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Indolizino[5,6-blquinoxaline Derivatives: Intramolecular Charge
Transfer Characters and NIR Fluorescence

Mitsuru Kojima,™ Hironobu Hayashi,” Tatsuya Aotake,” Shinya lkeda,” Mitsuharu Suzuki,”
Naoki Aratani,” Daiki Kuzuhara,”” and Hiroko Yamada*" "'

Abstract: Indolizino[5,6-blquinoxaline derivatives (1a and
1b) with a push-pull structure were prepared to show in-
tramolecular charge-transfer properties. Compounds 1a
and 1b are strongly fluorescent in aprotic solvents while
symmetrical derivatives (2a and 2b) were non-fluorescent.
The m-expanded a-a linked dimer (10) of indolizino[5,6-
blquinoxaline 1b was serendipitously obtained to show
NIR absorption over 800 nm and the fluorescence edge
reached to 1400 nm.
/

Quinoxalines are electron-deficient heteroaromatic rings and
have less negative reduction potential than the corresponding
aromatic hydrocarbons. Quinoxalines are one of the most
common building blocks used for electron transport materials
for organic light-emitting diodes with high fluorescence quan-
tum yields"™® and for the new electron acceptors in organic
solar cells by attaching with fullerene.”” Due to their facile syn-
thesis and derivatization, various quinoxaline-based fluoro-
phores were designed, founded on m-expansion and introduc-
tion of substituents.®'” In order to use quinoxaline com-
pounds for near-infrared (NIR) fluorophores, we envisioned the
construction of intramolecular charge-transfer (ICT) character
by fusing the electron-poor quinoxaline and electron-rich pyr-
role to create an aromatic ring incorporating a push-pull struc-
ture. To the best of our knowledge, the framework of indolizi-
no[5,6-blquinoxaline (1a) has not been reported (Figure 1),
while  pyrrole[1,2-alquinoxalines,"”  pyrrole[2,3-blquinoxa-
lines"? and pyrrole[3,4-blquinoxalines™ have been reported
in the field of pharmaceutical agents. Density functional theory
(DFT) calculation at the B3LYP/6-31G(d) level of theory using
the Gaussian 09 software package!¥ suggested that the contri-
bution of the pyrrole moiety for the HOMO is stronger than
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Figure 1. Structures of the indolizino[5,6-blquinoxaline compounds. 1b and
2b are mixtures of stereoisomers.

that of the quinoxaline moiety, whereas the contribution of
the quinoxaline moiety for the LUMO is stronger than that of
the pyrrole moiety (Figure 2). In addition to quinoxaline-pyrrole
fused compound 1a, we also prepared dipyrro-
lo[1,2":1,6;1",2"":4,5]pyrazino[2,3-b]quinoxaline (2a) to compare
the electronic structures of the molecules. Compounds 1a and
2a were expected to be planar showing strong m-m interac-
tion in the solid state, and thus we have introduced the bicy-
clo[2.2.2]octadiene (BCOD) framework at the 3,4-position of
pyrroles to give 8,11-dihydro-8,11-ethanobenzo[1,2]-indolizi-
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Figure 2. Molecular orbitals of 1a and 2a calculated at the B3LYP/6-31G(d)
level of theory.
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no[5,6-blquinoxaline (1b) and 8,11,12,15-tetrahydro-8,11:12,15-
diethanodiisoindolo-  [2',1":1,6;2",1":4,5]pyrazino-[2,3-b]  qui-
noxaline (2b) to prevent - stacking in the solid state. We
report here the synthesis, single-crystal structures, and optical
properties of indolizino[5,6-blquinoxalines 1a and 2a as well
as of their sterically hindered derivatives, 1b and 2b. We have
also obtained the m-expanded a-a linked dimer (10) of indoli-
zino[5,6-blquinoxaline 1b serendipitously by heating 1b to
proceed in a retro-Diels—Alder reaction. The dimer 10 showed
NIR fluorescence that reached 1400 nm.

