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Abstract — The investigation of the synthesis and optical properties of symmetric
and asymmetric diazolo[1,2-a:2',1'-c]quinoxaline derivatives were systematically
examined. The formation of an intramolecular carbon-carbon bond between two
azole rings could be achieved by selection of the reaction depending on the type
of azole. The absorption and fluorescence spectra revealed the following effects
induced by structural changes: 1) introduction of a fused-benzene ring affects the
peak shape and the increment of 0-0 transition in the absorption and fluorescence
spectra. 2) A hypsochromic shift is induced by substitution of the CH moiety with
a nitrogen atom. 3) Introduction of fused-benzene ring(s) is a promising strategy
for improving the fluorescence quantum yield of these species. Furthermore, all of
the compounds were fluorescent in the solid state, although no systematic trend
was found. Investigation of the single crystal structures revealed a diversity of

crystal packing arrangements, even in related structures.

INTRODUCTION

The development of organic fluorophores is an important undertaking in many areas of chemistry,
biology, and engineering for advancement of functional materials research. A variety of fluorescent
materials have been explored, among which planar n-conjugated compounds are particularly attractive for
the development of fluorophores.! The fluorescence properties of certain planar m-conjugated compounds
can be tuned by introducing substituents at the proper positions and by expanding the conjugation. In the
modification of the fluorescence of compounds by such methods, the symmetry of the compound is
generally maintained based on consideration of the synthesis requirements and/or on simplifying the
interpretation of changes in the optical properties. Consequently, there are few detailed and systematic

investigations of the differences in the optical properties of symmetric and asymmetric analogs.” And it is
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important to investigate about the symmetric and asymmetric analogues for revealing the influence on the
optical properties, systematically. Our research has focused on unique m-conjugated materials such as
dipyrrolo- (1-nn) and diindolo[1,2-a:2",1'-c]quinoxalines (1-BB) (Scheme 1)° that have the specific
features of rigidity and planarity. Compounds 1-nn and 1-BB exhibit good fluorescence quantum yields
(®r = 0.34~0.55) with evident differences in the spectral profiles of these two species. Furthermore, we
found that replacement of the CH moiety in 1-nn with a nitrogen atom generated
diimidazo[1,2-a:2',1'-c]quinoxaline (2-nn) that exhibited an increase of the fluorescence quantum yield
based on a hypsochromic shift of the fluorescence spectrum compared with 1-nn,* though both species
have a (v symmetric structure. Nevertheless, the remaining symmetric compound,
dibenzimidazo[1,2-a:2',1'-c]quinoxaline (2-BB), has not been synthesized to date. Herein, we report the
systematic investigation on the optical properties of the symmetric and asymmetric
diazolo[1,2-a:2',1'-c]quinoxalines. To evaluate the influence in a systematic manner, desymmetrization is
performed herein by two methods: 1) substitution of the CH moiety by a nitrogen atom, and 2) attachment
of a fused-benzene ring by developing methods for synthesizing the symmetric and asymmetric
compounds (Scheme 1). This study demonstrates that drastic changes of the spectral profile can be
obtained by introducing only one benzo-fused ring, and the luminescence can be tuned by changing the
number of the replacement by nitrogen atoms. Furthermore, we evaluate the diversity of the solid-state

fluorescence and the crystal packing in the structurally related molecules.
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Scheme 1. Groups of symmetric diazolo[1,2-a:2’,1’-c]quinoxaline derivatives and desymmetrization
scheme

RESULT AND DISCUSSION

SYNTHESIS OF DIAZOLO|1,2-a:2',1'-c]QUINOXALINES

The synthetic strategies employed herein offer the merits of being simple and straightforward, involving
introduction of two heteroaromatic rings into the benzene ring at the ortho position and coupling with
these rings. To obtain the asymmetric structures, different aromatic rings were introduced at the ortho

position. Fortunately, the synthesis of 1-(o-bromophenyl)pyrrole and 1-(o-bromophenyl)benzimidazole in
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6 respectively. The copper-catalyzed coupling

excellent yields was reported by Lautens® and Glorius,
reaction was efficient for generating the precursors of symmetric 1-nn and 2-nn. Therefore, the coupling
reactions of 1-(o-bromophenyl)pyrrole and 1-(o-bromophenyl)benzimidazole with  various
nitrogen-containing heteroaromatics were conducted by copper(I) catalysis. Initial screening of the
various reaction conditions such as the catalyst, ligand, base, solvent, and reaction temperature led to

successful synthesis of the asymmetric ortho-substituted benzenes (Scheme 2).
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Scheme 2. Formation of various quinoxaline derivatives

