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A series of trialkylsilyl-substituted 2,2'-dithiophene, 4,4’-di-n-hexyl-2,2'-dithiophene, S,5'-dithiazole, and 2,2'-diselenophene with
carbonyl (2a—d) and o.-dicarbonyl bridges (3a—d) were prepared from readily available dihalides, using double lithiation followed
by trapping with N,N-dimethylcarbamoyl chloride or diethyl oxalate (or N,N-dimethylpiperazine-2,3-dione), respectively. Cyclic
voltammetry reveals that the first half-wave reduction potentials for this series of compounds span a wide range, from —1.87 to —0.97V
vs the ferrocene/ferrocenium couple at 0 V (0.1 M "Bu,NPF, in THF). A significant increase of the first half-wave reduction potential
(by 0.50—0.67 V) was observed on substitution of the monocarbonyl bridge with o.-dicarbonyl. Adiabatic electron affinity (AEA, gas
phase) trends determined via density functional theory (DFT) calculations are in good agreement with the electrochemical reduction
potentials. UV—vis absorption spectra across the series show a weak absorption band in the visible range, corresponding to the
HOMO—LUMO transition within a one-electron picture, followed by a more intense, high-energy transition(s). Single-crystal X-ray
structural analyses reveal molecular packing features that balance the interplay of the presence of the bulky substituents, intermolecular
Jr-stacking interactions, and S+ - - O intermolecular contacts, all of which affect the DFT-evaluated intermolecular electronic couplings
and effective charge-carrier masses for the crystals of the tricyclic cores.

B INTRODUCTION

Air-stable organic semiconductors with large electron (n-
channel) mobilities are necessary for the continued development
and future implementation of organic electronic devices. Over
the past decade, different materials classes, e.g., perfluorinated
copper phthalocyanines,’ rylene diimides,”* dicyanomethylene-
substituted terthienoquinoid oligomers,* and dicyanomethylene
derivatives of (bis)indenofluorenes,” have demonstrated efficient
air-stable performance in n-channel organic field-effect transis-
tors (OFET). Recently, bis-heterocyclic electron-transport ma-
terials that contain a carbonyl-bridge with either a dithiophene
core (Ta) (electron mobility, s, up to 0.08 cm> V" 's~)*” ora
dithiazole core (Ib) (¢, up to 0.06 cm® V' s~ ")® have been
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developed. Materials containing an O.-dicarbonyl-bridged dithio-
phene, benzo[2,1-b:3,4-b’|dithiophene-4,5-dione (II), are still
rare and only a few compounds have been reported.” A recent
attempt to isolate 2,7-bis(thiophene-2-yl)benzo[2,1-b:3,4-b"]di-
thiophene-4,5-dione was reported to be unsuccessful.'®

Ia is the most studied core among the compounds depicted in
Figure 1. Synthetic approaches for Ia typically involve several
steps,' starting from 3-bromothiophene and thiophene-3-car-
baldehyde. Ia serves as a precursor for the preparation of
polycyclopenta[2,1-b;3,4-b']dithiophen-4-one derivatives,”
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4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b']dithiophene-4-
one, by reaction with malononitrile,”~"” difluoromethylene-
bridged dithiophene derivatives,'® A4’4,-dicyclopenta[2,1-b;3,4—
b']dithiophene by the reaction with Lawesson’s reagent,'” and
poly-(4,4-dialkylcyclopenta[2,1-b;3,4-b']dithiophene-2,6-diyls.
A short and convenient method for the introduction of the
carbonyl bridge was recently reported in the synthesis of 4H-
cyclopenta[2,1-b;3,4-b']dithiazole-4-one (TIPS derivative of Ib,
99% yield),® when 2,2'-bis(triisopropylsilyl)-5,5'-dithiazole was
lithiated with lithium diisopropylamide (LDA) followed by
trapping with ethyl 1-piperidine carboxylate. A five-step synthesis
of 4H-cyclopenta[2,1-b;3,4-b']diselenophen-4-(1,3-dioxolane)
(a derivative of Ic) was also reported in the literature.”!

o-Dicarbonyl-bridged bis-heterocycles published to date are
solely limited to dithiophene (II) derivatives to the best of our
knowledge. To introduce the dicarbonyl bridge, an intramole-
cular benzoin condensation of 2,2'-dithiophene-3,3'-dicarbalde-
hyde* or its 5,5'-disubstituted derivatives’ followed by air
oxidation was used (23—30% yields). Condensation of benzo-
[2,1-b:3,4-b' ]dithiophene-4,5-dione, II, with diamines was repo-
rted,?>** as well as the preparation of 2,7-diiodobenzo[2,1-b:3,4-
b']dithiophene-4,5-dione and its attempted application in the
Suzuki coupling.*®
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Figure 1. Structures of 4H-cyclopenta[2,1-b;3,4-b’]dithiophen/dithia-
zole/diselenophen-4-one, I, and benzo[2,1-b:3,4-b]dithiophene-4,5-
dione, 1L

Recently, we have developed a convenient method™ for the
preparation of dibromo-bisarenes 1a,c—e, Scheme 1, suitable for
cyclization reactions. Here, we report a one-pot synthesis of
mono- (2a—d) and o.-dicarbonyl-bridged (3a—d) dithiophene,
dialkyl-dithiophene, dithiazole, and diselenophene structures.
The electronic properties of these tricyclic cores were studied
by cyclic voltammetry, UV—vis absorption spectroscopy, and
density functional theory (DFT) calculations. Three materials,
2,6-bis(triisopropylsilyl)-4H-cyclopenta[2,1-b;3,4-b'dithiazole-
4-one (2c), 2,7-bis(trimethylsilyl)benzo[2,1-b:3,4-b"]dithioph-
ene-4,5-dione (3a), and 2,7-bis(triisopropylsilyl)benzo[2,1-
b:3,4-b' |dithiazole-4,5-dione (3c), were analyzed by single-crys-
tal X-ray structural analysis. On the basis of these crystal struc-
tures, the intermolecular electronic couplings and charge-carrier
effective masses were evaluated with DFT.

B RESULTS AND DISCUSSION

Synthesis.  2,6-Bis(trimethylsilyl)-4H-cyclopenta[2,1-b;3,4-
b']dithiophen-4-one (2a) was prepared in 84—86% yields from
5,5/ -bis(trimethylsilyl)-3,3'-dibromo-2,2’-dithiophene (1a) via
double lithiation with n-butyllithium followed by reaction with
dimethylcarbamoyl chloride®® and acidic workup with aqueous
NH,CI as described earlier.”” The cyclopenta[2,1-b;3,4-b']di-
thiophen-4-one derivative 2b with two n-hexyl chains at the 3-
and S-positions was synthesized with the intent of imparting
improved solubility and processability for conjugated oligomers or
polymers that may incorporate this core in the backbone. Com-
pound 2b was prepared by a one-pot synthesis from 3,3,5,5'-
tetrabromo-4,4’-di-n-hexyl-2,2'-dithiophene (1e) through selective
lithiation at the S- and S'-positions with 2 equiv of n-butyllithium
followed by reaction with 2 equiv of chlorotrimethylsilane (TMSCI)
to generate 3,3'-dibromo-4,4’-di-n-hexyl-S,5'-bis(trimethylsilyl)-
2,2'-dithiophene (1b), which was used in situ in the halogen—
lithium exchange reaction with 2 equiv of n-butyllithium followed by