The synthetic procedures of compounds 1 and 2 are shown
in Scheme 1. Compound 1a was prepared from 2,3-dibromo-
quinoxaline (3) in 5 steps. The treatment of 3 with 25% aque-
ous NH; gave 2-amino-3-bromoquinoxaline (4) in 80% yield."”
The construction of the pyrrole ring on 4 by the Paal-Knorr
method gave 2-bromo-3-(1H-pyrrol-1-yl)quinoxaline (6a) in
23% yield, and Sonogashira coupling of 6a with trimethylsilyl-
acetylene gave 7a in 76% yield. The desilylation of 7a with
Bu,NTF~ gave 8a in 69% yield, and indium-catalyzed cycliza-
tion reaction of 8a afforded 1a in 28% yield."” The prepara-
tion of compound 1b was started from the coupling of 3 and
bicyclo[2.2.2]octadienylpyrrole (5)'® in 23% yield to give 6b.
Compound 1b was prepared from 6b in 3 steps by using the
same method as for the synthesis of 1a. Compounds 2a and
2b were prepared from 3 in 2 steps: treatment of 3 with pyr-
role or 5 in the presence of NaH afforded 9a and 9b in yields
of 82% and 74 %, respectively. The subsequent oxidative intra-
molecular cyclization reaction between neighboring pyrrole
rings by irradiation using a high-pressure mercury lamp
(500 W) in the presence of |, afforded 2a and 2b in yields of
33% and 59%, respectively. Compounds 1b and 2b were ob-
tained as a mixture of stereoisomers. The products were char-
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acterized by 'H and *C NMR spectroscopy and ESI mass spec-
trometry.

Explicit structural determination of compounds 1a, 1b, 2a
and 2b was carried out using X-ray crystallographic analysis as
shown in Figure 3.7 Compounds 1a and 2a show fairly
planar frameworks with mean plane deviations of 0.01 A and
0.03 A from the plane defined by 17 and 20 atoms, respective-
ly. In the packing structure, both compounds exhibit columnar
structures with intermolecular distances of 3.349 and 3.309 A,
respectively, between the planes of two neighboring mole-
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Figure 3. Single-crystal X-ray structures and packing structures of com-
pounds 1a (a and b), 2a (c and d), 1b (e), and 2b (f). Thermal ellipsoids are
shown at 50% probability. Hydrogen atoms were omitted for clarity.
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Scheme 1. Synthetic routes of 1a, 1b, 2a, and 2b. of 1a, 1b, 2a, and 2b in CH,Cl,
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are shown in Figure 4a. Compound 1a in CH,Cl, absorbs at
305, 365, 381, and 438 nm. Compared to benzo[alanthracene
(Aaps =386 nm),!"® the absorption maximum of 1a is red-shifted
by about 50-60 nm. This indicates that the push-pull indolizi-
no[5,6-b]lquinoxaline structure is suitable to narrow the
HOMO-LUMO band gap. Compound 1b absorbs around 313,
403, and 460 nm, and the red-shift of 1b was enhanced com-
pared to 1a due to the electron-donating alkyl substituents on
the electron-rich pyrrole moiety. Compound 2a (and 2b) ex-
hibits strong absorption at 367 and 385 (383 and 402) nm,
with a weak broad absorption reaching 550 nm. The strong ab-
sorption of 2b at 386 nm is red-shifted by 17 nm compared to
that of 2a due to the alkyl substituents. From the time-depen-
dent (TD) DFT calculations of compounds 1a and 2a at the
B3LYP/6-31G(d) level, the intense absorption at 438 nm of 1a
and the broad absorption around 400-550 nm of 2a are attrib-
uted to the transition from the HOMO to the LUMO with ICT
character (Figures S2 and S3, Supporting Information). The
overlap of the HOMO and the LUMO of 2a and 2b is not effec-
tive, and the molar extinction coefficient for m—mt* transition is
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Figure 4. (a) Absorption (solid lines) and fluorescence (dotted lines) spectra
of compound 1a (red), 1b (black), 2a (blue), and 2b (green) in CH,Cl..

(b) Normalized fluorescence spectra of compound 1a in toluene (black),
CHCI; (purple), THF (blue), CH,Cl, (green), DMF (cyan), CH;CN (orange), and
methanol (red). All compounds were excited at their corresponding longest
Amax (C) Lippert-Mataga plots for the solvatochromism of compounds 1a
(red) and 1b (black) in toluene, CHCl,;, THF, CH,Cl,, DMF, and CH5CN.