In a previous investigation,>* we successfully executed the coupling reactions between two
heteroaromatics by the iodine oxidation (for pyrrole-pyrrole and indole-indole connections depicted as 1),
and by the formation of a dianion followed by Pd catalysis (for imidazole-imidazole connection depicted
as 2). By utilizing the same reaction protocols, the corresponding asymmetric compounds (1-nB, 2-nB,
and 2-BB) were also obtained. This implies that the coupling reaction is not affected by the presence of

the fused-benzene ring. To make the pyrrole-imidazole type compounds (3) by the coupling reaction, the
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conditions that successfully generated 1 and 2 were examined; however, the desired reaction did not
occur. Therefore, 3 was synthesized by iodination at the imidazole moiety followed by coupling with
Pd(PPhs)4 in the presence of K2COs. This protocol could also be applied to synthesis of 3 with or without
fused benzenes.

To achieve the systematic investigation, we tried to synthesize 3-Bn. o-Dibromobenzene was first reacted
with 1 equiv. of indole in the presence of Cul catalyst’ to generate o-bromo substituted 1- phenylindole in
41% yield. Further imidazole coupling reactions and C-C bond formation between the indole and

imidazole were achieved to give 3-Bn by the method mentioned above.

ABSORPTION AND FLUORESCENCE OF DIAZOLOJ[1,2-a:2',1'-c]QUINOXALINES IN
SOLUTION

The absorption and fluorescence spectra of all compounds were measured in THF (Table 1 and Figure 1).
Comparison of the optical properties of the compounds without fused-benzene rings (1-nn, 3-nn, and
2-nn) (Figure la) demonstrated diffuse absorption peaks around 310 nm and broadened fluorescence
peaks. Introduction of the nitrogen atoms induced hypsochromic shifts of the maximum absorption (Amax)
and fluorescence (Aem) peaks (entries 1, 2, and 3). The impact of substituting one CH group with a
nitrogen atom on Amax and Aem was more profound than that of the subsequent substitution. The
differences in the peak positions, Almax (8 nm) and Alem (28 nm), of 1-nn versus 3-nn were more
pronounced than those of 3-nn versus 2-nn (Akmax = 4 nm and AAem = 21 nm). A higher quantum yield
(®r) was obtained with the symmetric structure, whereas asymmetric 3-nn gave rise to a low ®r (entry 2).
The ®r of 2-nn was excellent (0.72).

The compounds bearing one fused-benzene ring (1-nB, 3-Bn, 3-nB, and 2-nB) absorbed at longer
wavelengths (Figure 1b). Introduction of the fused-benzene ring effectively extends the m-conjugated
system. But 1-nB, 3-Bn, and 3-nB emitted at shorter wavelengths than the 1-nn, 3-nn, and 2-nn
congeners. Notably, fine structures were observed in the absorption as well as fluorescence spectra, which
is a marked difference relative to the non-fused compounds. Considering the large overlap of the edges of
the absorption and fluorescence peaks, emission from the 0-0 band should be efficient. As the results,
smaller Stokes shifts of 1-nB, 3-Bn, 3-nB, and 2-nB (578, 223, 580, and 338 cm’!, respectively) were
obtained than those of 1-nn, 3-nn, and 2-nn (7114, 6176, and 5115 cm’!, respectively). It is suggested
that the introduction to the fused benzene-ring would decrease in the structural change between the
ground and excited states. In the case of 1-nB and 3-Bn in which the fused-benzene ring is present on the
pyrrole moiety, Amax and Aem Were observed around 365 nm and 370 nm, respectively (entries 4 and 5),
whereas the maximum absorption and emission occurred at shorter wavelengths in the case of 3-nB and

