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We have synthesised new conjugated donor-π-acceptor (D-
π-A) chromophores 7, 9, and 12−15 in which monosubstituted
tetrathiafulvalene (TTF) and trimethyl-TTF units are the
donor moieties, connected by ethylenic bridges to electron-
deficient benzene derivatives as the acceptor moieties. These
compounds display a broad intramolecular charge transfer
(ICT) band in their solution UV/Vis spectra at λmax = ca.

Introduction

Organic molecules which contain electron donor (D) and
electron acceptor (A) units linked by a π-conjugated
bridging group (D-π-A systems) are currently of interest as
second order nonlinear optical (NLO) materials, the study
of which is important for the development of high perform-
ance electrooptic switching elements for telecommunica-
tions and optical information processing.[1] It has become
apparent that in this field organic materials offer many ad-
vantages over traditional inorganic crystals, such as lithium
niobate, as the organics are cheaper to produce, easier to
fabricate and compatible with existing semiconductor tech-
nology. Moreover, the versatility of organic synthesis should
enable NLO properties to be fine-tuned for desired applica-
tions.

In this context, many asymmetric organic D-π-A systems
have been synthesised.[2] Nonlinearity/molecular structure
relationships have emerged: the first hyperpolarisability
and, hence, the second order NLO response is related to an
electronic intramolecular charge transfer (ICT) excitation
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500 nm. The second order nonlinear optical (NLO) properties
of these derivatives have been studied using the EFISH tech-
nique and calculated by semiempirical and ab initio theoret-
ical methods. The effect of methyl substituents in the TTF
moiety and the nature of the conjugated bridge are discus-
sed. Analysis of the bond lengths obtained by an X-ray dif-
fraction study of compound 9 reveal ICT in the solid state.

between the ground and excited states of the molecule. The
donor and acceptor strengths of the chromophores, and the
extent of conjugation between them, are important factors
in determining this response.[1,3]

Tetrathiafulvalene (TTF) is a famous π-electron donor in
the field of organic metals;[4] one representative derivative
is TTF-TCNQ (TCNQ 5 7,7,8,8-tetracyano-p-quinodime-
thane),[5] in which the delocalised electrons responsible for
conduction originate from intermolecular charge transfer
from TTF to the acceptor species. It is remarkable, there-
fore, that TTF has only recently been studied as a donor
moiety in intramolecular charge transfer systems.[6] This
has been partly due to the synthetic challenge of obtaining
unsymmetrically functionalised TTF derivatives. The recent
efficient synthesis of TTF[7] and the development of
lithiation/electrophilic substitution methodology[8] have
overcome these problems.

The first NLO data for a TTF derivative were briefly re-
ported recently by Andreu et al.[9] Measurements on com-
pound 1 in dioxane, using the EFISH technique at 1.38 µm,
gave a µβ value of 8565 ·10248, with µ 5 4.8 D and β 5
18·10230 esu. Since then, other stronger electron acceptor
units have been attached covalently to the TTF fragment
through different conjugated bridges,[10] and values as high
as µβ5 1350·10248 esu (1.907 µm, CH2Cl2) have recently
been reported.[11] These TTF-π-A systems (224) show the
presence of an intramolecular charge transfer (ICT) band
from the HOMO, which is localised on the TTF unit, to
the LUMO, which spreads over the acceptor moiety. Inter-
estingly, although the wavelength of the CT band decreases
with increasing spacer conjugation length, the µβ values in-
crease. To interpret these findings, it is of interest to study
novel TTF-π-A systems endowed with moderate electron
acceptor units. Therefore, we now report our studies on the
synthesis, ICT and NLO properties of new TTF-π-A sys-
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tems, in which electron-deficient aromatic groups act as the
electron acceptor moieties.

Results and Discussion

The synthesis of TTF-π-A derivatives 7a2c was achieved
by treatment of TTF-4-carboxaldehyde 5[12] with the Wittig
reagents 6a2c in the presence of triethylamine (Scheme 1).
The products 7a2c were formed as mixtures of (E) and (Z)
isomers when the reaction was conducted at room temper-
ature (1H NMR evidence). Refluxing the product mixtures
in benzene, however, gave the pure (E) isomers, which were
isolated in 67280% yields.

Scheme 1. Synthesis of compounds 7a2c

To explore the effect of increasing donor ability in the
TTF unit, trimethyl-TTF derivative 8[13] was employed in a
similar reaction with the ylide generated from 6a, affording
compound 9 in 62% yield (Scheme 2). Like previous trime-
thyl-TTF derivatives,[13] compound 9 decomposed on silica
gel; purification was, therefore, performed on neutral alu-
mina with acid-free solvents.

Scheme 2. Synthesis of compound 9

To extend the length of the conjugated link between the
D and A units, compounds 1,[12] 10,[14] and 11[13] were sim-
ilarly converted into compounds 12, 13, and 14a/14b, in 87,
52, and 29% yields, respectively (Scheme 3). In this series,
compound 14b is the only example of a pure (Z) alkene
product being isolated. Imine analogues 15a2c were pre-
pared in moderate yields (42256%) by treatment of the re-
spective formyltetrathiafulvalene (5, 1, and 10, respectively)
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with p-nitroaniline in dichloromethane (Scheme 4). Com-
pounds 15a2c undergo hydrolysis of the imino group dur-
ing isolation on silica gel, resulting to some extent in the
aldehyde and p-nitroaniline. This hydrolysis became more
significant with increasing numbers of vinyl groups in the
π-conjugated spacer, thus complicating the isolation and
purification of compound 15b and 15c.