AV =",V calculated from the data listed in Table 1. Af=(e-1)/(2e 4 1)-
(n*1)/(2n*+-1). e =dielectric constant; n=refractive index.
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relatively weak (2a: 1832m'em™' at 419nm, 2b:
2460 M~ 'cm™" at 440 nm).

Compounds 1a and 1b in CH,Cl, showed strong fluores-
cence at 532 nm (P =75%) and 542 nm (D =70%) with fairly
large Stokes shifts of 4086 and 3336 cm™', respectively (Fig-
ure 4a). To shed light on the contribution of ICT character in
compounds 1a and 1b, the absorption and fluorescence spec-
tra of compounds 1a and 1b were measured in various sol-
vents (Figure4b and S4) and analyzed by using Lippert—
Mataga plots (Figure 4c).'" The data are summarized in

Table 1. The A,p/Aerm values of 1a varied from 441/522 nm (in

Table 1. Photophysical data of compounds 1a and 1b in various sol-
vents.

Solvents A [nm]  Ae,™ [nm]  @; [%]  Stokes Shift [cm™]
1a Toluene 441 522 75 3519

CHCl, 444 532 68 3726

THF 439 526 73 3768

CH,Cl, 437 532 75 4086

DMF 440 539 63 4174

CH;CN 435 537 57 4367

CH;OH 441 569 9 5101
1b  Toluene 458 521 80 2640

CHCl, 462 543 67 3229

THF 457 529 75 2978

CH,Cl, 459 542 70 3336

DMF 458 544 63 3452

CH,CN 453 548 55 3827

CH;OH 462 576 8 4284
[a] The longest absorption peaks; [b] Ag, = A,ps-

toluene) to 435/537 nm (in acetonitrile), and the Stokes shifts
(Av=v,,,—v.,) of 1a greatly increased with increasing orienta-
tion polarizability (Af) of the solvent. As shown in Figure 4c,
the Lippert-Mataga analyses gave linear solvation energy rela-
tionships (LSERs) versus the Af values (R=0.84 and 0.80 in
each case). The LSERs of 1a (Av/Af=2.8x10>cm™) and 1b
(Av/Af=35x10cm™") are comparable. Compounds 2a and
2b showed no fluorescence in the solvents used for 1a and
1b.

The fluorescence quantum yields (@) of 1a in aprotic non-
polar solvents such as toluene, THF, and CH,Cl, are around
75%, while they are about 60% in aprotic polar solvents such
as DMF and CH;CN. In protic methanol, @, decreased dramati-
cally to 9%. A similar trend was observed for compound 1b.
To gain more insights into the fluorescence behavior of the
compounds, the fluorescence lifetimes of 1a and 1b were also
measured in toluene, CH,Cl,, and methanol (Figure S5 and
Table S2, Supporting Information). The fluorescence decay was
reasonably fitted to a single exponential model. The fluores-
cence lifetimes of 1a and 1b were 11.6 and 9.9 ns in toluene,
13.8 and 11.8 ns in CH,Cl,, and 2.5 and 1.4 ns in methanol, re-
spectively. Thus, the lifetimes in toluene and CH,Cl, are about
5 times longer than those in methanol. The fluorescence of 1a
as a solid was not detected, while fluorescence of 1b was ob-
served at 638 and 686 nm, and the &; was 5.5% (Figure S6,
Supporting Information). Although the BCOD moiety improves

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the fluorescence quantum vyield in the solid, m-m stacking of
1b is relatively strong as shown in Figure 3e and ST.

