicinal
character of the two 1,4-dithiafulven-6-yl sidearms.
Under acidic conditions,'®* these donors undergo an
undesirable intramolecular cyclization reaction in-
volving prototropy of the hydrogen at the C-6 position
of the substituent (Scheme 64). The cyclization
product issued from 119 (R = H) was characterized
by an X-ray diffraction study.!®** On the other hand,
upon oxidation, cyclization of the cation radical
produces a proton, which acts as catalyst to reproduce
the phenomenon observed in acidic conditions.'®
Noteworthy, a bis spiro analogue has been recently
described arising through a different process from the
thermal transformation of a fluorinated vinylog of
TTF.19

Since the importance of the purity of 7-donors in
the electrocrystallization experiments is well estab-
lished,'® this internal cyclization during the purifica-
tion procedure (acid-mediated cyclization) or the
electrooxidation process produced the spiro compound
in sufficient quantity to have a spoiling effect on the
quality of electrogenerated salts.

4.2.3. Giant Analogs of TTF Devoid of Prototropy

To suppress any possible cyclization reaction (see
section4.2.2.2), w-donors bearing no hydrogen atom
in the 6-position of the 1,4-dithiafulven-6-yl substitu-
ent were designed. Different possibilities have been

S@S

j 'H+ —/\

1~j&3
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considered which consisted of (i) replacing the hy-

drogen atom by a methyl group (125—127) and (ii)

fusing TTF and extended-TTF, this corresponding to

replacement of both hydrogen atoms by a CH=CH

linker without (128) or by a benzo spacer (129 and

130) or by a fused-dithiin fragment (131), Chart 14.
4.2.3.1. Synthesis.

The synthetic strategy to prepare 125163197 (gee
section 2.3.1) used the reaction of hex-3-yne-2,5-dione
with the #2-CS; iron complex 15 followed by treat-
ment of the resulting carbenic complex with a sto-
ichiometric amount of iodine. The final HWE poly-
olefination of the resulting tetracetyl TTF was achieved
using Akiba’s phosphonate anions P (see section 4.1)
adequately substituted (Scheme 65).

Synthesis of the corresponding symmetrical and
dissymmetrical highly extended and sulfur-rich TTF
vinylogs 126 and 127 was also developed using tetra-
and triolefination reactions. Cycloaddition between
hex-3-yne-2,5-dione and 3-thioxo-1,2-dithioles gives
rise to the thial 132a, which was dimerized to 133
or converted into the corresponding aldehyde 132b
(Scheme 66).1632:197 To bring the successive olefina-
tions to completion, the phosphonate anions P were

used rather than the less nucleophilic ylids W and
additionally a very large excess was used.

Synthesis of the fused perpendicular TTF dimers
128 incorporating both a TTF unit and a quinonoid
m-extended TTF has been reported but is not detailed
in the present review since no electrophilic alkyne
was involved as starting material.1%®

To prepare the dimeric TTF 129 of T-shape mor-
phology in which both TTF and -extended TTF units
are fused but separated by a benzo group, it was
necessary to introduce new building blocks such as
the bis(bromomethyl) derivative into 1,3-dithiole and
TTF chemistry (see section 5.1.1). Thus, 4,5-bis-
(hydroxymethyl)-2-(thi)oxo-1,3-dithioles (X = S, 55)
were transformed into the corresponding bromide
derivatives 134.19° After reductive elimination to
generate the corresponding dienes 135, Diels—Alder
cycloaddition between these 2-ox0-4,5-bis(methyli-
dene)-1,3-dithioles and quinonic dienophiles was
performed followed by aromatization of the [4+2]
cycloadduct (Scheme 67).

To perform the required olefinations, it was neces-
sary to suppress the accepting quinonic character of
136, and the methodology of protection-deprotection
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developed by Yamashita using Diels—Alder cycload-
dition with cyclopentadiene was applied.??° After
reaction of the cycloadduct 137b with the phospho-
nate anion P, the bisolefinated compound was ac-
companied by the trisolefinated compound. Synthesis
of the latter compound involved unprecedented TTF
core building through HWE olefination of the 2-oxo-
1,3-dithiole functionality with Akiba’s phosphonate
anion P.2! After retro Diels—Alder reaction liberat-
ing cyclopentadiene, T-shape m-donors 129 were
obtained (Scheme 68).

Scheme 68
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This synthetic strategy suffered from the impos-
sibility of introducing different types of R substitu-
ents in the simultaneous trisolefination procedure.
Another approach was therefore devised to answer
these requirements. This synthesis is based on two
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main steps: (i) Diels—Alder cycloaddition between the
2,3-dimethylidene-[2H]TTFs 138 and quinonic dieno-
philes with further aromatization of the cycloadduct
leading to a conjugated donor—acceptor intermediate
139 and (ii) bis-HWE-olefination of the quinonic
carbonyl functionalities with phosphonate anion re-
agents P giving rise to 129" (Scheme 69).

Scheme 69
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The synthesis of extended-TTFs in which the benzo
spacer was replaced by a 1,4-dithiin ring was also
considered with the aim of increasing intra- and
intermolecular S---S interactions. Compound 140 was
obtained by HWE olefinations with phosphonate
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anion P on monoprotected benzoquinone. Subsequent
Diels—Alder cycloaddition with oligo(1,3-dithiole-
2,4,5-trithione)?>7677 followed by cross-coupling with
4,5-bis(methoxycarbonyl)-2-oxo-1,3-dithiole produced
precursor 141. Unfortunately, although compound
141 underwent loss of cyclopentadiene in the oxida-
tive step in cyclic voltammetry, preparative synthesis
of the corresponding TTF 131 has been so far unsuc-
cessful (Scheme 70a).202 After this work, a reverse
synthetic strategy has been used by Zhang et al., who
synthesized the TTF-dithiin-quinone framework and
subjected it to bis-olefination with the anion phos-
phonate P. Similarly to 141, the intermediate 141’
did not undergo the retro Diels—Alder reaction,
which would have provided compound 131' (Scheme
70b).203

A straightforward synthesis of the new s-donor 130
which shows the typical H-shape design which prom-
ises to improve the properties of highly extended and
sulfur-rich T-shape compounds was reported.2®* The
trimethyl phosphite self-coupling reaction of the
corresponding thione 142 was followed by retro
Diels—Alder loss of the cyclopentadiene protecting
group of the quinone unit (Scheme 71).

4.2.3.2. Some Key Electrochemical Features of
Giant Analogues of TTF Devoid of Prototropy.

As for the previously depicted dithiafulvenylTTF
derivatives 117—122 (section 4.2.2.2), TTF deriva-
tives 125—130 have electrochemical characteristics
typical of highly extended s-donors (lowering of the
charge density, lowering of Coulombic repulsions,
strong s7-donating ability, easy access to multicharged
species).

S___S 131" SA__S
R R R R
Scheme 71
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130 |—| H-shape TTF

When comparing the 7-donating ability of systems
125, 126, and 127 to their nonmethylated analogues
(121, 122, and 120, respectively), it appears that the
latter series shows a significantly lower w-donating
character, presumably because of lower conjugation
induced by distortion between vicinal 6-methyldithia-
fulvenyl substituents due to steric hindrance between
the close methyl groups.'®” Nevertheless, these highly
extended systems remain excellent ;7-donors and give
rise to stable polycationic species upon oxidation due
to successive reversible redox steps, e.g., 127 can be
oxidized to 127" via four successive le™ processes,
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whereas a hexacationic state has been characterized
for 126.1°7

The T-shape TTF 129 appears as a strong s-donor
and has three reversible oxidation peaks to 1294*,201
whereas a different behavior is observed for the fused
system 128, which undergoes four sequential le~
reversible oxidation processes.'®® Finally, the cyclic
voltammogram of the H-shaped TTF 130 (R = SPent)
shows three 2e~ oxidation processes to a stable
hexacationic species, confirming the tendency of these
highly extended systems to allow easy access to
unconventional redox states of TTF derivatives.204

5. Hydroxymethyl Derivatives as Starting
Materials for Highly Functionalized TTF

5.1. Conversion of Hydroxymethyl Derivatives to
Bromomethyl Derivatives

5.1.1. Preparation

Two strategies were developed in parallel to pre-
pare 4,5-bis(bromomethyl)-2-(thi)oxo-1,3-dithioles by
nucleophilic substitution. Thus, diol 55a was readily
converted in the thioxo series to 134a using CBry/
PPh3?% in 70% yield or using phosphorus tri-
bromide?’¢ in 94% yield. For the corresponding oxo
derivative 55b, the diol was brominated using PBr3
in 62% yield (Scheme 72).1%°

Scheme 72
s._-CHOH S CHyBr
x=( I x=_ |
S$7 SCH,0H ST CH,Br
55a X =S CBry/PPh,, 70% or PBrs, 94% 134a,b

55b x =0 PBr;, 62%

In the TTF series, introduction of the new bis-
(bromomethyl)TTF derivatives 143 or tetrakis(bromo-
methy)TTF 144 proved to be of particular interest
for developing organic chemistry on the TTF core
requiring the presence of a good leaving group. These
versatile building blocks were efficiently obtained on
treatment of the corresponding 2,3-bis(thydroxy-
methyl) or tetrakis(hydroxymethyl)TTFs 60 with
phosphorus tribromide in 70% yield (Scheme 73).207

Scheme 73
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5.1.2. Applications

Two synthetic applications were developed starting
from these vicinal bis(bromomethyl) groups: (i) gen-
eration of the corresponding diene (prone to undergo
Diels—Alder cycloaddition) by reductive elimination
using naked iodide anion and (ii) the possibility of

Gorgues et al.

direct nucleophilic substitution, this group acting as
a dication synthetic equivalent (Scheme 74).

S
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ST Ne

5.1.2.1. Phosphonate Derivatives. The dication
synthetic equivalent nature of bis(bromomethyl)
derivatives was exploited by preparation of the
corresponding phosphonates 145 and 146 by classical
Arbuzov reaction using trimethyl phosphite. Subse-
quent HWE reaction with an appropriately selected
monoformylTTF introduced a new area in TTF
chemistry by synthesis of the conjugated TTF dimers
147 and trimers 148, Chart 15.208

Scheme 74

Chart 15
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5.1.2.2. Synthesis of Pyrrolo-TTF. New pyrollo-
TTFs developed by Becher et al. have turned out to
be versatile building blocks for a number of applica-
tions in supramolecular chemistry as outlined in
examples recently reviewed.2®® The mono(pyrrolo)-
TTF 149 and its related bis(pyrrolo)TTF 150 were
synthesized as illustrated in Scheme 75.
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5.1.2.3. Donor—Acceptor Assemblies with Cego.
Since the discovery of fullerene Cg0?'° and techniques
for its large-scale preparation, development of
the molecular chemistry of Cg has emerged as a
promising field in materials science. Consequently,
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Chart 16

161

the possibility of modifying fullerenes has made Cg
very exciting to build new molecular assemblies with
remarkable physical and chemical properties. The
electron-accepting character?'! combined with pho-
tophysical properties?? make Cgy a very promising
starting material for photodriven redox processes.
Thus, Cg¢ derivatives can interact with s-donor
polymers giving rise to long-lived photoexcited species
which are useful in the conversion of solar energy.?!3
Considerable efforts have been devoted in recent
years to the development of systems in which Cg is
covalently linked to an electron donor.?'* Such mo-
lecular assemblies are of particular interest in that
they can exhibit characteristic electronic and excited-
state properties, which make them promising can-
didates for investigation of photoinduced electron-
transfer processes and long-lived charge-separated
states D*"—Cgo* 21> with potential applications for
molecular electronic devices?® and photovoltaic
cells. 2136217

Among the wide variety of donor molecules that
have been recently linked to Cgy, the strong donor
tetrathiafulvalene (TTF) has emerged, giving an
interesting class of compounds in light of increasing
stabilization of the charge-separated state TTF**—
Ceso".2!8 This peculiarity is due to the gain of aroma-
ticity as a result of the formation of the thermody-
namically very stable heteroaromatic 1,3-dithiolium
cation(s) upon oxidation(s) of the TTF molecule which
is nonaromatic in its ground-state configuration.?!®
On this basis, TTF derivatives have been covalently
linked to Cgp through a flexible spacer using several
synthetic methodologies,?? affording more and more
sophisticated Cgo-based molecular assemblies. 1,3-
Dipolar cycloaddition following Prato’s procedure
appeared as one of the most developed strategies,??!
for example, in the synthesis of the dyads 151222 and
152.223 This methodology was extended to the syn-
thesis of the fullerotriazoline 153 obtained by cy-
cloaddition of an azide derivative to Cgo.22* The Bingel
cyclopropanation reaction was also used as a power-
ful tool to prepare Cgo-based dyads such as 154,225
and recently, the chemical reactivity of the Cgy?~
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152 163

dianion was applied to the preparation of new Cgo-
based assemblies 155, Chart 16.226