Scheme 3. Synthesis of compounds 12, 13, 14a, and 14b

Scheme 4. Synthesis of compounds 15a2c

The structures of the new compounds were established
by analytical and spectroscopic data. The 1H NMR spectra
of the TTF-π-acceptor molecules showed, in addition to the
TTF protons observed as singlets at δ ca. 7.0 and 6.7, the
aromatic protons as two doublets (AA9XX9 system) at δ ca.
8.2 and 7.7 (J ca. 9 Hz). The vinyl protons (δ ca. 7.526.2)
of the bridge were observed with different multiplicities, de-
pending upon their position on the spacer chain. The coup-
ling constants observed (J ca. 15 Hz) clearly indicate the
all-E configuration (except 14b, J 5 9 Hz).

Cyclic voltammetric data for the new TTF derivatives
7a2c showed small positive shifts, compared to unsubsti-
tuted TTF measured under the same conditions (Table 1),
consistent with a slight increase in oxidation potential due
to the conjugated aryl group. However, this was not the case
when conjugation was extended further, as demonstrated by
derivative 12, for which the redox potentials were the same
as TTF, within experimental error (6 10 mV). Trimethyl-
TTF exhibits a stronger electron-donor character than the
parent TTF, due to the presence of the three methyl
groups.[13] It is striking that trimethyl-TTF derivatives 9 and
14a are considerably harder to oxidise relative to trimethyl-
TTF (∆E1

1/2 5 70280 mV, ∆E2
1/2 5 40250 mV) than com-

pound 7a is relative to TTF (∆E1
1/2 5 20 mV, ∆E2

1/2 5 0
mV). This finding suggests that there is an increased degree
of ICT in compounds 9 and 14a. (A similar trend with
smaller ∆E is seen for 14b.)
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Table 1. UV/Vis spectrophotometric and cyclic voltammetric data

Compound λmax/nm E1
1/2 /V[b] E2

1/2/V[b]

(ε/mol21Lcm21)[a]

7a 499 (3500) 0.45 0.77
7b 467 (4600) 0.45 0.81
7c 457 (3700) 0.45 0.81
9 516 (7500) 0.37 0.74

12 501 (4700) 0.42 0.78
13 506 (10200) 0.41 0.75

14a 513 (11800) 0.36 0.73
14b 499 (5400) 0.35 0.71
15a 522[c] 2[c] 2[c]

TTF 2 0.43 0.77
TriMe-TTF 2 0.29 0.69

[a] Data obtained in CH2Cl2 at 20 °C. 2 [b] Conditions are given in
the Experimental Section. 2 [c] Not determined due to extensive de-
composition.

The lowest energy absorption bands in the electronic
spectra are given in Table 1. It is evident that, within the
series of compounds 7a2c, the p-NO2-C6H4 group acts as
the strongest acceptor, giving rise to the lowest energy ICT
band. Increasing the donor strength of the TTF moiety by
trimethyl substitution (compound 9) predictably shifts the
ICT band to lower energy (cf. compounds 7a and 9). It is
notable that the ICT band for 12 and 13 remains nearly
unaltered in comparison to 7a. This behaviour is interme-
diate between that of compounds 224[10] and that observed
for aldehydes 5, 1, and 10 (495 nm, 510 nm and 517 nm in
CHCl3, respectively). A comparison of 14a and 14b shows
that the (E,E) structure of the former facilitates the ICT
process: the lowest energy absorption for 14b is blue-shifted
by 14 nm and the extinction coefficient is halved, relative
to 14a.

Negative solvatochromism was observed for the com-
pounds 7a, 9, and 14a (Table 2). However, this trend is
not followed in dipolar aprotic solvents (DMSO and
HCONH2).

Table 2. The maxima of ICT bands of compounds 7b, 9, 14a in
different solvents

Solvent ε[a] 7b 9 14a
λICT/nm

n-Heptane 1.9 499 520 526
Toluene 2.4 507 523

THF 7.4 501 509
CH2Cl2 9.1 501 518 513
Acetone 20.7 492 497
MeOH 32.6 498 490
MeCN 37.5 486 491 487
DMSO 48.9 507 510

HCONH2 111.5 515

[a] Relative permittivity: data from I. A. Koppel and V. A. Palm, in
Advances in Linear Free Energy Relationships, (Eds.: N. B. Chap-
man and J. Shorter), Plenum, London, 1972, ch. 5, p. 203; V. A.
Palm, Fundamentals of Quantitative Theory of Organic Reactions,
Khimiya, Leningrad, 1977, p. 109 (in Russian).

The NLO properties were determined using the EFISH
technique,[15] performed in CH2Cl2 and CHCl3 solution at
1.907 nm (the low solubility of compound 7c in CH2Cl2
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prevented an accurate measurement of its µβ value). The
data are presented in Table 3. From experimental β values
it is possible to infer ‘‘static’’ β(0) values using a two-level
dispersion model:[15,16]

Here, hω is the energy of the excitation light, W is the
energy of the charge transfer electronic transition, f the cor-
responding oscillator strength, ∆µ 5 µ1 2 µ (where µ1 is
the dipole moment of the first excited state).

