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functionalized 1,5-dithia-2,4,6,8-tetrazocinesy

Francois Magnan,®® Ilia Korobkov® and Jaclyn Brusso*®°

A versatile, one-pot synthetic route to prepare a series of 1,5,2,4,6,8-dithiatetrazocines (DTTA) functionalized

with 4-hexylthiophen-2-yl, 5-(thiophen-2’-ylithiophen-2-yl and 5-(5’-hexylthiophen-2’-yl)thiophen-2-yl

is described. The latter two compounds mark the first reported examples of n-extended DTTA systems.

Comparative spectroscopic, computational and structural studies were carried out on this family of
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heterocycles to investigate the influence of the substitution pattern, in addition to enhanced conjugation, on
the optoelectronic and solid-state properties. These studies revealed a slight increase in the optical energy
gap upon displacement of the alkyl chain from the 5- to the 4-position in hexylthienyl functionalized DTTA,
whereas extension of the conjugation diminishes the HOMO-LUMO gap. In the solid-state, variation in

alkyl substituent plays an important role, contrary to what was previously observed for aryl functionalized

www.rsc.org/njc DTTA derivatives.

Introduction

Electroactive organic molecules have seen significant develop-
ment over the past two decades owing to their potential use in
next-generation electronic devices."™ Low-cost, miniaturiza-
tion, tunable optoelectronic properties, mechanical flexibility
and processability are a few of the key advantages organic
based materials offer compared to their more traditional
inorganic counterparts.*® In regards to tuning the optoelec-
tronic properties in organic semiconductors (OSC), this may be
achieved via modulating the substituents or by introduction of
heteroatoms into the conjugated core. To that end, sulphur and
nitrogen containing heterocycles are commonly observed
motifs in OSCs as incorporating these atoms into planar
n-conjugated frameworks provides several benefits over their
all carbon variants (e.g., acenes). For example, S-N heterocycles
have been shown to demonstrate: (i) improved stability towards
air oxidation due to the presence of the electronegative atoms,
which lowers the energy of the highest occupied molecular
orbital (HOMO); (ii) the potential for structural control through
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S---Nand N- - -HC interactions; and (iii) the possibility of strong
orbital overlap between the larger n-orbitals of sulphur leading
to enhanced electronic communication between molecules.”**
With respect to the rational design of electroactive materials,
organization in the solid-state is of utmost importance as their
electronic properties are critically dependent on the extent of
molecular order. Thus the packing arrangements afforded by
planar n-conjugated molecules, in addition to the intermolecular
interactions exhibited by sulphur and nitrogen moieties, are key
to the implementation of S-N heterocycles into molecular electro-
nics. As such, ideal systems should exhibit n-n stacking in the
solid-state, strong intermolecular communication, as well as high
thermal and ambient stability.

In that regard, 1,5,2,4,6,8-dithiatetrazocine (DTTA) is an
attractive building block for electroactive substrates as not only
does it meet these criteria, but it can also be modulated by virtue
of the 3,7-susbtituents (Chart 1). First discovered in 1981,
the molecular structure of DTTA has been shown to be highly
dependent on the nature of the substituents. For example, the
C,N,S, ring can exist in either a planar, 10 electron aromatic
structure or in a bent conformation where the ring is folded
about the axis of the two sulphur atoms with a transannular
S---S contact, as shown in Chart 1. Although this structural
dichotomy is substituent dependent, the planar structure is
most commonly observed except when strongly electron-donating
substituents are employed (e.g., -NMe,)."® In the solid-state,
planar DTTAs commonly form n-stacked structures with close
intermolecular contacts and tend to be incredibly robust with high
tolerance to acidic, basic, oxidizing and thermal conditions.">"”
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Chart 1 Planar and bent configurations of dithiatetrazocine and examples
of thienyl (1) and bithienyl (2) functionalized derivatives.

Thus, incorporation of the DTTA framework in the design of
OSCs, either polymeric or molecular in nature, offers many
potential avenues to explore.

Remarkably, the majority of research reported on DTTA
focuses on the synthesis of phenyl- and amino-functionalized
derivatives, with very little emphasis on their electronic proper-
ties or potential as electroactive substrates.'”>! In regards to
the latter, we recently reported the synthesis and detailed study
of the optoelectronic and solid-state properties of thienyl-
functionalized DTTA (1a) and its hexylated analogue 1b. While
thienyl groups are stronger n-donors than phenyl substituents,
1a and 1b were isolated as planar, n-conjugated aromatic mole-
cules.”® To investigate the role of the substitution pattern on
the optoelectronic and solid-state properties, we herein report
the synthesis and characterization of 3,7-bis(4-hexylthiophen-
2-y1)-1,5,2,4,6,8-dithiatetrazocine (1c). As well, in order to
enhance the intermolecular interactions, we sought to increase
the degree of conjugation. As such, the first examples of bithienyl-
substituted DTTAs (3,7-bis([5-(thiophen-2’-yl)thiophen-2-yl])-
1,5,2,4,6,8-dithiatetrazocine (2a) and 3,7-bis([5-(5"-hexylthiophen-
2/-ylthiophen-2-y1])-1,5,2,4,6,8-dithiatetrazocine (2b)) are also pre-
sented. These studies demonstrate the versatility of the synthetic
procedure in the development of DTTAs functionalized with
thienyl moieties. As well, comparative optical, computational
and single crystal X-ray diffraction studies were performed on
this family of thienyl (1a-c) and bithienyl (2a-b) functionalized
DTTAs to probe the influence that both the substitution pattern
and extension of the conjugation have on the optoelectronic and
solid-state properties.