Scheme 1. One-Pot Synthesis of Mono- and Dicarbonyl-Bridged Tricycles 2a—d and 3a—d
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Table 1. Redox Properties of the Trialkylsilyl-Carbonyl-Containing Tricycles 2a—d and 3a—d

compd solvent for CV* El/ZO/H, A% El/zo/lf, A%
2a CH,CL, +0.96 —1.67
THF n/a —1.74
2b CH,CL, +0.83 —1.84
THF n/a —1.87
2c CH,Cl, n/a —147
THF n/a —1.47
2d CH,Cl, +0.89 —1.61
THF n/a —1.67
3a CH,Cl, n/a —1.10
THF n/a —1.09
3b CH,Cl, n/a —1.26
THF n/a —1.20
3¢ CH,Cl, n/a —0.89
THF n/a —0.97
3d CH,Cl, n/a —1.00
THF n/a —1.04

Bpt 2P E1”' "5V vs SCE AIP? eV AEA% eV
n/a —121 7.02 —148
—231 —1.18
n/a —138 6.81 —1.41
—2.53 —1.31
—2.14 —1.01 7.51 —1.82
—2.12 —091
—2.18 —115 6.94 —1.61
—2.20 —111
-1.73 —0.64 743 —2.08
—1.68 —0.53
—1.84 —0.80 7.20 —1.98
—-1.95 —0.64
—1.58 —0.43 7.76 —2.29
-1.73 —0.41
—1.49 —0.54 7.36 -2.17
—1.49 —0.48

“CV was recorded in 0.1 M "Bu,NPF in specified solvent (Cp,Fe®’'" internal standard at 0 V, SOmV+s " scan rate). * Second reduction was partially
electrochemically reversible for all compounds and E; /21_/ >~ was estimated with large error. “E, /20/ 1_(vs SCE) = E,; /20/ 1_(vs Cp,Fe) + 0.56 V (for
THF); E, /20/ ' (vs SCE) = E, /20/ '~ (vs Cp,Fe) + 0.46 (for dichloromethane).** 4 AIP determined at the B3LYP/6-311G** level of theory, while AEA
determined at the B3LYP/6-311++G"** level of theory; adiabatic ionization energies determined as E(ion) — E(neutral).

reaction with N,N-dimethylcarbamoyl chloride. The reaction
temperature after addition of N,N-dimethylcarbamoyl chloride
must be kept below —30 to —25 °C in order to obtain 2,6-
bis(trimethylsilyl)-3,5-di-n-hexylcyclopenta[ 2,1-b;3,4-b' ] dithiophen-
4-one (2b) in satisfactory yields (52—56%).>® Lower yields (22—
39%) were obtained for the 2,6-bis(triisopropylsilyl)cyclopenta
[2,1-b;3,4- | dithiazole-4-one (2c) when 4,4’-dibromo-2,2’-bis-
(triisopropylsilyl)-S,5'-dithiazole (1c) was reacted with 2 equiv of
n-butyllithium followed by cyclization using N,N-dimethylcarbamoyl
chloride. Only a trace amount of desired product 2d was obtained
from §,5'-bis(trimethylsilyl)-3,3'-dibromo-2,2’-diselenophene (1d)
using the same reaction conditions.

Introduction of the a-dicarbonyl bridge was achieved by usin
either the diethyl oxalate or N,N-dimethylpiperazine-2,3-dione®””
electrophiles after lithiation of the dihalides 1a—d with 2 equiv of
n-butyllithium. The highest yield for 2,7-bis(trimethylsilyl)be-
nzo[2,1-b:3,4-b]dithiophene-4,5-dione (3a) was obtained when
the dilithiated species generated from S$,5'-bis(trimethylsilyl)-
3,3'-dibromo-2,2'-dithiophene (1a) was transferred via cannula
into a solution of diethyl oxalate followed by transfer of the
reaction mixture via cannula into an aqueous solution of NH,Cl.
Recrystallization of the crude product from ethanol produced 3a
in 54—80% yields on multigram scales (the yields for 3a were
improved from 54—61% to 76—80% when 1.3 equiv of diethyl
oxalate were used instead of 1.05—1.1 equiv). N,N-Dimethylpi-
perazine-2,3-dione was also examined as the electrophile, and the
best yield achieved for 3a was 44% after 18 h of stirring, but this
yield was not readily reproducible and low yields (<10%) were
typical>" A lower yield of 34% in comparison with 3a was
obtained for the preparation of 2,7-bis(trimethylsilyl)-3,6-di-n-
hexylbenzo[2,1-b:3,4-b]dithiophene-4,5-dione (3b) using di-
ethyl oxalate as the electrophile. 2,7-Bis(triisopropylsilyl)ben-
20[2,1-b:3,4-b |dithiazole-4,5-dione (3c) was conveniently pre-
pared in 26—40% yields using N,N-dimethylpiperazine-2,
3-dione in the reaction with the dilithiated species obtained
from 4,4’-dibromo-2,2/-bis(triisopropylsilyl)-S,5’-dithiazole
(1c). Preparation of 2,7-bis(trimethylsilyl)benzo[2,1-b:3,4-b’]
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diselenophene-4,5-dione (3d) was attempted, but the desired
product was isolated in a very low yield (<5%) after double
lithiation of 1d with n-butyllithium followed by the reaction with
diethyl oxalate.

Electronic Properties. The electrochemical properties of the
tricyclic aromatic cores 2a—d and 3a—d were examined by cyclic
voltammetry (CV) in 0.1 M tetra-n-butylammonium hexafluoro-
phosphate ("BuyNPF) in dichloromethane and THF using the
ferrocene/ferrocenium couple (szFeO/ ') as the internal re-
ference (see Table 1 and Figure 2; note all potentials hereafter
will be reported using the ferrocene/ferrocenium couple as the
reference at 0 V). By using THF as the solvent, 2a—d show
similar reduction behavior with each compound having two
reduction waves; the second reduction is partially electrochemi-
cally reversible with I,.4 > I.,. As expected a priori due to the
inductively donating nature of the alkyl groups, introduction of n-
hexyl groups at 3- and S-positions of the cyclopenta[2,1-b;3,4-
b']dithiophen-4-one to form 2b results in a shift toward more
negative potential for both the first and second half-wave
reduction potentials (by 0.13 and 0.22 V, respectively) vs 2a.
In contrast, substituting sulfur with selenium to form 2d results in
a less negative potential for both the first and second half-wave
reduction potentials (by 0.07 and 0.11 V, respectively), hence
making formation of the radical-ion more facile. The dithiazole
derivative 2c, due to the more electron-deficient nature of
thiazole in comparison to thiophene,** exhibits the most positive
first and second half-wave reduction potentials in the series with the
first reduction occurring at —1.47 V.