2-nB bearing the fused-benzene ring on the imidazole moiety (Amax ~ 340 nm and Aem ~ 350 nm) (entries
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6 and 7). Furthermore, substitution of the nitrogen atom on the pyrrole ring produced a small shift of Amax
and Aem relative to the non-fused compounds (vide supra) (Akmax = 3 nm and Akem = 8 nm for 1-nB vs.
3-Bn, and Akmax = 2 nm and Akem = 5 nm for 3-nB vs. 2-nB). These results suggest that the position of
the fused-benzene ring strongly affects the absorption and fluorescence peaks. The singly fused
compounds all have asymmetric structures and exhibited medium ®r values (~0.50), except for 1-nB (®r
= 0.32). Thus, introduction of the fused benzene ring positively affected ®r, which will lead to the small
structural change between the ground and excited states.

Fine structures were also observed in the absorption and fluorescence spectra of the doubly fused
compounds (1-BB, 3-BB, and 2-BB) (Figure 1c¢). The absorption and fluorescence spectra of 1-BB and
3-BB containing the indole moiety were largely similar (entries 8 and 9). Furthermore, comparison of
1-BB, 3-BB, 1-nB, and 3-Bn shows small changes in the peaks (AL = 2~5 nm) due to introduction of the
additional fused-benzene ring. Thus, the absorption and fluorescence spectra were influenced by the
presence of the indole moiety in the series of diazolo[1,2-a:2',1"-c]quinoxalines. In contrast, a
bathochromic shift was observed in the case of the compounds bearing the benzimidazole moiety (entry 6
vs. 9, and entry 7 vs. 10). Medium values of ®r were obtained for 1-BB, 3-BB, and 2-BB; these values
are slightly smaller than those of the singly fused compounds, except for 1-nB.

Table 1. Optical properties of evaluated compounds

Entry Compound ?;;:X(?ﬁ): cm™)] %EI;:](‘? m) ?&)H;]l? the solid state (nm)®

1 1-nn 321[10,600]" 416 [0.43]" 417 [0.02]

2 3-nn 313 [8,900] 388 [0.37] 376(sh), 404, 426, 453(sh) [0.12]
3 2-nn 309 [9,400] 367 [0.72]¢ 380, 397, 421(sh) [0.36]

4 1-nB 368 [13,000] 376, 396" [0.32] 44110.03]

5 3-Bn 365 [13,700] 368, 389, 411" [0.52] 455 [0.05]

6 3-nB 344 [17,200] 351,367, 384(sh)" [0.52]  383(sh), 437, 500 [0.06]

7 2-nB 342 [15,600] 346, 362, 381" [0.55] 379, 399, 419, 466(sh) [0.04]
8 1-BB 372 [46,000]° 372,396, 4207 [0.55]F  421(sh), 466, 498(sh) [0.05]
9 3-BB 370 [25,400] 372, 394, 418" [0.49] 415, 435, 464(sh) [0.10]

10  2-BB 354 [33,600] 356, 375, 396" [0.42] 45410.02]

@ Measured in THF (3.0 x 105 M). ® Measured in THF (3.0 x 103 M) excited at Amax. ¢ Determined using p-terphenyl (®f =
0.87, excited at 265 nm) as a standard. ¢ Spectra acquired with 311 nm excitation were measured using the sample
sandwiched by quartz glass and black plastic plate. ¢ Determined using the sample sandwiched by KBr plates with a
calibrated integration sphere system. " Ref. 3. € Ref. 4. " Excited at 265 nm to observe 0-0 transition.
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Figure 1. Absorption (3.0 x 10° M in THF; dashed lines) and fluorescence (3.0 x 107 M in THF; plane
lines) spectra of a) non-fused compounds (1-nn, 2-nn, 3-nn), b) singly fused compounds (1-nB, 3-Bn,
3-nB, 2-nB), and doubly fused compounds (1-BB, 3-BB, 2-BB)