Results and discussion
Synthesis

While a number of amino and phenyl functionalized DTTAs
have been reported, examples of thienyl-substituted derivatives
remain scarce,'”"®?? with the first reported synthesis involving
the reaction of 2-thienylamidine with sulphur dichloride afford-
ing 1,5-bisthienyl-2,4,6,8-dithiatetrazocine (1a) in 7% yield."
Although 1a can be prepared via this route, a higher yielding
approach based on methodology reported by Boeré et al'’
involves the formation of the dithiadiazolium cation (5a) from
the corresponding persilylated amidine, followed by reduction
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Scheme 1 Synthesis of thienyl-functionalized dithiatetrazocines 1la—c and
2a-b ((a) Ry = H, Ry = H; (b) Ry = CgHi3, R, = H; (c) Ry = H, Ry = CgHy3).
Reagents and conditions: (i) LIN(TMS),-Et,O/TMSCl/toluene; (i) S,Cly/
CH3CN; (iii) LIN(TMS),-Et,O/S,Clo/Et,O; (iv) PhzSb/O,/CH3CN.

with triphenylantimony (SbPh;) in the presence of oxygen
(Route A, Scheme 1).>> Following the Boeré protocol, crude
4-hexylthienyl functionalized DTTA (1c) can be isolated as a
dark yellow solid in two steps from 2-cyano-4-hexylthiophene
(3¢) with an overall yield of 35%. Recrystallization from hot
chlorobenzene afforded 1c as bright yellow needles.

While route A is more efficient than the originally reported
synthetic procedure, it requires isolation and purification of
4-hexylthiophene-2-N,N,N'-tris(trimethylsilyl)carboximidamide
via vacuum distillation. This can unfortunately lead to varying
yields due to the instability of the silylated amidine, especially
with respect to moisture. In order to alleviate these issues, a
slightly different procedure was explored (Route B), inspired by
the work of Rawson and coworkers.?* As outlined in Scheme 1,
following treatment of 3¢ with LiN(TMS),-Et,O the reaction was
quenched with sulphur monochloride to afford the dithiadi-
azolium salt directly without isolation of the silylated amidine
intermediate. Subsequent treatment of the dithiadiazolium
cation 5c¢ with SbPh; in the presence of oxygen afforded 1c as
a dark yellow solid in 15-20% yield. Although the yields for the
one-pot synthesis of 1c are admittedly lower than that of Route
A, the latter route carries the advantage of higher throughput as
it eliminates the need of isolating the persilylated amidine
intermediate, where purification tends to be difficult. Thus
following Route B outlined in Scheme 1, compounds 1c, 2a and
2b can be prepared from the corresponding nitrile (i.e., 3c, 4a
and 4b). Compared to 1c, the n-extended systems 2a and 2b
are copper-coloured and red, respectively, indicative of the
expected bathochromic shift associated with extension of the
conjugation. While 2a was recrystallized as copper-like flakes
from hot toluene, recrystallization from chloroform afforded 2b
as red shards.
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Spectroscopic and computational studies

In order to probe the effect of increased conjugation, as well as to
explore the substituent effect (e.g., 5-hexyl vs. 4-hexylthiophene)
on the optoelectronic properties of DTTAs, spectroscopic and
computational studies were performed on 1c, 2a and 2b and
compared to the previously reported derivatives 1a and 1b;>?
the results of which are presented in Fig. 1 and summarized
in Table 1 (for more information see ESIL,{ Tables S1-4). The
photophysical properties were investigated via absorption and
photoluminescence studies on dichloromethane (DCM) solu-
tions, in addition to solid-state diffuse reflectance studies. The
UV-Vis spectrum of 1c is comprised of two regions; one con-
sisting of intense bands absorbing at 300-380 nm, while the
other contains a weaker broad band centred at 450 nm. Such an
absorption profile is consistent with a planar, aromatic struc-
ture, as the bent configuration leads to absorption restricted to
the UV region of the electromagnetic spectrum (i.e., below
270 nm)."> Compared to the previously reported 5-hexylthienyl
derivative 1b,>®> the main absorption band of 1c is shifted
hypsochromically by 11 nm (505 cm™ '), from 472 to 461 nm,
which is consistent with the 5 nm blue shift predicted by TD DFT
calculations (vide infra). The absorption profiles of the
n-extended complexes 2a and 2b are similar to 1c; however,
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Fig. 1 Experimental absorption spectra of 1c (black), 2a (red) and 2b (blue)
in DCM solutions (top). TD DFT calculated absorption spectra of 1c (black),
2a (red) and 2b (blue). Insets: zoom-in on the low energy absorptions
between 400-700 nm.
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Table 1 Photophysical®” and theoretical® properties of 1c, 2a and 2b

1c 2a 2b

3bs (nm) 343 395 404
e M em™) 39400 59 400 66200
aiee (nM) 504 547 564
Eghi¢ (eV) 2.45 2.27 2.19
JOR 2 (nm) 450 487 507
Jotye” (nm) 505 568 605
Egn? (nm) 2.44 2.17 2.04
28 S (nm) 345 415 426
fe 1.0581 1.5882 1.6323
2635/ (nm) 565 644 676
EgaKdfe (ev) 2.19 1.92 1.84

“ Solution measurements performed in HQ-GC grade DCM. ® Solid
measurements performed with an Agilent Praying Mantis module.

