
DOI: 10.1002/chem.200501284

Electronic Properties and Reactivity of Short-Chain Oligomers of
3,4-Phenylenedioxythiophene (PheDOT)

Igor F. Perepichka,*[a, b] Sophie Roquet,[a] Philippe Leriche,*[a]

Jean-Manuel Raimundo,[a, c] Pierre Fr6re,[a] and Jean Roncali*[a]

Introduction

In the past decade, 3,4-ethylenedioxythiophene (EDOT) has
generated considerable interest not only as the monomer of
the well-known poly(EDOT) widely used because of its
unique combination of conductivity, stability, and optical

transparency,[1] but also as a building block for the develop-
ment of various classes of functional p-conjugated sys-
tems.[2–4] In addition to its wide use for the design of func-
tional or low-band-gap conducting polymers,[2–4] EDOT has
also been employed as a building block for the synthesis of
various classes of molecular p-conjugated systems including
fluorophores,[5] nonlinear optical (NLO)-phores,[6] extended
tetrathiafulvalene analogues,[7] and p-conjugated oligo-
mers.[8]

It has been shown already that in addition to their elec-
tron-donor properties and the prevention of defective a–b’
couplings during polymerization, the oxygen atoms at the 3-
and 4-positions of the thiophene ring induce a self-structura-
tion of the p-conjugated chain by noncovalent intramolecu-
lar sulfur–oxygen interactions.[4] However, a counterpart of
these positive effects is that the synthesis of soluble poly-
(EDOT) derivatives implies the substitution of an sp3-
carbon atom of the ethylenedioxy bridge, which has undesir-
able consequences, namely, 1) the creation of a stereogenic
center, which will generate regio- and stereoisomers in the
resulting oligomers or polymers and 2) the noncoplanarity
of the substituent and p-conjugated system, which will in-
crease interchain distances and thus lead to an alteration of
the charge-transport properties of the resulting solid-state
material.
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In an attempt to solve this problem, we recently reported
the synthesis of 3,4-phenylenedioxythiophene (1-P) in which
the ethylene bridge of EDOT (1-E) is replaced by a 1,2-
phenylene moiety thus allowing further coplanar substitu-
tion at the sp2-carbon atoms of the benzene ring.[9] However,
as shown by experimental and theoretical results, the stabili-
zation of the cation radical resulting from the introduction
of a phenyl ring renders the polymerization of PheDOT
very difficult. In spite of this drawback, PheDOT remains an
attractive building block for the design and synthesis of
soluble p-conjugated systems combining the donor and self-
structuring properties inherent in the EDOT unit with possi-
ble compact p stacking in the solid state. As a first step in
the exploration of the potentialities of PheDOT in the
design of functional p-conjugated systems, we report here
the synthesis of the PheDOT dimer (2-P) and trimer (3-P)
and the characterization of their electronic properties by
means of UV-visible spectroscopy and cyclic voltammetry
experiments. The electrochemical polymerization of these
compounds has been investigated and the chain-length de-
pendence of their reactivity is discussed with the aid of theo-
retical calculations.

Results and Discussion

The synthesis of 2-P and 3-P is depicted in Scheme 1.
PheDOT (1-P) was synthesized as already reported.[9] Treat-
ment of 1-P with butyllithium in THF at �70 8C followed by
oxidative coupling of the lithiated derivative of 1-P with
CuCl2 gave dimer 2-P in a 73% yield. Treatment of 1-P with
NBS in DMF at room temperature and in the absence of
light gave 2,5-dibromo-PheDOT (4) in an 85% yield. Reac-
tion of the lithiated derivative of PheDOTwith a solution of
anhydrous zinc chloride in THF led to the formation of zinc
derivative 5, which was immediately reacted with 4 in the
presence of [Pd(PPh3)4] to give compound 3-P in a 21%
yield. Contrary to the EDOT trimer (3-E),[10] 3-P is stable
for days under atmospheric conditions.