The molecular orbitals were simulated based on density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations at the B3LYP/6-31+G level using the Gaussian® 09 program.® The orbitals
obtained using the DFT and TDDFT calculations were similar in terms of the HOMO and LUMO for all
molecules, except for the HOMO of 2-BB’ (Figure 2 and Figure S1 in Supporting Information), which
implies that the structural change between in the ground and excited state is little affected on their orbitals.
The HOMO of the pyrrole and imidazole moieties had a nodal plane between the 3 and 4 positions, and
between the 1 and 5 positions. The double bond character between the phenylene and pyrrole or
imidazole groups arises mainly in the LUMO state because the orbitals are present on the bond
connecting the two rings. The orbitals of the benzene-fused compounds differed based on the structures.
The HOMOs were primarily localized on the biazole moiety, whereas the LUMOs were spread over the
entire molecule. The HOMO and LUMO were localized on the fused benzene, which may enhance the
transition between the HOMO and LUMO, leading to the large absorption coefficient (€max) and Or.
However, the actual value of ®r would be determined by the balance between the probability of the
transition and thermal vibration of the molecules because decay from the excited state includes radiative
as well as non-radiative decay. The both energy of HOMO and LUMO of the compounds with
(benz)imidazole moieties gave lower value than that of the analogue with pyrrole and indole moieties.
But the decrease of LUMO energy were more efficient than that of HOMO energy. Thus, the

bathochromic sift of the compounds bearing additional nitrogen atom would be obtained.
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Figure 2. The HOMO, LUMO, and their energies of 3-nn, 3-Bn, 3-nB, 1-BB, 3-BB, and 2-BB estimated
by DFT and TDDFT (nstate =10) calculation after structural optimization at the B3LYP/6-31+G level

Based on these results, the following deductions concerning the optical properties of the symmetric and
asymmetric diazolo[1,2-a:2’,1'-c]quinoxalines in solution could be made: 1) the fused-benzene ring has a
strong impact on the absorption and fluorescence spectra in terms of the peak shapes and energy. 2) A
hypsochromic shift is induced by substituting the CH moiety with a nitrogen atom. 3) Introduction of

fused-benzene ring(s) is a promising strategy for improving the fluorescence quantum yield.

FLUORESCENCE CHARACTER IN THE SOLID STATE AND SINGLE CRYSTAL X-RAY
STRUCTURE OF DIAZOLO[1,2-a:2',1"-c|QUINOXALINES

A number of aromatic compounds having good planarity are not fluorescent in the solid state because of
fluorescence quenching due to intermolecular interactions such as excimer formation derived from n—n
interaction.!®!! The compounds discussed in this paper have good planarity but exhibit medium to good
fluorescence quantum yields in solution. Therefore, the fluorescence properties of these species in the
solid state were examined. The results are summarized in Table 1 and Figure 3. All of the compounds

were fluorescent in the solid state although the quantum yields were generally low. The maximum
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quantum yield (0.36) was obtained with 2-nn. Unlike the case in solution, there was no systematic trend
in the peak shapes and energies. This would be attributed to variations in the interactions in the solid

state.

normalized intensity
normalized intensity
normalized intensity

P | —
300 400 500 600 300 400 500 600 300 400 500 600
wavelength (nm) wavelength (nm) wavelength (nm)

Figure 3. Fluorescence spectra of a) non-fused compounds (1-nn, 2-nn, 3-nn), b) singly fused
compounds (1-nB, 3-Bn, 3-nB, 2-nB), and doubly fused compounds (1-BB, 3-BB, 2-BB) in the solid
state

Fortunately, crystals of 1-nn and 3-nn suitable for single crystal X-ray analysis were obtained. 1-nn gave
rise to two types of molecular structures (1-nn (I) and 1-nn (II)), whereas 3-nn adopted a single
molecular structure in the symmetric unit of the crystal structure (Figure 4). The length of the C-N bond
formed by exchange of the CH group in the pyrrole ring with a nitrogen atom (1.32 A) was slightly
shortened relative to those of the pyrrole moiety (1.38~1.36 A). The angles between the biazole plane and
phenylene plane were within 2° (1.3° for 1-nn (I), 1.8° for 1-nn (II), 1-nn (I), 1.8° for 1-nn (II), and 1.9°
for 3-nn), and the torsional angles of the two azoles were also observed to be 1.6°, 0.5°, and 0.8° for 1-nn
(), 1-nn (II), and 3-nn, respectively. Thus, the hydrogen atom attached to 1-nn has no influence on the

molecular planarity, and both molecules showed good planarity.