° DFT/B3LYP/6-311+G(d,p) calculations. ¢ Molar extinction coefficient
for 225 . ¢ Calculated from corresponding Jegge. / From TD DFT calcu-

lations performed on optimized geometries. ¢ Oscillator strength of the
reported transition.

a much less defined vibronic structure is observed. This may be
attributed to a less rigid structure resulting from flexibility of
the peripheral thienyl substituents.>® Furthermore, the spec-
trum of 2a and 2b are bathochromically shifted with respect to
1a and 1b by 58 and 55 nm (4357 and 3900 cm ™ '), respectively,
as is expected due to the increased conjugation afforded by the
additional thiophene moieties.”>” Based on the onset of
UV-Vis absorption, extension of conjugation from 1a to 2a
and 1b to 2b leads to a decrease in the optical energy gap of
0.26 eV and 0.21 eV, respectively. DFT calculations show con-
cordant results, with a decrease in the HOMO-LUMO energy
gap of 0.37 and 0.33 eV with increased conjugation (i.e., for
la — 2a and 1b — 2b, respectively). The diffuse reflectance
measurements (ESI,{ Fig. S1) are in good agreement with the
solution based absorption profiles; that is, a continuous batho-
chromic shift from 1c to 2b is also observed in the solid-state.

DFT calculations, performed at the B3LYP/6-311+G(d,p) level
of theory, reveal that the LUMO in 1c¢, 2a and 2b (where R = Me
for 1c and 2b) consists of a nodal plane that bisects the DTTA
ring through the two carbon atoms and, as a result, no electron
density resides on the thienyl groups (see ESL} Fig. S2). Con-
sequently, substituent modification should have little effect on
the energy level of this orbital. By contrast, electron density in
the HOMO is spread over the entire tricyclic (1c) or pentacyclic
(2a and 2b) framework. Thus any variation in the substituents
(e.g., alkylation) should influence these orbital energies, and is
therefore responsible for the observed shifts in the absorption
profiles within this family of compounds (see ESL 1 Fig. S3).
Interestingly, geometry optimization for the pentacyclic deriva-
tives, 2a and 2b, reveals a degree of rotation about the peripheral
thienyl moieties away from planarity, contrary to the tricyclic
derivatives (1a-c), which are calculated to be planar.

TD DFT calculations were performed on optimized geome-
tries of 1c, 2a and 2b (where R = Me for 1c and 2b) in order to
probe the optical transitions; the results are presented in Fig. 1
and the twenty vertical excitation energies calculated for each

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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compound are listed in the ESI,{ Table S3. Overall, the calcu-
lated absorption profiles are consistent with those experi-
mentally obtained; the calculated maximum absorption
wavelengths and bathochromic shifts associated with extension
of the conjugation match the experimental behaviour well.
Energy gaps obtained from these calculations are shifted by
0.25-0.52 eV compared to those determined from optical
measurements, but the trends are consistent such that Eg,, is
largest for 1c and smallest for 2b. The highest wavelength
absorption, which is associated with the HOMO to LUMO
transition, has relatively low oscillator strength (f ~ 0.02).
The band with the largest oscillator strength (f > 1) corre-
sponds to excitation of the HOMO to LUMO+1 for each com-
pound and, in the case of 2a, also includes excitation from the
HOMO-2 to LUMO. Furthermore, the oscillator strength pre-
dicted by computational methods for each derivative correlates
well with the measured molar extinction coefficients (see ESI,}
Table S2).

Interestingly, in this study 1c, 2a and 2b were found to be
very weakly fluorescent, unlike what was previously observed
for 1a and 1b.** As such, the photoluminescence was probed on
DCM solutions, demonstrating very weak emission bands
whose overall shape was independent of excitation wavelength
(ESI,T Fig. S4). To preclude the possibility that the observed
photoluminescence was simply Raman scattering of the solvent,
blank fluorescence spectrums were also acquired under similar
conditions. These showed an even weaker photoluminescence
band, distinct from what was observed in the presence of the
DTTA and whose spectral features were dependent on excitation
wavelength. Thus this study demonstrates that 1c, 2a and 2b
weakly emit in the violet (1c) and blue-green (2a and 2b) regions
of the visible spectrum.

Table 2 Crystallographic data for 1c, 2a and 2b
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Structural analysis

Since long-range molecular order and n-orbital overlap are crucial
to semiconductor efficiency as they provide a pathway for electro-
nic communication, structures consisting of n-stacked planar
molecules are often considered ideal. To confirm the planarity of
the DTTA ring and to investigate the effect of the substitution
pattern on intermolecular interactions, the solid-state structure
of 1c, 2a and 2b were studied by single crystal X-ray diffraction.
Pertinent crystallographic data for the three derivatives is given in
Table 2. In each compound, the planarity of the eight-membered
heterocyclic ring coupled with the symmetrical bond lengths,
which correlate well to previously reported DTTAs,'®'%?® ig
indicative of an aromatic system. Thus, as expected, thienyl-
functionalization affords essentially planar tricyclic (1c) and
pentacyclic (2a and 2b) frameworks, which is consistent with
the photophysical properties.