Wudl and co-workers have shown that highly conducting
poly(EDOT) can be readily obtained by solid-state polymer-
ization of 2,5-dibromo-EDOT at room temperature.[11] On
this basis, we have investigated the possible solid-state poly-
merization of 2,5-dibromo-PheDOT (4). Surprisingly, we
found that compound 4 is quite stable and does not show
any decomposition even after storage above 100 8C for one
month.
Figure 1 shows the crystallographic structure of compound

4. As expected, the PheDOT system is perfectly planar. In
particular, the side view clearly shows that the slight devia-
tion from planarity found in the ethylene bridge of EDOT is
eliminated when this bridge is replaced by a phenylene one.
On the other hand, examination of the crystal-packing dia-
gram of compound 4 shows that the molecules adopt a
head-to-tail placement with Br···Br distances of 4.47 K. This
value is larger than the sum of the van der Waals radii
(3.90 K) and much larger than that found in the dibromo-
EDOT crystal (3.45 K).[11] This considerable difference in
the Br···Br distance could explain the absence of polymeri-
zation for compound 4.
Figure 2 shows the UV-visible absorption spectra of com-

pounds 1-P, 2-P, and 3-P. As already observed for EDOT
oligomers, the spectra of 2-P and 3-P exhibit a well-resolved
vibronic fine structure with three maxima equally spaced by
1300–1400 cm�1 corresponding to the coupling of the C=C
stretching mode with the electronic structure.[12] Such spec-
tral features are typical for planar, rigid conjugated systems.
As demonstrated by crystallographic data of various classes
of EDOT-based p-conjugated systems, this rigidity arises
from noncovalent intramolecular S···O interactions.[4,6,8]

Comparison of the UV-visible data for the EDOT and
PheDOT series shows that whereas the absorption maxi-
mum (lmax) of PheDOT 1-P (274 nm) is redshifted relative
to EDOT (261 nm) the situation is inverted for longer sys-
tems, and compounds 2-P and 3-P show absorption maxima
at shorter wavelengths than their EDOT analogues. Com-

Scheme 1.
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parison of the width of the HOMO–LUMO gap (DE) esti-
mated from lmax values shows that whereas DE decreases by
0.22 eV between EDOT and PheDOT it increases by
0.06 eV between 2-E and 2-P and by 0.23 eV between 3-E
and 3-P (Table 1). Thus, except for the monomer, replace-
ment of the ethylenedioxy bridge by a phenylenedioxy one
leads to an increase of the HOMO–LUMO gap of the corre-
sponding oligomers.
The oxidation potentials of the six compounds have been

determined by cyclic voltammetry (CV) in dichloromethane
in the presence of tetrabutylammonium as the supporting
electrolyte. The single-scan cyclic voltammogram of a solu-
tion of PheDOT shows an irreversible anodic peak at a po-
tential (Epa) of 1.48 V versus Ag/AgCl, a value 20 mV

higher than that observed for
EDOT under the same condi-
tions.
Comparison of the CV data

for the dimers and trimers
shows that for 2-P the Epa value
is 0.36 V higher than that for
2-E, whereas this difference
amounts to 0.43 V between 3-P
and 3-E. Examination of these
data together with UV-visible
results shows that the decrease
of the HOMO level suggested
by the Epa values is much larger
than the corresponding increase
of DE indicated by the optical
data. This discrepancy thus sug-
gests that the decrease of the
HOMO level with successive
chain extension is accompanied
by a concomitant but smaller
decrease of the LUMO level.
To gain more detailed infor-

mation on these points, ab

initio calculations on the EDOT and PheDOT oligomers up
to the tetramer stage have been performed by using the
density functional theory (DFT) method. In DFT calcula-
tions we employed the B3LYP hybrid density functional[13,14]

with PopleAs triple-split valence basis set supplemented by
polarization functions on heavy atoms (2d) and hydrogen
atoms (p) (B3LYP/6-311G(2d,p)) for both full-geometry op-
timization and electronic-structure calculations.
Table 2 lists the results obtained for the two series of