Triads were also developed to increase interactions
between the chromophores in the ground state and
in a long-lived charge-separated radical pair. Such
an assembly 156 was prepared using DMAD as
starting material. Thus, bis(thydroxymethyl)TTF was
reacted with a fullerene derivative in the presence
of DCC-DMAP to yield the Cg—TTF—Cg triad 156
in 43% yield. Although no significant electronic
interactions were found between the electroactive
species in the ground state, an efficient intramolecu-
lar electron transfer occurred in the excited state,
resulting in the formation of a long-lived charge-
separated state (121 ns in DMF), Chart 17.122

Chart 17

In a strategy to control the relative orientation as
well as the distance between the TTF and Ceo
counterparts, the TTF—Cgy 157 and the dumbbell
Ceo-TTF—Cgo 158 rigidified systems were designed
as targets using [4+2] Diels—Alder cycloaddition.
This type of cyclohexene bridge had previously proven
to be very efficient for mediating electron- and
energy-transfer between two electroactive centers by
a through-bond coupling mechanism which appeared
to be independent of length, Chart 18.2%7

Two different routes were considered for the syn-
thesis of these donor—acceptor systems: (i) formation
of the TTF core by a coupling reaction using well-
known procedures!®?1=23 from 2-oxo-(or 2-thioxo or
2-selenoxo)-1,3-dithioles or dithiolium salts and (ii)
[4+2] Diels—Alder cycloaddition to prepare the cy-
clohexene ring from a preformed TTF. In these cases,
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Chart 18

the synthesis used diene intermediates which con-
stitute heteroatomic analogues of 0-quinodimethane,
Ceo being used as the dienophile, Chart 19.

Chart 19
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While the synthesis of new s-electron donors based
on the TTF core has been particularly fruitful and
varied, the possibility of developing chemistry in this
family from a diene group able to react through
Diels—Alder cycloaddition was surprisingly missing.
Clearly this research area has been restricted by lack
of suitable TTF building blocks. The approach devel-
oped by our group was based on the synthesis of
precursors such as the vicinal bis(bromomethyl) 2-oxo
(or 2-thioxo or 2-selenoxo)-1,3-dithioles 134, which
were able to smoothly undergo reductive elimination
on treatment with naked iodide to give rise to dienes
(Scheme 76).228 Unfortunately, attempts to complete
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reaction or to use the dicobalt octacarbonyl method
from the different 1,3-dithiole-Cgy systems 159 or 1,3-
dithiolium-Cgp salts 160 to prepare the dumbbell 158
failed. Dissymmetrical coupling involving other 2-(thi)-
oxo0-1,3-dithioles was also unsuccessful in attempts
to prepare the dyads 157.

Simultaneously, the group of Rovira et al. devel-
oped the synthesis of 2,3-dimethylidene[2H]-TTF by
in situ thermal extrusion of sulfur dioxide from a
sulfone group and our group achieved reductive
elimination of the diene precursors bis(bromomethyl)-
TTF derivatives. Coupling of the phosphonium salt
106 (with R = COsMe) with the appropriate 1,3-
dithiolium salt 161 promoted formation of the ex-
pected dissymmetrical TTF derivative 162.18! Diels—
Alder functionalization of Cgp was achieved using a
thermolabile sulfone as the diene precursor to pre-
pare the dyad 157 in which the TTF core was
substituted with methoxycarbonyl substituents
(Scheme 77).229 A second identical TTF derivative
could be condensed on Cgy to yield the Cgo—(TTF)
triad 163. The first isolation and characterization of
two and four regioisomers of this triad was achieved
by a combination of HPLC, UV—Vis spectroscopy,
and HMBC NMR.230

Treatment of the bis(bromomethyl)TTF derivatives
143 with potassium iodide in the presence of 18-
crown-6 generates the transient 2,3-bis(methylidene)-
TTF 138, and final [4+2] cycloaddition can readily
be achieved with Cgp. The reaction proceeds to give
the monoadduct 157 as the major product (30—50%
yield). New diadducts and unprecedented tri- and
tetraadducts 164 were selectively synthesized. Start-
ing from the monoadduct 157, cycloaddition with the
2,3-bis(methylidene)-TTF 138 afforded diadducts.
When this methodology was applied to the triad Cgo-
(TTF)s, the desired triadducts and tetraadducts were
isolated in acceptable yields (Scheme 78).23! Various
substituents were introduced to the TTF unit (e.g.,
polyalkyloxysulfanyl groups) with the aim of increas-
ing the solubility properties of the dyads for physical
studies and possible applications.?32

This strategy was also used to introduce a crown
ether-TTF assembly in the preparation of dyad 165;
the influence of Cgy on the complexation of metal
cations into the crown??® was determined, and the
quinonoid s-extended TTF—Cg, derivative 166 was
prepared, Chart 20.234

The dumbbell 158 has been prepared from the
tetrakis(bromomethyl)TTF 144. This was converted
into tetramethylidene[4H]|TTF 167 by reductive elimi-
nation with naked iodide in the presence of Cgg

CO,Me

CO,Me

Et;N s S
— o M =1
S S
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Chart 20

(Scheme 79).235 To perform further photophysical
studies of such assemblies and due to problems
resulting from the poor solubility of the dumbbell
158, an original synthesis of different dumbbells
showing interesting solubility properties in various
organic solvents was later developed by replacing Cg
by methanofullerene derivatives.?2°
Electrochemical and optical properties were deter-
mined on the neutral and oxidized dyads 157, the
polyads 164, and the triad 158, and it was shown that
cation radicals and anion radicals display outstand-
ing persistence. Although no significant electronic
interaction was found between the electroactive spe-
cies in the ground state, an efficient intramolecular
electron transfer occurred in the excited state, result-
ing in the formation of a significant long-lived charge-
separated state in the case of the soluble dumbbell
(20 ns in benzonitrile).23¢ These findings suggest that
TTF—Cg or Ceo—TTF—Cgp systems may be promising
candidates for the preparation of photovoltaic devices.

5.2. Conversion of Hydroxymethyl Derivatives to
Mercaptomethyl Derivatives and the
Corresponding Disulfides

The well-known sulfur-rich 7-donor bis(ethylene-
dithio)tetrathiafulvalene (BEDT-TTF or ET) is the
basis of two-dimensional conductors and a large
number of superconducting cation radical salts en-

Scheme 79
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dowed with the highest T of this type of compound.
In the solid-state structure of these compounds,
strong sulfur—sulfur intermolecular interactions play
an essential role in their well-defined 2D character.”
The presence of sulfur atoms external to the tetrathi-
afulvalene core promotes intermolecular interactions
that enhance the electronic dimensionality of the
salts, avoiding the structural changes that promote
metal-to-insulator transitions in 1D conductors and
hence allow the transition of the superconducting
state.

Efforts in this area have been concentrated in
modifying the position of the peripheral sulfur atoms
with the aim of establishing specific S---S contacts
in the molecular arrangement of related materials.
Using this approach in the preparation of new
organic conductors, many tetrathiafulvalene deriva-
tives with peripheral sulfur atoms have been syn-
thesized. Such intermolecular interactions have also
been described for zz-donors that contain peripheral
sulfur atoms,3"237 such as 34a.86

The prominent role of peripheral chalcogen atoms
branched on the TTF core was also recognized in the
case of bis(ethylenedioxy)TTF, called BEDO-TTF, for
which oxygen atoms are responsible for additional
intermolecular contacts in the related salts.2?8 Thus,
bis(oxydimethylene)TTF, called BODM-TTF,23° ob-
tained by treatment of the tetrakis(hydroxymethyl)-
TTF 60 with thionyl chloride, as well as mono- and
bis(furano)TTF, F-TTF, and DF-TTF 153 were inves-
tigated with the aim of examining the role of periph-
eral oxygen atoms on the solid-state organization of
the resulting cation radical salts, Chart 21.

The bis(bromomethyl)-1,3-dithiole 134 was trans-
formed into sulfide 168 via nucleophilic substitution
with sodium sulfide, and aromatization with DDQ
afforded the 3,4-substituted thiophene 169. This
methodology has been extended to the incorporation
of TTF in the m-extended thiophene monomer 170
with the aim of preparing low-band-gap thiophene
polymers. The presence of fused TTF units is ex-
pected to be beneficial due to the electronic behavior
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Chart 21
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of the polymer and the stabilization of the polymeric
quinoid state through the rearomatization of the TTF
unit (Scheme 80). 205:240
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With the aim of understanding the nature of
intermolecular interactions in the crystal engineering
of molecular materials of the BEDT-TTF (also called
ET) family, synthesis of dissymmetrical and sym-
metrical outer S-positional isomers of BEDT-TTF
called DIET (dissymmetrical isomer of ET)?*! and
SIET (symmetrical isomer of ET),206 respectively,
was undertaken, Chart 22.
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Using the 2,3-bis(hydroxymethyl) TTF derivative 59
as starting material, generation of a good leaving
group was investigated in order to activate nucleo-
philic substitution and convert the alcohol function
into a thioester. Originally activation of the hy-
droxymethyl group involving N,N-dimethylforma-
mide diethylacetal reagent was applied, and in the
presence of thiolacetic acid, this successfully afforded
the corresponding bis(thioester) 171. The dithiol
compound 172 was obtained in excellent yield by
reduction using DiBAl-H. Further dehydrogenation
with DEAD afforded DIET. It was shown that yields
could be improved by using a one-pot reaction after
reduction with sodium borohydride in the presence
of lithium chloride and subsequent treatment with
an aqueous solution of ammonium chloride (Scheme
81).241
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Scheme 81
S Me,NCH(OE),
s S CH5COSH
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(L= . I —]
s~ S S CH COSH

DIET

For the synthesis of SIET,2% the first route to
provide the key intermediate tetrakis(methylthioes-
ter)TTF 173 involved symmetrical coupling of the
corresponding 1,3-dithiolium salt 174. It was dem-
onstrated that an efficient nucleophilic substitution
on the 4,5-bis(bromomethyl)-2-(thi)oxo-1,3-dithioles
134 was applicable to reach compound 175 on a large
scale. The 1,3-dithiolium salt 174 was produced in
excellent yield by methylation followed by reduction
then dethiomethylation. The classical carbenoid cou-
pling reaction afforded compound 173, which was
treated with a methoxide solution to cleanly provide
the symmetrical S-position isomer of BEDT-TTF.
Alternatively, despite its very low solubility, tetrakis-
(hydroxymethyl)TTF reacted progressively with an
excess of N,N-dimethylformamide diethylacetal and
thiolacetic acid to efficiently afford the intermediate
173 (Scheme 82).

This methodology has been extended to the devel-
opment of S-positional isomers of DMTEDT-TTF24
176 and EDT-TTF 177.1%° For the synthesis of these
compounds, the Mitsunobu reaction using DEAD/
PPh; proved to be an efficient method of activation
of the hydroxymethyl functionality, and in the pres-
ence of thiolacetic acid, the substitution occurred in
good yield to give the precursor dithioester TTF,
Chart 23.

In addition to discussing the role of peripheral
sulfur atoms for TTF materials, one should mention
that the dithiol intermediate 173 and targeted dis-
ulfides are potentially interesting for developing self-
assembled monolayers (SAMs) on a gold substrate.
Starting from a 2,3-bis(hydroxymethyl)TTF deriva-
tive, Echegoyen et al. reported the preparation of
SAMs involving a crown-TTF derivative.?*?