Crystals of the tricyclic derivative 1c belong to the mono-
clinic space group P2;/n and consist of slipped =n-stacks that
align in a herringbone arrangement (Fig. 2). The crystal struc-
ture reveals that the tricyclic framework is essentially planar,
with a torsion angle of 5.9° between the central DTTA ring and
the thienyl moieties. Furthermore, while the planarity of the
hexyl groups with respect to the n-conjugated core enables tight
n-stacking, the resulting alkyl-alkyl interactions limit inter-
stack communication. Consequently, the only close contacts
observed in the structure of 1c are those within the n-stacks
(e.g., S1---S2' = 3.613(2) A; C3---S1’ = 3.482(4) A; C1---C1’ =
3.429(6) A). This type of effect has been noted in other alkyl-
substituted n-conjugated systems, in which the long hydrocarbon
chains act as buffers that effectively isolate the n-stacked molecules
from one another.?**' Comparison to the previously reported
5-hexylthienyl functionalized DTTA (1b),>* which crystallizes in

1c 2a 2b
Formula C,H3oN,S, C,,H;0N,Ss C30H34N,S6
fw 478.74 474.66 642.96
Crystal system Monoclinic Monoclinic Triclinic
Space group P24/n P24/n P1
a(A) 11.837(4) 5.6479(6) 6.6627(4)
b (A) 5.482(2) 28.280(3) 9.3450(6)
c(A) 18.312(6) 6.4275(7) 13.5348(7)
o (%) 90 90 98.497(3)
B 92.953(12) 110.342(6) 102.934(4)
7 () 90 90 107.792(3)
V(A% 1186.8(7) 962.58(18) 760.54(8)
zZ 2 2 2
Deate (Mg m™?) 1.340 1.638 1.404
T (K) 200 200 200
i (mm™) 0.418 0.724 0.478
20 max () 56.728 56.662 56.688
No. of total reflections 13302 11549 7798
No. of unique reflections 2886 2354 3723
Rine 0.1728 0.0722 0.0199
Ry, WR, (on F?) 0.0746, 0.1580 0.1155, 0.1987 0.0424, 0.0853
(4 3.46 3.53 3.50
(9 39.3 38.7 21.7

“ § is the mean interplanar separation between molecular planes along the  stack. 7 is the tilt angle between the mean molecular plane and the

stacking axis.
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Fig. 2 Unit cell (top) and herringbone array of slipped n-stacks (bottom)
of 1c. Hexyl groups have been removed in the slipped n-stacked structure
for clarity. Close intermolecular contacts are shown; C---C’ in black; S- - -S’
in red; S---C" in green.

the triclinic space group P1, reveals that switching the hexyl
chain from the 5- to the 4-position of the thienyl substituent
leads to enhanced symmetry. Nonetheless, a number of simila-
rities exist between the structures of 1b and 1¢, especially when
looking down the perpendicular direction to the n-conjugated
core. For example, in both structures a thiophene moiety on one
molecule overlaps with the DTTA ring of a neighbouring mole-
cule below (see ESL Fig. S6). This degree of slippage within the
n-stacked structure, which can be quantified in terms of the
slippage angle t, is nearly identical (¢f. 37.6° vs. 39.3° for 1b and
1c, respectively). This leads to a relatively consistent interplanar
separation between molecules (3.44 A for 1b; 3.46 A for 1c).
While it has been observed in other n-conjugated molecules****
and heterocycles®* that minor changes in substituents result in
dramatic changes in slippage angle, here it appears the inter-
action between the donor thienyl groups with the acceptor DTTA
core dominates the packing arrangement.

The crystal structure of the bithienyl derivative 2a also
belongs to the monoclinic space group P2,/n and consists of
herringbone arrays of slipped m-stacks (Fig. 3). Within the
molecular framework, there is disorder about the outer thienyl
substituents, similar to that of 1a and 1b in addition to other
thiophene-substituted heterocycles.”*®**?* This disorder involves
a 180° rotation about the C5-C6 bond that affects the positions
of the C7 and S3 atoms and was modelled as 0.60 and 0.40

7276 | New J. Chem. 2015, 39, 7272-7280
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Fig. 3 Unit cell (top) and herringbone array of slipped n-stacks (bottom)
of 2a. Close intermolecular contacts are shown; C---C’ in black; S---S" in
red; S---C’ in green.

occupancy of the two positions. The major contributor in 2a,
presented in Fig. 3, is comprised of a cis-bithiophene in a trans-
conformation about the DTTA ring. As well, while the central
tricyclic core is essentially planar, with a torsion angle of only
5.25° between the DTTA ring and the inner thienyl moieties, the
outer thienyl groups twist at a torsion angle of 29.55° reducing
the planarity of the pentacyclic framework. Nonetheless, numer-
ous close n-m interactions exist within the n-stacked structure
(e.g., C7---S2' = 3.44(2) A; C3---S1’ = 3.424(6) A; S1---81' =
3.463(2) A). This increase in the number of close contacts,
compared to 1a, is likely due to the enhanced m-conjugation
while maintaining a relatively close interplanar separation
(3.53 A for 2a vs. 3.55 A for 1a).