C.N:138A /  C.N:1.39R c.N:139R | 1 c.N:138A C.N:139A& /| C.N:138A

C..C:138A C..C:137A C..C:1.37A C..C:1.384 C..C:136A C.N:1.32A
1-nn (I) 1-nn (Il) 3-nn

Figure 4. Molecular structure of a) 1-nn (I), b) 1-nn (II), and ¢) 3-nn obtained by single crystal X-ray
crystallographic analysis

Despite the similarity of the structures, the packing structure was significantly different for 1-nn and 3-nn.
In the case of 1-nn, two structurally different molecules are aligned in two © planes with a tilt of 86.9°

(Figure 5a). The molecules interact via several edge-to-face alignments held by hydrogen and m plane

interaction in the benzene as well as pyrrole moieties. The molecules formed a layer structure (Figure 5c¢).
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In each layer, the orientation of the molecules was the same; one pyrrole ring was situated close to the
position between the benzene and pyrrole rings of another molecule. However, there was small overlap of
the m plane in the layers (Figures 5d and S5e). Based on these results, less interaction between the

molecules resulted in greater similarity of Aem in solution and in the solid state.

A (C..H): 2.86 A; B (C..H): 2.74 A; C (C...H): 2.84 A;
D (C..H): 2.76 A; E (C..H): 2.67

Figure 5. Single crystal X-ray structure of 1-nn. The molecules of 1-nn (I) and 1-nn (II) in Figure 3 are
shown in green and blue, respectively. a) Interaction between two molecules, b) unit cell, c) the layer
structures, and top view of the layer structures of d) molecule represented in blue (1-nn (II)) and of e)
molecule represented in green (1-nn (I))

In sharp contrast to 1-nn, n-n stacking was observed in the crystal structure of 3-nn (Figures 6a and 6c¢).
Two types of stacking modes were observed (type A and type B). Each stack of molecules was oriented
with C> symmetry (Figure 6a). The quinoxaline rings overlapped with a slight shift of the alignment in
both stacking modes. The center of each molecule was also shifted toward the stacking axis in the case of
type A stacking, whereas complete overlap of the centers was observed in type B stacking. The distance
between the two molecules was different. In type A stacking, n-m interactions were plausibly operative

between molecules because the distance between the carbon atoms (distances shown in A, B, and C in
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Figure 6¢) was within the sum of the van der Waals radii of sp? carbon atoms where the radius is 1.77 A'?
and the distance between each m plane was estimated to be 3.32 A as the average of the distance between
carbon or nitrogen atoms and another m plane. Therefore, attractive n-m stacking was observed. In type B
stacking, the distance between molecules was somewhat longer, and certain of the distances between
carbon atoms (distance shown in B' and C' in Figure 6¢) exceeded the sum of the van der Waals radii.
However, the distance between 7 planes (3.41 A) was within the sum of the van der Waals radii (3.54 A).
Thus, type B stacking was stabilized by n-n interactions. In support of this proposal, calculations for the
type A and type B models predicted the presence of the HOMO and LUMO on both molecules in the
different orbital structures versus the orbitals of the single molecule (Figure S3).

Therefore, it was concluded that 3-nn was stabilized by n-n stacking in an s-aggregated manner. Some

13,14 and a bathochromic shift was also

studies reported fluorescence from h-aggregated compounds,
observed. In the case of 3-nn, the maximum fluorescence in the solid state (426 nm) was actually
bathochromically shifted relative to that in solution (388 nm). Furthermore, the fine structure observed in
the solid state would exclude fluorescence from the excimer in the solid state.