5.3. Cation Radical Salts from S-Positional
Isomers of BEDT-TTF

The role of the terminal disulfide bridge(s) in the
association mode of the network was evidenced by
preparation of cation radical salts by electrocrystal-
lization.!®® Despite the poor contribution of outer
sulfur atoms of the disulfide bridge to the HOMO,
most of the electrogenerated cation radical salts
exhibited interesting structural features with evi-
dence of S---S contacts which are responsible for the
crystallographic organization of donors. This was
particularly the case for the cation radical salt
(SIET)s(Cl04)2, which shows semiconducting proper-
ties (ot = 1072 S:cm™!) and a characteristic “wind-
mill” organization (Figure 3a) which is similarly
found in the (176);-CuCly salt (Figure 3b).243
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Scheme 82
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Me,NCH(OEt),

CH50CS IS SI SCOCH;  CHsCOSH  HO IS S| OH
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CHsCOSH / Pyr 173 MeO™ Na* 60
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:<s SCOCH, —<s SCOCHS S < s S
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Chart 23 supramolecular chemistry,’® as a redox sensor in
CHiS.__s s s s s S redox-switchable ligands,?*® and even as a catalyst
I = ﬁé [ = ﬁé in synthetic radical chemistry.?*° The list of applica-
CHs” S S s 8 tions above is nonexhaustive and involves the use of

176 S-position isomer
of DMTEDT-TTF

177 S-position isomer
of EDT-TTF

The prominent role of the outer sulfur atoms in the
structural organization of the semiconducting (0,4 =
107* S-cm™!) [1:1] cation radical salt of SIET with
the polymeric anion Cu(SCN)s~ has also been dem-
onstrated (Figure 4).244

6. Conclusion

It is apparent from the studies discussed in this
review that the use of electrophilic alkynes has never
stopped occupying a central position in the story of
TTF chemistry. Not only do they constitute an
efficient entry to basic synthons such as 1,3-dithiole
rings or TTF derivatives, but they also allow the
introduction of synthetically useful functionalities on
the periphery of the TTF framework.

What makes the tetrathiafulvalene unit so fasci-
nating is the fact that it is involved in incredibly
varied topics.®® Indeed, applications range from
organic electroconducting materials,>? field-effect
transistors as very recently demonstrated,?* mag-
netic properties,?# electrooptical properties,70f:247.248
etc., but concern also its use as a building block in

different physical forms of TTF (crystalline state or
incorporated in LB films, liquid crystals, polymers,
gels). Such versatility in the applicability of a single
active molecule requires introduction of specific
groups on its periphery, and therefore, there is a need
to have easy synthetic access to suitably functional-
ized TTF framework. Though not unique, a very
general response to this prerequisite has been given
in the last 30 years by using electrophilic alkynes as
a common denominator.

The electrophilic character of the starting triple
bond, which is generally promoted by the presence
of ester(s) or aldehyde(s), is used for incorporation
of a C=C fragment in building the TTF core. Differ-
ent methodologies can be used involving reaction of
an electrophilic alkyne with the BugP—CS; complex,
with organometallic species, or with a preformed five-
membered 1,3-dithiole ring. The classical synthetic
transformations of the ester group have also been
applied to the TTF series, providing useful access to
TTF derivatives functionalized with other trivalent
functions (carboxylic acid, acid chloride, acid anhy-
dride, amide). Also, ester reduction gives efficient
access to the alcohol function and its derivatives,
allowing entry to a wide range of monovalent func-

Figure 3. (a) Projection onto the (b¢) plane of the crystal structure of (SIET);-(C104)2 characterizing the “windmill” array
(disulfide bond in black line, anions omitted). (b) Crystal structure of (176),-CuCl, (view along the ¢ axis; disulfide bond

in black line).
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Figure 4. Columnar organization of the cation radical salt
(SIET)-Cu(SCN)y~ (disulfide bond in black line, anions
omitted).

tions on the periphery of the TTF framework. The
preparation of the more synthetically powerful alde-
hyde by ester reduction remains a puzzling problem
in the TTF series, and best results have been
obtained by direct introduction of the formyl group
using acetylene dicarbaldehyde ADCA or its mono-
acetal ADCA-MA as the starting electrophilic alkyne.
Current interest in these derivatives has been very
recently demonstrated by optimization of their syn-
theses.!*! A detailed illustration of the usefulness of
this powerful synthon in the TTF series has been
given as well as its efficiency in providing access to
highly extended TTF derivatives.

7. Acknowledgments

It is a pleasure to acknowledge all the Ph.D.
students, postdoctoral researchers, our co-workers,
and colleagues who have actively participated in the
research presented above, which was carried out at
the Universities of Rennes, Nantes and Angers, in
collaboration with the Universities of Zaragoza, Bar-
celona, and Odense. We also thank all of our Angers
colleagues, who helped us during the founding and
subsequent development of the IMMO laboratory
(now CIMMA, since January 2004) devoted to organic
materials, as well as outside collaborators, in par-
ticular Drs. P. Batail, J. M. Fabre, J. P. Majoral, G.
Duguay, J. Garin, J. Becher, L. Echegoyen, V.
Khodorkovsky, C. Rovira, and J. Veciana. Addition-
ally, Drs. P. Blanchard, J. Cousseau, P. Frere, and
P. Leriche are particularly acknowledged for their
critical expertise of the manuscript. We also thank
Professor D.W. Young for improving the syntax of
this review.

8. References

(1) Wudl, F.; Smith, G. M.; Hufnagel, E. J. J. Chem. Soc., Chem.
Commun. 1970, 1453.

(2) Hurtley, W. R. H.; Smiles, S. J. Chem. Soc. 1926, 2263.

(3) The charge-transfer complex involving tetrathiafulvalene and
7,7,8,8-tetracyanoquinodimethane (TTF-TCNQ) has metallic
conductivity (500 S-cm~!) with a metal to insulator transition
at 53 K: (a) Ferraris, J.; Cowan, D. O.; Walatka, V. V.; Perlstein,
J.H.J. Am. Chem. Soc. 1973, 95, 948. (b) Coleman, L. B.; Cohen,
M. J.; Sandman, D. J.; Yamagishi, F. G.; Garito, A. F.; Heeger,
A. J. Solid State Commun. 1973, 12, 1125.

(4) (a) Andrieux, A.; Duroure, C.; Jérome, D.; Bechgaard, K. J. Phys.
Lett. 1979, 40, 381. (b) Jérome, D.; Mazaud, A.; Ribault, M.;
Bechgaard, K. JJ. Phys. Lett. 1980, 41, 1.95.

Gorgues et al.

(5) (a) Bryce, M. R. Chem. Soc. Rev. 1991, 20, 355. (b) Williams, J.
M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser, U.; Wang,
H. H,; Kini, A. M.; Whangbo, M. H. Organic Superconductors
(including fullerenes); Prentice Hall: Englewood Cliffs, NdJ, 1992.
(¢) Organic conductors. Fundamentals and applications; Farges,
J. P., Ed.; Marcel Dekker: New York, 1994. (d) Mori, H.
Overview of Organic Superconductors. Int. J. Modern Phys. B
1994, 8, 1. (e) Papavassiliou, G. C.; Terzis, A.; Delhaes, P.

Handbook of Organic Conductive Molecules and Polymers;

Nalwa, H. S., Ed.; 1997; Vol. 1 (Charge-Transfer Salts, Fullerenes

and Photoconductors), p 151. (f) Ishigurao, T.; Yamaji, K.; Saito,

G. Organic Superconductors, 2nd ed.; Springer: Berlin, 1998.

(g) Fabre, J.-M. J. Phys. IV Fr. 2000, 10, 19. (h) Otsubo, T.;

Takimiya, K. Bull. Chem. Soc. Jpn. 2004, 77, 43.

(a) Bryce, M. R. J. Mater. Chem. 1995, 5, 1481. (b) Fabre, J.-M.

J. Solid State Chem. 2002, 168, 367.

At least 20 superconductors salts are described from BEDT-TTF

and the following BEDT-TTF kappa phases, «<-(BEDT-TTF)y-Cu-

(SCN)g (T = 10.4 K under ambient pressure), k<-(BEDT-TTF),-

CulN(CN)gBr (T = 11.6 K under ambient pressure), and x-(BEDT-

TTF)y:CuN(CN)oCl (T, = 12.8 K, P = 0.3 kbar) still hold the

record for superconducting transition temperatures in the series.

(a) Urayama, H.; Yamochi, H.; Saito, G.; Nozawa, K.; Sugano,

T.; Kinoshita, M.; Sato, S.; Oshima, K.; Kawamoto, A.; Tanaka,

J. Chem. Lett. 1988, 55. (b) Kini, A. M.; Geiser, U.; Wang, H.

H.; Carlson, K. D.; Williams, J. M.; Kwok, W. K.; Vandervoot,

K. G.; Thompson, J. E.; Stupka, D. L.; Jung, D.; Whangbo, M.

H. Inorg. Chem. 1990, 29, 2555. (c¢) Williams, J. M.; Kini, A. M.;

Wang, H. H.; Carlson, K. D.; Geiser, U.; Montgomery, L. K,;

Pyrka, G. J.; Watkins, D. M.; Kommers, J. M.; Boryschuk, S. J.;

Strieby Crouch, A. V.; Kwok, W. K.; Schirber, J. E.; Overmyer,

D. L.; Jung, D.; Whangbo, M. H. Inorg. Chem. 1990, 29, 3262.

(d) Williams, J. M.; Schultz, A. J.; Geiser, U.; Carlson, K. D.;

Kini, A. M.; Wang, H. H.; Kwok, W. K.; Whangbo, M. H.;

Schirber, J. E. Science 1991, 252, 1501. (e) Schlueter, J. A.;

Williams, J. M.; Geiser, U.; Dudek, J. D.; Sirchio, S. A.; Kelly,

M. E.; Gregar, J. S.; Kwok, W. K,; Fendrich, J. A.; Schirber, J.

E.; Bayless, W. R.; Naumann, D.; Roy, T. J. Chem. Soc., Chem.

Commaun. 1995, 1311.

(8) Bryce, M. R. J. Mater. Chem. 2000, 10, 589.

(9) Segura, J. L.; Martin, N. Angew. Chem., Int. Ed. 2001, 40, 1372.
(10) Otsubo, T.; Aso, Y.; Takamiya, K. Adv. Mater. 1996, 8, 203.
(11) Adam, M.; Miillen, K. Adv. Mater. 1994, 6, 439.

(12) Becher, J.; Lau, J.; Mgrk, P.; Kristensen, G. J.; Becher, J. In
Electronic Materials: the Oligomeric Approach; Miillen, K.,
Wegner, G., Eds.; Wiley-VCH: Weinheim, 1998; 198.

(13) Frenzel, S.; Arndt, S.; Gregorious, R. M.; Miillen, K. JJ. Mater.
Chem. 1995, 5, 1529.

(14) Roncali, J. J. Mater. Chem. 1997, 7, 2307.

(15) Jgrgensen, T.; Hansen, T. K.; Becher, J. Chem. Soc. Rev. 1994,

(6

=

7

-

23, 41.

(16) Nielsen, M. B.; Lomholt, C.; Becher, J. Chem. Soc. Rev. 2000,
29, 153.

(17) Martin, N.; Sanchez, L.; Illescas, B.; Pérez, I. Chem. Rev. 1998,
98, 25217.

(18) Bryce, M. R. Adv. Mater. 1999, 11, 11.

(19) Narita, M.; Pittman, C. U. Synthesis 1976, 489.

(20) Khodorkovsky, V.; Neilands, O. Ya. Izv. Akad. Nauk Latviis.
SSR, Ser. Khim. 1985, 6, 645.

(21) Krief, A. Tetrahedron 1986, 42, 1209.

(22) (a) Schukat, G.; Richter, A. M.; Fanghénel, E. Sulfur Rep. 1987,
7, 155. (b) Schukat, G.; Fanghénel, E. Sulfur Rep. 1993, 14, 245.
(¢) Schukat, G. Fanghénel, E. Sulfur Rep. 1996, 18, 1.

(23) Schukat, G.; Fanghénel, E. Sulfur Rep. 2003, 24, 1.

(24) Simonsen, K. B.; Svenstrup, N.; Lau, J.; Simonsen, O.; Mgrk,
P.; Kristensen, G. J.; Becher, J. Synthesis 1996, 407.

(25) Garin, J. Adv. Heterocycl. Chem. 1995, 62, 249.

(26) Lozach, N.; Stavaux, M. Adv. Heterocycl. Chem. 1980, 27, 151.

(27) Khodorkovsky, V.; Neilands, O. Ya. Izv. Akad. Nauk Latviis.
SSR, Ser. Khim. 1982, 2, 131.

(28) Gotthardt, H. Comprehensive Heterocyclic Chemistry; Katritzky,
A. R, Rees, C. W, Eds.; Pergamon: Oxford, 1984; Vol. 6, p 813.