All the compounds studied exhibit moderate second or-
der NLO properties (in comparison, the relevant applica-
tion parameter is µβ(0), the standard value for the ‘‘clas-
sical’’ NLO dye DR1 is ca. 600·10248 esu). The µβ(0) values
increase with increasing polyene bridge length. Thus, in the
series 7a, 12, 13, enhanced hyperpolarisability was obtained
for compound 13, bearing three vinyl units. It is interesting
to note that compound 9, containing the trimethyl-TTF
moiety, shows a similar NLO response to 13 in spite of the
shorter conjugated bridge in 9. This finding suggests that
trimethyl-TTF is a suitable donor for further NLO studies.

The µβ(0) values of the 4-nitrophenyl derivatives are
higher than those of the corresponding aldehydes, which
are included in Table 3 for comparison. This can be attrib-
uted to the stronger electron-withdrawing effect of the aryl
substituent, and/or the longer linking group.

Table 3. Nonlinear optical data

Compound µβ (10248 esu)[a] µβ(0) (10248 esu)[a]

7a 225[b] 150
9 370[b] 240
12 270[b] 180
13 315[b] 210

15a 95[b] 62
5 50[c] 33
1 70[c] 46

10 130[c] 80

[a] Estimated errors , 610%. 2 [b] Measured in CH2Cl2 at λ 5
1.907 µm. 2 [c] Measured in CHCl3 at λ 5 1.907 µm.

The µβ(0) value determined for compound 15a, endowed
with an imino group as spacer, was notably lower than that
obtained for the vinyl analogue 7a; therefore, considering
the low stability of these compounds, we did not pursue
further measurements on imino derivatives.

The nonlinear optical responses of compounds 7a, 7c,
11, 13, and 15a were also calculated by means of quantum
chemical methods. Theoretical calculations were first per-
formed using the semiempirical PM3 Hamiltonian[17] since
this method usually provides good qualitative and quantit-
ative agreement with the experimentally measured NLO
properties of TTF-derived chromophores at a low computa-
tional cost.[18] Geometry optimisations considered the two
possible conformations (A and B in Figure 1) of the single
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bond linking the TTF moiety to the ethylenic spacer and
resulted in planar structures. While the results suggest that
conformer B is more stable than A in all the compounds
studied, the small differences in the heats of formation cal-
culated for these conformers, ranging from 0.92 to 1.88
kcal/mol (Table 4), indicate that both A and B should make
a significant contribution to the experimentally measured
second order polarisability, and hence we have calculated
the NLO properties using the ‘Finite Field’ approach on
these two geometries. The results of these calculations are
presented in Table 4. It can be seen that semiempirical cal-
culations can predict trends in the µβ values of these com-
pounds while the absolute values are clearly overestimated.
Quite surprisingly, the values calculated using conforma-
tions A and B are nearly identical, suggesting a small effect
from conformation on the overall NLO response. Substitu-
tion of NO2 by a CN group causes a decrease in both the
dipole moment and the hyperpolarizability on passing from
7a to 7c and the imino compound 15a is erroneously pre-
dicted to display behaviour similar to that of its ethylenic
analogue 7a. It is also noteworthy that the calculated dipole
moment remains nearly unaltered on passing from com-
pound 7a to 12 and 13. The change in the dipole moment
expected from the charge separation caused by the in-
creased length of the ethylenic bridge is countered by a de-
crease in the total charge supported by the donor and ac-
ceptor moieties and the enhanced µβ value should be solely
due to an increase in the hyperpolarisability.

Figure 1. Proposed conformations of the compounds studied

In the search for a better agreement between theoretical
and experimental values, calculations were also performed
using ab initio methods. Geometries were optimised within
the Restricted Hartree2Fock (RHF) formalism, using the
Pople polarised, split valence, 6-31G* basis set,[19] and the
results in this case are different from those of PM3 calcula-
tions. Thus, conformation A is more stable than B by
1.7622.64 kcal/mol (Table 5) and the optimised geometries

Table 4. Results of FF-PM3 calculations

Conformer A Conformer B
Compound ∆Hf

[a] µ[b] µβ(0)[c] ∆Hf
[a] µ[b] µβ(0)[c] ∆HfB 2 ∆HfA

[a]

7a 104.30 5.93 207 103.38 5.91 203 20.92
7c 148.14 3.64 69 147.18 3.61 67 20.96
12 117.97 5.93 267 117.00 5.95 265 20.97
13 131.72 5.95 319 130.75 5.98 315 20.97

15a 113.58 5.58 199 111.70 5.94 213 21.88

[a] In kcal/mol. 2 [b] Debye. 2 [c] In (3 10248 esu).
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are not planar. The TTF moiety is folded along the S2S
axes (α and β in Figure 1) as a consequence of the well
known flexibility of TTF[20] and in good agreement with
theoretical calculations performed on other substituted
TTFs.[21] The calculated folding angles are 173.82174.6° for
α and 168.62171.2° for β. Furthermore, the aromatic ring
is rotated out of the plane defined by the ethylenic bridge,
with a dihedral angle that ranges from 16.1 to 22.3°. An
example of these optimised geometries is shown in Figure 2.

Ab initio hyperpolarisabilities were calculated using the
CPHF (Coupled Perturbed Hartree2Fock) approach
(Table 5). In contrast with PM3 results, the calculated hyp-
erpolarisabilities differ depending on the conformation and
the NLO response calculated for conformer A is always
larger than that of B. The trends in hyperpolarisabilities
calculated for these compounds are similar to those derived
from PM3 calculations; however, ab initio methods yield a
better quantitative agreement with the experimental values.
Ab initio calculations of the dipole moments of compounds
7a, 12, and 13 also indicate that this property does not
change on increasing the chain length, in agreement with
PM3 results.