Substituting the monocarbonyl bridge with the more electron-
deficient at-dicarbonyl bridge results in a substantial increase of
the first half-wave reduction potentials of 3a—d, with the first
half-wave reduction potentials ranging from —0.97 V for the
dithiazole derivative 3¢ to —1.20 V for the 3,6-di-n-hexyldithio-
phene derivative 3b (0.1 M "Bu,NPFg in THF). As observed for
the monocarbonyl-bridged tricycles 2a and 2d, substitution of
sulfur with selenium leads to a positive shift in both the first (by
0.05 V) and second (by 0.19 V) half-wave reduction potentials.

dx.doi.org/10.1021/j0102502u |J. Org. Chem. 2011, 76, 2660-2671
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Figure 2. Normalized cyclic voltammograms (0.1 M "Bu,NPF4 in THF vs szFeO/ " at 0 V) of (left) monocarbonyl-bridged tricycles 2a—d and
(center) dicarbonyl-bridged tricycles 3a—d. (right) Normalized cyclic voltammograms (0.1 M "BuyNPF4 in CH,Cl, vs szFeO/ " at 0V) of

monocarbonyl-bridged tricycles 2a, 2b, and 2d.
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Figure 3. CV first half-wave reduction potentials (0.1 M "BuyNPF in
THF vs CpZFeO/ " at 0 V) versus adiabatic electron affinity (AEA) as
determined at the B3LYP/6-311++G** level of theory. Note that the
AEA was determined as E(anion) — E(neutral), so that a more negative
(that is, exothermic) AEA indicates easier reduction.

Adiabatic electron affinity (AEA, gas phase) trends determined
via density functional theory (DFT) calculations at the BLYP/6-
311++G** level are in excellent agreement with the electro-
chemical reduction potentials, see Table 1 and Figure 3. For both
the monocarbonyl and a-dicarbonyl series, addition of the n-
hexyl groups at 3- and 5/6-positions (2b/3b) results in a decrease
of the electron affinity vs the nonalkylated (2a/3a) cores, while
substituting sulfur with selenium (2d/3d) results in a slight
increase of the electron affinity. Moreover, moving to the more
electron-deficient dithiazole structure (2¢c/3c) leads to the largest
increase of the adiabatic electron affinity. The lowest unoccupied
molecular orbital (LUMO) energies (which can roughly be used
as an estimate of the vertical electron affinity via Koopmans’
theorem®®) also reveal similar trends. Analysis of the LUMO wave
functions, Figure 4, reveals, within the respective monocarbonyl
and o.-dicarbonyl series, that the various changes to the molecular
structure produce minimal change to the overall wave function
distribution. For both the mono- and o-dicarbonyl compounds,
the LUMO wave function is fairly well delocalized across the
entire s7-conjugated system. Considerable wave function density
resides within the central portions of the molecular systems,
principally composed of a linear combination of the 77* orbitals of
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Figure 4. Frontier molecular orbital energies and wave function
illustrations, as determined at the B3LYP/6-311G** level of theory.

both the cis-butadiene and mono/dicarbonyl moieties, respec-
tively; substantial density also resides on the sulfur/selenium
atoms. Importantly, there is sizable wave function density on the
2- and 6(7-)-positions in the mono(di)carbonyl systems. These
positions can be readily substituted to extend the 77-conjugation
and/or increase the electron deficiency to lead to molecular
systems with larger electron affinities—a parameter of impor-
tance with regard to the development of air-stable n-channel
organic semiconducting materials.

The CV analysis of monocarbonyl-bridged tricycles 2a, 2b,
and 2d in 0.1 M "BuyNPF; in dichloromethane (Figure 2) also
shows reversible (partially in the case of 2d) oxidation waves with
the half-wave oxidation potential increasing as 2b < 2d < 2a.
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Figure 5. (left) UV—vis absorption spectra of monocarbonyl (2a—d, top) and dicarbonyl (3a—d, bottom) tricycles in dichloromethane. (right)
Simulated absorption spectra for the monocarbonyl (2a—d, top) and dicarbonyl (3a—d, bottom) tricycles as determined with TDDFT at the B3LYP/6-
311G** level of theory (note that the vibronic structure is not taken into account in the theoretical spectra).

However, oxidation potentials could not be measured in THF or
CH,Cl, for the remaining compounds. Comparison of the CV
oxidation for 2a, 2b, and 2d with the calculated adiabatic ioniza-
tion potentials (AIPs) determined at the B3LYP/6-311G** level of
theory reveals a very similar trend. Replacing the sulfur (2a) with
selenium (2d) reduces the AIP (0.08 eV), while appending the
inductively donating alkyl groups to the core (2b) stabilizes the AIP
slightly more (0.21 eV). The AIP results indicate, as expected, that
changing the thiophene units for the electron-deficient thiazole units
significantly increases the AIP, making oxidation a much more
difficult process. These trends in AIP vs substitution pattern hold
for the o-dicarbonyl systems 3a—d as well, with the Q--dicarbonyl-
bridged structures being much more difficult to oxidize in general. As
with the AEA, the HOMO energies (which can be used to estimate
the vertical ionization potential) trend with the AIP. The HOMO
wave function distributions do not change significantly with sub-
stitution across the series, and are mainly an additive linear combina-
tion of the two thiophene (thiazole/selenophene) moiety HOMOs,
with some wave function density on the oxygen atoms in the a-
dicarbonyl structures.

UV—vis absorption analyses for both the mono- and dicarbo-
nyl tricycles show a weak absorption band in the visible range
followed by more intense, high-energy electronic transitions
(Figure S, Table 2). Descriptions of the excited states determined
via time-dependent DFT (TDDFT) analysis at the B3LYP/6-
311G™* level of theory agree with the empirical results; in
particular, simulated absorption profiles based on the TDDFT
results match remarkably well the UV—vis data. The core 7-
structure for both the mono- and dicarbonyl systems possesses
C,, symmetry. The weak low-energy transitions are predomi-
nantly HOMO (a,) — LUMO (b,) electronic excitations (within
the one-electron picture) of B, symmetry, which are transition-
dipole allowed within the C,, framework. For the dithiophene/
diselenophene compounds, the second high-energy peak princi-
pally corresponds to a B; symmetry, HOMO — LUMO-+1
transition. The picture is a little more complicated for the
dithiazole systems (2c/3c). For 2c, there exist two dominant
high-energy transitions that each correspond to two (nearly)
isoenergetic transitions comprised of a linear combination of
three one-electron excitations of considerable weight. In 3¢, one
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Table 2. Summary of UV—Vis Absorption Spectra and TDDFT Determination of the Optical Transitions, E,, Their Oscillator
Strengths, f, and the Main Electronic Configurations Involved in the Description of the Respective Excited States

compd Amax (€ X 1074 (M 'em ™)) (CH,CL,)
2a 494 (0.17), 282 (5.2), 273 (4.4)
2b 502 (0.23), 287 (4.5), 278 (4.1)
2c 485 (0.08), 309 (1.8), 268 (3.0)
2d 512 (0.20), 293 (3.6), 283 (3.6)
3a 533 (0.27), 501 (0.28), 295 (2.6), 285 (2.6), 242 (0.85)
3b 537 (0.36), 500 (0.35), 345 (0.43), 290 (2.2)
3c 475 (0.15), 284 (2.3)
3d 297 (2.7), 355 (1.2), 513 (0.41)