Similar to the 5-hexylthienyl derivative 1b, crystals of its
n-extended analogue 2b belong to the triclinic space group P1
and consist of slipped n-stacks (Fig. 4). However, contrary to the
former, in which numerous close n-n interactions exist within
the slipped n-stack, the structure of 2b reveals only two close
intra-stack contacts (S2- - -S2/ = 3.5686(6) A; C1- - -C7’ =3.415(2) A).
Interestingly, these interactions occur between neighbouring
thienyl moieties, which is inconsistent with the other thienyl
substituted DTTAs where the structure is dominated by the
donor-acceptor interaction between the DTTA ring on one
molecule and the thienyl groups of another. This dichotomy
is exemplified by considering the slippage angle t, which is
significantly altered in 2b (21.7°) compared to the other thienyl
functionalized DTTAs (t = 36-39°). This may be attributed to
alkyl-alkyl interactions dominating the packing arrangement
in 2b, compared to the other thienyl substituted DTTA deriva-
tives (i.e., 1a-c and 2a) the n—r interactions between the donor
thienyl groups and central DTTA acceptor appear to dictate the
solid-state structure. Overall, the pentacyclic framework in 2b is
more planar than in the case of 2a, with torsion angles of only

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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Fig. 4 Slipped n-stacked structure (top) and looking down the stacking
direction (bottom) of 2b. Close intermolecular contacts are shown; C---C’
in black; S---S" in red. Hexyl groups have been removed in the bottom
figure for clarity.

1.8° and 8.7° for the inner and outer thienyl moieties, respectively.
As well, while there are limited contacts within the slipped
n-stacks, additional inter-stack contacts exist between carbon
atoms of the thienyl substituents on neighbouring stacks
(C7---C3’ = 3.568(6) A).

Conclusions

To summarize, a family of dithiatetrazocines functionalized
with 4-hexylthiophen-2yl (1c), 5-(thiophen-2’-yl)thiophen-2yl
(2a) and 5-(5'-hexylthiophen-2'-yl)thiophen-2yl (2b) substituents
were prepared in a one pot synthesis from the corresponding
nitrile, demonstrating the versatility of the synthetic procedure
reported here. The latter two compounds (i.e., 2a and 2b) mark
the first reported examples of m-extended DTTA systems. Com-
parative optical, computational and X-ray diffraction studies
were carried out on this family of heterocycles to investigate the
influence of the substitution pattern, in addition to enhanced
conjugation, on the optoelectronic and solid-state properties.
More specifically, displacement of the alkyl chain from the
5- to the 4-position in hexylthienyl functionalized DTTA (i.e.,
1b vs. 1c) results in a relatively small hypsochromic shift in the
absorption profile, indicative of a slight increase in the optical
energy gap. At the same time, such variation in the placement
of the alkyl substituent on the m-conjugated core leads to
enhanced symmetry in the solid-state affording a herringbone
arrangement of slipped n-stacks. Extension of the conjugation
via additional thienyl moieties on either side of the central
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DTTA ring leads to a decrease of the HOMO-LUMO gap, as
witnessed by the bathochromic shifts in the absorption profiles
for 2a and 2b with respect to their mono-thienyl analogues (i.e.,
1a and 1b, respectively). As is expected, enhanced conjugation
afforded by the presence of additional thienyl groups in 2a also
results in an increase in the number of intermolecular contacts
in the solid-state, which bodes well for its implementation into
optoelectronic devices. On the other hand, comparison of the
structures between 1b and 2b reveal a decrease in the number
of n-m interactions with increasing conjugation. This may be
attributed to alkyl-alkyl interactions dominating the packing
arrangement in 2b, whereas in all the other thienyl substituted
DTTA derivatives (i.e., la-c and 2a) the n-n interactions
between the donor thienyl groups and central DTTA acceptor
appear to dictate the solid-state structure.

Experimental section
General procedures

Hydroxylamine hydrochloride, N-methylpyrrolidone (NMP), tri-
phenylantimony (SbPh;) and N-bromosuccinimide (NBS) were
obtained commercially from VWR and used as received. Sulphur
monochloride (S,Cl,) was obtained commercially from Sigma
Aldrich and used as received. LiN(TMS),-Et,0,*® 2-formyl-4-
hexylthiophene (made with "Buli in-lieu of ‘BuLi),” 5-formyl-
2,2'-bithiophene®® and 5-formyl-5"-hexyl-2,2-bithiophene®® were
prepared as previously reported. All solvents were ACS grade; dry
solvents were obtained by passing them through activated
alumina on a J.C. Meyer solvent purification system. Melting
points were taken using a Mel-Temp apparatus and are uncor-
rected. NMR spectra were run in CDCl; solutions at room tem-
perature on a Bruker Avance 400 MHz spectrometer. All spectra
are referenced to the deuterated solvent peak at 7.26 ppm. IR
spectra were recorded on an Agilent Technologies Cary 630
FT-IR spectrometer. UV-visible spectra were measured with a
Varian Cary Series 6000 UV-Vis-NIR spectrophotometer and the
fluorescence spectra were obtained using a Varian Cary Eclipse
fluorescence spectrometer. UV-Visible and fluorescence spectra
were measured on HQGC-grade dichloromethane solutions with
1 cm precision quartz cuvettes. Diffuse reflectance measure-
ments were performed with an Agilent Praying Mantis module.
Elemental analyses were performed by G.G. Hatch Stable Isotope
Laboratory, Ottawa, ON, K1N 6N5.

Crystal growth

Bright yellow needles of 1c suitable for X-ray analysis were
grown by slowly cooling a saturated chlorobenzene solution.
Copper-coloured plates of 2a suitable for X-ray analysis were
grown by slowly cooling a saturated toluene solution. Red plates
of 2b suitable for X-ray analysis were grown by slowly cooling a
saturated chloroform solution.