(29) Svenstrup, N.; Becher, J. Synthesis 1995, 215.

(30) Csuk, R.; Glanzer, B. I. Comprehensive Heterocyclic Chemistry;
Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds.; Pergamon:
Oxford, 1996; Vol. 3, p 607.

(31) Krespan, C. G.; England, D. C. J. Org. Chem. 1968, 33, 1850.

(32) Hartzler, H. D. J. Am. Chem. Soc. 1970, 92, 1412.

(33) Hartzler, H. D. J. Am. Chem. Soc. 1973, 95, 4379.

(34) Coffen, D. L. Tetrahedron Lett. 1970, 2633.

(35) Rice, J. E.; Okamoto, Y. J. Org. Chem. 1981, 46, 446.

(36) Rice, J. E.; Wojciechowski, P.; Okamoto, Y. Heterocycles 1982,
18, 191.

(37) Benitez, F. M.; Grunwell, J. M. J. Org. Chem. 1978, 43, 2917.

(38) (a) Nakayama, dJ. J. Chem. Soc., Chem. Commun. 1974, 166. (b)
Nakayama, J. Synthesis 1975, 38.

(39) Krebs, A.; Kimling, H. Angew. Chem., Int. Ed. Engl. 1971, 10,
509.

(40) Hartzler, H. D. J. Am. Chem. Soc. 1971, 93, 4961.



Highly Functionalized Tetrathiafulvalenes

(41) Melby, L. R.; Hartzler, H. D.; Sheppard, W. A. J. Org. Chem.
1974, 39, 2456.

(42) Pittman, C. U.; Narita, M.; Liang, Y. F. J. Org. Chem. 1976, 41,
2855.

(43) Pittman, C. U.; Narita, M. J. Chem. Soc., Chem. Commun. 1975,
960.

(44) Pittman, C. U.; Narita, M. J. Chem. Soc. Jpn. 1976, 49, 1996.

(45) (a) Sato, M.; Gonnella, N. C.; Cava, M. P. JJ. Org. Chem. 1979,
44, 930. (b) Lakshmikantham, M. V.; Cava, M. P. Heterocycles
1980, 14, 271. (¢) Kosaki, M.; Tanaka, S.; Yamashita, Y. J. Chem.
Soc., Chem. Commun. 1992, 1137. (d) Yamashita, Y.; Tanaka,
S.; Imaeda, K.; Inokuchi, H.; Sano, M. J. Org. Chem. 1992, 57,
5517. (e) Ohta, A.; Kobayashi, T.; Kato, H. J. Chem. Soc., Perkin
Trans. 1 1993, 905. (f) Kosaki, M.; Tanaka, S.; Yamashita, Y.
Chem. Lett. 1993, 533. (g) Kosaki, M.; Tanaka, S.; Yamashita,
Y. J. Org. Chem. 1994, 59, 442. (h) Nguyen, T. T.; Gouriou, Y.;
Sallé, M.; Frere, P.; Jubault, M.; Gorgues, A.; Toupet, L.; Riou,
A. Bull. Soc. Chim. Fr. 1996, 133, 301. (i) Bryce, M. R.; Chalton,
M. A.; Batsanov, A. S.; Lehmann, C. W.; Howard, J. A. K. J.
Chem. Soc., Perkin Trans. 2 1996, 2367. (j) Bryce, M. R.; Chalton,
M. A,; Chesney, A.; Catterick, D.; Yao, J. W.; Howard, J. A. K.
Tetrahedron 1998, 54, 3919. (k) Heuzé, K.; Purseigle, F.;
Dubreuil, D.; Pradere, J. P. Synth. Commun. 1998, 28, 301. (1)
Mohanakrishnan, A. K.; Lakshmikantham, M. V.; McDougal,
C.; Cava, M. P.; Baldwin, J. W.; Metzger, R. M. J. Org. Chem.
1998, 63, 3105. (m) Parry, P. R.; Bryce, M. R.; Tarbit, B. Org.
Biol. Chem. 2003, 1, 1447.

(46) Chesney, A.; Bryce, M. R.; Chalton, M. A.; Batsanov, A. B
Howard, J. A. K; Fabre, J.-M.; Binet, L.; Chakroune, S. J. Org.
Chem. 1996, 61, 28717.

(47) Morisson, V.; Mingotaud, C.; Agricole, B.; Sallé, M.; Gorgues,
A.; Garrigou-Lagrange, C. J. Mater. Chem. 1995, 5, 1617.

(48) (a) Aitken, R. A.; Ferguson, G.; Raut, S. V. J. Chem. Soc., Chem.
Commaun. 1991, 812. (b) Aitken, R. A.; Raut S. V.; Ferguson, G.
Tetrahedron 1992, 48, 8023.

(49) (a) Aitken, R. A.; Massil, T.; Raut, S. V. J. Chem. Soc., Chem.
Commaun. 1994, 2603. (b) Aitken, R. A.; Carcas, K.; Hill, L.;
Massil, T.; Raut, S. V. Tetrahedron 1997, 53, 2261.

(50) (a) Drozd, V. N.; Vyazgin, A. S. Zh. Org. Khim. 1983, 19, 2210.
(b) Drozd, V. N.; Vyazgin, A. S. Zh. Org. Khim. 1985, 21, 1335.

(51) Aitken, R. A; Hill, L.; Lightfoot, P. Tetrahedron Lett. 1997, 38,
7927.

(52) Aitken, R. A.; Hill, L.; Wilson, N. J. Tetrahedron Lett. 1999, 40,
1061.

(53) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. J. Am. Chem. Soc. 1978,
100, 3946.

(54) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. J. Chem. Soc., Chem.
Commaun. 1978, 573.

(55) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. Inorg. Chem. 1981,
20, 2486.

(56) Carty, A. J.; Dixneuf, P. H.; Gorgues, A.; Harstock, F.; Le Bozec,
H.; Taylor, N. J. Inorg. Chem. 1981, 20, 3929.

(57) Le Bozec, H.; Dixneuf, P. H. J. Chem. Soc., Chem. Commun.
1983, 1462.

(58) Ngounda, M.; Le Bozec, H.; Dixneuf, P. H. J. Org. Chem. 1982,
47, 4000.

(59) Moinet, C.; Le Bozec, H.; Dixneuf, P. H. Organometallics 1989,
8, 1494.

(60) Bianchini, C.; Meli, A. J. Chem. Soc., Chem. Commun. 1983,
1309.

(61) Easton, D. B. J.; Leaver, D. J. Chem. Soc., Chem. Commun. 1965,
585.

(62) O’Connor, B. R.; Jones, F. N. J. Org. Chem. 1970, 35, 2002.

(63) Jeppessen, J. O.; Thorup, N.; Becher, J. Chem. Soc., Perkin
Trans. 1 2000, 1467.

(64) (a) Lakshmikantham, M. V.; Cava, M. P.; Garito, A. F. J. Chem.
Soc., Chem. Commun. 1975, 383. (b) Lakshmikantham, M. V ;
Cava, M. P. J. Org. Chem. 1976, 41, 882.

(65) Lakshmikantham, M. V.; Cava, M. P. J. Org. Chem. 1980, 45,
2632.

(66) Lakshmikantham, M. V.; Cava, M. P. J. Org. Chem. 1976, 41,
879.

(67) (a) Nakayama, J.; Kimatan, A.; Taniguchi, H.; Takahashi, F. J.
Chem. Soc., Chem. Commun. 1996, 205. (b) Nakayama, J.;
Kimata, A.; Tanikuchi, H.; Takahashi, F. Bull. Chem. Soc. Jpn.
1996, 69, 2349.

(68) Behringer, H.; Wiedenmann, R. Tetrahedron Lett. 1965, 41, 3705.

(69) (a) Behringer, H.; Bender, D.; Falkenberg, J.; Wiedenmann, R.
Chem. Ber. 1968, 101, 1428. (b) Buchshriber, J. M.; McKinnon,
D. M.; Ahmed, M. Can. J. Chem. 1969, 47, 2039. (c) Ahmed, M.;
Buchshriber, D. J. M.; McKinnon, M. Can. J. Chem. 1970, 48,
1991.

(70) (a) Davy, H.; Demuynck, M.; Paquer, D.; Rouessac, A.; Vialle,
J. Bull. Soc. Chim. Fr. 1966, 1150. (b) Davy, H.; Demuynck, M.;
Paquer, D.; Rouessac, A.; Vialle, J. Bull. Soc. Chim. Fr. 1968,
2057.

(71) Davy, H.; Vialle, J. Bull. Soc. Chim. Fr. 1975, 1435.

(72) Davy, H.; Decrouen, J. M. Bull. Soc. Chim. Fr. 1976, 115.

(73) Paquer, D.; Pou, R. Bull. Soc. Chim. Fr. 1976, 120.

Chemical Reviews, 2004, Vol. 104, No. 11 5181

(74) McKinnon, D. M.; Buchshriber, J. M. Can. J. Chem. 1971, 49,
3299.

(75) (a) Steimecke, G.; Sieler, H. J.; Kirmse, R.; Hoyer, E. Phosphorus,
Sulfur Silicon 1979, 7, 49. (b) Neilands, O. Ya.; Balodis, K. A,;
Katsens, Ya. Ya.; Kreicberga, Ya. N.; Medne, R. S.; Paulins, L.
L.; Pukitis, G. G.; Khodorkovsky, V.; Edzina, A. S. Izv. Acad.
Nauk Latv. SSR, Ser. Khim. 1986, 1, 64; Chem. Abstr. 1986,
106, 11470). (c) Wang, C.; Batsanov, A. S.; Bryce, M. R. Synthesis
1998, 1615.

(76) Neilands, O. Ya.; Katsens, Ya. Ya.; Kreicberga, Ya. N. Zh. Org.
Khim. 1989, 25, 658.

(77) (a) Medne, R. S.; Katsens, Y. Y.; Krauspsha, I. L.; Neilands, O.
Ya. Khim. Get. Soedin. 1991, 1317. (b) Khodorkovsky, V.; Becker,
J.Y.; Bernstein, J. Synthesis 1992, 1071. (¢) Goldenberg, L. M.;
Khodorkovsky, V.; Becker, J. Y.; Lukes, P. L.; Bryce, M. R.; Petty,
M. C. Chem. Mater. 1994, 6, 1421. (d) Kotov, A. I.; Faulman, C.;
Cassoux, P.; Yagubskii, E. B. J. Org. Chem. 1994, 59, 2626.

(78) Yang, X.; Rauchfuss, T. B.; Wilson, S. R. J. Chem. Soc., Chem.
Commaun. 1990, 34.

(79) Yoneda, S.; Kawase, T.; Yasuda, Y.; Yoshida, Z. J. Org. Chem.
1979, 44, 1728 and references cited.

(80) Parg, R. P.; Kilburn, J. D.; Petty, M. C.; Pearson, C.; Ryan, T.
G. J. Mater. Chem. 1995, 5, 1609.

(81) Miiller, P.; Siegfried, B. Tetrahedron Lett. 1973, 14, 3965.

(82) Spencer, H. K.; Cava, M. P.; Garito, A. F. J. Chem. Soc., Chem.
Commun. 1976, 966.

(83) Garreau, B.; De Montauzon, D.; Cassoux, P.; Legros, J. P. New
J. Chem. 1995, 19, 161.

(84) McCullough, R. D.; Petruska, M. A.; Belot, J. A. Tetrahedron
1999, 55, 9979.

(85) Dautel, O. J.; Fourmigué, M. JJ. Org. Chem. 2000, 65, 6479.

(86) Rovira, C.; Ribera, E.; Veciana, J.; Laukhin, V. N.; Molins, E.;
Mata, I.; Kasanov, S. S.; Zorina, L. V.; Narymbetov, B. Zh.;
Shibaeva, R. P.; Wurst, K. Synth. Met. 1999, 103, 2224.

(87) Ribera, E.; Veciana, J.; Molins, E.; Mata, I.; Wurst, K.; Rovira,
C. Eur. J. Org. Chem. 2000, 2867.

(88) Mousdis, G. A.; Ducasse, L.; Fettouhi, M.; Ouahab, L.; Dupart,
E.; Garrigou-Lagrange, C.; Amiell, J.; Canet, R.; Delhaes, P.
Synth. Met. 1992, 48, 219.

(89) Blanchard, P.; Sallé, M.; Duguay, G.; Jubault, M.; Gorgues, A.
Tetrahedron Lett. 1992, 33, 2685.