Eope (eV) Eqpe (nm) f electronic configurations
245 507 0.07 HOMO — LUMO (98%)
4.57 272 097 HOMO — LUMO+1 (82%);

HOMO-2 — LUMO (13%);
HOMO — LUMO (2%)
241 513 0.08 HOMO — LUMO (97%)
4.54 273 0.90 HOMO — LUMO+1 (90%);
HOMO-1— LUMO (5%);
HOMO — LUMO (2%)
247 503 0.05 HOMO — LUMO (98%)
422 294 0.24 HOMO-6 — LUMO (65%);
HOMO — LUMO+1 (29%);
HOMO-9 — LUMO (3%)
426 291 0.18 HOMO — LUMO+1 (53%);
HOMO-6 — LUMO (33%);
HOMO-9 — LUMO (12%)
4.74 262 0.33 HOMO-9 — LUMO (47%);
HOMO — LUMO+3 (43%);
HOMO — LUMO+1 (7%)
476 261 0.33 HOMO — LUMO+3 (55%);
HOMO-9 — LUMO (36%);
HOMO — LUMO+1 (7%)
235 528 0.08 HOMO — LUMO (98%)
4.47 277 0.83 HOMO — LUMO+1 (91%);
HOMO-1— LUMO (5%)
2.19 565 0.00 HOMO — LUMO+1 (97%)
243 509 0.11 HOMO — LUMO (99%)
4.36 284 0.61 HOMO — LUMO+1 (94%);
HOMO-2 — LUMO (3%)
221 560 0.00 HOMO-1— LUMO (97%)
2.39 519 0.14 HOMO — LUMO (99%)
4.33 286 0.54 HOMO — LUMO+1 (96%)
211 589 0.00 HOMO-1 — LUMO (97%);
HOMO-1— LUMO+1 (2%)
2.65 468 0.10 HOMO — LUMO (99%)
441 281 0.68 HOMO — LUMO+4 (61%);
HOMO-9 — LUMO (35%)
2.13 581 0.00 HOMO-1 — LUMO (97%);
HOMO-1— LUMO+1 (2%)
2.37 524 0.12 HOMO — LUMO (99%)
423 293 0.49 HOMO — LUMO+1 (92%);
2.37 524 0.12 HOMO-1— LUMO+1 (4%)

principal high-energy transition is present that is comprised of a
linear combination of two one-electron excitations of importance.

Single-Crystal X-ray Structural Analysis. 2,6-Bis(triisopropyl-
silyl) cyclopenta[2,1-b;3,4-b' ] dithiazole-4-one  (2c) and 2,7-bis-
(triisopropylsilyl)benzo[2,1-b:3,4-b" ] dithiazole-4,5-dione (3c) pro-
duced crystals suitable for single-crystal X-ray structural analysis by
slow evaporation of dichloromethane solutions. 2,7-Bis(trimethyl-
silyl)benzo[2,1-b:3,4-b' |dithiophene-4,5-dione (3a) crystals were
obtained by cooling of the hot ethanol solution.

Compound 2c (Figure 6) crystallizes in the tetragonal P42,c
space group with one-half molecule per asymmetric unit. The
molecule resides on a 2-fold axis and is characterized by an almost

planar tricyclic core, with a mean atomic deviation from the plane
of 0.0102 A. The molecules related by the 4-fold axis are held
together via short C=0- - - S contacts [O(1) - - -S(1)(—0.5 — y,
—0.5 — x, —0.5 + z) = 3.054 A] and form slightly corrugated
ribbons (Figure 7a). The dihedral angle between the tricyclic
cores of the neighboring molecules in the ribbons is 16°. The
ribbons are packed in a T-shape mode, as presented in Figure 7b.

Compounds 3a and 3c (Figure 8a,b) crystallize in the cen-
trosymmetric orthorhombic Pnna and monoclinic P2/n space
groups, respectively, with two halves of two crystallographically
independent molecules (A and B) per asymmetric unit. The
independent molecules reside on the 2-fold axes, and have similar

2665 dx.doi.org/10.1021/j0102502u |J. Org. Chem. 2011, 76, 2660-2671



The Journal of Organic Chemistry

geometries that vary slightly with the rotation of TMS (3a) and
TIPS (3c) substituents (superposition diagrams are available in
the Supporting Information, Figures S10 and S13). Similar to 2c,
the central tricyclic skeleton is planar in both compounds, with

Figure 6. ORTEP drawing of 2c (50% probability level, hydrogen
atoms drawn arbitrarily small). Select bond lengths (A): C(1)—O(1)
1.203(4), N(1)—C(2) 1.337(3), S(1)—C(3) 1.699(2), C(4)—Si(1)
1.889(2), C(2)—C(3) 1.368(3).

mean deviations of 0.0468 and 0.0257 A for molecules A and B,
respectively, in 3a and 0.0137 and 0.0243 A for molecules A and
B, respectively, in 3c. The corresponding A/B dihedral angles
between the planes are 8.51(1)° in 3a (where the molecules are
stacked) and 70.78(7)° in 3c (where the molecules are in
ribbons, see the Supporting Information, Figure S14).

The crystal structures of 3a and 3¢ demonstrate differing
packing motifs influenced by the size of the attached substituents.
In 3a, the alternating A and B molecules are stacked along the b
crystallographic axis (Figure 9a), with the dihedral angle between
the cores of 8.64(1)°. The shortest distances between the over-
lapping areas are in the range of 3.30—3.65 4, including the short
intermolecular S(1A) - - - S(1B) contact of 3.631 A. The adjacent
molecules in the stacks are arranged to maximize the distance
between the side TMS groups (Figure 9b). For the similar
structures,  4-(1,3-dithiol-2-ylidene)-4H-cyclopenta[2,1-b;3,4-
v']dithiophene®® and 4-benzylidene-3,4-dihydro-144-cyclopenta-
[2,1-b:3,4-b']dithiophene® without the side groups, the authors
have previously reported the presence of only overlapping dimers
with interplanar distances of 3.63 and 3.36 A, respectively.

Figure 7. (a) Ribbon of 2c molecules with short intermolecular C=0- - «

crystal.

01A

Figure 8. (a) ORTEP drawing for 3a (50% probability level, hydrogen atoms drawn arbitrarily small). Of the two uniformly labeled molecules A and B,
only molecule A is shown. Select bond lengths for molecule A in 3a (A): C(1A)—O(1A) 1.216(1), C(2A)—C(4A) 1.426(1), S(1A)—C(3A) 1.707(1),
C(5A)—Si(1A) 1.880(1), C(2A)—C(3A) 1.385(1). Select bond lengths for molecule B in 3a (A): C(1B)—O(1B) 1.216(1), C(2B)—C(4B) 1.422(1),
S(1B)—C(3B) 1.707(1), C(SB)—Si(1B) 1.879(1), C(2B)—C(3B) 1.386(1). (b) ORTEP drawing for 3¢ (50% probability level, hydrogen atoms drawn
arbitrarily small). Of the two uniformly labeled molecules A and B, only molecule A is shown. Select bond lengths for molecule A in 3¢ (A): C(1A)—
0O(1A) 1.207(6), C(2A)—N(1A) 1.398(6), S(1A)—C(3A) 1.704(5), S(1A)—C(4A) 1.770(5), C(4A)—Si(1A) 1.932(6), C(2A)—C(3A) 1.382(6).
Select bond lengths for molecule B in 3¢ (A): C(1B)—0(1B) 1.195(5), C(2B)—N(1B) 1.376(6), S(1B)—C(3B) 1.703(4), S(1B)—C(4B) 1.740(5),

C(4B)—Si(1B) 1.894(5), C(2B)—C(3B) 1.349(6).
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a)

b)

Figure 9. Stacking patterns in 3a: (a) —A—B—A— stack in 3a running along the crystallographic b axis sustained by 7 + + 77 stacking interactions and
short intermolecular S- - - S contacts (dashed lines); (b) overlapping area of the A and B molecules via projection on the A molecule (open lines).