oligomers. As expected, the optimized geometry of all
oligomers exhibits a planar anti conformation. The calculat-
ed nonbonded sulfur–oxygen distances of 2.91 and 2.95 K
for EDOT and PheDOT oligomers, respectively, are clearly
smaller than the sum of the van der Waals radii of the two
atoms (1.80+1.52=3.32 K) and close to the distances ob-
served for the crystallographic structures of various conju-
gated systems incorporating EDOT units.[4,6–8] For 1-E and
1-P, the C(3) and C(4) atoms of the thiophene ring present
substantial HOMO coefficients and form bonding MOs
(Figure 3). However, for 1-P, the HOMO is also delocalized

Figure 1. Crystallographic structure of dibromo-PheDOT 4.

Figure 2. UV/Vis absorption spectra of 1-P (g), 2-P (b), and 3-P
(c) in CH2Cl2.

Table 1. Anodic peak potentials[a] and UV/Vis absorption[b] data for
PheDOT and EDOT compounds.

Compound Epa [V] lmax [nm] DE [eV]

1-E 1.50 261 4.75
2-E 0.84 322 3.85
3-E 0.49 400 3.10
1-P 1.48 274 4.53
2-P 1.20 317 3.91
3-P 0.92 372 3.33

[a] Recorded in 0.10m Bu4NPF6/CH2Cl2, scan rate 100 mVs�1, reference
Ag/AgCl. [b] Recorded in CH2Cl2.
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over the benzene ring and contrary to EDOT, population on
the C(2) and C(5) atoms of thiophene is negligible. Compar-
ison of the HOMO for the longer systems of the two series
reveals a quite different situation because for these
PheDOT oligomers the HOMO no longer populates the
benzene ring but becomes progressively similar to that of
EDOT oligomers and at the tetramer stage the two oligo-
mers show identical HOMO distribution.
For both series of oligomers, the LUMO is essentially lo-

cated on the thiophenic backbone and the high coefficients
on the exocyclic C(2)-C(2’) interthiophene bonds are in
agreement with a quinonoid structure. The results in Table 2
show that except for 1-P, which presents a higher HOMO
level and a smaller DE value than 1-E, PheDOT oligomers
have lower HOMO and LUMO levels and larger HOMO–
LUMO gaps than their EDOT analogues.
Examination of the calculated bond lengths for the two

series shows that the distance between the carbon atoms of
the 3- and 4-positions of the thiophene ring and the oxygen
atoms (O�CTh) are longer for the (PheDOT)n compounds
(�1.37 K) than for the (EDOT)n compounds (1.35–1.36 K).
Conversely, the bonds between the oxygen and the carbon
atoms of the phenylene and bridge (O�CPh) of (PheDOT)n
compounds (1.38–1.39 K) are shorter than the bonds be-
tween the oxygen and carbon atoms of the ethylene bridge
(O�CAlk, �1.43 K). These differences suggest that replace-
ment of the ethylene bridge by a phenylene one leads to a
decrease of the electron-releasing mesomeric effect of the

ether group in the PheDOT system. For the monomer this
effect is counterbalanced by the electron delocalization over
the whole molecule, which explains the lower HOMO–
LUMO gap relative to EDOT. However, for longer systems
the combined effects of the preferential electron delocaliza-
tion along the poly(thiophene) backbone and the smaller
electron-donor effect of the ether groups result in a parallel
increase of the HOMO and LUMO levels.
Figure 4 shows the variation of the HOMO and LUMO

level as a function of the reciprocal number of thiophene
units (n) in the conjugated chain for the two series of
oligomers. For EDOT oligomers the HOMO and LUMO
levels vary linearly with 1/n as reported for many series of
p-conjugated oligomers.[15] A linear variation of the LUMO
level versus 1/n is also found for PheDOT oligomers, howev-
er, for the HOMO, the point corresponding to the 1-P
monomer is located above the line, for the already discussed
reasons. Although the LUMO level increases faster for
PheDOT oligomers, the slower increase of the HOMO level
results in a smaller overall reduction of the HOMO–LUMO
gap with chain extension. Extrapolation of the two lines to
an infinite chain length leads to a predicted band gap of
2.12 eV for poly(PheDOT) and 2.10 eV for poly(EDOT), in

Table 2. HOMO and LUMO energy levels [eV] of the EDOT and
PheDOT compounds.