(90) Garin, J.; Orduna, J.; Saviron, M.; Bryce, M. R.; Moore, A. J.;
Morisson, V. Tetrahedron 1996, 52, 11063.

(91) Fabre, J.-M.; Chakroune, S.; Javidan, A.; Calas, M.; Souizi, A.;
OQuahab, L. Synth. Met. 1996, 78, 89.

(92) (a) For a review on the analogues of TTF or TSeF developped
by this team, see: Yoshida, Z.; Sugimoto, T. Angew. Chem., Int.
Engl. Ed. 1988, 27, 1573. (b) Yoshida, Z.; Kawase, T.; Awaji,
H.; Sugimoto, I.; Sugimoto, T.; Yoneda, S. Tetrahedron Lett.
1983, 24, 3469. (c) Yoshida, Z.; Awaji, H.; Sugimoto, T. Tetra-
hedron Lett. 1984, 25, 4227.

(93) For a previous synthesis of 39, see also ref 74: (a) Yoshida, Z.;
Kawase, T.; Awaji, H.; Sugimoto, T. Tetrahedron Lett. 1983, 24,
3473. (b) Sugimoto, T.; Awaji, H.; Sugimoto, I.; Misaki, Y.;
Kawase, T.; Yoneda, S.; Yoshida, Z. Chem. Mater. 1989, 1, 535.
(¢) Misaki, Y.; Matsumura, Y.; Sugimoto, T.; Yoshida, Z. Tetra-
hedron Lett. 1989, 30, 5289. (d) Sugimoto, T.; Awaji, H.; Misaki,
Y.; Yoshida, Z. J. Am. Chem. Soc. 1985, 107, 5792.

(94) (a) Misaki, Y.; Matsui, T.; Kawakami, K.; Nishikawa, H.;
Yamabe, T.; Shiro, M. Chem. Lett. 1993, 1337. (b) Misaki, Y.;
Nishikawa, H.; Yamabe, T.; Mori, T.; Inokuchi, H.; Mori, H.;
Tanaka, S. Chem. Lett. 1998, 1341. (¢) Misaki, Y.; Nishikawa,
H.; Kawakami, K.; Yamabe, T.; Mori, T.; Inokuchi, H.; Mori, H.;
Tanaka, S. Chem. Lett. 1993, 2073.

(95) (a) Misaki, Y.; Nishikawa, H.; Kawakami, K.; Yamabe, T.;
Yamochi, H.; Saito, G. J. Chem. Soc., Chem. Commun. 1992,
1408. (b) Nishikawa, H.; Kawakami, K.; Fujiwara, H.; Uehara,
T.; Misaki, Y.; Yamabe, T.; Mori, T.; Shiro, M. Synth. Met. 1993,
55—57, 1983. (¢) Misaki, Y.; Kawakami, K.; Nishikawa, H.;
Fujiwara, H.; Yamabe, T.; Shiro, M. Chem. Lett. 1993, 445.

(96) (a) Misaki, Y.; Higuchi, N.; Fujiwara, H.; Yamabe, T.; Mori, T.;
Mori, H.; Tanaka, S. Angew. Chem., Int. Ed. Engl. 1995, 34,
1222. (b) Misaki, Y.; Ohta, T.; Higuchi, N.; Fujiwara, H.; Yamabe,
T.; Mori, T.; Mori, H.; Tanaka, S. JJ. Mater. Chem. 1995, 5, 1571.
(¢) Misaki, Y.; Higuchi, N.; Ohta, T.; Fujiwara, H.; Yamabe, T.;
Mori, T.; Mori, H.; Tanaka, S. Mol. Cryst. Lig. Cryst. 1996, 284,
27.

(97) Misaki, Y.; Fujiwara, H.; Yamabe, T.; Mori, T.; Mori, H.; Tanaka,
S. Chem. Commun. 1996, 363.

(98) Yamada, J.; Mishima, S.; Anzai, H.; Tamura, M.; Nishio, Y.;
Kajita, K.; Sato, T.; Nishikawa, H.; Kikuchi, K. Chem. Commun.
1996, 2517.

(99) (a) Elandaloussi, E.; Frére, P.; Benahmed-Gasmi, A.; Riou, A.;
Gorgues, A.; Roncali, J. J. Mater. Chem. 1996, 6, 1859. (b) Frere,
P.; Allain, M.; Elandaloussi, E.; Levillain, E.; Sauvage, F. X,;
Riou, A.; Roncali, J. Chem. Eur. J. 2002, 8, 784.

(100) (a) Neilands, O. Ya.; Valters, R. A.; Pukitis, G. G.; Tilika, V. Z.;
Edzhinha, A. S. Khim. Geterot. Soedin. 1992, 9, 1270. (b)



5182 Chemical Reviews, 2004, Vol. 104, No. 11

Neilands, O. Ya.; Valters, R. A.; Pukitis, G. G.; Tilika, V. Z;
Edzhinha, A. S. Chem. Heterocycl. Comp. 1992, 1079.

(101) Cahlberg, F.; Mason, E. A.; Holdsword, C. J. Chem. Soc. 1953,
12, 292.

(102) (a) Neilands, O. Ya.; Tilika, V. Z.; Edzhinha, A. S. Khim. Geterot.
Soedin. 1992, 8, 945. (b) Neilands, O.; Liepinsh, V.; Turovska,
B. Org. Lett. 1999, 1, 2065. (c) Balodis, K.; Khasanov, S.; Chong,
C.; Maesato, M.; Yamochi, H.; Saito, G. Neilands, O. Synth. Met.
2003, 133—134, 353.

(103) Heuzé, K.; Fourmigué, M.; Batail, P.; Canadell, E.; Auban-
Senzier, P. Chem. Eur. J. 1999, 5, 2971.

(104) Panetta, C. A.; Baghdadchi, J.; Metzger, R. M. Mol. Cryst. Liq.
Cryst. 1984, 107, 103.

(105) (a) Bryce, M. R.; Cooke, G.; Dhindsa, A. S.; Lorcy, D.; Moore, A.
dJ.; Petty, M. C.; Hursthouse, M. B.; Karaulov, A. 1. J. Chem.
Soc., Chem. Commaun. 1990, 970. (b) Shimada, K.; Oe, T. Chem.
Pharm. Bull. 1991, 39, 1897. (¢) Yip, C. M.; Ward, M. D.
Langmuir 1994, 10, 549.

(106) Heuzé, K.; Fourmigué, M.; Batail, P. J. Mater. Chem. 1999, 9,
2373.

(107) Baudron, S.; Batail, P.; Rovira, C.; Canadell, E.; Clérac, R. Chem.
Commun. 2003, 1820.

(108) Batsanov, A. S.; Bryce, M. R.; Heaton, J. N.; Moore, A. J.;
Skabara, P. J.; Howard, J. A. K,; Orti, E.; Viruela, P. M.; Viruela,
R. J. Mater. Chem. 1995, 5, 1689.

(109) Baudron, S.; Avarvari, N.; Batail, P.; Coulon, C.; Clérac, R.;
Canadell, E.; Auban-Senzier, P. J. Am. Chem. Soc. 2003, 125,
11583.

(110) Fourmigué, M.; Bertran, J. N. Chem Commun. 2000, 2111.

(111) (a) Ciganek, E.; Krespan, C. G. J. Org. Chem. 1968, 33, 541. (b)
For more recent preparations, see: Hopf, H.; Witulski, B. Modern
acetylene chemistry; Stang, P. J., Diederich, F., Eds.; VCH
Publishers Inc.: New York, 1995; p 33.

(112) (a) Mayer, R.; Gebhardt, B. Chem. Ber. 1964, 97, 1298. (b)
Klingsberg, E. J. Am. Chem. Soc. 1964, 86, 5290.

(113) Yoshida, Z.; Kawase, T.; Yoneda, S. Tetrahedron Lett. 1975, 331.

(114) (a) Miles, M. G.; Wilson, J. D.; Dahm, D. J.; Wagenknecht, J. H.
J. Chem. Soc., Chem. Commun. 1974, 751. (b) Miles, M. G.;
Wager, J. S.; Wilson J. D. JJ. Org. Chem. 1975, 40, 2577.

(115) Fox, M. A.; Pan, H. J. Org. Chem. 1994, 59, 6519.

(116) Becher, J.; Jeppesen, J. O.; Nielsen, K. Synth. Met. 2003, 133—
34, 309.

(117) Nozdryn, D.; Clemenceau, D.; Cousseau, dJ.; Morisson, V.;
Gorgues, A. Synth. Met. 1993, 55—57, 1768.

(118) Green, D. C. J. Org. Chem. 1979, 44, 1476.

(119) Garin, dJ.; Orduna, J.; Uriel, S.; Moore, A. J.; Bryce, M. R,;
Wegener, S.; Yufit, D. S.; Howard, J. A. K. Synthesis 1994, 489.

(120) (a) Sallé, M.; Gorgues, A.; Jubault, M.; Boubekeur, K.; Batail,
P. Tetrahedron 1992, 48, 3081. (b) Sallé, M.; Gorgues, A.; Fabre,
J.-M.; Bechgaard, K.; Jubault, M.; Texier, F. J. Chem. Soc.,
Chem. Commun. 1989, 1520. (c) Gorgues, A.; Sallé, M.; Fabre,
J.-M.; Bechgaard, K.; Jubault, M.; Texier, F. Synth. Met. 1990,
35, 65.

(121) (a) Blanchard, P.; Duguay, G.; Cousseau, dJ.; Sallé, M.; Jubault,
M.; Gorgues, A.; Boubekeur, K.; Batail, P. Synth. Met. 1993, 55—
57,2113. (b) Blanchard, P. Ph.D. Thesis, Universities of Nantes
and Angers, 1994. (¢) Sallé, M.; Gorgues, A.; Jubault, M.;
Gouriou, Y. Synth. Met. 1991, 41—43, 2575.

(122) Segura, J. L.; Priego, E. M.; Martin, N.; Luo, C.; Guldi, D. M.
Org. Lett. 2000, 2, 4021.

(123) Blanchard, P.; Boubekeur, K.; Sallé, M.; Duguay, G.; Jubault,
M.; Gorgues, A.; Martin, J. D.; Canadell, E.; Auban-Senzier, P.;
Jérome, D.; Batail, P. Adv. Mater. 1992, 4, 579.

(124) Dolbecq, A.; Guirauden, A.; Fourmigué, M.; Boubekeur, K
Batail, P.; Rohmer, M.-M.; Bénard, M.; Coulon, C.; Sallé, M.;
Blanchard, P. J. Chem. Soc., Dalton Trans 1999, 1241.

(125) Guillot, C.; Hudhomme, P.; Blanchard, P.; Gorgues, A.; Jubault,
M.; Duguay, G. Tetrahedron Lett. 1995, 36, 1645.

(126) Hsu, S. Y.; Chiang, L. Y. Synth. Met. 1988, 27, 651.

(127) Liu, S.-G; Cariou, M.; Gorgues, A. Tetrahedron Lett. 1998, 39,
8663.

(128) Andreu, R.; Garin, J.; Orduna, J.; Saviron, M.; Uriel, S. Synth.
Met. 1995, 70, 1113.

(129) Andreu, R.; Garin, J.; Orduna, J.; Saviron, M.; Cousseau, J.;
Gorgues, A.; Morisson, V.; Nozdryn, T.; Becher, J.; Clausen, R.
P.; Bryce, M. R.; Skabara, P. J.; Dehaen, W. Tetrahedron Lett.
1994, 35, 9243.

(130) Nozdryn, T.; Cousseau, dJ.; Gorgues, A.; Jubault, M.; Orduna,
dJ.; Uriel, S.; Garin, J. J. Chem. Soc., Perkin Trans 11993, 1711.

(131) (a) Takimiya, K.; Morikami, A.; Otsubo, T. Synlett 1997, 319.
(b) Clausen, R. P.; Becher, J. Tetrahedron 1996, 52, 3171.

(132) Sallé, M.; Hudhomme, P. Unpublished results.

(133) (a) Gorgues, A. Comptes rendus 1967, 265C, 1130. (b) Gorgues,
A. Bull. Soc. Chim. Fr. 1973, 1293.

(134) Gorgues, A. Org. Synth. 1973, 53, 187.

