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ABSTRACT

Diastereomeric C-shaped molecules containing closely stacked bithiophene-substituted quinoxaline
rings were synthesized and characterized by NMR, UV—vis absorption, and fluorescence spectroscopy.
The unique geometry of each diastereomer resulted in different degrees of mw-overlap between the
bithiophene-substituted quinoxaline ring chromophores, modulating their spectroscopic properties. The
donor-acceptor nature of this chromophore gave rise to its positive solvatochromism. '"H NMR and UV
—vis absorption spectroscopy confirmed the existence of m-7 interactions in the ground state between
the quinoxaline rings in both molecules but between the bithiophene rings only in the syn isomer. They
exhibited significant emission maxima bathochromic shifts, a strong, positive solvatochromism,
increased band broadening, and larger Stokes shifts when compared to a compound with an unstacked
chromophore. Additionally, the syn isomer consistently showed Amaxem value red-shifts and larger band
broadening and Stokes shifts compared to the anti isomer due to the greater -overlap in the syn isomer.

Charge transfer
Solvatochromic
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1. Introduction

It is well established that organic molecules, especially those
with m-conjugation, display significant structure-property
relationships.' ™ A better understanding of these relationships is
achieved by studying molecules with unique topologies whose
molecular properties can be manipulated by synthetic methods.
Aromatic molecules are particularly versatile in this regard because
they can be synthetically tuned to produce different properties via
direct through-bond conjugation®'° or through-space interactions
between closely stacked aromatic rings." ~2° Probing the effects of
interchromophore interactions between stacked aromatic rings has
been the subject of numerous research studies, owing to their
importance in a variety of areas of chemistry, most recently as a key
design element in molecular electronics applications.>' 2%

We recently reported the synthesis and characterization of
diastereomeric C-shaped molecules containing closely, but differ-
ently, stacked thiophene-substituted quinoxaline rings (Fig. 1; anti-
and syn-BT)'? that exhibited interesting spectroscopic properties
arising, in part, from their unique molecular architecture.
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Additionally, the donor-acceptor nature of the thiophene-
quinoxaline chromophore resulted in their solvatochromism,
significantly expanding their emission color range. The different
degrees of m-overlap between the chromophores of the di-
astereomers, where the quinoxaline rings are overlapped in both
anti- and syn-BT, but the thiophene rings are overlapped only in
syn-BT, led to their different electronic structures and, in turn,
different spectroscopic properties.'*?42%30 These results highlight
the importance of having well-defined structures in organic elec-
tronics applications, as opposed to having a mixture of different
molecular orientations in these complex systems, which can have a
significant impact on overall device performance.”*?”3!-34 More-
over, using solvent polarity as a means of controlling chromophore
emission properties is an important design element because it is
easier to change the solvation environment than the structure of a
molecule or polymer.®>” In this work, we present the results for the
next generation of these diastereomeric C-shaped molecules,
which contain differentially stacked bithiophene-substituted qui-
noxaline rings (Fig. 1; anti- and syn-BBT).

Extending each chromophore by an additional thiophene ring
was carried out to increase m-conjugation both through-bond and
through-space to observe the subsequent impact on their photo-
physical properties, particularly on their emission spectra.'® Model
compounds CQT and CQBT were synthesized and studied as
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Fig. 1. C-shaped molecules anti- and syn-BT and anti- and syn-BBT; model compounds CQT and CQBT.

references for understanding the photophysical properties of the
lone chromophores in the absence of w-overlap. Herein we present
the synthesis and 'H NMR spectroscopy characterization of CQT,
CQBT, anti-BBT, and syn-BBT and the results of our analyses of their
UV—vis absorption and fluorescence properties as a function of
structure and solvent polarity.

2. Results and discussion
2.1. Synthesis and NMR spectroscopy

Diastereomers anti- and syn-BBT were synthesized from their
previously reported bromine-substituted precursors (Scheme 1).'?
A microwave-assisted, Pd-catalyzed Suzuki coupling reaction was
used to prepare anti- and syn-BBT from anti- and syn-BBr,
respectively, and 2,2’-bithiophene-5-boronic acid. Anti- and syn-
BBT were purified by chromatography on silica gel, and their iso-
lated yields were 24% and 19%, respectively.

Model compounds CQT and CQBT were obtained following
similar Pd-catalyzed Suzuki coupling procedures with their
bromine-substituted precursor, CQB (Scheme 2). CQB was synthe-
sized by a Zn-catalyzed condensation reaction under microwave-
assisted conditions that was previously reported for the synthesis
of anti- and syn-BBr."
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1,2-Cyclohexanedione was reacted with 1,2-diamino-4-
bromobenzene in the presence of a catalytic amount of Zn(OAc);
to give CQB in a 77% yield after chromatography on silica gel. CQB
was subjected to a microwave-assisted, Pd-catalyzed Suzuki
coupling reaction with 2-thienylboronic acid to give CQT in 86%
yield and with 2,2’-bithiophene-5-boronic acid to give CQBT in 69%
yield after purification by chromatographic methods. All com-
pounds reported herein were characterized by 'H and 3C NMR
spectroscopy and HRMS analysis, with the data fully corroborating
the proposed structures.