The topologies of the HOMO and LUMO were studied
using the Density Functional Theory (DFT) with the aid
of the B3LYP functional[22] and the 6-31G* basis set, the
choice of this functional set being due to its satisfactory
calculation of the energy of orbitals.[23]

The topologies of HOMO and LUMO (Figure 3) re-
semble those calculated for other TTF-derived chromoph-
ores;[10] thus, the HOMO is mainly located on the TTF
group and has the same topology as derived for the HOMO
of unsubstituted TTF,[24] while the LUMO is distributed
over the acceptor moiety and shows the quinoid structure
of the benzene ring in the excited state. The different loca-
tions of these orbitals indicate the charge transfer character
of the HOMO2LUMO transition and show the
HOMO2LUMO overlap necessary for obtaining large
NLO responses.[2c]

There is also a reasonable agreement between the experi-
mental charge transfer absorption band and the calculated
HOMO2LUMO gap. Thus, the experimental values for 7a,
7c, 12, 13, and 15a are 2.48, 2.71, 2.47, 2.45, and 2.38 eV,
and the calculated HOMO2LUMO gaps are 2.45, 2.81,
2.34, 2.27, and 2.25 eV, respectively.

Compound 9 is the only one in the present series for
which X-ray quality crystals were obtained.[25] It crystallises
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Table 5. Results of CPHF/6-31G*//HF/6-31G* calculations

Conformer A Conformer B
Compound E[a] µ[b] µβ(0)[c] E[a] µ[b] µβ(0)[c] EB 2 EA

[d]

7a 22329.4200 5.80 137 22329.4172 5.36 77 1.76
7c 22217.6836 5.28 84 22217.6808 4.86 40 1.76
12 22406.3095 5.85 203 22406.3065 5.43 123 1.88
13 22483.1987 5.94 267 22483.1958 5.47 168 1.82

15a 22345.4175 6.48 113 22345.4133 6.71 100 2.64

[a] In Hartree. 2 [b] Debye. 2 [c] In (3 10248 esu). 2 [d] In kcal/mol.

Figure 2. Optimised geometry (HF/6-31G*) of compound 7a

Figure 3. Topologies (B3LYP/6-31G*) of the HOMO (left) and
LUMO (right) of compound 13

in the centrosymmetric space group P1̄; hence no NLO
properties were to be expected in the solid state. However,
the structure gives ample evidence of ICT and also shows
some interesting intermolecular interactions. The asymmet-
ric unit (Figure 4) comprises two molecules (i and ii) with
slightly different conformations but essentially coincident
bond lengths. In molecule i, the TTF moiety is folded along
the S(1)···S(2) vector (β 5 166°), the second dithiole ring
remaining planar. In molecule ii, the entire TTF moiety is
practically planar. In both molecules the torsion angles be-
tween the TTF and the olefinic bond, or between the ben-
zene ring and the nitro group, are practically nil. The twist
between the benzene ring and the ethylenic spacer 2 i.e.,
around the C(8)2C(12) and C(25)2C(29) bonds 2 is 19°
and 9°, respectively. Thus, the observed conformations are
qualitatively similar to the predicted ones, but more
planarised. These conformations are favourable for an ICT
interaction along the C(1)S(2)C(3)C(2)C(7)C(8)C(12) and
C(18)S(6)C(20)C(19)C(24)C(25)C(29) chains, which mani-
fests itself in the shortening of the C2C and C2S bonds
and lengthening of the C5C bonds. The average carbon-
carbon bond alternation[26] in 9, as compared to the fully
π-localised structure, equals 0.03 Å (6 e.s.d), while the shift
from the localised to fully delocalised structure with all
C2C bonds of 1.38 Å implies bond alternation of ca. 0.08
Å (Table 6). The dependence between bond alternation and
the degree of ICT is known to be roughly linear;[26b] hence
the ICT in 9 can be estimated at ca. 0.4 e.
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Figure 4. Two independent molecules in the crystal of 9 (showing
50% thermal ellipsoids)

Table 6. Bond lengths [Å] in 9 vs. the standard values

i ii Standard

S(1)2C(1) 1.768(4) S(5)2C(18) 1.761(4) 1.762(1)[a]

S(1)2C(2) 1.769(4) S(5)2C(19) 1.769(5) 1.767(1)[a]

S(2)2C(1) 1.756(5) S(6)2C(18) 1.753(5) 1.762(1)[a]

S(2)2C(3) 1.751(4) S(6)2C(20) 1.755(4) 1.767(1)[a]

C(2)2C(3) 1.361(6) C(19)2C(20) 1.359(6) 1.342(2)[a]

C(2)2C(7) 1.441(6) C(19)2C(24) 1.440(6) 1.478[b]

C(7)2C(8) 1.349(6) C(24)2C(25) 1.350(6) 1.312[b]

C(8)2C(12) 1.457(6) C(25)2C(29) 1.456(6) 1.488[b]

[a] From the structure of tetramethyltetrathiafulvalene, ref.[28] 2 [b]

Unconjugated C(sp2)2C(sp2), C(sp2)5C(sp2) and C(sp2)2C(aryl)
bonds, ref.[29]

Molecules i and ii are linked into a roughly planar
pseudodimer (see Figure 4) through intermolecular con-
tacts O(1)···S(7) 3.206(5) Å and O(3)···S(3) 2.926(5) Å,
which are shorter than the close van der Waals contact
(3.25 Å) and suggest weak donor-acceptor interactions.[27a]