For 3c, the bulky TIPS substituents prevent molecular stack-
ing, and the molecules form uniform A—A—A and B—B—B
ribbons built of translational molecules arranged in an edge-to-
edge mode, similar to that found in 2¢; the S+ « - O intermolecular
contacts are 3.45 and 3.48 A, respectively, in the two ribbons. The
edge-to-face ribbon packing in 3c essentially reproduces the
crystal packing of 2c (packing diagrams are available in the
Supporting Information, Figure S14). Contrary to the TMS
substituents in 3a, the more bulky TIPS groups in 2¢ and 3¢
prevent tight stacking interactions and, along with the short
intermolecular S-+-O contacts, fulfill a “structure directing
function” that aligns the molecules in the ribbons. A similar
interplay between three effects leading to differing packing motifs
was reported by Rovira and co-workers®” for tetrathiafulvalene
(TTF) derivatives: S-S contacts, 7-stacking, and hydrogen
bonds for the TTF derivatives vs S+ - -O contacts, s7-stacking,
and TIPS/TMS substituent size for 2¢, 3a, and 3c.

On the basis of the crystal structures of 2¢, 3a, and 3¢, DFT
evaluations of the electronic band structures (PW91, ultrasoft
pseudopotentials) and intermolecular electronic couplings
(B3LYP/6-31G**, using the fragment orbital approach®®) were
carried out. For 2¢, both the top valence and bottom conduction
bands are rather flat, and the smallest effective mass is found to be
very high, 7.34 my, for electron transport along the ¢ crystal-
lographic axis. This is a consequence of the electronic couplings
(transfer integrals) along the ribbon (c axis) being small for
electrons (27 meV, LUMO—LUMO) and negligible for holes
(HOMO—HOMO). For 3a, the largest band dispersion is found
to be along the b crystallographic axis, with an effective mass for
electron transport of 2.98 mq. The electronic coupling along the
7t—7t stacking direction (b axis) is determined to be quite large
for electrons at 226 meV, while that for holes is only 29 meV.
Interestingly, the two sets of symmetry-equivalent dimers within
the a—c plane show differing strengths of electronic coupling for
electrons (54 meV vs 9 meV); electron transport along this
direction is expected to remain small. These results suggest that
electron transport in 3a should principally be one-dimensional
along the molecular stacking direction. The monoclinic 3¢
structure shows similar band dispersions for both the lowest

conduction band and the highest valence band along the b
crystallographic axis, with both bands being composed of two
degenerate bands. Differing from 3a, the conduction band
minimum and the valence band maximum for 3c are found to
be at the Y-point and I'-point, respectively, indicating an indirect
band gap for 3c (see the Supporting Information). The effective
masses for both electron and hole transport are evaluated to be
4.59 mg and 5.28 my, respectively. As with 2c, the electronic
coupling along the ribbon (b axis) pathway is small for electrons
(24 meV) and negligible for holes. Overall, given these band-
structure characteristics, the charge-carrier mobilities in these
crystals are not expected to reach large values.

B CONCLUSIONS

In summary, we have described a convenient and, in some
cases, efficient synthetic route toward dithiophene-, dialkyl-
dithiophene-, dithiazole-, and diselenophene-based tricycles with
mono- and Q-dicarbonyl bridges. There is excellent agreement in
the description of the electronic and optical properties via CV,
UV—vis, and DFT analyses. The single-crystal X-ray structural
analyses show interesting molecular packing features that balance
the interplay of the presence of the bulky substituents, inter-
molecular 7T-stacking interactions, and S--+O intermolecular
contacts. The substantial increases in electron affinity for the a.-
dicarbonyl-bridged tricycles in comparison with monocarbonyl-
bridged systems make these cores attractive for incorporation
into electron-transporting organic semiconductors with poten-
tially air-stable OFET operation.

B EXPERIMENTAL SECTION

Computational Methodology. Quantum-chemical calculations
of the neutral, radical-anion, and radical-cation states of 2a—d and 3a—d
were performed at the density functional theory (DFT) level using the
hybrid, generalized gradient approximation (GGA) functional
B3LYP* *' and a 6-311G** basis set. Further analyses of the neutral
and radical-anion states were carried out using the 6-311++G** basis
set to more accurately determine the adiabatic electron affinities. The n-
hexyl chains in 2b/3b were truncated to methyl groups to reduce the
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computational requirements. Time-dependent DFT (TDDFT) calcula-
tions were performed to assess the excited-state vertical transition
energies, oscillator strengths, and electronic configurations. Absorption
spectra were simulated through convolution of the vertical transition
energies and oscillator strengths with Gaussian functions characterized
by a full width at half-maximum (fwhm) of 0.3 eV. All single-molecule
calculations were performed with Gaussian 09 (Revision A.02),* and
molecular orbital density plots were generated with ArgusLab 4.0.1.%
Band structure calculations at the DFT level were carried out by using
the Vienna Ab Initio Simulation Package (VASP)**** with ultrasoft
pseudopotentials. The GGA functional of Perdew and Wang (PW91)*
was used as the exchange and correlation potential. A plane wave cutoff
of 400 eV and a total energy convergence of 10~¢ eV for the self-
consistent iteration were applied for the calculations.

Solvents. Tetrahydrofuran (THF) was freshly distilled from ben-
zophenone ketyl; anhydrous dimethylformamide (DMF) and diethyl
ether were used as received. 'H and '*C{'H} and DEPT-135 NMR
spectra were acquired in CDCl; (peaks in "H NMR were referenced to
residual CHCl; signal at 6 7.27 ppm or tetramethylsilane at 6 0.00 ppm).
Diethyl oxalate was dried over Na,COj;, then distilled under nitrogen
and stored over molecular sieves. N,N-Dimethylpiperazine-2,3-dione
was prepared according to the literature procedure.>® Dibromobisarenes
lac—d and 3,3,5,5'-tetrabromo-4,4’-di-n-hexyl-2,2’-dithiophene (1e)
were prepared by using the literature method.”® 4,4'-Dibromo-2,2'-
bis(triisopropylsilyl)-S,5’-dithiazole (1c) was also prepared by using the
optimized procedure (vide infra). UV—vis absorption spectra were
recorded in 1 cm cells. All materials 2a—d and 3a—d were purified,
characterized, and stored in air.