X-ray measurements

Data collection results for compounds 1c, 2a and 2b represent
the best data sets obtained in several trials for each sample.
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The crystals were mounted on thin glass fibers using paraffin
oil. Prior to data collection crystals were cooled to 200.15° K.
Data were collected on a Bruker AXS KAPPA single crystal
diffractometer equipped with a sealed Mo tube source (wave-
length 0.71073 A) APEX II CCD detector. Raw data collection
and processing were performed with APEX II software package
from BRUKER AXS.*° Diffraction data for 1c and 2a samples
were collected as a sequence of 0.3° w scans at 0, 120, and 240°
in ¢. Due to lower unit cell symmetry, diffraction data for 2b
were collected as a sequence of 0.3° w scans at 0, 90, 180 and
270° in ¢, in order to ensure adequate data redundancy. Initial
unit cell parameters were determined from 60 data frames with
0.3° w scan each collected at the different sections of the Ewald
sphere. Semi-empirical absorption corrections based on equiva-
lent reflections were applied."! Systematic absences in the
diffraction data-set and unit-cell parameters were consistent
with monoclinic P21/c (No. 14) for compound 1c¢, monoclinic
P21/n (No. 14, alternative settings) for compound 2a and
triclinic P1 (No. 2) for compound 2b. Solutions in the centro-
symmetric space groups for all three compounds yielded che-
mically reasonable and computationally stable refinement
results. The structures were solved by direct methods, com-
pleted with difference Fourier synthesis, and refined with full-
matrix least-squares procedures based on F2.

Diffraction data for the crystal of the complex 1c¢ was
collected to 0.75 A resolution, however due to small crystal size
and weak diffraction it was discovered that both R(int) and
R(sigma) exceeded 35% for the data below 0.95 A resolution.
Based on R(sigma), value data were truncated to 0.90 A resolu-
tion for refinement. Asymmetric unit for crystallographic model
of 1c consists of one target molecule located in the inversion
center of the space group.

Structural model of 2a consists of one molecule of com-
pound located in the inversion center of the space group. On
the final refinement stages, unusual values of thermal para-
meters for sulphur atoms as well as several carbon atoms in the
model indicated the presence of disorder in the orientation of
5-membered ring S(3)-C(6) to C(8). Such disorder unrelated to
symmetry was interpreted as an 180° rotation of the fragment
around the C(5)-C(6) bond. Initial value of the occupancies for
disordered fragment was refined. However, at the final refine-
ment cycles occupancies of the fragment were fixed at a 60:40
ratio. Several sets of geometry constraints (SADI) and thermal
motion parameters constraints (SIMU, RIGU) were introduced
to ensure reasonable molecular geometry and acceptable ther-
mal motion values for these fragments.

Solution of structure for 2b revealed that one molecule of
target compound was located in the inversion center of the
space group.

For all three compounds all non-hydrogen atoms were refined
in anisotropic thermal motion approximation. All hydrogen
atomic positions were calculated based on the geometry of
related non-hydrogen atoms. All hydrogen atoms were treated
as idealized contributions during the refinement. All scattering
factors are contained in several versions of the SHELXTL
program library, with the latest version used being v.6.12.%>
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Crystallographic data and selected data collection parameters
are reported in Table 1.

Computational chemistry

All calculations were carried out using the Gaussian09 program
package.”’> The geometries of the studied compounds were
investigated using the hybrid density functional B3LYP with
the 6-311+G(d,p) basis set. Optimized structures were used to
examine the orbital energies and HOMO-LUMO gaps. The
calculated UV-vis spectra and excitation energies were deter-
mined using TD DFT which employed the optimized B3LYP
ground states. The solvent model and solvent was dichloro-
methane, and twenty excited states were considered.

Preparation of 3,7-bis(4-hexylthiophen-2-yl)-1,5,2,4,6,8-dithia-
tetrazocine (1c). 3¢ (10.54 g, 54.5 mmol) was added dropwise to a
stirring slurry of LiN(TMS),-Et,O (13.40 g, 55.5 mmol) in dry
ether (150 mL) under nitrogen to yield a cloudy orange solution.
After stirring overnight, a solution of sulphur monochloride
(8.5 mL, 106 mmol) in dry diethyl ether (25 mL) was added to the
reaction mixture at 0 °C over 30 minutes. After stirring for three
hours at 0 °C, the resulting orange solid was filtered under inert
atmosphere. Washing with diethyl ether and carbon disulfide
followed by drying in vacuo afforded 4-(4-hexylthienyl)-1,2,3,5-
dithiadiazolylium chloride (5¢) as a bright orange solid, which
was used without further purification. Crude yield 17.7 g
(57.6 mmol, >100%). IR vpax (em™): 3385.57(w), 3040.48(m),
3002.24(w), 2952.65(m), 2920.91(m), 2843.88(m), 1632.52(w),
1549.21(m), 1461.64(s), 1373.32(m), 1230.65(m), 1211.37(m),
1154.68(m), 1103.21(m), 957.08(w), 908.21(m), 874.25(m), 839.39(s),
825.70(s), 722.17(m), 699.40(s). Dry oxygen was bubbled through a
slurry of 5¢ in dry acetonitrile (130 mL) for 30 minutes, after which
SbPh; (11.80 g, 33.4 mmol) was added to the reaction. The
solution was stirred for 2 hours at 60 °C with oxygen bubbling,
then hot-filtered to isolate a brown-yellow solid. The solid was
refluxed in chloroform (250 mL) then hotfiltered over Celite to
afford a clear amber filtrate. The filtrate was concentrated to
200 mL, cooled to room temperature and added to 200 mL of
methanol. After stirring for 1 h, the resulting slurry was filtered,
washed with methanol, then dried in air to afford the title
product as a bright yellow solid (2.34 g, 17% yield). Recrystalliza-
tion from hot chlorobenzene afforded the title product as yellow
needles. m.p. = 126-128 °C. *H NMR (d, CDCl;, RT, 400 MHz): 7.80
(d, J = 1.55 Hz, 2H), 7.05 (m, 2H), 2.65 (t, J = 7.70 Hz, 4H), 1.69
(m, 4H), 1.36 (m, 12H), 0.90 (t, J = 6.90 Hz, 3H). IR nqx (cm 1)
2963.18(w), 2922.11(m), 2910.87(m), 2851.30(m), 1467.40(w),
1452.36(m), 1437.92(m), 1424.18(m), 1363.23(s), 1276.94(w),
1244.76(m), 1220.72(m), 1187.54(m), 1129.98(w), 1111.70(w),
863.92(m), 851.77(s), 823.02(m), 794.77(w), 751.56(s), 734.64(s),
660.92(s). Anal. caled for C,,H30N,S,: C, 55.19; H, 6.32; N, 11.70.
Found: C, 54.78; H, 6.15; N, 11.58. Given the low solubility of this
compound, **C NMR spectroscopy was not possible. The identity
of this compound was confirmed through "H NMR spectroscopy,
elemental analysis and X-ray crystallography.