The dimers are packed in layers, parallel to the crystallo-
graphic (1 0 21) plane; this motif may be responsible for
the flattening of the molecular conformation. Within the
layer, dimers come into contact with each other through the
TTF moieties (Figure 5), but the resulting S···S distances
(3.9524.00 Å) are much longer than the normal van der
Waals contact[27b] of 3.60 Å. Separations between mean
planes of the layers are alternately 3.48 and 3.25 Å. The
former separation corresponds to an extensive overlap be-
tween molecule ii and its inversion equivalent; the nitro
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group of one lies over a dithiole ring of the other, the olefin
bond over the benzene ring. The latter separation is be-
tween laterally shifted layers with less effective overlap, such
as between antiparallel nitrophenyl moieties of molecules i
and ii, with the normal van der Waals C···C contacts (ca.
3.60 Å). Thus the molecules pack mainly in a head-to-tail
(antiparallel) fashion, which minimises electrostatic repul-
sion 2 another proof of significant charge separation (ICT)
in 9. Such a motif naturally favours a centrosymmetric
space group. At the same time, TTF moieties of
(alternately) molecules i and ii form a stair-like stack, with
the S···S contacts ranging from 3.52 to 3.64 Å; that is, equal
to or slightly shorter than the standard van der Waals dis-
tance[27b] of 3.61 Å. The latter synthon could be compatible
with a chiral space group, which is a necessary precondition
for solid state NLO properties, so there are grounds for
moderate optimism concerning the possibility of obtaining
such packing in this class of compounds.

Figure 5. Crystal packing of 9, projection on the (1 0 21) plane

Conclusions

We have further developed the chemistry of func-
tionalised TTF and trimethyl-TTF derivatives with the at-
tachment of electron-deficient benzene acceptor groups
through ethylenic bridges. These compounds display a
broad ICT in their solution UV/Vis spectra. Regarding
their nonlinear optical properties, the introduction of
methyl substituents on the TTF core results in an increase
in the NLO response. Moreover, the µβ(0) enhancement ob-
served on increasing the length of the conjugated spacer
does not result in a marked bathochromic shift, as is the
case in most ICT systems. These results should encourage
further studies on new TTF-π-A derivatives, with the aim
of utilising the electron donor properties of the TTF system
to produce new materials with interesting ICT and NLO
properties.

Experimental Section

Column chromatography was performed on Merck silica gel
(702230 mesh), unless otherwise stated, and solvents were distilled
prior to use. All reagents were of commercial quality and used as
supplied unless otherwise stated; solvents were dried where neces-
sary using standard procedures. 2 1H NMR spectra were obtained
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on a Bruker AC 250 spectrometer operating at 250.134 MHz; coup-
ling constants are quoted in Hz. 13C NMR spectra were obtained
on a Varian 400 spectrometer operating at 100.581 MHz. 2 Mass
spectra were recorded on a VG7070E spectrometer operating at
70 eV. 2 IR spectra were recorded on a Perkin2Elmer 1615 FTIR
spectrometer operated from a Grams Analyst 1600. 2 UV/Vis ab-
sorption spectra were recorded with a Hitachi U-3400-UV/Vis-NIR
spectrophotometer. 2 Melting points were obtained on a Kofler
hot-stage microscope apparatus and are uncorrected. 2 Cyclic vol-
tammetric data were obtained on a BAS 50 W electrochemical ana-
lyser (1·1024  solution of donor in acetonitrile under argon at
20 °C, 1·1021  Bu4NClO4 supporting electrolyte, platinum button
working electrode and platinum wire counter electrode, Ag/AgCl
reference electrode, 20 °C, scan rate 100 mV s21; Fc/Fc1 couple
shows 10.43 V under these conditions). 2 EFISH measurements
were taken with a nonlinear optics spectrometer from SOPRA. The
fundamental light at 1.907 µm was the first Stokes peak of a hydro-
gen Raman cell pumped by the 1.064 µm light from a Q-switched
Nd:YAG laser (Quantel YG 781, 10 pps, 8 ns, pulse). That light
was passed through a linear polariser and focused on the EFISH
cell. The polarising dc voltage (parallel to the light polarisation)
used in this cell was 6 kV. The output light from the cell was passed
through an interference filter to select the second harmonic light
(0.954 µm) which was finally detected with a R642 photomultiplier
from Hamamatsu. Static β(0) values were deduced from the experi-
mental values using a two-level dispersion model. 2 Molecular or-
bital calculations were performed on Intel Pentium Pro-based and
Pentium III-based computers running under Windows NT 4.0. Se-
miempirical calculations used the MOPAC 6.0 package program[30]

while HF and DFT calculations were performed with the Gaussian
98w program.[31]

X-ray Crystallography: A single crystal (0.04 3 0.11 3 0.22 mm)
of 9, suitable for X-ray diffraction study, was grown from MeCN.
The experiment was performed at T 5 120 K on a SMART 3-
circle diffractometer with a 1 K CCD area detector, using Mo-Kα

radiation (λ 5 0.71073 Å). The structure was solved by direct
methods and refined by full-matrix, least-squares against F2 of all
data, using SHELXTL programs.[32] Crystal data: C17H15NO2S4,
Mw 393.54, triclinic, space group P1̄ (No. 2), a 5 8.093(1), b 5

12.495(2), c 5 17.668(3) Å, α 5 88.15(1), β 5 81.38(1), γ 5

78.79(1)°, U 5 1732.7(5) Å3, Z 5 4, µ 5 0.56 mm21, 12669
reflections (2θ # 55°), 7843 unique, Rint 5 0.068, 445 refined para-
meters, R 5 0.062 [4699 data with F2 $ σ(F2)], wR(F2) 5 0.168.
Full structural data (excluding structure factors) have been depos-
ited at the Cambridge Crystallographic Data Centre as supple-
mentary publication no CCDC-145576.