Cyclic voltammetry was carried out under nitrogen on dry deoxyge-
nated dichloromethane or THF solutions ca. 10~ * M of analyte and
0.1 M solution of tetra-n-butylammonium hexafluorophosphate, using a
potentiostat, a glassy carbon working electrode, a platinum auxiliary
electrode, and, as a pseudoreference electrode, a silver wire anodized in
1 M aqueous potassium chloride. Potentials were referenced to ferro-
cenium/ferrocene (Cp,Fe”’'™) as an internal standard at 0 V. Cyclic
voltammograms were recorded at scan rates of 50 mV-s™ ",

The X-ray diffraction data for compounds 2c, 3a, and 3c were
collected at 100 K, using Mo Ka radiation (1= 0.71073 A) at 100 K.
Absorption corrections were applied by using the semiempirical method
of the SADABS program,*” except for the case of the twinned crystal of
compound 3a and 3¢, for which TWINABS* was used. The structures
were solved by direct methods and refined by full matrix least-squares
on F* in the anisotropic approximation for non-hydrogen atoms.
Data reduction and further calculations were performed by using the
Bruker SAINT* and SHELXTL NT*® program packages. All hydro-
gen atoms were placed in idealized positions and refined with con-
strained C—H distances and Uy, (H) values set to 1.2Ueq or 1.5Ueq
(for methyl group) of the attached C atom. Selected refinement data
and structure parameters are shown in the Supporting Information
(Table S1).

2,6-Bis(trimethylsilyl)cyclopenta(2,1-b;3,4-b'1dithiophen-
4-one (2a). The title compound was prepared from 3,3'-dibromo-S,5'-
bis(trimethylsilanyl)-2,2'-dithiophene (1a) by using the literature
procedure.”’

2,6-Bis(trimethylsilyl)-3,5-di-n-hexylcyclopental[2,1-b;3,4-
b'ldithiophen-4-one (2b). 3,3',5,5'-Tetrabromo-4,4'-di-n-hexyl-
2,2'-dithiophene (1e) (23.0 mmol, 14.95 g) was dissolved in 200 mL
of anhydrous tetrahydrofuran (THF), the solution was cooled in an
acetone/dry ice bath, and n-butyllithium (2.5 M in hexanes, 46.0 mmol,
18.4 mL) was added dropwise (—70 to —6S °C). During the addition of
n-butyllithium the light yellowish reaction mixture became darker in
color (yellow-orange), but when ~1.5 mL of n-butyllithium was still in
the syringe, the mixture became lighter yellow. The reaction mixture was
stirred for 0.5 h and chlorotrimethylsilane (46.0 mmol, 5.00 g) was

added dropwise (exothermic reaction), then the solution was stirred for
20 min and analyzed by GC/MS. Clean formation of 3,3'-dibromo-4,4'-
di-n-hexyl-5,5'-bis(trimethylsilyl)-2,2’-dithiophene was confirmed and
n-butyllithium (2.5 M in hexanes, 46.0 mmol, 18.4 mL) was added
dropwise (—70 to —68 °C internal temperature). The reaction mixture
was analyzed by GC/MS after S min of stirring and clean lithiation was
confirmed. N,N-Dimethylcarbamoyl chloride (23.0 mmol, 2.47 g) in
10 mL of anhydrous THF was added dropwise and the mixture became
darker yellow. The reaction flask was partially removed from the cooling
bath and the mixture was warmed to —40 to —30 °C. After 40 min of
stirring the mixture was analyzed by TLC (hexanes:ethyl acetate (20:1))
and a spot subsequently indentified as the product was detected as a
major material. The mixture was stirred for 1.5 h, treated with aqueous
NH,CI (12 g in SO mL of water) (ca. —30 °C initial internal
temperature), and warmed to room temperature, then the dark red
organic phase was separated. The aqueous phase was extracted with
hexanes and the combined organic phases were dried over MgSO,. The
solvent was removed by rotary evaporation and the crude product was
obtained as a thick red oil. This material was purified by column
chromatography (200 mL of silica gel, hexanes as eluant). Fractions
with a pure material were combined, the solvent was removed, and the
product was dried under vacuum (3.72 g). The fractions with slightly
contaminated material were combined separately and further purified by
column chromatography to give dark red oil, which solidified on standing
(2.73 g). The yield of the pure material was 55.6% (6.45 g). "H NMR
(CDCls, 400 MHz) 6 2.66 (m, 4H), 1.55 (m, 4H), 1.40—1.25 (m, 12H),
0.87 (t, ] = 6.8 Hz, 6H), 0.31 (s, 18H); *C{'H} NMR (CDCl,, 100
MHz) O 184.5, 153.0, 147.4, 143.5, 137.1, 31.7, 31.1, 29.7, 29.3, 22.7,
14.1, 0.4; HRMS (EI) caled for C,;H4,08S,Si, 504.2370, found
504.2362. Anal. Caled for C,,H,,08,S,: C, 64.22; H, 8.78. Found: C,
64.22; H, 8.94.

2,6-Bis(triisopropylsilyl)cyclopenta[2,1-b;3,4-b']dithiazole-
4-one (2¢)

2-(Triisopropylsilyl)thiazole: 2-Bromothiazole (0.12 mol, 19.68 g)
was dissolved in 180 mL of anhydrous diethyl ether and the colorless
solution was cooled in an acetone/dry ice bath under nitrogen atmo-
sphere. Triisopropylsilyl chloride (TIPSCI) (0.12 mol, 23.14 g) was
added to the colorless solution followed by a dropwise addition of n-
butyllithium (2.45 M in hexanes, 0.12 mol, 49.0 mL (caution: added in
several portions with volume less than 20 mL)) (exotherm). Yellow-
orange solution was stirred for 0.5 h and anhydrous THF (20 mL) was
added (“smoke” on the contact of the solvent and reaction mixture was
observed). Within a few minutes formation of a heavy precipitate
was observed. Additional THF (20 mL + 40 mL + 40 mL + 20 mL)
was added in portions and the beginning of the formation of
2-(triisopropylsilyl )thiazole was confirmed by GC/MS analysis
(unreacted triisopropylsilyl chloride was detected as well). The reaction
mixture was allowed to warm to room temperature overnight and then
treated with water. The organic phase was removed and the aqueous
phase was extracted with hexanes several times. The combined organic
phases were dried over MgSOy, the drying agent was filtered off, and
the solvents were removed by rotary evaporation. The crude product
was obtained as a brown oil (32.29 g). This material was purified by
Kugelrohr distillation and the product was obtained as a yellowish oil
(100—120 °C/1.0—1.2 mmHg) (25.35 g, 87.5% yield). "H NMR (400
MHz, CDCl;) 6 8.17 (d, J = 3.0 Hz, 1H), 7.54 (d, ] = 2.6 Hz, 1H), 1.46
(septet, J=7.5 Hz, 3H), 1.14 (d, J = 7.5 Hz, 18H); "*C{"H} NMR (100
MHz, CDCL;) 6 169.7 (quaternary C), 145.4 (CH), 121.0 (CH), 18.4
(CH), 11.6 (CH3). (This analysis is in agreement with the literature
data.>")