The NMR spectroscopy data obtained for anti- and syn-BBT were
consistent with our previously reported results for anti- and syn-
BT,'? except for the anticipated differences arising from the new
thiophene rings. The syn isomers have a ¢ plane of symmetry that
cuts in between the aromatic rings through the methylene carbons
of the cyclohexane bridging unit, whereas the anti isomers have a
C, axis of symmetry. As observed for syn-BT, 3C NMR spectroscopy
experiments on syn-BBT illustrate just how similar, yet still
chemically different, the two methylene carbons of the central
cyclohexane ring are. At 50 MHz, these two carbons appeared as
one unresolved peak at 19.9 ppm, but at 100 MHz, there were
clearly two peaks at 1992 and 19.87 ppm (Figure S-5,
Supplementary data). The cyclohexane methylene carbons are
furthest from the point of difference in these molecules, where the
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Scheme 1. Synthesis of anti- and syn-BBT. i) 2,2’-bithiophene-5-boronic acid, Pd(PPhs),, Na,COs, EtOH, toluene, MW 120 °C, 30 min.
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Scheme 2. Synthesis of model compounds CQT and CQBT. i) 1,2-diamino-4-bromobenzene, Zn(OAc),, chlorobenzene, MW 200 °C, 30 min; ii) 2-thienylboronic acid (for CQT) or
2,2'-bithiophene-5-boronic acid (for CQBT), Pd(PPhs)4, Na,COs3, EtOH, toluene, MW 120 °C, 30 min.

thiophene ring attaches to the quinoxaline ring, so they are in
chemical environments that are only slightly different. In anti-BBT,
the two cyclohexane methylene carbons are chemically equivalent,
resulting in only one peak at 19.9 ppm in its 100 MHz '>C NMR
spectrum, as expected (Figure S-4, Supplementary data). Interest-
ingly, the cyclohexane carbons in the model compounds were also
difficult to distinguish at 50 MHz. CQB, CQT, and CQBT all lack
symmetry, so their carbon atoms are all in different chemical en-
vironments. The four cyclohexane carbons should give rise to four
aliphatic chemical shifts, specifically two differently shielded pairs
where the carbons within each pair are in very similar chemical
environments. In the 50 MHz '3C NMR spectrum of CQB, there were
two unresolved aliphatic chemical shifts at 33.4 and 22.9 ppm. In
the 50 MHz '>C NMR spectra of CQT and CQBT, these same aliphatic
carbons were just barely distinguishable at 33.45, 33.39, 23.02, and
23.00 ppm for CQT (Figure S-2, Supplementary data) and at 33.46,
33.40, 23.02, and 23.00 ppm for CQBT, where the peaks at 23 ppm
were just barely separated as a split at the top of the peak. The
100 MHz 3C NMR spectrum of CQBT showed two clearly resolved
peaks at 33.5 and 33.4 ppm and two nearly resolved peaks at 23.00
and 22.98 ppm (Figure S-3, Supplementary data). As observed for
the syn isomers of the C-shaped molecules, the chemically
nonequivalent cyclohexane carbons at 23 ppm in CQB, CQT, and
CQBT were difficult to distinguish because they are furthest from
the asymmetric point of attachment of the substituent to the qui-
noxaline ring.

The aromatic proton chemical shifts in CQBT, anti-BBT, and syn-
BBT were examined to assess the shielding effects and confirm the
presence of - interactions in the ground state. These interactions
were observed in anti- and syn-BT'? and reported for other mole-
cules with stacked aromatic rings.'>'%>3 Table 1 lists the chemical
shift assignments for the aromatic protons of CQBT, which repre-
sent the shielding environment of these protons in the absence of
overlap, compared to the corresponding proton assignments for
anti- and syn-BBT. Protons on the quinoxaline and bithiophene
rings of anti- and syn-BBT exhibited the expected upfield shifts to
varying degrees due to the shielding effects of the aromatic rings
that are directly across from each other, which mirrored the results
obtained for anti- and syn-BT.'? For example, the quinoxaline pro-
tons (H,, Hp, and H¢) in anti- and syn-BBT showed upfield shifts
between 0.2 and 0.4 ppm compared to CQBT, with H. in anti-BBT
being shifted upfield by the largest amount compared to all of the
protons (0.44 ppm). The thiophene ring protons showed variable
degrees of upfield shifts in anti- versus syn-BBT compared to CQBT,
which was attributed to the bithiophene rings being overlapped in
syn-BBT but not in anti-BBT. Accordingly, Hg-Hp, in syn-BBT showed
consistent upfield shifts compared to the corresponding protons in
CQBT, especially Hg and Hy (0.32 and 0.37 ppm, respectively). In
anti-BBT, the only thiophene ring proton to show an upfield shift
compared to CQBT was Hg (0.15 ppm).

These results clearly demonstrate that there are significant -7
interactions in the ground state in anti- and syn-BBT between the
aromatic rings that are directly across from one another. The data
are easily rationalized upon viewing these structures directly
through the aromatic rings (Fig. 2). For the purpose of comparison,

Table 1
Chemical shifts of aromatic protons.