Compound HOMO LUMO DE

1-E �5.93 �0.23 5.70
2-E �5.04 �0.95 4.09
3-E �4.59 �1.27 3.32
4-E �4.34 �1.44 2.91
1-P �5.68 �0.51 5.17
2-P �5.50 �1.38 4.12
3-P �5.18 �1.74 3.44
4-P �4.99 �1.93 3.06

Figure 3. HOMO orbitals of EDOT (top) and PheDOT (bottom) oligomers (B3LYP/6-311G(2d,p)).

Figure 4. Variation of the HOMO (&/*) and LUMO (&/*) levels for
(EDOT)n (left) and (PheDOT)n compounds (right) versus the reciprocal
number of thiophene units in the conjugated chain.
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qualitative agreement with previous experimental results[9]

and with the above-mentioned UV-visible data (Table 1).
It has been known for a long time that the chain exten-

sion of p-conjugated oligomers leads to a decrease in the re-
activity of the corresponding cation radical.[16] Because of
the delocalization of the cation radical over the whole p-
conjugated system, the density of an unpaired electron at
the terminal coupling position decreases making polymeri-
zation less and less efficient as the chain length of the pre-
cursor increases.[16,17] In a previous study we have shown
that for PheDOT, delocalization of the cation radical over
the whole molecule strongly decreases its reactivity thus
making the electropolymerization process difficult and not
very efficient.[9] In this context, longer PheDOT oligomers
were not expected to give rise to any electropolymerization.
Contrary to what could be expected, application of recur-

rent potential scans to a 3N10�3m solution of 2-P in di-
chloromethane leads to the rapid development of a broad
redox system extending from �0.2 to +1.00 V indicating a
straightforward polymerization (Figure 5). Owing to the
very low solubility of 3-P, electropolymerization was carried
out in nitrobenzene with a maximum substrate concentra-
tion of 1N10�4m. Nevertheless, in this case too, application
of repetitive potential scans produces the emergence of a
new redox system with a narrow anodic wave peaking at
0.65 V and a cathodic peak at 0.40 V (Figure 5).
Figure 6 shows the CV data of poly(2-P) and poly(3-P) re-

corded in a monomer-free electrolytic medium. Whereas, as
already reported, the cyclic voltammogram of poly-
(PheDOT) exhibits a broad and structureless redox system
extending from �0.20 to +1.20 V (see Figure 3 in ref. [9]),
those of the polymers derived from the dimer and trimer
show well-defined redox systems with anodic waves peaking
at 0.40 and 0.29 V for poly(2-P) and poly(3-P), respectively.
This 110 mV negative shift of the anodic peak for poly(3-P)
suggests a longer effective conjugation length than that for
poly(2-P) and even more so than that for poly(1-P).
Thus, the progressive improvement of the resolution of

the CV data and the negative shift of the anodic peak po-
tential from poly(1-P) to poly(3-P) suggests that in sharp
contrast to what has been ob-
served for oligothiophenes,[17, 18]

the use of the dimer and trimer
as precursor allows the synthe-
sis of better-defined and more-
extensively-conjugated poly-
mers.
Some information concerning

the chain-length dependence of
the reactivity of the various
precursors was provided by ex-
amination of the singly occu-
pied molecular orbital (SOMO)
of the cation radical from the
monomer to the tetramer for
the two series of precursors.
Whereas for the two series the