Note: It is important to use diethyl ether for the lithiation of
2-bromothiazole to avoid decomposition of 2-lithiothiazole (which
was often observed in THF when an acetone/dry ice bath was used as
a coolant). A very sluggish reaction of 2-lithiothiazole with TIPSCI in
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diethyl ether was observed (even after warm up to room temperature),
and addition of THF after the lithiation step is required for successful
preparation of 2-(triisopropylsilyl)thiazole.
4,4'-Dibromo-2,2'-bis(triisopropylsilyl)-5,5’-dithiazole
(1c). 2-(Triisopropylsilyl)thiazole (20.0 mmol, 4.83 g) was dissolved in
100 mL of anhydrous THF under nitrogen atmosphere and the solution
was cooled in an acetone/dry ice bath. n-Butyllithium (2.45 M in
hexanes, 20.0 mmol, 8.2 mL) was added dropwise to a yellowish
solution. The mixture became darker yellow (exotherm) and after a
few minutes of stirring precipitate formed. After 15 min of stirring
bromine (1 equiv, 20.0 mmol, 3.20 g) was added dropwise to a thick
suspension and yellowish solution formed after stirring. GC/MS analysis
showed a clean formation of 2-(triisopropylsilyl)-S-bromothiazole, and
LDA (1.2 M in hexanes:THF, 1.1 equiv, 22.0 mmol, 18.3 mL) was added
dropwise. The reaction mixture was stirred for 10 min and analyzed by
TLC (several drops of the reaction mixture were treated with water and
organic matter was extracted with hexanes and analyzed). A new less
polar spot, which corresponds to a product of the base-catalyzed halogen
dance reaction, 2-(triisopropylsilyl)-4-bromothiazole, was detected and
anhydrous CuCl, (1.1 equiv, 22.0 mmol, 2.96 g) was added to a yellow-
orange solution. The mixture became yellow-brown (in some cases dark
purple or blue color was observed) and after 2 h of stirring it was allowed
to warm to room temperature. GC/MS analysis showed a clean
formation of the desired product (molecular ion of 638). The greenish
reaction mixture was diluted with hexanes (~100 mL) and filtered
through silica gel plug, using hexanes as eluant. The solvents were
removed from the yellowish solution and the crude product was
obtained as a yellow-orange solid (7.1 g, contains some solvent). This
crude product was recrystallized from ethanol (~170 mL) and beige
plates were obtained after vacuum filtration (4.58 g, 71.7%). The solvent
was removed from the mother liquor and the residue was recrystallized
from ~10 mL of ethanol. Additional product was obtained (0.58 g,
9.1%). "H NMR and "*C{'"H} NMR analyses are in agreement with the
literature data.”®
4,4'-Dibromo-2,2/-bis(triisopropylsilyl)-5,5'-dithiazole ~ (1c) (2.0
mmol, 1.277 g) was dissolved in 80 mL of anhydrous THF under
nitrogen atmosphere, then the resulting colorless solution was cooled in
acetone/dry ice bath and n-butyllithium (2.5 M in hexanes, 4.0 mmol,
1.6 mL) was added dropwise. The yellow solution was stirred for 20 min,
and N,N-dimethylcarbamoyl! chloride (2.0 mmol, 0.215 g) in 1 mL of
anhydrous THF was added dropwise. The reaction flask was partially
removed from the cooling bath, then the yellow-orange mixture was
stirred for 1 h and treated with aqueous NH4Cl. The red organic phase
was removed, the aqueous phase was extracted with hexanes, and
combined organic phases were dried over MgSO,. The solvents were
removed by rotary evaporation and the red residue was purified by
column chromatography (150 mL of silica gel, CH,Cl, as eluant). The
solvent was removed from combined fractions and red solid was
obtained (0.392 g, 38.8% yield). "H NMR (CDCls, 400 MHz) & 1.46
(septet, ] = 7.4 Hz, 6H), 1.14 (d, J = 7.5 Hz, 36H); *C{'H} NMR
(CDCls, 100 MHz) & 179.0, 174.0, 158.2, 145.3, 18.4, 11.6; HRMS (EI)
caled for C,5H,,N,08,Si, 506.2277, found 506.2239. Anal. Calcd for
CysHN,08,8i: C, 59.23; H, 8.35; N, 5.53. Found: C, 59.43; H, 8.44;
N, §8.5S.
2,6-Bis(trimethylsilyl)cyclopenta[2,1-b;3,4-b'1diselenoph-
ene-4-one (2d). $,5'-Bis(trimethylsilyl)-3,3'-dibromo-2,2’-diseleno-
phene (1d) (1.2 mmol, 0.675 g) was dissolved in anhydrous THF
(40 mL) under nitrogen atmosphere and the resulting yellow solution
was cooled in an acetone/dry ice bath. n-Butyllithium (1.6 M in hexanes,
2.4 mmol, 1.5 mL) was added dropwise and the yellow mixture turned
orange, then dark orange, and then brown. A solution of dimethylcarba-
moyl chloride in THF (0.40 g in 3 mL was prepared, 1 mL was used, 1.2
mmol, 0.13 g) was added after 10 min of stirring and the dark red-orange
mixture was partially removed from the cooling bath. The reaction mixture