(1385) (a) Gorgues, A.; Levas, E. Comptes rendus 1968, 266C, 41. (b)
Gorgues, A.; Levas, E. Comptes rendus 1969, 268C, 1905. (c)
Gorgues, A. Ann. Chim. 1972, 211. (d) Gorgues, A. Ann. Chim.
1972, 373.

Gorgues et al.

(136) (a) Gorgues, A. Comptes rendus 1974, 278C, 287. (b) Gorgues,
A.; Le Coq, A. Bull. Soc. Chim. Fr. 1976, 125.

(137) Gorgues, A.; Le Coq, A. Tetrahedron Lett. 1976, 17, 4723.

(138) Gorgues, A.; Le Coq, A. Org. Synth. 1979, 59, 13.

(139) Gorgues, A.; Le Coq, A. J. Chem. Soc., Chem. Commun. 1979,
767.

(140) Gorgues, A.; Le Coq, A. Tetrahedron Lett. 1979, 20, 4825.

(141) Akué-Gédu, R.; Rigo, B. Tetrahedron Lett. 2004, 45, 1829.

(142) Gorgues, A.; Simon, A.; Le Coq, A.; Corre, F. Tetrahedron Lett.
1981, 22, 625.

(143) Gorgues, A.; Simon, A.; Le Coq, A.; Hercouet, A.; Corre, F.
Tetrahedron 1986, 42, 351.

(144) Gorgues, A.; Le Coq, A. Tetrahedron Lett. 1979, 20, 4829.

(145) (a) Gorgues, A.; Le Coq, A. Tetrahedron Lett. 1980, 21, 5007. (b)
Le Doussal, B.; Le Coq, A.; Gorgues, A.; Meyer, A. Tetrahedron
1983, 39, 2185. (c) Le Doussal, B.; Le Coq, A.; Gorgues, A.
Tetrahedron Lett. 1985, 26, 51. (d) Stéphan, D.; Gorgues, A.; Le
Coq, A. Tetrahedron Lett. 1986, 27, 21. (e) Stéphan, D.; Gorgues,
A.; Le Coq, A. Tetrahedron Lett. 1988, 29, 1025. (f) Haidoune,
M.; Giffard, M.; Mornet, R.; Gorgues, A. Tetrahedron Lett. 1989,
30, 3967. (g) Gorgues, A.; Stéphan, D.; Cousseau, J. JJ. Chem.
Soc., Chem. Commun. 1989, 1493. (h) Badri, M.; Majoral, J.-P.;
Caminade, A.-M.; Delmas, M.; Gaset, A.; Gorgues, A.; Jaud, J.
J. Am. Chem. Soc. 1990, 112, 5618. (i) Khanous, A.; Cousseau,
dJ.; Gorgues, A. Tetrahedron Lett. 1990, 49, 401. (j) Gorgues, A.
Janssen Chim. Acta, 1986, 4, 21.

(146) (a) Stéphan, D.; Gorgues, A.; Belyasmine, A.; Le Coq, A. JJ. Chem.
Soc., Chem. Commun. 1988, 263. (b) Gorgues, A.; Stéphan, D.;
Belyasmine, A.; Khanous, A.; Le Coq, A. Tetrahedron 1990, 46,
2817.

(147) (a) Meyer, A.; Gorgues, A.; Le Floc’h, Y.; Pineau, Y.; Guillevic,
J.; Le Marouille, J. Y. Tetrahedron Lett. 1981, 22, 5181. (b)
Meyer, A.; Bigorgne, M. Organometallics 1984, 3, 1112.

(148) Le Costumer, G.; Mollier, Y. J. Chem. Soc., Chem. Commun.
1980, 38.

(149) Alper, H.; Paik, H. N. J. Org. Chem. 1977, 42, 3522.

(150) Gorgues, A.; Batail, P.; Le Coq, A. J. Chem. Soc., Chem.
Commun. 1983, 405.

(151) Terkia-Derdra, N.; Andreu, R.; Sallé, M.; Levillain, E.; Orduna,
J.; Garin, J.; Orti, E.; Viruela, R.; Pou-Amérigo, R.; Sahraoui,
B.; Gorgues, A.; Favard, J.-F.; Riou, A. Chem. Eur. J. 2000, 6,
1199.

(152) Badri, M.; Majoral, J.-P.; Gonce, F.; Caminade, A. M.; Sallé, M.;
Gorgues, A. Tetrahedron Lett. 1990, 31, 6343.

(153) Siquot, Y.; Frere, P.; Nozdryn, T.; Cousseau, J.; Sallé, M.;
Jubault, M.; Orduna, J.; Garin, J.; Gorgues, A. Tetrahedron Lett.
1997, 38, 1919.

(154) Sallé, M.; Gorgues, A.; Jubault, M.; Boubekeur, K.; Batail, P;
Carlier, R. Bull. Soc. Chim. Fr. 1996, 133, 417.

(155) (a) Belyasmine, A.; Gorgues, A.; Jubault, M. Synth. Met. 1991,
41-43,2323. (b) Belyasmine, A.; Frere, P.; Gorgues, A.; Jubault,
M.; Duguay, G.; Hudhomme, P. Tetrahedron Lett. 1993, 34, 4005.

(156) Frere, P.; Belyasmine, A.; Gouriou, Y.; Jubault, M.; Gorgues,
A.; Duguay, G.; Wood, S.; Reynolds, D.; Bryce, M. R. Bull. Soc.
Chim. Fr. 1995, 132, 975.

(157) (a) Frere, P.; Gorgues, A.; Jubault, M.; Texier, F.; Cousseau, J.;
Duguay, G. Synth. Metals 1993, 55—57, 1803. (b) Frere, P.;
Belyasmine, A.; Gorgues, A.; Duguay, G.; Boubekeur, K.; Batail,
P. Tetrahedron Lett. 1993, 34, 4519.

(158) Leriche, P.; Gorgues, A.; Jubault, M.; Becher, J.; Orduna, J.;
Garin, J. Tetrahedron Lett. 1995, 36, 1275.

(159) (a) Skabara, P. J.; Serebryakov, I. M.; Perepichka, I. F.; Sariciftci,
N. S.; Neugebauer, H.; Cravino, A. Macromolecules 2001, 34,
2232. (b) Leriche, P.; Roquet, S.; Pillerel, N.; Mabon, G.; Frere,
P. Tetrahedron Lett. 2003, 44, 1623;

(160) Boivin, J.; Tailhan, C.; Zard, S. Z. Tetrahedron Lett. 1992, 33,
7853.

(161) (a) Boulle, C.; Hudhomme, P. Unpublished results. (b) Boulle,
C. Ph.D. Thesis, Universities of Angers and Saragosse, 1997.

(162) Ishikawa, Y.; Miyamoto, T.; Yoshida, A.; Kawada, Y.; Nakazaki,
J.; Izuoka, A.; Sugawara, T. Tetrahedron Lett. 1999, 40, 8819.

(163) (a) Lakshmikantham, M. V.; Jackson, Y. A.; Cava, M. P. J. Org.
Chem. 1988, 53, 3529. (b) Khodorkovsky, V. Y.; Veselova, L. N.;
Neilands O. Ya. Khim. Geterotsikl., Soedin 1990, 130. (¢c) Hansen,
T. K.; Lakshmikantham, M. V.; Cava, M. P.; Metzger, R. M.;
Becher, J. J. Org. Chem. 1991, 56, 2720. (d) Moore, A. J.; Bryce,
M. R.; Ando, D. J.; Hursthouse, M. B. J. Chem. Soc., Chem.
Commun. 1991, 320. (e) Benhamed-Gasmi, A.; Frere, P.; Roncali,
J.; Elandaloussi, E.; Orduna, J.; Garin, J.; Jubault M.; Gorgues,
A. Tetrahedron Lett. 1995, 36, 2983. (f) Lorcy, D.; Carlier, R.;
Robert, A.; Tallec, A.; Le Magueres, P.; Ouahab, L. J. Org. Chem.
1995, 60, 2443. (g) Bryce, M. R.; Moore, A. J.; Tanner, B. K,;
Whitehead, R.; Clegg, W.; Gerson, F.; Lamprecht, A.; Pfen-
ningerr, S. Chem. Mater. 1996, 8, 1182. (h) Leriche, P.; Belyas-
mine, A.; Sallé, M.; Frere, P.; Gorgues, A.; Riou, A.; Jubault,
M.; Orduna, J.; Garin, J. Tetrahedron Lett. 1996, 37, 8861. (i)
Moore, A. J.; Bryce, M. R.; Skabara, P. J.; Batsanov, A. S.;
Goldenberg, L. M.; Howard, J. A. K. J. Chem. Soc., Perkin Trans
11997, 3443. (j) Jackson, Y. A.; Parakka, J. P.; Lakshmikan-



Highly Functionalized Tetrathiafulvalenes

tham, M. V.; Cava, M. P. J. Org. Chem. 1997, 62, 2616. (k)
Hascoat, P.; Lorcy, D.; Robert, A.; Carlier, R.; Tallec, A
Boubekeur, K.; Batail, P. J. Org. Chem. 1997, 62, 6086. (1)
Yamashita, Y.; Tomura, M.; Zaman, M. B.; Imaeda, K. Chem.
Commun. 1998, 1657. (m) Imakubo, T.; Iijima, T.; Kobayashi,
K.; Kato, R. Synth. Met. 2001, 120, 899. (n) Lorcy, D.; Guerro,
M.; Pellon, P.; Carlier, R. Chem. Commun. 2004, 212.

(164) Nielsen, M. B.; Gisselbrecht, J. P.; Thorup, N.; Piotto, S. P.;
Boudon, C.; Gross, M. Tetrahedron Lett. 2003, 44, 6721.

(165) Markl, G.; Aschenbrenner, N.; Baur, A.; Rastofer, C.; Kreitmeir,
P. Helv. Chim. Acta 2003, 86, 2589.

(166) Moore, A. J.; Bryce, M. R.; Batsanov, A. S.; Green, A.; Howard,
J. A. K.; McKervey, M. A.; McGuigan, P.; Ledoux, I.; Orti, E.;
Viruela, R.; Viruela, P. M.; Tarbit, B. J. Mater. Chem. 1998, 8,
1173.

(167) (a) Rajagopal, D.; Lakshmikantham, M. V.; Cava M. P. Org. Lett.
2002, 4, 2581. (b) Amaresh, R. R.; Liu, D.; Konovalova, T.;
Lakshmikantham, M. V.; Cava, M. P.; Kispert, L. D. J. Org.
Chem. 2001, 66, 7757. (c) Bryce, M. R.; Coffin, M. A.; Skabara,
P. J.; Moore, A. J.; Batsanov, A. S.; Howard, J. A. K. Chem. Eur.
J. 2000, 6, 1955.

(168) Takahashi, K.; Nihira, T. Tetrahedron Lett. 1989, 30, 5903.

(169) Frank, W.; Gompper, R. Tetrahedron Lett. 1987, 28, 3083.

(170) See, for instance: (a) Yamashita, Y.; Kobayashi, Y.; Miyashi, T.
Angew. Chem., Int. Ed. Engl. 1989, 28, 1052. (b) Bryce, M. R.;
Moore, A. J.; Lorcy, D.; Dhindsa, A. S.; Robert, A. J. Chem. Soc.,
Chem. Commun. 1990, 470. (¢) Moore, A. J.; Bryce, M. R. J.
Chem. Soc., Perkin Trans I 1991, 157. (d) Martin, N.; Sanchez,
L.; Seoane, C.; Orti, E.; Viruela, P. M.; Viruela, R. JJ. Org. Chem.
1998, 63, 1268. (e) Batsanov, A. S.; Bryce, M. R.; Coffin, M. A,;
Green, A.; Hester, R. E.; Howard, J. A. K.; Lednev, 1. K.; Martin,
N.; Moore, A. J.; Moore, J. N.; Orti, E.; Sanchez, L.; Saviron,
M.; Viruela, P. M.; Viruela, R.; Ye, T. Q. Chem. Eur. J. 1998, 4,
2580. (f) Otero, M.; Herranz, M. A.; Seoane, C.; Martin, N.; Garin,
dJ.; Orduna, J.; Alcala, R.; Villacampa, B. Tetrahedron 2002, 58,
7463. (g) Diaz, M. C.; Illescas, B.; Martin, N. Tetrahedron Lett.
2003, 44, 945.

(171) Yamashita, Y.; Tomura, M.; Imaeda, K. Chem. Commun. 1996,
2021.