SOMO energy increases with chain length, the energy differ-
ence between the monomer and the tetramer is larger for
the EDOT series (�11.53 and �7.45 eV for 1-E and 4-E, re-
spectively, versus �10.70 and �7.83 eV for 1-P and 4-P, re-
spectively).
Figure 7 shows the a-SOMO orbitals for the radical cat-

ions of the EDOT and PheDOT series. As previously under-

Figure 5. Potentiodynamic electropolymerization of 2-P (3N10�3m) in
0.20m Bu4NPF6/CH2Cl2 with a scan rate of 100 mVs�1 (left); 3-P (1N
10�4m) in 0.20m Bu4NPF6/nitrobenzene with a scan rate of 100 mVs�1

(right).

Figure 6. Cyclic voltammograms of poly(2-P) (left) and poly(3-P) (right)
(prepared under the same conditions as those given in Figure 5) in 0.20m
Bu4NPF6/MeCN with a scan rate of 100 mVs�1.

Figure 7. SOMOs of (EDOT)n (top) and (PheDOT)n compounds (bottom).
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lined, the presence of null coefficients on the C(2) and C(5)
positions of the PheDOT cation radical explains its poor re-
activity compared with the EDOT cation radical.[9] How-
ever, chain extension leads to a more homogeneous distribu-
tion of the SOMO coefficients and at the trimer stage, the
SOMO of 3-P is delocalized along the whole of the conju-
gated backbone forming bonding C(2)�C(3) orbitals with
substantial coefficients at the terminal a-carbon atoms of
the thiophene rings. The SOMO no longer populates the
benzene ring and only small coefficients are observed on the
inner oxygen atoms of the two lateral monomer units, simi-
larly to the EDOT trimer. Finally, calculations predict that
at the tetramer stage the terminal a-thiophene positions
should present practically the same reactivity for the two
series. These results are consistent with the similarity found
in the HOMO distribution of the two systems. However, it
remains that the overall reactivity decreases with chain ex-
tension due to the stabilization of the cation radical. Conse-
quently, chain extension of the PheDOT oligomers lead to
counteracting effects, namely, the phenyl group which
strongly contributes to limiting the reactivity of the
PheDOT cation radical has less effect thus allowing a more
efficient polymerization of the PheDOT dimer and trimer.
On the other hand, the decrease of reactivity of the cation
radical and of the solubility will necessarily limit the poly-
merizability of highly extended systems. In this context, the
above-mentioned electrochemical results suggest that the
trimer of PheDOT may represent an optimum trade-off be-
tween reactivity and solubility.

Conclusion

To summarize, short-chain PheDOT oligomers have been
synthesized. UV-visible absorption spectra have shown that
the self-rigidification of the conjugated structure by nonco-
valent intramolecular sulfur–oxygen interactions widely ob-
served in EDOT-containing conjugated systems are still
present in PheDOT-based systems. Optical and electrochem-
ical data have shown that whereas PheDOT has a lower oxi-
dation potential and a smaller HOMO–LUMO gap than
EDOT, the PheDOT dimer and trimer show higher oxida-
tion potentials and larger HOMO–LUMO gaps than their
EDOT analogues. Theoretical results obtained for oligomers
up to the tetramer stage extrapolated to an infinite polymer
chain length leads to predicted band gaps that are larger for
poly(PheDOT) than for poly(EDOT), in agreement with ex-
perimental results.
The electrochemical polymerization of the PheDOT

dimer and trimer has been investigated. In spite of the very
low substrate concentration imposed by their low solubility,
both compounds undergo a straightforward polymerization.
The cyclic voltammetric data of the obtained polymers sug-
gest that the increase of the chain length of the precursor to
the trimer stage leads to an enhancement of the effective
conjugation length of the resulting polymer Theoretical cal-
culations carried out to interpret this surprising result show

that whereas the cation radical of PheDOT is not very reac-
tive due to the delocalization of the unpaired electron over
the whole molecule, extension of the conjugated chain to
the dimer and trimer leads to a distribution of the SOMO
which becomes progressively similar to that of EDOT
oligomers. The significantly lower HOMO level of PheDOT
oligomers compared with their EDOT analogues thus opens
the possibility to synthesize p-conjugated systems stable in
ambient conditions and which can be solubilized by appro-
priate alkyl chains while preserving the compact packing or-
ganization needed to ensure high charge-carrier mobility.
Work in this direction is now underway and will be reported
in future publications.