was slowly warmed to ~0 °C over 1.5 h and an aqueous solution of
NH,CI was added. The red-brown organic phase was removed, the
aqueous phase was extracted with hexanes, and combined organic phases
were dried over MgSO,. The solvents were removed by rotary evapora-
tion and the crude product obtained as a dark reddish oil was purified by
column chromatography (30 mL of silica gel, hexanes:CH,Cl, (4:1) as
eluant). The solvents were removed from combined fractions and a few
milligrams of the product were obtained as a dark red solid. '"H NMR
(CDCls, 400 MHz) O 7.34 (s with two satellites, 2H), 0.32 (s, 18H);
3C{'H} NMR (CDCl,;, 100 MHz) 6 184.9, 1612, 153.2, 145.7, 129.2,
0.2; HRMS (EI) caled for C;sH,00Se,Si, 431.9383, found 431.9390.
Elemental analysis was not obtained due to the very limited amount of
material.
2,7-Bis(trimethylsilyl)benzo[2,1-b:3,4-b'ldithiophene-4,5-
dione?! (3a). 3,3/-Dibrom0-5,5/-bis(trimethylsilyl)-2,2/-dithiophene
(1a) (60.0 mmol, 28.11 g) was dissolved in anhydrous THF
(240 mL), the solution was cooled in an acetone/dry ice bath, and n-
butyllithium (2.87 M in hexanes, 2 equiv, 120.0 mmol, 41.8 mL
(caution: added in several portions with volume less than 20 mL))
was added dropwise. The yellow-orange solution was stirred for 0.5 h
and then transferred via cannula into a solution of diethyl oxalate (1.3
equiv, 78.0 mmol, 11.40 g) in 200 mL of anhydrous THF (cooled in an
acetone/dry ice bath). After completion of the addition of the dilithiated
species to the diethyl oxalate, the orange-reddish mixture was stirred for
4S min and transferred via cannula into a solution of aqueous NH,ClL.
The dark red organic phase was separated, the aqueous phase was
extracted with hexanes, and the combined organic phases were dried
over MgSO,. The solvents were removed by rotary evaporation and the
crude product was heated to reflux with ~500 mL of ethanol and cooled
to room temperature, then the dark-red needles were separated by
vacuum filtration (16.3 g, 76.7% yield). The mother liquor was subjected
to rotary evaporation and the residue was recrystallized from ethanol to
give an additional amount of product (0.7 g, total yield 17.0 g, 79.9%).
"H NMR (CDCl;, 400 MHz) 6 7.60 (s, 2H), 0.36 (s, 18H, 6CHs);
BC{’H} NMR (CDCl;, 100 MHz) ¢ 175.2 (quaternary C), 148.3
(quaternary C), 142.5 (quaternary C), 135.8 (quaternary C), 134.4
(CH), —0.44 (CH;); HRMS (EI) calcd for C6H,00,S,Si, 364.0443,
found 364.0469. Anal. Calcd for C;4H,,0,S,Si,: C, 52.70; H, 5.53.
Found: C, 52.70; H, 5.36.
2,7-Bis(trimethylsilyl)-3,6-di-n-hexylbenzo[2,1-b:3,4-b'1di-
thiophene-4,5-dione (3b). 3,3/,5,5'-Tetrabromo-4,4’-di-n-hexyl-
2,2'-dithiophene (1e) (3.08 mmol, 2.00 g) was dissolved in 60 mL of
anhydrous THF under nitrogen atmosphere, the solution was cooled in
an acetone/dry ice bath, and n-butyllithium (2.5 M in hexanes, 6.15
mmol, 2.5 mL) was added dropwise to the yellowish solution. The
reaction mixture was stirred for 15 min and chlorotrimethylsilane (6.15
mmol, 0.67 g) was added dropwise. The mixture was stirred for 15 min
and n-butyllithium (2.5 M in hexanes, 6.15 mmol, 2.5 mL) was added
dropwise. The reaction mixture was stirred for 0.5 h and the yellow
solution was transferred via cannula to a solution of diethyl oxalate (4.24
mmol, 0.62 g) in 60 mL of THF cooled in an acetone/dry ice bath. The
dark yellow-brown reaction mixture was stirred for 0.5 h and transferred
via cannula to an aqueous solution of NH,ClI (13 g in 50 mL of water).
The dark red organic phase was separated, the organic phase was dried
over MgSO,, the drying agent was filtered off, and the solvents were
removed by rotary evaporation to give the crude product as a red thick
oil. This material was purified by column chromatography (250 mL of
silica gel, hexanes:CH,Cl, (3:2) to pack the column, hexanes to elute
byproducts, and then hexanes:CH,Cl, (3:2) to elute the product).
Solvents were removed from combined fractions (red) to give a dark red
oil that was dried under vacuum (the oil solidified on standing, 0.56 g,
34.1%). "H NMR (CDCls, 400 MHz) 6 2.89 (poorly resolved t, 4H),
1.47 (m, 8H), 1.33 (m, 8H), 0.90 (poorly resolved t, 6H), 0.39 (s, 18H);
3C{'H} NMR (CDCl;, 100 MHz) 6 175.8 (quaternary C(O), 154.0
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(quaternary C), 149.1 (quaternary C), 135.0 (quaternary C), 133.3
(quaternary C), 31.6 (CH,), 30.9 (CH,), 30.8 (CH,), 29.8 (CH,), 22.7
(CH,), 14.1 (CH3), 0.2 (CH3) (the assignment of the carbon signals
was made based on the DEPT experiment); HRMS (EI) calcd for
C,5H440,5,8i, 532.2321, found 532.23285. Anal. Calcd for C,gH,4405S,.
Si,: C, 63.10; H, 8.32. Found: C, 62.89; H, 8.40.

2,7-Bis(triisopropylsilyl)benzo[2,1-b:3,4-b'1dithiazole-4,5-
dione (3c). 4,4'-Dibromo-2,2’-bis(triisopropylsilyl)-S,S’-dithiazole
(1c) (2.0 mmol, 1.277 g) was dissolved in 40 mL of anhydrous THF
under nitrogen atmosphere and the colorless solution was cooled in an
acetone/dry ice bath. n-Butyllithium (2.45 M in hexanes, 4.0 mmol,
1.6 mL) was added dropwise and the mixture became bright yellow and
then precipitate formed. N,N-Dimethylpiperazine-2,3-dione (2.0 mmol,
0.284 g) was added in one portion and the flask with the suspension was
placed into a water—ice bath. The mixture was stirred for 0.5 h and then
aqueous NH,Cl was added. The mixture became very dark brown-gray
and then within a minute bright orange-reddish. The organic phase was
separated, the aqueous phase was extracted with diethyl ether, and
combined organic phases were dried over MgSO,. The solvents were
removed by rotary evaporation and the residue was purified by column
chromatography (30 mL of silica gel, hexanes: CH,Cl, (1:1) to pack the
column, hexanes to elute byproduct, and then CH,Cl, to elute the
product). Combined fractions were subjected to rotary evaporation and
product was obtained as bright orange solid (0.35 g, 32.7%). '"H NMR
(CDCl3, 400 MHz) O 1.51 (septet, J = 7.5 Hz, 6H), 1.17 (d, J = 7.5 Hz,
36H); C{'H} NMR (CDCl,, 100 MHz) & 174.0, 172.4, 149.8, 140.6,
18.4, 11.6; HRMS (EI) calcd for C,6H4,N,0,S,Si, 534.2226, found
534.2241. Anal. Calcd for CogH,,N,0,S,Si: C, 58.38; H, 7.91; N, 5.24.
Found: C, 58.51; H, 7.98; N, 5.16.

2,7-Bis(trimethylsilyl)benzo[2,1-b:3,4-b'1diselenophene-
4,5-dione (3d). 5,5'-Bis(trimethylsilyl)-3,3'-dibromo-2,2’-diseleno-
phene (1d) (1.2 mmol, 0.675 g) was dissolved in anhydrous THF
(80 mL) under nitrogen atmosphere and the resulting yellow solution
was cooled in an acetone/dry ice bath. n-Butyllithium (1.6 M in hexanes,
2.4 mmol, 1.5 mL) was added dropwise and the yellow mixture became
red-orange. After the mixture was stirred for 10 min diethyl
oxalate (1.1 equiv, 0.192 g) was added to a red-brown mixture
and it became red. The mixture was allowed to warm to ~0 °C
and an aqueous solution of NH,Cl was added. A very small
amount of product was detected by TLC. The reddish-orange
organic phase was removed and dried over MgSO, and the
solvents were removed by rotary evaporation to give crude
product as a reddish residue. This crude product was purified
by column chromatography (30 mL of silica gel, hexanes:
CH,Cl, (4:1)). The solvents were removed from the combined
fractions and product was obtained as a dark-red solid (~10—15 mg, ~3%
yield). "H NMR (CDCls, 400 MHz) 6 7.92 (s with two satellites, 2H),
0.36 (s, 18H); "*C{'H} NMR (CDCl,, 100 MHz) 0 1752, 156.7, 151.1,
137.8, 136.3, —0.02; HRMS (EI) calcd for C;gHa00,Se,Si, 459.9332,
found 459.9356. Elemental analysis was not obtained due to the very
limited amount of material.
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