The thermogravimetric analysis of compound 1b is shown
in Figure S7 in the Supporting Information. The retro-Diels-
Alder reaction of the BCOD moiety occurred at around 200 °C,
but the product seemed unstable. Compound 1b was heated
to 200°C as a solid to try a retro-Diels—Alder reaction, and sub-
sequently a trace amount of a new compound with a molecular
weight of 536.1733 was detected by MALDI-TOF mass spec-
trometry. To improve the reaction conditions, compound 1b
was heated for 30 min in DMSO by using a microwave to give
compound 10 in 11% yield (Scheme 2). The compound was

MW,
200 °C, 30 min

DMSO
= 11%

Scheme 2. Synthetic route of dimer 10.

unstable when exposed to light, and purification was done
under red light. Compound 10 was characterized by 'H NMR
spectroscopy, HR-MALDI-TOF mass spectrometry, and single-
crystal X-ray structural analysis, as shown in Figures 5 and S8.
The data confirmed that a retro-Diels-Alder reaction at the
BCOD moiety and oxidative homo-coupling reaction at the a-
position of pyrrole moiety occurred. The bond between C1
and C19 is a single bond with a length of 1.444(2) A. The dihe-
dral angle between the two indolizine units is 53.72°. The m-nt
distances between the intermolecular quinoxaline rings in the
crystal are 3.296 and 3.292 A, which suggests m-m interaction
between the adjoining quinoxaline rings. The coupling reac-
tion of compound 1a was not successful, neither upon heating
to 200 °C in the solid state nor upon irradiation in a microwave
in DMSO.

The UV/Vis absorption and fluorescence spectra of com-
pound 10 in CH,Cl, are shown in Figure 5 with the oscillator

0.2

L
o
Oscillator strength

Nl i W 0

400 600 800 1000 1200 1400
Wavelength / nm

Absorbance and fluorescence int. /a.u.

Figure 5. Normalized absorption (solid red line) and fluorescence intensity
(dotted red line) in CH,Cl,. The calculated oscillator strength is also shown
as black lines. Fluorescence was measured with Ag, =600 nm.
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strength calculated at B3LYP/6-31G(d) level of theory. The ab-
sorption peaks were observed at 362, 519, and 614 nm, and
the edge reaches to 800 nm. Molecular orbitals and energy
levels of compound 10 and the corresponding monomer 11
are shown in Figure S10 in the Supporting Information. The
HOMO-LUMO energy difference of 10 is smaller than those of
1a, 1b, and 11 due to the expanded m-conjugation. The
HOMO level of 10 is almost 1 eV higher than that of 1a be-
cause of the m-expanded structure of the HOMO of 10. There-
fore, 10 is quite unstable under room light. The fluorescence
peak of 10 was observed at 975 nm in CH,Cl, and the edge
reached to 1400 nm. The polarity of the solvents has little
effect on the wavelength of ab-
sorption and emission peaks
(Figure S9). The Stokes shift of
compound 10 is 6030cm™,
a value much larger than those
of 1a and 1b because of the ro-
tation of 10 around the C1-C19
single bond.

In  summary, indolizino[5,6-
blquinoxaline derivatives with
a fusion of an electron-poor qui-
noxaline and electron-rich pyr-
role have been prepared for the first time. Compounds 1a and
1b showed ICT character and & of 50-80% in aprotic sol-
vents, while 2a and 2b did not show any fluorescence. The
dimer 10 was obtained only by heating of 1b, and the fluores-
cence edge of 10 was found to reach to 1400 nm because of
the expansion of m-conjugation by the fused benzene ring and
dimerization. Compounds 1 and 2 are relatively unstable be-
cause the a-position of the pyrrole moiety does not have
a substituent, and compound 11 could not be isolated. How-
ever, considering the strong fluorescence and m-m interaction
in the crystal structure of compound 1a, the a-substituted in-
dolizino[5,6-b]quinoxaline will be promising for optoelectronic
materials. Further derivatization of indolizino[5,6-blquinoxalines
is currently undergoing in our laboratory.

11 (not obtained)
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76.2275(8)°, y=78.7426(8)°; V=991.16(5) A*>; Z=2; T=103K, peyca=
1.389 gcm’s; R=0.0569, wR,=0.1840 (all data). GOF 1.150, CCDC No.:
927910; Crystallographic data for 10: C3sH,(Ns, Mw =536.59; monoclin-
ic; space group P2,/n (No.14); a=12.9175(3) A, b=12.14573) A, c=
16.5562(4) A, $=102.4428(7)°; V=2536.52(10) A%, Z=4; T=103K,
Peaca=1.405 gcm>; R=0.0435, wR,=0.1122 (all data). GOF=1.081,
CCDC No.: 1038091.
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