(172) Sallé, M.; Belyasmine, A.; Gorgues, A.; Jubault, M.; Soyer, N.
Tetrahedron Lett. 1991, 32, 2897.

(173) (a) Benhamed-Gasmi, A.; Frere, P.; Garrigues, B.; Gorgues, A.;
Jubault, M.; Carlier, R.; Texier, F. Tetrahedron Lett. 1992, 33,
6457. (b) Schéberl, U.; Salbeck, J.; Daub, J. Adv. Mater. 1992,
4, 41. (c) Hansen, T. K.; Lakshmikantham, M. V.; Cava, M. P.;
Niziurski-Mann, R. E.; Jensen, F.; Becher, J. J. Am. Chem. Soc.
1992, 114, 5035. (d) Takahashi, K.; Nihira, T.; Yoshifuji, M.;
Tomitani, K. Bull. Chem. Soc. Jpn. 1993, 66, 2330.

(174) Schumaker, R. R.; Rajeswari, S.; Joshi, M. V.; Cava, M. P;
Takassi, M. A.; Metzger, R. M. J. Am. Chem. Soc. 1989, 111,
308.

(175) Sallé, M.; Moore, A. J.; Bryce, M. R.; Jubault, M. Tetrahedron
Lett. 1993, 34, 7475.

(176) Gonzales, S.; Martin, N.; Sanchez, L.; Segura, J. L.; Seoane, C.;
Fonseca, 1.; Cano, F. H.; Sedo, J.; Vidal-Gancedo, J.; Rovira, C.
J. Org. Chem. 1999, 64, 3498.

(177) (a) Elandaloussi, E.; Frere, P.; Roncali, J.; Richomme, P.; Jubault,
M.; Gorgues, A. Adv. Mater. 1995, 7, 390. (b) Akoudad, S.; Frere,
P.; Mercier, N.; Roncali, J. J. Org. Chem. 1999, 64, 4267. (c)
Jestin, I.; Frere, P.; Levillain, E.; Roncali, J. Adv. Mater. 1999,
11, 134. (d) Brisset, H.; Le Moustarder, S.; Blanchard, P.; Illien,
B.; Riou, A.; Orduna, J.; Garin, J.; Roncali, J. J. Mater. Chem.
1997, 7, 2027. (e) Leriche, P.; Turbiez, M.; Monroche, V.; Frere,
P.; Blanchard, P.; Skabara, P. J.; Roncali, J. Tetrahedron Lett.
2003, 44, 649.

(178) Leriche, P.; Raimundo, J. M.; Turbiez, M.; Monroche, V.; Allain,
M.; Sauvage, F. X,; Roncali, J.; Frere, P.; Skabara, P. J. J. Mater.
Chem. 2003, 13, 1324.

(179) (a) Akiba, K.; Ishikawa, K.; Inamoto, N. Bull. Soc. Chem. Jpn.
1978, 51, 2674. (b) Ishikawa, K.; Akiba, K.; Inamoto, N.
Tetrahedron Lett. 1976, 17, 3695. (c) Akiba, K.; Ishikawa, K.;
Inamoto, N. Synthesis 1977, 7, 861.

(180) Cristau, H. J.; Darviche, F.; Toreilles, E.; Fabre, J. M. Tetrahe-
dron Lett. 1998, 39, 2103 and references therein.

(181) Llacay, J.; Mata, I.; Molins, E.; Veciana, J.; Rovira, C. Adv.
Mater. 1998, 3, 330.

(182) Hudhomme, P. Unpublished results.

(183) Rovira, C. Unpublished results (personal communication)

(184) (a) Khanous, A.; Gorgues, A.; Texier, F. Tetraherdon Lett. 1990,
31,7307. (b) Khanous, A.; Gorgues, A.; Jubault, M. Tetraherdon
Lett. 1990, 31, 7311.

(185) (a) Nielsen, M. B.; Moonen, N. N. P.; Boudon, C.; Gisselbrecht,
dJ. P.; Seiler, P.; Gross, M.; Diederich, F. Chem. Commun. 2001,
1848. (b) Nielsen, M. B.; Utesch, N. F.; Moonen, N. N. P.; Boudon,
C.; Gisselbrecht, J. P.; Concilio, S.; Piotto, S. P.; Seiler, P.;
Giinter, P.; Gross, M.; Diederich, F. Chem. Eur. J. 2002, 8, 3601.

(186) (a) Otsubo, T.; Kochi, Y.; Bitoh, A.; Ogura, F. Chem. Lett. 1994,
2407. (b) Iyoda, M.; Hasegawa, M.; Takano, J. I.; Hara, K;
Kuwatani, Y. Chem. Lett. 2002, 590.

Chemical Reviews, 2004, Vol. 104, No. 11 5183

(187) Shimizu, T.; Koizumi, T. A.; Yamaguchi, I.; Osakada, K,;
Yamamoto, T. Synthesis 1998, 259.

(188) Solooki, D.; Parker, T. C.; Khan, S. I.; Rubin, I. Terahedron. Lett.
1998, 39, 1327.

(189) (a) Yamamoto, T.; Shimizu, T. JJ. Mater. Chem. 1997, 7, 1967.
(b) Shimizu, T.; Yamamoto, T. Chem. Commun. 1999, 515.

(190) Sallé, M.; Jubault, M.; Gorgues, A.; Boubekeur, K.; Fourmigué,
M.; Batail, P.; Canadell, E. Chem. Mater. 1993, 5, 1196.

(191) Frere, P.; Boubekeur, K.; Jubault, M.; Batail, P.; Gorgues, A.
Eur. J. Org. Chem. 2001, 3741.

(192) Carlier, R.; Frere, P.; Sallé, M.; Jubault, M.; Tallec, A.; Gorgues,
A. Adv. Mater. 1993, 5, 445.

(193) For a review on electrocrystallization, see: Batail, P.; Boubekeur,
K.; Fourmigué, M.; Gabriel, J.-C. P. Chem. Mater. 1998, 10, 3005.

(194) (a) Benahmed-Gasmi, A. S.; Frere, P.; Belyasmine, A.; Malik,
K. M. A.; Hursthouse, M. B.; Moore, A. J.; Bryce, M. R.; Jubault,
M.; Gorgues, A. Tetrahedron Lett. 1993, 34, 2131. (b) Méziere,
C.; Sallé, M.; Fourmigué, M. Acta Crystallogr. 1998, C54, 2005.

(195) Frere, P.; Gorgues, A.; Jubault, M.; Riou, A.; Gouriou, Y.; Roncali,
J. Tetrahedron Lett. 1994, 35, 1991.

(196) Timoshenko, V. M.; Bouillon, J.-P.; Chernega, A. N.; Shermalov-
ich, Y. G.; Portella, C. Chem. Eur. J. 2003, 9, 4324.

(197) Leriche, P.; Belyasmine, A.; Sallé, M.; Gorgues, A.; Jubault, M.;
Orduna, J.; Garin, J. Tetrahedron Lett. 1997, 38, 1399.

(198) Gautier, N.; Gallego-Planas, N.; Mercier, N.; Levillain, E.;
Hudhomme, P. Org. Lett. 2002, 4, 961.

(199) Hudhomme, P.; Le Moustarder, S.; Durand, C.; Gallego-Planas,
N.; Mercier, N.; Blanchard, P.; Levillain, E.; Allain, M.; Gorgues,
A.; Riou, A. Chem. Eur. J. 2001, 7, 5070.

(200) (a) Yamashita, Y.; Suzuki, T.; Miyashi, T. Chem. Lett. 1989, 1607.
(b) Saito, K.; Sugiura, C.; Tanimoto, E.; Saito, K.; Yamashita,
Y. Heterocycles 1994, 38, 2153.

(201) Boulle, C.; Desmars, O.; Gautier, N.; Hudhomme, P.; Cariou,
M.; Gorgues, A. Chem. Commun. 1998, 2197.

(202) Gorgues, A.; Sallé, M.; Hudhomme, P.; Leriche, P.; Boulle, C.;
Durand, C.; Le Derf, F.; Cariou, M.; Jubault, M.; Blanchard, P.
Supramolecular Engineering of Synthetic Metallic Materials;
Veciana, J., et al., Eds.; Kluwer Academic Publishers: New York,
1999; p 451.

(203) Xu, W.; Zhang, D.; Zhang, B.; Zhu, D.; Fan, L.; Jin, X. Synth.
Met. 2001, 123, 245.

(204) Gautier, N.; Cariou, M.; Gorgues, A.; Hudhomme, P. Tetrahedron
Lett. 2000, 41, 2091.

(205) Skabara, P. J.; Miillen, K. Synth. Met. 1997, 84, 345.

(206) Durand, C.; Hudhomme, P.; Duguay, G.; Jubault, M.; Gorgues,
A. Chem. Commun. 1998, 361.

(207) Hudhomme, P.; Liu, S.-G.; Kreher, D.; Cariou, M.; Gorgues, A.
Tetrahedron Lett. 1999, 40, 2927.

(208) Gautier, N.; Samuel, R.; Sahin, Y.; Levillain, E.; Leroy-Lhez, S.;
Hudhomme, P. Org. Lett. 2004, 6, 1569.

(209) Jeppesen, J. O.; Becher, J. Eur. J. Org. Chem. 2003, 3245.

(210) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley,
R. E. Nature 1985, 318, 162.

(211) Echegoyen, L.; Echegoyen, L. E. Acc. Chem. Res. 1998, 31, 593.

(212) (a) Foote, C. S. Photophysical and Photochemical Properties of
Fullerenes. In Topics in Current Chemistry; Matty, J., Ed.;
Springer-Verlag: Berlin, 1994; Vol. 169, p 347. (b) Sun, Y.-P.
Photophysics and Photochemistry of Fullerene Materials. In
Molecular and Supermolecular Photochemistry; Ramamurthy,
V., Schanze, K. S., Eds.; Marcel Dekker: New York, 1997;
Chapter 9, p 325. (¢) Guldi, D. M.; Kamat, R. V. In Fullerenes,
Chemistry, Physics, and Technology; Kadish, K. M., Ruoff, R.
S., Eds.; Wiley Interscience: New York, 2000; Chapter 5, p 225.

(213) (a) Sariciftei, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, F. Science
1992, 258, 1474. (b) Sariciftci, N. S.; Braun, D.; Zhang, C,;
Srdanov, V. I.; Heeger, A. J.; Stucky, G.; Wudl, F. Appl. Phys.
Lett. 1993, 62, 585. (¢) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl,
F.; Heeger, A. J. Science 1995, 270, 1789. (d) Brabec, C. J.;
Sariciftei, N. S.; Hummelen, J.-C. Adv. Funct. Mater. 2001, 11,
15. (e) Shaheen, S. E.; Brabec, C. J.; Sariciftci, N. S.; Padinger,
F.; Fromherz, T.; Hummelen, J.-C. Appl. Phys. Lett. 2001, 78,
841. (f) Wudl, F. J. Mater. Chem. 2002, 12, 1959.

(214) For reviews on Cgo-based donor—acceptor assemblies, see: (a)
Imahori, H.; Sakata, Y. Adv. Mater. 1997, 9, 537. (b) Martin,
N.; Sanchez, L.; Illescas, B.; Pérez, I. Chem. Rev. 1998, 98, 2527.

(215) (a) Imahori, H.; Sakata, Y. Eur. J. Org. Chem. 1999, 445, 5. (b)
Guldi, D. M. Chem. Commun. 2000, 321. (¢) Guldi, D. M.; Prato,
M. Acc. Chem. Res. 2000, 33, 695. (d) Guldi, D. M.; Maggini, M.;
Martin, N.; Prato, M. Carbon 2000, 38, 1615. (e) Yamazaki, M.;
Araki, Y.; Fujitsuka, M.; Ito, O. J. Phys. Chem. A 2001, 105,
8615.

(216) (a) Launay, J.-P. Molecular Electronics, In Granular Nanoelec-
tronics; Ferry, D. K., Eds.; New York, 1995. (b) Introduction to
molecular electronics; Petty, M. C., Bryce, M. R., Bloor, D., Eds.;
Oxford University Press: New York, 1995.