General Procedure for Compounds 7a2c: Triethylamine (3.0 equiv.)
was added to a stirred suspension of the corresponding Wittig re-
agent 6a2c (3.0 equiv.) in dry benzene. This was followed by 4-
formyltetrathiafulvalene 5[10] (1.0 equiv.), in one portion under a
positive flow of argon. The resulting dark solution was heated un-
der reflux for 4 h. The solution was allowed to cool and the solvent
removed in vacuo to yield a black residue which was purified by
column chromatography, yielding compounds 7a2c.

2-(4-Nitrophenyl)-1-(tetrathiafulvalen-4-yl)ethene (7a): Reagent 6a
(3.71 g, 7.76 mmol), benzene (50 mL), triethylamine (1.08 mL,
7.76 mmol), and 5 (0.6 g, 2.59 mmol), with dichloromethane/hex-
ane (5:3 v/v) as eluent, yielded compound 7a as a purple solid
(0.73 g, 80%). M.p. 2372238 °C. 2 C14H9NO2S4 (351.5): calcd. C
47.86, H 2.56, N 3.96; found C 47.85, H 2.33, N 3.72. 2 1H NMR
(CDCl3): δ 5 8.18 (d, J 5 9 Hz, 2 H), 7.56 (d, J 5 9 Hz, 2 H),
7.07 (d, J 5 15 Hz, 1 H), 6.72 (d, J 5 15 Hz, 1 H), 6.61 (s, 1 H),
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6.38 (s, 2 H). 2 13C NMR (CDCl3): 146.2, 143.1, 134.6, 131.7,
131.5, 128.5, 127.2, 124.9, 124.5, 123.9, 120.0, 113.0. 2 MS (EI):
m/z (%) 351 (100) [M1]. 2 IR (KBr): ν̃ 5 1567, 1522, 1290, 1106,
975, 545 cm21. 2 UV (CH2Cl2): λmax 292, 338, 499 nm.

2-(2-Nitrophenyl)-1-(tetrathiafulvalen-4-yl)ethene (7b): Reagent 6b
(2.06 g, 4.31 mmol), benzene (50 mL), triethylamine (0.60 mL,
4.3 mmol), and 5 (0.10 g, 0.43 mmol), with dichloromethane/hex-
ane (1:1 v/v) as eluent, yielded compound 7b as a black solid
(0.10 g, 67%). M.p. 1592160 °C. 2 C14H9NO2S4 (351.5): calcd. C
47.86, H 2.56, N 3.98; found C 47.42, H 2.58, N 3.76. 2 1H NMR
[(CD3)2CO]: δ 5 8.01 (d, J 5 8 Hz, 1 H), 7.92 (d, J 5 8 Hz, 1 H),
7.72 (t, J 5 8 Hz, 1 H), 7.56 (t, J 5 8 Hz, 1 H), 7.28 (d, J 5 16 Hz,
1 H), 6.98 (s, 1 H), 6.85 (d, J 5 16 Hz, 1 H), 6.67 (s, 2 H). 2 MS
(EI): m/z (%) 351 (100) [M1]. 2 IR (KBr): ν̃ 5 1513, 1471, 1346,
1331, 1273, 1253 cm21. 2 UV (CH2Cl2): λmax 299, 320sh, 467 nm.

2-(4-Cyanophenyl)-1-(tetrathiafulvalen-4-yl)ethene (7c): Reagent 6c
(1.78 g, 4.31 mmol), benzene (50 mL), triethylamine (0.60 mL,
4.3 mmol), and 5 (0.10 g, 0.43 mmol), with dichloromethane as elu-
ent, yielded compound 7c as a deep purple solid (0.10 g, 70%).
M.p. 1212122 °C. 2 C15H9NS4 (331.5): calcd. C 54.35, H 2.74, N
4.23; found C 54.56, H 2.77, N 4.00. 2 1H NMR (CDCl3): δ 5

7.76 (s, 4 H), 7.41 (d, J 5 13 Hz, 1 H), 6.97 (s, 1 H), 6.79 (s, 2 H),
6.52 (d, J 5 13 Hz, 1 H). 2 MS (DCI): m/z (%) 332 (100) [M1 1

1]. 2 IR (KBr): ν̃ 5 1654, 1548, 1468, 1245, 1095, 995 cm21. 2

UV (CH2Cl2): λmax 277, 457 nm.

2-(4-Nitrophenyl)-1-(49,5,59-trimethyltetrathiafulvalen-4-yl)ethene
(9): This compound was prepared according to the general proced-
ure outlined for 7a2c. Reagent 6a (0.55 g, 1.14 mmol), benzene
(50 mL), triethylamine (1 mL, excess), and 8 (0.1 g, 0.38 mmol)
yielded compound 6 as a black solid (0.85 g, 75%) after chromato-
graphy on neutral alumina, eluent dichloromethane. M.p. . 250
°C. 2 C17H15NO2S4 (393.6): calcd. C 69.86, H 3.81, N 3.56; found
C 69.88, H 4.01, N 3.45. 2 1H NMR (CDCl3): δ 5 8.12 (d, J 5

8 Hz, 2 H), 7.68 (d, J 5 8 Hz, 2 H), 6.99 (d, J 5 15 Hz, 1 H), 6.75
(d, J 5 15 Hz, 1 H), 2.30 (s, 3 H), 2.18 (s, 6 H). 2 MS (DCI): m/z
(%) 394 (100) [M1 1 1]. 2 IR (KBr): ν̃ 5 1543, 1520, 1277, 1100,
938, 510 cm21. 2 UV (CH2Cl2): λmax 345, 516 nm.