Experimental Section

General : 1H and 13C NMR spectra were recorded on Bruker Avance
DRX 500 (500 MHz), Bruker Avance DRX 400 (400 MHz), and Varian
Unity 300 (300 MHz) instruments, using tetramethylsilane as internal
standard (in some cases spectra were referred to the solvent as internal
standard). Mass spectra were recorded on a VG7070E spectrometer oper-
ating at 70 eV (EI), a Bruker Biflex-III (MALDI-TOF) and a JEOL
LMS700 (HRMS). UV/Vis-NIR spectra were recorded on Perkin–Elmer
Lambda 19 NIR or Varian Cary 5E spectrophotometers.

2,5-Dibromo-3,4-(1,2-phenylenedioxy)thiophene (4): 3,4-(1,2-Phenylene-
dioxy)thiophene (1: 2.00 g, 10.5 mmol) was dissolved in dry N,N-di-
methylformamide (DMF: 35 mL) under nitrogen. N-Bromosuccinimide
(NBS: 4.0 g, 22.5 mmol) was added in one portion and the mixture was
stirred at room temperature for 2 h (protected from daylight). Precipita-
tion (colorless crystals) was observed in 45 min. The mixture was cooled
to 0 8C, kept for 30 min, filtered off, and then washed with cold DMF and
water yielding pure compound 4 (2.69 g, 73.5%; m.p. 153–154 8C) as
white crystals. Dilution of the DMF filtrate with water gave an additional
portion of product 4 (0.78 g, 21.3%). 1H NMR (500 MHz, CDCl3): d=
7.01–7.04 (m, 2H), 6.97–7.00 ppm (m, 2H); 13C NMR (125 MHz, CDCl3):
139.82, 137.32, 124.37, 117.00, 86.98 ppm; MS (EI): m/z (%): 349.7, 347.7,
345.7 (50, 100, 50) [M+]; calcd exact mass: 345.82987; elemental analysis
calcd (%) for C10H4Br2O2S (Mr=348.01): C 34.51, H 1.16, Br 45.92, S
9.21; found: C 34.60, H 1.13, Br 45.75, S 9.35.

2,2’-Bis[3,4-(1,2-phenylenedioxy)thienyl] (2-P): Under nitrogen, nBuLi
(1.6m in hexane, 1.35 mL, 2.16 mmol) was added dropwise to a solution
of PheDOT 1 (400 mg, 2.10 mmol) in dry THF (10 mL) at �70 8C. The
mixture was allowed to warm slowly to 0 8C and stirred at this tempera-
ture for 40 min. It was cooled to �30 8C, dry CuCl2 (300 mg, 2.23 mmol)
was added, and the mixture was stirred at room temperature for 16 h.
The mixture was diluted with water and extracted with CH2Cl2. The or-
ganic layer was slightly acidified by using diluted HCl, washed with
water, and dried over MgSO4. Evaporation of the solvent and flash chro-
matography of the residue on silica gel (petroleum ether/CH2Cl2, 1:1 v/v)
afforded compound 2 (285 mg, 73%) as a colorless (slightly greyish)
solid. M.p. 280.5–281 8C; 1H NMR (500 MHz, [D6]DMSO): d=7.08–7.13
(m, 4H), 7.04–7.07 (m, 4H), 7.05 ppm (s, 2H); MS (MALDI TOF): m/z :
378.07 [M+]; calcd exact mass: 378.00205; elemental analysis calcd (%)
for C20H10O4S2 (Mr=378.42): C 63.48, H 2.66; found: C 63.35, H 2.53.