Focusing on the side molecules, the hydrogens of the azole moieties in type A are positioned near the
nitrogen atom of the imidazole of the side molecule. The distance between the nitrogen and hydrogen
(distance shown in D and E in Figure 6d) is close to the sum of the van der Waals radii of nitrogen and
hydrogen (1.55 A (1.63 A in tetrazole) and 1.00 A, respectively),'? although the orientation is not
consistent with hydrogen-bonding interaction using the lone pair on the nitrogen atom. Additionally, the
hydrogens are located at the o position of the nitrogen atom of the azole rings; this positioning should
increase the acidity. Therefore, there might be static interaction between the hydrogens and nitrogen in
neighboring molecules. The difference in the crystal structure of 1-nn and 3-nn is thought to be derived
from these different interactions. We could not find any reason for the difference of ®r between 1-nn and

3-nn in the solid state. But various interactions in 3-nn would lead to low vibrational quenching to give

higer ®r.

CONCLUSION

In conclusion, symmetric and asymmetric diazolo[1,2-a:2',1'-c]quinoxaline derivatives were
systematically synthesized; carbon-carbon bond formation between two azoles was achieved by the
method suited to the type of azole. The reaction between two pyrroles was utilized in the oxidative
reaction with iodine. In the case of two imidazoles, formation of the dianion followed by the coupling
reaction employing the palladium catalyst was preferable. Furthermore, the reaction between pyrrole and
imidazole was amenable to iodination at the imidazole moiety, followed by the coupling reaction. The

optical properties of the resulting quinoxalines were also systematically evaluated. It was found that
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introduction of a fused benzene, especially on pyrrole moiety, and substitution of a nitrogen atom into the
structure had a strong impact on the absorption and fluorescence in solution. Although no trend could be
defined for the fluorescence characteristics in the solid state, the diversity of the fluorescence spectra and
the crystalline structure of these species was demonstrated. These findings may potentially be utilized as

guidelines in the design of new fluorophores.

a) c)

type A stacking

c
A(C..C):344 A B(C..C):338 A C(C..C):3.39A
A'(C...C): 3.52 A; B' (C...C): 3.58 A; C' (C...C): 3.56 A

D (N..H): 2.68 A; E (N..H): 2.64 A

Figure 6. Single crystal X-ray structure of 3-nn. a) The n-n stacking modes (type A and B), b) unit cell,
¢) packing structure and carbon-carbon and & plane distances in both stacking modes, and d) short contact
between neighboring molecules

EXPERIMENTAL

General: Melting points were determined with Yanaco MP-J3 and values were uncorrected. 'H and °C
NMR measurements were performed on a Varian GEMINI 2000 (300 MHz) spectrometer. Chemical
shifts (8) of "TH NMR were expressed in parts per million downfield from tetramethylsilane in CDCls (8 =
0) or DMSO-ds (6 = 2.49) as an internal standard. Multiplicities are indicated as s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), and coupling constants (J) are reported in hertz units. Chemical shifts
(8) of '*C NMR are expressed in parts per million downfield or upfield from CDCls (§ = 77.0) or
DMSO-ds (6 = 39.6) as an internal standard. Infrared spectra (IR) spectra were recorded on a JASCO
FT/IR-460 plus spectrometer in KBr disk. Mass spectra were carried out on a THERMO Scientific
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Exactive in Center for Analytical Instrumentation, Chiba University. Absorption spectra were measured
with quartz cell (1 cm x 1 cm) on a JASCO V570 spectrophotometer. Fluorescence spectra in solution
were measured with quartz cell (1 cm x 1 cm) on a JASCO FP-6600 spectrofluorometer. Absolute
fluorescence quantum yield in the solid state was measured on a JASCO IFL-533 integrating sphere unit.
Analytical thin-layer chromatography (TLC) was performed on glass plates that had been pre-coated with
silica gel (0.25 mm layer thickness). Column chromatography was performed on 70-230 mesh silica gel.
Preparative GPC was performed on JAIGEL-1H and 2H with a LC-908 (Japan Analytical Industry, Co.
Ltd.). Anhydrous toluene was distilled from sodium hydride and was stored with MS 4 A. Anhydrous
THF was distilled from sodium benzophenone ketyl immediately prior to use. Anhydrous DMF was
distilled from P>Os under reduced pressure and was stored with MS 4 A. Other chemical materials were

used directly as obtained commercially.