'H Type Chemical shift (ppm)
CQBT anti-BBT syn-BBT

Ha 8.15 7.92 7.93

Hyp 7.94 7.70 7.68—7.74°
Hc 7.90 7.46 7.68—7.74%
Hq 7.22-7.25" 7.27 7.05

He 7.04 7.09 6.96

He 7.22-7.25° 7.31 7.19

Hg 7.39 7.24 7.07

Hp 7.18 7.20 6.81

2 Multiplet is assigned to both Hy, and H,.
b Multiplet is assigned to both Hgq and Hy.

the ground-state geometries of anti- and syn-BBT were optimized
using density functional theory (DFT) at the B3LYP/6-31G"* level of
theory.>® The quinoxaline rings overlap to roughly the same degree
in both anti- and syn-BBT, which explains the similar upfield shifts
observed for H, and Hp. The upfield shift observed for H. was more
pronounced for anti-BBT (0.44 ppm) compared to syn-BBT
(0.16—0.22 ppm), which is consistent with H. sitting in the
shielding zone of the opposite thiophene ring in anti-BBT but not in
syn-BBT. Accordingly, the only thiophene proton in anti-BBT that
showed an upfield shift compared to CQBT was Hg, which is the
only thiophene proton in the shielding zone of the opposite

Fig. 2. DFT-optimized (B3LYP/6-31G*) ground-state geometries of anti-BBT (left) and
syn-BBT (right).
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thiophene ring. In syn-BBT, all the thiophene protons showed up-
field shifts compared to the corresponding protons in CQBT.
Collectively, these results confirm ground-state m-overlap between
the quinoxaline rings in both C-shaped molecules and that the
bithiophene rings are overlapped in syn-BBT but not in anti-BBT.

2.2. UV—vis absorption and fluorescence spectroscopy

Steady-state UV—vis absorption and fluorescence spectroscopy
studies were performed on CQT, CQBT, anti-BBT, and syn-BBT in a
variety of solvents of increasing polarity from hexanes to methanol
(Table 2; Figs. 3 and 4). These experiments were performed to study

33

the impact of the structural differences between these compounds,
namely their varying degrees of through-bond and through-space
m-delocalization, and solvent polarity on their absorption and
emission properties,>’ as compared to those observed for anti- and
syn-BT."?

Table 2 lists the Amaxans values for each compound in all the
solvents studied, and Fig. 3 shows their absorption spectra in
representative solvents ranging from nonpolar to polar (hexanes/
dichloromethane/methanol). The effect of increasing the through-
bond conjugation in going from a thiophene- to a bithiophene-
substituted quinoxaline ring can be seen by comparing the ab-
sorption spectra of CQT to those of CQBT (Table 2 and Fig. 3). CQT

Table 2
Photophysical properties of CQT, CQBT, anti-BBT, and syn-BBT in solvents of different polarity.

Solvent Xmax.abs (NM) Amaxem (NM)? fwhm (nm)° SS (cm™1)* o

cQr Hexanes 276, 353 391 54 2753 0.0035
Cyclohexane 277,354 390 54 2608 -
Toluene 357¢ 410 57 3621 0.024
Ethyl acetate 277,354 416 60 4210 0.023
Chloroform 281, 362 428 63 4260 0.13
Dichloromethane 280, 358 425 64 4404 0.081
Acetone 354°¢ 430 69 4993 0.052
Acetonitrile 277,353 431 69 5127 0.083
n-Butanol 280, 364 454 73 5446 0.53
Ethanol 280, 365 462 76 5752 0.49
Methanol 279, 363 467 82 6135 0.56
Hexanes 210, 256, 381 417, 440 49 — 0.22
Cyclohexane 256, 383°¢ 419, 444 51 — —
Toluene 386° 451 65 3734 0.27
Ethyl acetate 257, 381¢ 463 73 4648 0.12
Chloroform 259, 390¢ 488 82 5149 0.14
Dichloromethane 258, 385° 485 86 5355 0.15
Acetone 381° 501 97 6287 0.16
Acetonitrile 211, 257, 379 500 91 6385 0.18
n-Butanol 206, 259, 390 529 102 6672 0.25
Ethanol 208, 259, 391 537 111 6953 0.082
Methanol 208, 259, 388 547 120 7492 0.021
Hexanes 259, 389 434, 457 62 - 0.22
Cyclohexane 256, 383 436, 461 62 - -
Toluene 396° 470 73 3976 0.13
Ethyl acetate 345, 390 499 81 5601 0.16
Chloroform 349, 401 505 81 5136 0.22
Dichloromethane 349, 399 517 86 5720 0.35
Acetone 348, 392 520 94 6279 0.27
Acetonitrile 347, 397 545 103 6840 0.37
n-Butanol 348, 398 550 105 6944 0.21
Ethanol 347, 398 566 113 7458 0.044
Methanol 347,398 574 130 7704 0.016

syn-BBT Hexanes 260, 390 463 87 4043 0.058
Cyclohexane 261, 390 468 84 4274 -
Toluene 397¢ 499 87 5149 0.12
Ethyl acetate 342,390 512 88 6110 0.15
Chloroform 346, 402 526 89 5864 0.23
Dichloromethane 347, 400 537 95 6378 0.26
Acetone 345, 392 534 98 6784 0.21
Acetonitrile 342, 397 556 106 7203 0.22
n-Butanol 345, 400 569 110 7425 0.14
Ethanol 344, 398 579 121 7854 0.044

Methanol 342, 399 587 147 8027 0.0087

Note: The photographs depict quartz cuvettes containing a solution of each compound in dichloromethane that was being irradiated at 365 nm by a hand-held UV lamp.