2,2’,5’,2’’-tris[3,4-(1,2-phenylenedioxy)thienylene] (3-P): Under nitrogen,
nBuLi (2.5m in hexane, 0.81 mL, 2.03 mmol) was added dropwise to a so-
lution of PheDOT 1 (380 mg, 2.00 mmol) in dry THF (7 mL) at �70 8C.
The mixture was allowed to warm to 0 8C for 30 min and was stirred at
this temperature for an additional 30 min. This solution was added by sy-
ringe under nitrogen to a solution of anhydrous ZnCl2 (0.27 g) in THF
(6 mL) at �10 to 0 8C and the mixture was stirred at room temperature
for 20 min. The resulting solution of zinc derivative 5 was added by sy-
ringe under nitrogen to a solution of dibromide 4 (348 mg, 1.00 mmol)
and [Pd(PPh3)4] (25 mg, 0.022 mmol) in THF (5 mL) and the mixture was
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stirred at room temperature for 4 days (an additional portion of [Pd-
(PPh3)4] (50 mg, 0.043 mmol) was added after 12 h). The solvent was
evaporated and the residue was transferred onto an extractor and ex-
tracted by refluxing CH2Cl2 (250 mL) for 15 h. After having passed the
solution through a 4 cm layer of silica gel to separate it from the inorgan-
ic material and then precipitated it from CH2Cl2, the solid was filtered
off affording compound 3 (120 mg, 21%; m.p. 315–320 8C (decomp)) as
yellow powder, which was barely soluble in most organic solvents.
1H NMR (500 MHz, CDCl3): d=7.04–7.08 (m, 4H), 6.96–7.01 (m, 8H),
6.47 ppm (s, 2H); MS (MALDI TOF): m/z : 565.91 [M+]; calcd exact
mass: 565.99.

Computational procedure : The ab initio computations were carried out
with the Gaussian 98 package of programs at a hybrid density-functional
theory (DFT) level.[19] In DFT calculations, we adopted BeckeAs three-pa-
rameter hybrid exchange functional and the correlation functional of
Lee, Yang, and Parr (B3LYP).[13,14] Calculations were performed by using
PopleAs 6-311G triple split valence basis set supplemented by two d-polar-
ization functions on heavy atoms and p-polarization functions on hydro-
gen atoms. Geometries and electronic structures were calculated at the
same B3LYP/6-311G(2d,p) level. Presentation of orbital populations was
performed by using the Molekel v.4.3 program.[20] No constraints of
bonds/angles/dihedral angles were applied in the calculations and all the
atoms were free to optimize.

Crystal data and structure refinement for 4 : empirical formula=
C10H4Br2O2S; Mr=348.01; T=293(2) K; l=0.71073 K; crystal system: or-
thorhombic; space group: P212121; a=4.9929(4), b=14.605(2), c=
14.599(2) K; a=b=g=908 ; V=1064.6(2) K3; Z=4; 1calcd=2.171 gcm�3 ;
m=7.783 mm�1; F (000)=664; crystal size: 0.43N0.09N0.06 mm; q=1.97–
25.808 ; limiting indices: �5�h�5, �17�k�17, �17� l�14; reflections
collected/unique [R(int)=0.0462]=6517/1968; completeness to q=

25.808, 97.0%; absorption correction: semiempirical from equivalents;
max/min transmission=0.2935/0.278; refinement method: full-matrix
least-squares on F 2 ; data/restraints/parameters=1968/0/136; GOF on
F 2=0.877; final R indices [I>2s(I)]: R1=0.0283, wR2=0.0470; R indices
(all data): R1=0.0560, wR2=0.0515; absolute structure parameter=
0.046(16); largest diff. peak/hole=0.491/�0.278 eK�3.

CCDC-261998 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.cdc.cam.ac.uk/data_request/cif.
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