Preparation of 3,7-bis([5-(thiophen-2-ylthiophen-2-y1]}-1,5,2,4,6,8-
dithiatetrazocine (2a). 4a (4.20 g, 22.0 mmol) and LiNTMS, Et,O
(5.45 g, 22.6) were stirred overnight in dry ether (100 mL) under
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nitrogen to yield a cloudy orange solution. A solution of sulphur
monochloride (3.5 mL, 43.8 mmol) in dry diethyl ether (25 mL)
was added to the reaction mixture at 0 °C over thirty minutes.
After stirring at 0 °C for three hours, the resulting green solid
was filtered under inert atmosphere. Washing with diethyl
ether and carbon disulfide followed by drying in vacuo afforded
4-5-(thiophen-2-yl)thienyl]-1,2,3,5-dithiadiazolylium chloride (6a)
as a green solid, which was used without further purification.
Crude yield 8.05 g (26.4 mmol, >100% yield). IR pay (cm™"):
3384.68(w), 3081.76(w), 1654.86(w), 1550.12(w), 1512.71(s),
1457.43(s), 1397.22(s), 1362.81(m), 1210.62(w), 1130.68(s),
1080.10(w), 1056.93(w), 893.61(w), 868.09(w), 839.88(s), 798.73(s),
740.65(s), 704.37(s). Dry oxygen was bubbled through a slurry of
6a in dry acetonitrile (150 mL) for 30 minutes, after which SbPh;
(11.80 g, 33.4 mmol) dissolved in dry MeCN (30 mL) was added
dropwise to the reaction over 15 minutes. The solution was stirred
for 2.5 hours at 60 °C with oxygen bubbling, then hot-filtered to
isolate a rust-orange solid. Recrystallization from toluene afforded
title product as copper flakes. (612 mg, 12% yield). m.p. = 259-
262 °C. 'H NMR (6, CDCl, RT, 400 MHz) 7.85 (d, J = 3.90 Hz, 2H),
7.28 (m, 4H), 7.22 (d, J = 3.90 Hz, 2H), 7.07 (dd, J, = 5.10 Hz, ], =
3.70 Hz, 2H). IR vnax (em™Y): 3097.17(m), 3069.47(m), 1456.13(s),
1417.31(m), 1371.03(s), 1250.00(m), 1223.15(m), 1197.09(m),
1156.87(w), 1077.34(m), 1035.31(m), 915.32(w), 880.58(w),
841.23(m), 826.62(m), 802.19(s), 745.70(w), 705.64(s), 686.08(s),
660.14(s). Anal. caled for C;3H;oN,Se: C, 45.55; H, 2.12; N, 11.80.
Found: C, 45.49; H, 2.05; N, 8.75. Given the low solubility of this
compound, *C NMR spectroscopy was not possible. The identity
of this compound was confirmed through "H NMR spectroscopy,
elemental analysis and X-ray crystallography.