2 Jex = 350 nm.
fwhm = full width at half maximum.
Stokes shift, SS = 1/Amax.abs—1/Amax.em-

oD an o

Solvent absorption obscured the short-wavelength analyte absorption.

Fluorescence quantum yields were determined relative to coumarin 153 in methanol (®f = 0.45) as the standard (Aex = 350 nm).>°
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Fig. 4. Fluorescence emission spectra of a) CQT, b) CQBT, c) anti-BBT, d) syn-BBT in various solvents (Aex = 350 nm). For the sake of clarity, only spectra from representative solvents
in the polarity range from Table 2 are presented. The emission intensities are normalized at Amaxem-

consistently showed two Amax abs bands that appeared in the ranges
of 276—281 and 353—365 nm. CQBT showed two similar bands, but
they look very different and fell within the ranges of 256—259 and
379—391 nm with other vibrational bands in between. CQBT also
showed a third shorter wavelength Amaxabs band between 206 and
211 nm. Within each solvent, the long-wavelength Amaxans band
observed for CQBT was red-shifted by approximately 30 nm
compared to the corresponding band for CQT, which is consistent

with increased m-conjugation and delocalization in CQBT due to
the additional thiophene ring.'%>% The onset of absorption of CQBT
was significantly red-shifted (>30 nm) compared to CQT, which
also confirms the increased w-conjugation (Fig. 3). Moreover,
comparing the long-wavelength Amaxans band observed for anti-
and syn-BBT to the corresponding band observed for anti- and syn-
BT'? also revealed a 30 nm bathochromic shift for the BBT de-
rivatives, as expected.
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Comparing the UV—vis absorption spectra of CQBT, which
contains a single, unstacked chromophore, to those of anti- and
syn-BBT in any given solvent allows one to analyze the m-stacking
effects and their subsequent impact on the electronic properties of
the C-shaped molecules (Table 2 and Fig. 3). First, the onset of ab-
sorption for anti- and syn-BBT was consistently red-shifted
compared those of CQBT by 10—20 nm. This result supports the
TH NMR evidence suggesting the presence of w-7 interactions in
the ground state between the aromatic rings in anti- and syn-BBT
that are absent in CQBT (vide supra).'4!>30

Although the absorption spectra and Amax abs Values for CQBT do
not appear to change significantly as a function of solvent polarity, a
dramatic change in the absorption spectra can be observed upon
examining the data for anti- and syn-BBT from hexanes to meth-
anol (Table 2; Fig. 3). In nonpolar solvents (from hexanes to
toluene), the UV—vis spectra of CQBT, anti-BBT, and syn-BBT were
quite similar in overall profile, except for the earlier onset of ab-
sorption of the C-shaped molecules that was noted above (for
example, see Fig. 3a). As seen in Table 2 for hexanes and cyclo-
hexane, anti- and syn-BBT showed two Amaxabs bands (anti-BBT:
256—259 and 383—389 nm; syn-BBT: 260—261 and 390 nm) that
were similar to those of CQBT in all the solvents (256—259 and
379—391 nm). However, in the more polar solvents, the absorption
spectra of anti- and syn-BBT changed to a very different profile
compared to those of CQBT, which did not vary significantly from
hexanes to methanol. Specifically, in the polar solvents (from ethyl
acetate to methanol), the absorption spectra of anti- and syn-BBT
broadened overall and a new blue-shifted Amax abs band appeared at
approximately 340 nm that was about equal intensity to or higher
than the existing long-wavelength band at approximately 390 nm
(anti-BBT: 345—349 and 390—401 nm; syn-BBT: 342—347 and
390—402 nm). These results suggest that in nonpolar solvents the
electronic transitions available to anti- and syn-BBT are the same as
in CQBT, namely those of a single bithiophene-substituted qui-
noxaline chromophore. However, as solvent polarity increases,
additional transitions become available to the 7-stacked aromatic
rings in anti- and syn-BBT.'°® The observed broadening and splitting
of the absorption band has been invoked as evidence of electroni-
cally interacting chromophores in the ground state.'®°~3! These
findings were consistent with the emission spectroscopy results
described below.

The fluorescence emission spectra of CQT, CQBT, anti-BBT, and
syn-BBT all showed a broad, structureless, emission band in every
solvent studied, except for CQBT and anti-BBT in hexanes and
cyclohexane (Table 2 and Fig. 4). Aside from the exceptions noted
above that will be discussed shortly, CQBT, anti-BBT, and syn-BBT
demonstrated significant emission maxima bathochromic shifts, a
strong, positive solvatochromism, band broadening, and increasing
Stokes shifts as solvent polarity increased from hexanes to meth-
anol. To observe the effects of adding the thiophene ring on the
emission spectra of the BBT family compared to the BT family,'? the
difference between the Amaxem values of CQT and CQBT were
evaluated in toluene and in methanol. In toluene, there was a 41 nm
difference and in methanol, there was an 80 nm difference. The
same comparison was made between anti-BT and anti-BBT because
their thiophene rings do not overlap, so the differences between
their Amax,em values should also reflect the increased m-conjugation.
Accordingly, the difference between their Amaxem values in toluene
was 43 nm and in methanol was 83 nm, which match the com-
parison between CQT and CQBT. The emission spectra of CQT were
narrower compared to those of CQBT in nearly all the solvents
studied, where the full-width at half-maximum (fwhm) values
observed in toluene to methanol*” ranged between 57 and 82 nm
for CQT and between 65 and 120 nm for CQBT, respectively. The
same trend was observed for the Stokes shifts, which ranged