(1E,3E)-4-(4-Nitrobenzyl)-1-(tetrathiafulvalen-4-yl)buta-1,3-diene
(12): Triethylamine (3 mL, excess) was added to a solution of re-
agent 6a (1.70 g, 3.55 mmol) in dichloromethane (50 mL), followed
dropwise by compound 1 (0.10 g, 1.18 mmol), as a solution in
dichloromethane (50 mL). The mixture was stirred at 20 °C for
48 h, after which time the solvent was removed in vacuo and the
residue purified by silica gel chromatography (eluent dichlorome-
thane/hexane 1:1 v/v) followed by recrystallisation from dichloro-
methane/hexane (1:10 v/v) to yield compound 12 (0.10 g, 87%)
M.p. 2242225 °C. 2 C16H11NO2S4 (337.5): calcd. C 52.71, H 2.91,
N 3.71; found C 52.68, H 3.11, N 3.79. 2 1H NMR (CDCl3): δ 5

8.23 (d, J 5 8 Hz, 2 H), 8.01 (d, J 5 8 Hz, 2 H), 7.65 (d, J 5

15 Hz, 1 H), 7.3427.32 (m, 2 H), 6.99 (s, 1 H), 6.96 (d, J 5 15 Hz,
1 H), 6.40 (s, 2 H). 2 MS (DCI): m/z (%) 378 (100) [M1 1 1]. 2

IR (KBr): ν̃ 5 1657, 1644, 1590, 1499, 1488, 1205 cm21. 2 UV
(CH2Cl2): λmax 298, 362, 501 nm.

(1E,3E,5E)-6-(4-Nitrobenzyl)-1-(tetrathiafulvalen-4-yl)hexa-1,3,5-
triene (13): Under argon atmosphere, a solution of sodium ethoxide
prepared from sodium (50 mg) and dry ethanol (6 mL) was added
to a solution of 5-(tetrathiafulvalenyl)penta-2,4-dien-1-al[14] (10)
(280 mg, 1.0 mmol) and 6a (480 mg, 1.0 mmol) in dry ethanol
(15 mL). The reaction mixture was refluxed for 2 h and was then
allowed to cool to room temperature. Water (15 mL) was added
and the mixture was extracted several times with dichloromethane.
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The combined organic layers were dried with magnesium sulfate,
the solvent was removed under vacuum, and the crude product
was chromatographed (eluent hexane/dichloromethane) to yield 13
(340 mg, 52%). M.p. 2072208 °C. 2 C18H13NO2S4 (403.6): calcd.
C 53.60, H 3.25, N 3.47; found C 53.99, H 3.48, N 3.77. 2 1H
NMR ([D6]DMSO): δ 8.17 (d, J 5 9.3 Hz, 2 H), 7.74 (d, J 5

8.7 Hz, 2 H), 7.28 (m, 2 H), 6.94 (s, 1 H), 6.75, (m, 2 H), 6.70 (d,
J 5 14.4 Hz, 1 H), 6.63 (d, J 5 11.7 Hz, 1 H), 6.22 (m, 2 H). 2
13C NMR ([D6]DMSO): δ 5 145.4, 143.5, 135.1, 134.5, 133.9,
133.5, 131.1, 130.1, 126.1, 124.9, 123.6, 121.1, 119.6, 115.1, 113.7,
112.2, 112.1. 2 MS (EI): m/z (%) 5 403 (100) [M1]. 2 IR (KBr):
ν̃ 5 2921, 1584, 1505, 1340, 1259, 1107, 1002 cm21. 2 UV
(CH2Cl2): λmax 240, 324, 388, 506 nm.

(E,E)-6-(4-Nitrophenyl)-1-(49,5,59-trimethyltetrathiafulvalen-4-
yl)buta-1,3-diene (14a) and (E,Z)-6-(4-Nitrophenyl)-1-(49,5,59-trime-
thyltetrathiafulvalen-4-yl)buta-1,3-diene (14b): Triethylamine
(0.50 mL, excess) was added to a solution of reagent 6a (300 mg,
0.628 mmol) in dry CH2Cl2 (12 mL), followed by aldehyde 11[13]

(60 mg, 0.20 mmol) and the reaction mixture was stirred at 20 °C
for 72 h. TLC monitoring showed the presence of two isomers, and
so an attempt to isomerise the mixture to afford solely the trans,-
trans isomer was undertaken by refluxing the crude product in ben-
zene (after removing CH2Cl2). No isomerisation was observed,
however. The solvent was removed in vacuo and the residue was
chromatographed on silica, eluting with chloroform/hexane mix-
ture (3:2 v/v) basified with a few drops of triethylamine. The first,
brown-violet fraction gave pure trans,cis isomer 14b (9.5 mg). M.p.
194 °C. It was immediately followed by the second fraction, of sim-
ilar colour, which gave a mixture of 14a and 14b in the ratio 4:1
(14.5 mg; total yield of 14a and 14b 29%). Recrystallisation from
toluene (1 mL) yielded almost pure trans,trans isomer 14a (9 mg).
M.p. 2362239 °C (contaminated with 8% of trans,cis-impurity, as
judged by 1H NMR).