Synthesis of 1-(2-(1H-Pyrrol-1-yl)phenyl)-1H-indole:'> To a solution of 1-(2-bromophenyl)-1H-
pyrrole® (3.963 g, 17.9 mmol), 1H-indole (2.524 g, 21.5 mmol), Cul (0.355 g, 1.86 mmol), K3PO4 (7.579
g, 35.7 mmol), and L-proline (0.826 g, 7.17 mmol) in DMSO (40 mL) was heated at 150 °C for 2 d. After
cooling down to room temperature, to the reaction mixture was added EtOAc (30 mL) and brine (30 mL).
After being extracted with EtOAc (30 mL x 4), the organic layer was washed with brine (30 mL x 3).
After drying with MgSO4 and evaporation, the residue was subject to column chromatography on SiO>
(hexane : CHCIz = 5 : 1) to give 1-(2-(1H-pyrrol-1-yl)phenyl)-1H-indole (2.285 g, 8.85 mmol, 49%) as
pale brown solid. Recrystallization from hexane and CHCI3 gave colorless plate crystals: mp 129-130 °C;
"H NMR (300 MHz, CDCls) § 6.06 (t, J= 2.1 Hz, 2H), 6.41 (t, J = 2.1 Hz, 2H), 6.54 (d, J = 3.2 Hz, 1H),
6.77 (d,J=3.3 Hz, 1H), 7.10-7.23 (m, 3H), 7.37-7.54 (m, 4H), 7.61 (m, 1H); *C NMR (75 MHz, CDCls)
6 103.9,109.8, 110.0, 120.3, 120.4, 120.7, 120.86, 120.95, 122.3, 126.4, 127.2, 127.8, 128.4, 128.6, 128.6,
132.9, 136.5, 137.1; IR (KBr) 3103, 1956, 1925, 1896, 1815, 1785, 1722, 1600, 1585, 1515, 1461, 1393,
1354, 1331, 1319, 1246, 1231, 1212, 1137, 1102, 1068, 1016, 958, 948, 921, 853, 840, 774, 740, 627, 613
cm ™. HRMS (ESI) Calcd for C1sHisN2: [M+H]". 259.1230, found: m/z 259.1227.

Synthesis of 1-(2-(1H-Pyrrol-1-yl)phenyl)-1H-imidazole:' To a solution of 1-(2-bromophenyl)-1H-
pyrrole (4.435 g, 20.1 mmol), 1H-imidazole (1.785 g, 26.2 mmol), CuxO (0.291 g, 2.04 mmol), and
KoCOs (5.538 g, 40.0 mmol) in DMSO (40 mL) was heated at 150 °C for 2 d. After cooling down to
room temperature, to the reaction mixture was added EtOAc (30 mL) and brine (30 mL). After being
extracted with EtOAc (30 mL x 4), the organic layer was washed with brine (30 mL x 3). After drying
with MgSO4 and evaporation, the residue was subject to column chromatography on SiO> (hexane :
EtOAc =2 : 1 to only EtOAc) to give 1-(2-(1H-pyrrol-1-yl)phenyl)-1H-imidazole (3.606 g, 17.2 mmol,

86%) as yellow solid. Recrystallization from hexane and CHCI; gave pale brown cubic crystals: mp 81—
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82 °C; 'H NMR (300 MHz, CDCl3) § 6.23 (t, J = 2.0 Hz, 2H), 6.52 (t, J = 2.0 Hz, 2H), 6.76 (s, 1H), 7.07
(s, 1H), 7.34 (s, 1H), 7.40-7.47 (m, 4H); 3*C NMR (75 MHz, CDCl3) § 110.5, 119.2, 120.9, 126.3, 127.1,
128.0, 128.9, 129.9, 132.0, 135.4, 136.6; IR (KBr) 3130, 3106, 3091, 1602, 1586, 1513, 1487, 1333, 1314,
1248, 1236, 1117, 1076, 1069, 1057, 1078, 923, 903, 826, 814, 780, 749, 851, 662, 638 cm . HRMS
(ESI) Calcd for Ci13Hi12N2: [M+H]". 210.1026; found: m/z 210.1022.