between 3621 and 6135 cm™! for CQT and 3734 to 7492 cm™! for
CQBT. Collectively, these results illustrate the increased through-
bond m-conjugation and delocalization in the bithiophene
compared to the thiophene analogs, as expected.'”>*® They also
suggest that CQBT has significantly more excited-state charge-
transfer character given its more pronounced solvatochromism and
the very large fwhm and Stokes shift values compared to those of
CQT.*’ Both the thiophene- and bithiophene-substituted quinoxa-
line rings exhibit donor-accepter characteristics because thiophene
and bithiophene are good electron donors and quinoxaline is a
good electron acceptor.*"*> However, given that bithiophene is a
better donor than thiophene, the intramolecular charge-transfer
(ICT) excited-state character of CQBT is expected to be greater
than that of CQT, as observed.

The Amaxem Values of CQBT, anti-BBT, and syn-BBT were exam-
ined in solvents ranging in polarity from toluene to methanol to
study the effect of the different degrees of m-stacking in the C-
shaped molecules.*’ For CQBT, the Amaxem Values were blue-shifted
from those of anti-BBT by an average of 27 nm and from those of
syn-BBT by an average of 44 nm. Additionally, the Apaxem Values of
syn-BBT were red-shifted by an average of 17 nm compared to
those of anti-BBT. Similar trends were observed within the BT
family.'” The dramatic red-shifts observed for the C-shaped mole-
cules compared to the unstacked bithiophene-substituted qui-
noxaline model, CQBT, can be attributed to the overlap between the
aromatic rings in anti- and syn-BBT that gives rise to strong, sta-
bilizing 7-m interactions in their excited states.?®3%3! Analogous
results have been observed in numerous other molecules that were
specifically designed to have closely stacked aromatic rings, where
emission in these molecules was said to be from an intramolecular
excimer state,'>14182429.30.32 1t j5 possible to deconstruct the effects
that the different degrees of -stacking in these molecules have on
the emission maxima. The red-shift in the Anaxem values for anti-
BBT compared to CQBT represents the through-space conjugation
of the overlapping quinoxaline rings in anti-BBT that is absent in
CQBT. The red-shift in the Amaxem values for syn-BBT compared to
anti-BBT corresponds to the effect of the m-stacked bithiophene
rings in syn-BBT that is absent in anti-BBT. Finally, the red-shift in
the Amax.em values for syn-BBT compared to CQBT signifies the effect
of the overlapped bithiophene-substituted quinoxaline rings in
syn-BBT that is absent in CQBT. Accordingly, the effect of the
bithiophene ring overlap (17 nm; 613 cm™!) and the quinoxaline
ring overlap (27 nm; 1037 cm™!) numerically adds up to the overall
effect of completely overlapping the bithiophene-substituted qui-
noxaline rings (44 nm; 1650 cm™!). Thus, by comparing and con-
trasting the Amaxem values of CQBT, anti-BBT, and syn-BBT, it was
possible to deconstruct the effects that the different degrees of -
stacking have on their emission maxima. Similar trends were
observed for the fwhm and Stokes shift values, which further
supports the analysis above.

The emission spectra of CQBT, anti-BBT, and syn-BBT showed a
dramatic dependence on solvent polarity in nearly all the solvents
studied (Table 2 and Fig. 4). In hexanes and cyclohexane, the
emission spectra of CQBT and anti-BBT exhibited similar, highly
structured spectra that both showed two Amaxem bands centered
around 418 and 442 nm for CQBT and 435 and 459 nm for anti-BBT,
in addition to a long-wavelength shoulder. In contrast, the emission
spectra of syn-BBT in hexanes and cyclohexane were broad and
structureless with Amax em bands at 463 and 468 nm, respectively. In
solvents of increasing polarity from toluene to methanol, the
emission spectra of CQBT, anti-BBT, and syn-BBT were all broad and
structureless, and they exhibited a strong, positive solvatochrom-
ism. Together, these results suggest that in nonpolar solvents like
hexanes and cyclohexane, CQBT and anti-BBT are likely to be
emitting from the locally excited (LE) state of the bithiophene-
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quinoxaline chromophore. However, in the more polar solvents, the
ICT excited-state character of this chromophore is stabilized, and
therefore emission in polar solvents is likely to be from an excited
state with significant charge-transfer (CT) character.®>”** The fact
that all the emission bands of syn-BBT were broad, structureless,
and solvatochromic in all of the solvents studied suggests that the
increased through-space m-conjugation from the bithiophene ring
overlap, which is absent in CQBT and anti-BBT, stabilizes the
excited state, even in nonpolar solvents like hexanes and
cyclohexane.?83031