Compound 14a: C19H17NO2S4 (419.6) calcd. C 54.39, H 4.08, N
3.34; found C 54.75, H 4.33, N 3.19. 2 1H NMR [(CD3)2CO]: δ 5

8.21 (d, J 5 9 Hz, 2 H), 7.74 (d, J 5 9 Hz, 2 H), 7.31 (dd, J 5

10.5 and 15.5 Hz, 1 H), 6.92 (d, J 5 15.5 Hz, 1 H), 6.89 (d, J 5

15.0 Hz, 1 H), 6.33 (dd, J 5 10.5 and 15.0 Hz, 1 H), 2.20 (s, 3 H),
1.98 (s, 6 H). 2 MS (EI): m/z (%) 5 419 (100) [M1]. 2 UV
(CH2Cl2): λmax 298, 369, 513.

Compound 14b: C19H17NO2S4 (419.6) calcd. C 54.39, H 4.08, N
3.34; found C 54.09, H 4.12, N 3.25. 2 1H NMR [(CD3)2CO]: δ 5

8.30 (d, J 5 9 Hz, 2 H), 7.67 (d, J 5 9 Hz, 2 H), 6.93 (d, J 5

14 Hz, 1 H), 6.5226.68 (m, 3 H), 2.20 (s, 3 H), 1.96 (s, 6 H). 2

MS (EI): m/z (%) 5 419 (30) [M1]. 2 UV (CH2Cl2): λmax 298,
335sh, 370sh, 499 nm.

General Procedure for Compounds 15a2c: p-Nitroaniline (1 mmol)
was added to a stirred solution of the corresponding formyl-TTF
derivative (5, 1, 10) (1 mmol) in dry dichloromethane (30 mL). The
reaction mixture was allowed to reflux overnight under argon at-
mosphere in the presence of 4 Å molecular sieves. After the reac-
tion mixture had been allowed to reach room temperature, it was
filtered and the solvent was removed under vacuum to yield a solid
that was purified by column chromatography (eluent hexane/di-
ethyl ether).

4-Nitro-N-(tetrathiafulvalen-4-ylmethylene)aniline (15a): Following
the general procedure above, 15a was obtained in 56% yield. M.p.
1732175 °C (decomp.). 2 C13H8N2O2S4 (352.5): calcd. C 44.32, H
2.27, N 7.95; found C 44.89, H 2.53, N 8.48. 2 1H NMR (CDCl3):
δ 8.25 (d, J 5 9 Hz, 2 H), 8.15 (s, 1 H), 7.21 (d, J 5 9 Hz, 2 H),
7.13 (s, 1 H), 6.36 (d, J 5 6 Hz, 1 H), 6.34 (d, J 5 6 Hz, 1 H). 2
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13C NMR (CDCl3): δ 5 164.3, 155.2, 145.4, 144.9, 127.9, 127.7,
126.2, 126.0, 124.7, 124.2, 122.3, 110.4, 109.8. 2 MS (EI): m/z
(%) 5 352 (100) [M1]. 2 IR (KBr): ν̃ 5 1600, 1565, 1535, 1515,
1335, 1165, 1115 cm21. 2 UV (CH2Cl2): λmax 328, 522 nm.

4-Nitro-N-[3-(tetrathiafulvalen-4-yl)propenylidene]aniline (15b): Fol-
lowing the general procedure above, 15b was obtained in 51% yield.
M.p. 1582160 °C (decomp.). 2 C15H10N2O2S4 (378.5): calcd. C
47.60, H 2.66, N 7.40; found C 47.84; H 2.99; N 7.19. 2 1H NMR
(CDCl3): δ 8.25, 8.09 (AA9XX9, 4 H), 7.19 (d, J 5 9 Hz, 1 H), 6.98
(d, J 5 15 Hz, 1 H), 6.72 (s, 1 H), 6.38 (dd, J 5 15 Hz, J9 5 9 Hz,
1 H), 6.34 (s, 2 H). 2 13C NMR (CDCl6): δ 5 167.8, 154.9, 146.5,
144.4, 127.3, 127.1, 126.8, 126.5, 124.9, 124.5, 123.1, 121.9, 119.6,
112.7, 112.3. 2 MS (EI): m/z (%) 5 378 (100) [M1]. 2 IR (KBr):
ν̃ 5 1600, 1575, 1510, 1345, 1150, 1110 cm21. 2 UV (CH2Cl2):
λmax 322, 514 nm.

4-Nitro-N-[5-(tetrathiafulvalen-4-yl)pentadienyliden]aniline (15c):
Following the general procedure above, 15c was obtained in 42%
yield. M.p. 1412143 °C (decomp.). 2 C17H12N2O2S4 (404.5): calcd.
C 50.47, H 2.99, N 6.92; found C 50.77, H 3.32, N 7.12. 2 1H
NMR (CDCl3): δ 8.23, 8.11 (AA9XX9, 4 H), 7.21 (d, J 5 9 Hz, 1
H), 6.84 (d, J 5 15 Hz, 1 H), 6.72 (s, 1 H), 6.6426.52 (m, 2 H),
6.41 (dd, J 5 15 Hz, J9 5 9 Hz, 1 H), 6.34 (s, 2 H). 2 MS (EI):
m/z (%) 5 404 (100) [M1]. 2 IR (KBr): ν̃ 5 1595, 1560, 1515,
1335, 1155, 1110 cm21. 2 UV (CH2Cl2): λmax 239, 334, 502 nm.
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