(217) (a) Nierengarten, J.-F.; Eckert, J.-F.; Nicoud, J.-F.; Ouali, L.;
Krasnikov, V.; Hadziioannou, G. Chem. Commun. 1999, 617. (b)
Eckert, J.-F.; Nicoud, J.-F.; Nierengarten, J.-F.; Liu, S.-G.;



5184 Chemical Reviews, 2004, Vol. 104, No. 11

Echegoyen, L.; Barigelletti, F.; Armaroli, N.; Ouali, L.; Krasni-
kov, V.; Hadziioannou, G. JJ. Am. Chem. Soc. 2000, 122, 7467.

(218) Martin, N.; Sanchez, L.; Herranz, M. A.; Guldi, D. M. J. Phys.
Chem. A 2000, 104, 4648.

(219) (a) Martin, N.; Sanchez, L.; Guldi, D. M. Chem. Commun. 2000,
113. (b) Martin, N.; Sanchez, L.; Illescas, B.; Gonzilez, S.;
Herranz, M. A.; Guldi, D. M. Carbon 2000, 38, 1577.

(220) Kreher, D.; Cariou, M.; Liu, S.-G.; Levillain, E.; Veciana, J.;
Rovira, C.; Gorgues, A.; Hudhomme, P. J. Mater. Chem. 2002,
12, 2137.

(221) Prato, M.; Maggini, M. Acc. Chem. Res. 1998, 31, 519.

(222) (a) Prato, M.; Maggini, M.; Giacometti, C.; Scorrano, G.; Sandona,
G.; Farina, G. Tetrahedron 1996, 52, 5221. (b) Martin, N.;
Sanchez, L.; Seoane, C.; Andreu, R.; Garin, J.; Orduna, J.
Tetrahedron Lett. 1996, 37, 5979.

(223) Simonsen, K. B.; Konovalov, V. V.; Konovalova, T. A.; Kawai,
T.; Cava, M. P.; Kispert, L. D.; Metzger, R. M.; Becher, J. J.
Chem. Soc., Perkin Trans 2 1999, 657.

(224) Guldi, D. M.; Gonzélez, S.; Martin, N.; Antén, A.; Garin, J.;
Orduna, dJ. J. Org. Chem. 2000, 65, 1978.

(225) Ravaine, S.; Delhaes, P.; Leriche, P.; Sallé, M. Synth. Met. 1997,
87, 93.

(226) (a) Allard, E.; Delaunay, J.; Cheng, F.; Cousseau, J.; Orduna,
dJ.; Garin, J. Org. Lett. 2001, 22, 3503. (b) Allard, E.; Cheng, F.;
Chopin, S.; Delaunay, J.; Rondeau, D.; Cousseau, J. New J.
Chem. 2003, 27, 188.

(227) (a) Williams, R. M.; Zwier, J. M.; Verhoeven, W. J. Am. Chem.
Soc. 1995, 117, 4093. (b) Lawson, J. M.; Oliver, A. M.; Rothen-
fluh, D. F.; An, Y.-Z.; Ellis, G. A.; Ranasinghe, M. G.; Khan, S.
I; Franz, A. G.; Ganapathi, P. S.; Shepard, M. J.; Paddon-Row,
M. N.; Rubin, Y. J. Org. Chem. 1996, 61, 5032. (c) Williams, R.
M.; Koeberg, M.; Lawson, J. M.; An, Y.-Z.; Rubin, Y.; Paddon-
Row, M. N.; Verhoeven, J. W. J. Org. Chem. 1996, 61, 5055.

(228) (a) Boulle, C.; Cariou, M.; Bainville, M.; Gorgues, A.; Hudhomme,
P.; Orduna, J.; Garin, J. Tetrahedron Lett. 1997, 38, 81. (b)
Hudhomme, P.; Boulle, C.; Rabreau, J.-M.; Cariou, M.; Jubault,
M.; Gorgues, A. Synth. Met. 1998, 94, 73.

(229) (a) Llacay, J.; Mas, M.; Molins, E.; Veciana, J.; Powell, D.; Rovira,
C. Chem. Commun. 1997, 659. (b) Llacay, J.; Veciana, J.; Vidal-
Gancedo, J.; Bourdelande, J.-L.; Gonzalez-Moreno, R.; Rovira,
C. J. Org. Chem. 1998, 63, 5201.

(230) (a) Mas-Torrent, M.; Pons, M.; Molins, M. A.; Veciana, J.; Rovira,
C. Synth. Met. 2001, 123, 523. (b) Mas-Torrent, M.; Rodriguez-
Mias, R. A.; Sola, M.; Molins, M. A.; Pons, M.; Vidal-Gancedo,
dJ.; Veciana, J.; Rovira, C. JJ. Org. Chem. 2002, 67, 566.

(231) Kreher, D.; Liu, S.-G.; Cariou, M.; Hudhomme, P.; Gorgues, A.;
Mas, M.; Veciana, J.; Rovira, C. Tetrahedron Lett. 2001, 42, 3447.

(232) Boulle, C.; Rabreau, J.-M.; Hudhomme, P.; Cariou, M.; Jubault,
M.; Gorgues, A.; Orduna J.; Garin, J. Tetrahedron Lett. 1997,
38, 3909.

(233) Liu, S.-G.; Echegoyen, L. Eur. J. Org. Chem. 2000, 1157.

(234) Herranz, M. A.; Martin, N. Org. Lett. 1999, 1, 2005.

(235) Liu, S.-G.; Kreher, D.; Hudhomme, P.; Levillain, E.; Cariou, M.;
Delaunay, J.; Gorgues, A.; Vidal-Gancedo, J.; Veciana, J.; Rovira,
C. Tetrahedron Lett. 2001, 42, 37117.

(236) Kreher, K.; Hudhomme, P.; Gorgues, A.; Luo, H.; Araki, Y.; Ito,
O. Phys. Chem. Chem. Phys. 2003, 5, 4583.

(237) (a) Rovira, C.; Veciana, J.; Santald, N.; Tarrés, J.; Cirujeda, J.;
Molins, E.; Llorca, J.; Espinosa, E. JJ. Org. Chem. 1994, 59, 3307.
(b) Novoa, J. J.; Rovira, M. C.; Rovira, C.; Veciana, J.; Tarrés, J.
Adv. Mater. 1995, 7, 233. (¢) Ojima, E.; Fujiwara, H.; Kobayashi,
H. Adv. Mater. 1999, 11, 758.

(238) (a) Beno, M. A.; Wang, H. H.; Kini, A. M.; Carlson, K. D.; Geiser,
U.; Kwok, W. K.; Thompson, J. E.; Williams, J. M.; Ren, J;
Whangbo, M. H. Inorg. Chem. 1990, 29, 1599. (b) Kahlich, S.;

Gorgues et al.

Scheitzer, D.; Heinen, I.; Lan, S. E.; Nuber, B.; Keller, H. J.;
Winzer, K.; Helberg, H. W. Solid State Comm. 1991, 80, 191.

(239) Hsu, S.-Y.; Chiang, L. Y. Synth. Met. 1988, 27, B651.

(240) Skabara, P. J.; Roberts, D. M.; Serebryakov, I. M.; Pozo-Gonzalo,
C. Chem. Commun. 2000, 1005.

(241) Hudhomme, P.; Blanchard, P.; Sallé, M.; Le Moustarder, S.; Riou,
A.; Jubault, M.; Gorgues, A.; Duguay, G. Angew. Chem., Int. Ed.
Engl. 1997, 36, 878.

(242) Liu, S. G.; Echegoyen, L. Chem. Commun. 1999, 1493.

(243) Le Moustarder, S.; Mercier, N.; Hudhomme, P.; Gorgues A.; Riou,
A. Synth. Met. 1999, 102, 1671.

(244) Le Moustarder, S.; Hudhomme, P.; Durand, C.; Mercier, N.;
Azcondo, M. T.; Delhaes, P.; Riou, A.; Gorgues, A. J. Mater.
Chem. 2000, 10, 617.

(245) Mas-Torrent, M.; Durkut, M.; Hadley, P.; Ribas, X.; Rovira, C.
J. Am. Chem. Soc. 2004, 126, 984.

(246) For reviews on this topic, see: (a) Day, P.; Kurmoo, M. J. Mater.
Chem. 1997, 8, 1291. (b) Coronado, E.; Gémez-Garcia, C. J.
Chem. Rev. 1998, 98, 273. (¢) Ouahab, L. Coord. Chem. Rev.
1998, 180, 1501. (d) Rovira, C. Chem. Eur. J. 2000, 6, 1723.

(247) For a review, see: Garin, J.; Orduna, J.; Andreu, R. Recent Res.
Dev. Org. Synth. 2001, 5, 77.

(248) For other recent articles on this topic, see: (a) De Lucas, A. L;
Martin, N.; Sanchez, L.; Seoane, C.; Andreu, R.; Garin, J.;
Orduna, J.; Alcal4, R.; Villacampa, B. Tetrahedron 1998, 54,
4655. (b) Gonzales, M.; Martin, N.; Segura, J. L.; Seoane, C.;
Garin, J.; Orduna, J.; Alcald, R.; Sanchez, C.; Villacampa, B.
Tetrahedron Lett. 1999, 40, 8599. (c) Gonzales, M.; Martin, N.;
Segura, J. L.; Seoane, C.; Garin, J.; Orduna, J.; Alcald, R.;
Sanchez, C.; Villacampa, B. Tetrahedron Lett. 1999, 40, 8599.
(d) Gonzales, M.; Segura, J. L.; Seoane, C.; Martin, N.; Garin,
J.; Orduna, J.; Alcala, R.; Villacampa, B.; Hernandez, V.
Navarrete, J. T. L. J. Org. Chem. 2001, 66, 8872. (e) Bryce, M.
R.; Green, A.; Moore, A. J.; Perepichka, D. F.; Batsanov, A. S.;
Howard, J. A. K.; Ledoux-Rak, I.; Gonzales, M.; Martin, N.;
Segura, J. L.; Garin, J.; Orduna, J.; Alcald, R.; Villacampa, B.
Eur. J. Org. Chem. 2001, 10, 1927. (f) Andreu, R.; Garin, J;
Orduna, J.; Aswell, G. J.; Amiri, M. A.; Hamilton, R. Thin Solids
Films 2002, 408, 236.

(249) See, for example: (a) Hansen, T. K.; Jogrgensen, T.; Stein, P. C.;
Becher, J. J. Org. Chem. 1992, 57, 6403. (b) Dieing, R.; Morisson,
V.; Moore, A. J.; Goldenberg, L. M.; Bryce, M. R.; Raoul, J. M.;
Petty, M. C.; Garin, J.; Saviron, M.; Lednev, I. K.; Hester, R. E.;
Moore, J. N. J. Chem. Soc., Perkin Trans. 2 1996, 1587. (c) Le
Derf, F.; Mazari, M.; Mercier, N.; Levillain, E.; Richomme, P.;
Becher, J.; Garin, J.; Orduna, J.; Gorgues, A.; Sallé, M. Chem.
Commun. 1999, 1417. (d) Liu, S.; Liu, H.; Bandyopadhyay, K.;
Gao, Z.; Echegoyen, L. JJ. Org. Chem. 2000, 65, 3292. (e) Le Derf,
F.; Mazari, M.; Mercier, N.; Levillain, E.; Riou, A.; Richomme,
P.; Becher, J.; Garin, J.; Orduna, J.; Gorgues, A.; Sallé, M. Chem.
Eur. J. 2001, 7, 447. (f) Le Derf, F.; Levillain, E.; Trippé, G.;
Gorgues, A.; Sallé, M.; Sebastian, R. M.; Caminade, A. M.;
Majoral, J. P. Angew. Chem., Int. Ed. Engl. 2001, 40, 224. (g)
Trippé, G.; Levillain, E.; Le Derf, F.; Gorgues, A.; Sallé, M.;
Jeppesen, J. O.; Nielsen, K.; Becher, J. Org. Lett. 2002, 4, 2461.
(h) Trippé, G.; Ocafrain, M.; Besbes, M.; Monroche, V.; Lyskawa,
dJ.; Le Derf, F.; Sallé, M.; Becher, J.; Colonna, B.; Echegoyen, L.
New J. Chem. 2002, 26, 1320. (i) Trippé, G.; Le Derf, F.; Mazari,
M.; Mercier, N.; Guilet, D.; Richomme, P.; Gorgues, A.; Becher,
J.; Sallé, M.; C. R. Chimie 2003, 6, 573.

(250) (a) Murphy, J. A. Pure Appl. Chem. 2000, 72, 1327 and references
cited. (b) Bashir, N.; Murphy, J. A. Chem. Commun. 2000, 627.

CR0306485