Furthermore, the fwhm and Stokes shift values for CQBT, anti-
BBT, and syn-BBT were analyzed as a function of solvent polarity,
and the results were consistent with the Amax em analysis above. For
example, the fwhm values in toluene for CQBT, anti-BBT, and syn-
BBT were 65, 73, and 87 nm, respectively, and the fwhm values in
methanol were 120, 130, and 147 nm, respectively. The Stokes shifts
also increased as a function of increasing solvent polarity for all
three compounds, but the increase was more dramatic for anti-BBT
(toluene to methanol: 3976 to 7704 cm™!) and syn-BBT (5149 to
8027 cm™!) compared to CQBT (3734 to 7492 cm™!) in every sol-
vent, and the increase was greater for syn-BBT compared to anti-
BBT. These results further corroborate the findings described above,
namely, that the bithiophene-substituted quinoxaline ring shows
significant CT character in the excited state, which is stabilized by
increasing solvent polarity and greater -overlap.®*> The w-overlap
between the chromophores in anti- and syn-BBT stabilizes the
charge delocalization in the excited state, which leads to broader
bands and larger Stokes shifts for the C-shaped molecules
compared to CQBT.?2%3! Moreover, the greater band broadening
and larger Stokes shifts observed for syn-BBT compared to anti-BBT
illustrates the stabilizing effect that the overlapping bithiophene
rings have on the excited state of syn-BBT.

The relative quantum yields of CQT, CQBT, anti-BBT, and syn-
BBT measured in a variety of solvents were found to be solvent-
dependent, but they did not vary directly with solvent polarity
(Table 2).** For CQBT, anti-BBT, and syn-BBT, the quantum yields
increased and then decreased with increasing solvent polarity.
From toluene to n-butanol, the quantum yields for the BBT family of
compounds fell within a range of 0.12—0.37, but in ethanol and
methanol, the values ranged between 0.01 and 0.08. The marked
decrease in quantum yield in the polar protic solvents is likely to be
due to the emergence of a new, non-radiative deactivation pathway
in these hydrogen bond donating solvents.>*>

3. Conclusion

In this work, we reported on a new pair of highly fluorescent C-
shaped molecules containing differentially stacked bithiophene-
substituted quinoxaline rings, anti- and syn-BBT, and related
model compounds, CQT and CQBT, that were synthesized and
characterized by NMR, UV—vis absorption, and fluorescence spec-
troscopy. A detailed analysis of the aromatic '"H NMR chemical shift
shielding effects and the UV—vis absorption spectra revealed -1
interactions in the ground state between the quinoxaline rings in
anti- and syn-BBT, but m- interactions between the bithiophene
rings only in syn-BBT. The different degrees of m-stacking in these
molecules was also evident from their emission spectra, where
anti- and syn-BBT consistently had red-shifted Amaxem values and
larger band broadening and Stokes shifts compared to CQBT, and
syn-BBT consistently showed red-shifted Amaxem values, increased
band broadening and Stokes shifts compared to anti-BBT. The C-
shaped molecules also showed a remarkably strong, positive sol-
vatochromism that was also observed for CQBT, confirming the
excited-state ICT character of the bithiophene-substituted qui-
noxaline ring. Moreover, the increased band broadening and Stokes

shifts observed for anti- and syn-BBT compared to CQBT as a
function of solvent polarity suggested that the through-space -7
interactions between the aromatic rings in the C-shaped molecules
stabilize their excited states. Collectively, the BT'? and BBT family of
C-shaped molecules represent an interesting new class of fluores-
cent compounds whose emission colors span a wide range across
the solvents studied, which suggests that they could be further
explored as OLED materials®® or as solvatochromic polarity
probes.>3°

4. Experimental section
4.1. General

Microwave-assisted reactions were carried out in a commer-
cially available CEM Discover microwave unit, where the temper-
ature in the reaction vessel was monitored in situ using an IR probe.
The microwave power was set initially to 200 W and was auto-
matically modulated by the microwave to reach and maintain the
target reaction temperature. NMR spectroscopy experiments were
conducted on either a 200 MHz or a 400 MHz NMR spectrometer, as
specified. Chemical shifts () are reported in parts per million (ppm)
and referenced to TMS (8 = 0.00 ppm) for 'H or residual solvent
(6 = 77.23 ppm) for 3C. For 'TH NMR spectroscopy, peak multi-
plicities are reported as s, singlet; d, doublet; t, triplet; m, multiplet;
and dd, doublet of doublets. Melting points were determined in
open capillaries with an electronic apparatus and are uncorrected.
Pd(PPhs3)4 was purchased from Strem Chemicals, Inc. All other
solvents and reagents were purchased from commercial sources
and used without any further purification. Column chromatog-
raphy was performed using EMD silica gel 60 (230—400 mesh
ASTM). TLC and preparative TLC were carried out using EMD TLC
silica gel 60 F,s4 plates and on EMD 1 mm silica gel 60 Fy54 plates,
respectively. High-resolution mass spectrometry was performed on
a QTOF spectrometer. UV—vis absorption and fluorescence spec-
troscopy measurements were carried out in 1 cm path length
quartz cuvettes at room temperature. Relative quantum yields were
measured using coumarin 153 in methanol as a reference.>®44

4.2. Experimental procedures

4.2.1. 2,9-Diaza-5-bromotricyclo[8.4.0.0>8]tetradeca-1(10),3,5,7,9-
pentaene (CQB)