Preparation of 3,7-bis[5-(5'-hexylthiophen-2-yl)thiophen-2-yI]-
1,5,2,4,6,8-dithiatetrazocine (2b). 4b (9.93 g, 36.0 mmol) and
LiINTMS, -Et,0 (8.79 g, 36.4 mmol) were stirred overnight in dry
ether (120 mL) under nitrogen to yield a cloudy orange solution.
A solution of sulphur monochloride (5.8 mL, 72.5 mmol) in dry
diethyl ether (30 mL) was added at 0 °C over thirty minutes. After
stirring at 0 °C for three hours, the resulting green solid was
filtered under inert atmosphere. Washing with diethyl ether and
carbon disulfide followed by drying in vacuo afforded 4-5-(5-
hexylthiophen-2-yl)thienyl]-1,2,3,5-dithiadiazolylium chloride (6b)
as a green solid, which was used without further purification.
Crude yield 12.57 g (32.3 mmol, 90% yield). IR vya (cm™):
2953.41(w), 2920.62(m), 2852.06(m), 1551.93(w), 1525.74(m),
1466.72(s), 1441.59(s), 1390.23(s), 1353.22(m), 1259.62(m),
1216.62(m), 1132.14(s), 1047.10(m), 888.96(m), 854.84(m),
833.82(m), 801.84(s), 725.29(w), 701.10(s). Dry oxygen was
bubbled through a slurry of 6b in dry acetonitrile (180 mL) for
30 minutes, after which SbPh; (12.74 g, 36.0 mmol) dissolved in
dry MeCN (30 mL) was added dropwise to the reaction over 15
minutes. The solution was further stirred for 2 hours at 60 °C with
oxygen bubbling, then hot-filtered to isolate a dark orange solid.
Recrystallization from chloroform afforded the title product as a
red-orange solid (2.92 g, 25% yield). m.p. = 182-184 °C. "HNMR (5,
CDCl,, RT, 400 MHz): 7.80 (d, J = 3.90 Hz, 2H), 7.11 (d, J = 3.90 Hz,
2H), 7.09 (d, J = 3.60 Hz, 2H), 6.72 (d, J = 3.60 Hz, 2H), 2.81 (t, ] =
7.70 Hz, 4H), 1.70 (m, 4H), 1.36 (m, 12H), 0.90 (t, / = 6.90 Hz, 3H).
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IR Vmax (em™): 3071.75(w), 2917.59(m), 2847.49(m), 1478.10(m),
1465.62(m), 1445.13(m), 1430.37(m), 1368.00(s), 1235.22(m),
1196.93(m), 1101.82(m), 1050.39(m), 890.67(m), 864.42(m),
825.16(m), 792.26(s), 723.42(m), 660.17(s). Anal. calcd for
C30H34N4Se: C, 56.04; H, 5.33; N, 8.71. Found: C, 55.55; H,
5.29; N, 8.45. Given the low solubility of this compound, *C
NMR spectroscopy was not possible. The identity of this com-
pound was confirmed through "H NMR spectroscopy, elemen-
tal analysis and X-ray crystallography.

Preparation of 2-cyano-4-hexylthiophene (3c). 2-Formyl-4-
hexylthiophene (17.7 g, 90 mmol), hydroxylamine hydrochloride
(9.5 g, 136 mmol) and NMP (100 mL) were refluxed under
nitrogen for 1-2 hours then cooled to RT. The resulting dark
brown mixture was poured into water, extracted with hexanes,
washed with brine then dried over MgSO,. Removal of volatiles
under reduced pressure afforded a brown oil. Vacuum distilla-
tion was performed in two-steps: first at 105 °C (0.6 mmHg) to
eliminate volatile impurities, then at 165 °C (0.6 mmHg) to yield
the title product as a yellow oil (15.1 g, 85% yield). The product
was identified by comparison to the "H NMR spectrum reported
in literature.** "H NMR (J, CDCl;, RT, 400 MHz): 7.43 (bs, 1H),
7.18 (bs, 1H), 2.60 (t, J = 7.65Hz, 2H), 1.59 (m, 2H), 1.29 (m, 6H),
0.88 (t, ] = 6.75 Hz, 3H).

Preparation of 5-cyano-2,2’-bithiophene (4a). 5-Formyl-2,2’-
bithiophene (28 g, 144 mmol), hydroxylamine hydrochloride
(15.34 g, 221 mmol) and NMP (140 mL) were refluxed under
nitrogen for 1-2 hours, then cooled to RT. The resulting brown
solution was poured into water, extracted with diethyl ether,
washed with brine then dried over MgSO,. Two-fold dilution
with hexanes, followed by elution through a short silica gel plug
yielded the title product as a sand-coloured solid (13.12 g,
81% yield). The product was identified by comparison to the
"H NMR spectrum reported in literature.*> "H NMR (J, CDCl,
RT, 400 MHz): 7.52 (d, J = 3.93 Hz, 1H), 7.35 (dd, J; = 5.10 Hz,
J» = 1.15 Hz, 1H), 7.29 (dd, J; = 3.70 Hz, J, = 1.15 Hz, 1H), 7.13
(d, J = 3.90 Hz, 1H), 7.07 (dd, J; = 5.10 Hz, J, = 3.70 Hz, 1H).

Preparation of 5-cyano-5’-hexyl-2,2'-bithiophene (4b). 5-Formyl-
5’-hexyl-2,2’-bithiophene (18.40 g, 66.1 mmol), hydroxylamine
hydrochloride (6.89 g, 99.2 mmol) and NMP (100 mL) were refluxed
under nitrogen for 1-2 hours, then cooled to RT. The brown
solution was poured into water, extracted with ethyl acetate, washed
with water and brine then dried over MgSO,. Removal of the
volatiles under reduced pressure afforded a brown oil. Purification
by short-column chromatography (1:1 DCM/Hexanes) yielded the
title product as a red oil which crystallizes upon standing (6.06 g,
73% yield). The product was identified by comparison to the
"H NMR spectrum reported in literature.*> "H NMR (5, CDCl;, RT,
400 MHz): 7.47 (d, J = 3.95 Hz, 1H), 7.08 (d, J = 3.65 Hz, 1H), 7.02
(d, J = 3.95 Hz, 1H), 6.71 (dt, J; = 3.65 Hz, J, = 0.95 Hz, 1H), 2.79
(t,J = 7.70 Hz, 2H), 1.66 (m, 2H), 1.32 (m, 6H), 0.88 (t,] = 6.80 Hz, 3H).
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