A 10 mL microwave vessel equipped with a stir bar was charged
with 50 mg (0.446 mmol) of 1,2-cyclohexanedione, 13 mg
(0.071 mmol) of zinc acetate, and 188 mg (1.005 mmol) of 1,2-
diamino-4-bromobenzene, followed by 2 mL of chlorobenzene.
The headspace was purged with Nj. The vessel was heated to
200 °C for 30 min with stirring in a CEM microwave. The resulting
reaction mixture was filtered through a cotton plug, and the solvent
was evaporated. The crude product was purified by column chro-
matography on silica gel (eluent: 20% ethyl acetate in hexanes), and
the resulting pink solid was decolorized with activated carbon to
give CQB as a white solid (90 mg; 77% yield). CQB (mp
84.2—85.0 °C): "H NMR (200 MHz, CDCl3) 6 8.14 (d, ] = 2.0 Hz, 1H),
7.83(d,J=9Hz,1H),7.39(dd,J = 8.9, 2.1 Hz, 1H), 3.19—3.10 (m, 4H),
2.08—2.01 (m, 4H); 13C NMR (50 MHz, CDCl3) 6 155.4, 154.8, 142.1,
140.2, 132.6, 131.0, 130.0, 122.8, 33.4, 22.9. HRMS (TOF, ES+):
[M+H]"™ m/z calcd for C12H12BrN3, 263.0184; found, 263.0184.

4.2.2. 2,9-Diaza-5-(2-thienyl)tricyclo[8.4.0.0°% Jtetradeca-1(10),3,5,
7,9-pentaene (CQT)

A 10 mL microwave vessel was equipped with a stir bar, 35 mg
(0.133 mmol) of CQB, 51 mg (0.399 mmol) of 2-thienylboronic acid,
4 mL of toluene, and 1 mL of absolute ethanol. The reaction mixture
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was purged with Ny gas. A 29 mg (0.025 mmol) portion of
Pd(PPhs)4 was added followed by 0.46 mL of a 0.2 g/mL solution of
Na,COs. The headspace was purged with N, gas. The microwave
vessel was heated to 120 °C for 30 min with stirring in a CEM mi-
crowave. The reaction mixture was transferred to a separatory
funnel and extracted twice with ethyl acetate. The combined
organic extracts were washed with water and then brine. The
organic layer was dried over anhydrous MgSQO,, and the solvent was
removed in vacuo. The crude compound was purified by chroma-
tography on silica gel with 30% ethyl acetate in hexanes as the
eluent. CQT was isolated as an off-white crystalline solid (30 mg;
86% yield). CQT (mp 103.9-106.7 °C w/decomp): 'H NMR
(200 MHz, CDCl3) 6 8.21-8.19 (m, 1H), 7.96—7.95 (m, 2H), 7.50 (dd,
J = 3.6, 1.2 Hz, 1H), 7.37 (dd, J = 5.1, 1.1 Hz, 1H), 7.14 (dd, J = 5.1,
3.7 Hz, 1H), 3.20-3.14 (m, 4H), 2.09—2.02 (m, 4H); *C NMR
(50 MHz, CDCl3) 6 155.0, 154.1, 143.5, 141.7,140.9, 135.1,129.0, 128.6,
127.6, 126.3, 124.6, 124.2, 33.45, 33.39, 23.02, 23.00. HRMS (TOF,
ES+): [M+H]™ m/z calcd for C1gH15N3S, 267.0956; found, 267.0966.

4.2.3. 2,9-Diaza-5-(5-(2'-thienyl)-2-thienyl)tricyclo[8.4.0.0>%]
tetradeca-1(10),3,5,7,9-pentaene (CQBT)

A 10 mL microwave vessel equipped with a stir bar was charged
with 49 mg (0.186 mmol) of CQB, 114 mg (0.543 mmol) of 2,2'-
bithiophene-5-boronic acid, 4 mL of toluene, and 1 mL of absolute
ethanol. The reaction mixture was purged with N3 gas. A 0.645 mL
portion of an aqueous NayCOs3 solution (0.2 g/mL) was added, fol-
lowed by 41 mg (0.035 mmol) of Pd(PPh3)s. The headspace was
purged with N,. The vessel was heated to 120 °C for 30 min with
stirring in a CEM microwave. Upon completion, the contents were
transferred to a separatory funnel, and the biphasic reaction
mixture was extracted with ethyl acetate. The combined organic
extracts were washed once with water and then with brine. The
organic layer was dried over anhydrous MgSO4, and the solvent was
removed in vacuo. The crude product was purified by column and
preparative chromatography on silica gel (eluent: 30% ethyl acetate
in hexanes) to give CQBT as a yellow solid (45 mg; 69% yield). CQBT
(mp 135.2—138.3 °C w/decomp): 'H NMR (400 MHz, CDCl3) 6 8.15
(d,J = 2.0 Hz, 1H), 7.94 (d, ] = 8.8 Hz, 1H), 7.90 (dd, J = 8.8, 2.0 Hz,
1H), 7.39 (d, J = 3.6 Hz, 1H), 7.25—7.22 (m, 2H), 7.18 (d, ] = 4.0 Hz,
1H), 7.04 (dd, ] = 4.8, 3.6 Hz, 1H), 3.16—3.15 (m, 4H), 2.06—2.02 (m,
4H); 3C NMR (100 MHz, CDCl3) é 155.1, 154.1, 142.0, 141.7, 141.0,
138.3,137.3,134.7,129.1,128.1,127.1,125.3,125.1,125.0, 124.2,123.9,
33.5, 33.4, 23.00, 22.98. HRMS (TOF, ES+): [M+H]" m/z calcd for
Co0H17N2S7, 349.0833; found, 349.0830.

4.24. (10,26,46,50,162,1703,198,20)-7,14,22,29-Tetraaza- 1,5,16,20-
tetrachloro-31,31,32,32-tetramethoxy-11,26-di(5-(2'-thienyl)-2-
thienyl)nonacyclo[18.10.1.1°'6.0219,0*17 061 0813 0130 2328
dotriaconta-6(15),7,9,11,13,21(30),22,24,26,28-decaene (anti-BBT)

A 10 mL microwave vessel was equipped with a stir bar, 100 mg
(0.120 mmol) of anti-BBr, 101 mg (0.481 mmol) of 2,2’-bithio-
phene-5-boronic acid, 4 mL of toluene, and 1 mL of absolute
ethanol. The reaction mixture was purged with N, gas. A 26 mg
(0.022 mmol) portion of Pd(PPhs)s was added, followed by
0.415 mL of a 0.2 g/mL solution of NayCOs. The headspace was
purged with N gas. The microwave vessel was heated to 120 °C for
30 min with stirring in a CEM microwave. The solution was trans-
ferred to a separatory funnel and extracted twice with ethyl acetate.
The combined organic extracts were washed once with water fol-
lowed by another wash with brine. The organic layer was dried over
anhydrous MgS04. The solvent was removed in vacuo. The crude
compound was purified by chromatography on silica gel two times
with 30% ethyl acetate in hexanes as the eluent. Anti-BBT was
isolated as a yellow solid (29 mg; 24% yield). Anti-BBT (mp 273 °C
w/decomp): '"H NMR (400 MHz, CDCl3) 6 7.92 (d, J = 1.6 Hz, 2H),

7.70(d, ] = 8.8 Hz, 2H), 7.46 (dd, ] = 8.6, 2.2 Hz, 2H), 7.31 (dd, ] = 5.2,
1.2 Hz, 2H), 7.27 (dd, ] = 3.4, 1.0 Hz, 2H), 7.24 (d, ] = 4.0 Hz, 2H), 7.20
(d,J = 4.0 Hz, 2H), 7.09 (dd, J = 5.2, 3.6 Hz, 2H), 3.75 (s, 6H), 3.36 (s,
6H), 2.91—2.88 (m, 4H), 2.03—1.98 (m, 2H), —1.05 (m, 2H); 3C NMR
(100 MHz, CDCl3) 6 152.7, 151.7, 141.9, 141.2, 140.9, 139.0, 137.3,
135.3,129.2,128.3,127.3,125.7,125.2, 125.0, 124.4,123.7, 111.4, 75.1,
75.0, 52.6, 52.2, 43.5, 43.3, 19.9. HRMS (TOF, ES+): [M+H]* m/z
calcd for C4gH37N40454Cl4, 1001.0452; found, 1001.0415.

425. (10,206,46,50,160,176,196,20a )-7,14,22,29-Tetraaza-1,5,16,20-
tetrachloro-31,31,32,32-tetramethoxy-10,26-di(5-(2'-thienyl)-2-
thienyl)[18.10.1.1%16.0%1,0%17 0515 081302130 02328 dotriaconta-
6(15),7,9,11,13,21(30),22,24,26,28-decaene (syn-BBT)

A 10 mL microwave vessel equipped with a stir bar was charged
with 89 mg (0.107 mmol) of syn-BBr, 135 mg (0.643 mmol) of 2,2'-
bithiophene-5-boronic acid, 4 mL of toluene, and 1 mL of absolute
ethanol. The reaction mixture was purged with N, gas. A 0.37 mL
portion of an aqueous NayCOs solution (0.2 g/mL) was added, fol-
lowed by 23 mg (0.020 mmol) of Pd(PPhs)s. The headspace was
purged with Ny. The vessel was heated to 120 °C for 30 min with
stirring in a CEM microwave. Upon completion, the contents were
transferred to a separatory funnel, and the biphasic reaction
mixture was extracted with ethyl acetate. The combined organic
extracts were washed once with water and once with brine. The
organic layer was dried over anhydrous MgS0y, and the solvent was
removed in vacuo. The crude product was purified by column
chromatography on silica gel with 30% ethyl acetate in hexanes as
the eluent. Syn-BBT was isolated as an orange/yellow solid (20 mg;
19% yield). Syn-BBT (mp 301-304.5 °C w/decomp): 'H NMR
(200 MHz, CDCl3) 6 7.93 (m, 2H), 7.74—7.68 (m, 4H), 7.19 (dd, | = 5.2,
1.2 Hz, 2H), 7.07 (d, ] = 4.0 Hz, 2H), 7.05 (dd, ] = 3.6, 1.2 Hz, 2H), 6.96
(dd, J = 5.2, 3.6 Hz, 2H), 6.81 (d, ] = 3.6 Hz, 2H), 3.74 (s, 6H), 3.35 (s,
6H), 2.93—2.88 (m, 4H), 2.05—1.98 (m, 2H), —1.00 (m, 2H); *C NMR
(100 MHz, CDCl3) ¢ 152.8, 151.5, 141.9, 140.9, 140.6, 138.5, 137.4,
135.5, 129.3, 128.1, 127.2, 125.5, 124.9, 124.8, 124.0, 123.5, 1114,
75.10, 75.06, 52.6, 52.2, 43.6, 43.3, 19.92, 19.87. HRMS (TOF, ES+):
[M+H]™ mjz caled for C48H37N40454Cl4, 1001.0452; found,
1001.0433.
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