Synthesis of 1-(2-(1H-Pyrrol-1-yl)phenyl)-1H-benzo|[d]imidazole:' To a solution of 1-(2-
bromophenyl)-1H-pyrrole (1.120 g, 5.04 mmol), 1 H-benzo[d]imidazole (0.714 g, 6.04 mmol), Cul (99.0
mg, 0.520 mmol), KoCO3 (1.392 g, 10.1 mmol), and L-proline (0.119 g, 1.04 mmol) in DMSO (5 mL)
was heated at 150 °C for 3 d. After cooling down to room temperature, to the reaction mixture was added
EtOAc (5 mL) and brine (10 mL). After being extracted with EtOAc (10 mL x 4), the organic layer was
washed with brine (10 mL). After drying with MgSO4 and evaporation, the residue was subject to column
chromatography on SiO; (hexane : EtOAc =4 : 1 to 1.5 : 1) to give 1-(2-(1H-pyrrol-1-yl)phenyl)-1H-
benzo[d]imidazole (0.659 g, 2.54 mmol, 50%) as brown solid. Recrystallization from hexane and CHCI3
gave pale red cubic crystals: mp 146-148 °C; 'H NMR (300 MHz, CDCl3) § 6.09 (t, J= 2.1 Hz, 2H), 6.43
(t, J = 2.2 Hz, 2H), 7.25-7.31 (m, 3H), 7.47-7.56 (m, 5H), 7.81 (d, J = 7.5 Hz, 1H); *C NMR (75 MHz,
CDCI3) 6 109.7, 110.6, 120.3, 120.6, 122.7, 123.7, 126.9, 127.70, 127.75, 129.5, 130.0, 133.9, 136.8,
142.1, 143.2; IR (KBr): 3100, 3089, 3062, 1744, 1611, 1600, 1514, 1485, 1468, 1458, 1333, 1318, 1312,
1285, 1229, 1200, 1145, 1101, 1070, 1018, 924, 877, 785, 762, 735, 722, 634, 629, 617 cm . HRMS
(ESI) Caled for Ci7H14N3: [M+H]". 260.1182, found: m/z 260.1179.

Synthesis of 1-(2-(1H-Indol-1-yl)phenyl)-1H-benzo|d]imidazole:'® To a solution of 1-(2-
bromophenyl)-1H-benzo[d]imidazole® (2.077 g, 7.60 mmol), 1H-indole (1.100 g, 9.39 mmol), Cul (0.174
g, 0.911 mmol), K3PO4 (3.424 g, 16.1 mmol), and L-proline (0.387 g, 3.36 mmol) in DMSO (50 mL) was
heated at 150 °C for 2 d. After cooling down to room temperature, to the reaction mixture was added
EtOAc (5 mL) and brine (10 mL). After being extracted with EtOAc (10 mL x 4), the organic layer was
washed with brine (10 mL). After drying with MgSO4 and evaporation, the residue was subject to column
chromatography on SiO> (hexane : EtOAc =3 : 1 to 1 : 1) to give 1-(2-(1H-indol-1-yl)phenyl)-1H-
benzo[d]imidazole (0.982 g, 3.17 mmol, 42%) as red solid. Recrystallization from hexane and EtOAc
gave pale red plate crystals: mp 162-163 °C; '"H NMR (300 MHz, CDCIs) § 6.39 (d, J = 3.2 Hz, 1H), 6.60
(d, J=3.3 Hz, 1H), 7.07-7.10 (m, 2H), 7.17-7.28 (m, 4H), 7.34 (s, 1H), 7.51-7.63 (m, 4H), 7.71 (t, J= 7.1
Hz, 2H); 3C NMR (75 MHz, CDCl3) § 104.7, 109.4, 109.7, 120.4, 120.6, 121.2, 122.66, 122.68, 123.7,
127.1, 127.7, 128.56, 128.63, 128.9, 129.3, 131.9, 133.7, 134.8, 136.3, 142.1, 143.2; IR (KBr) 3124, 3048,
1609, 1594, 1517, 1507, 1483, 1465, 1454, 1330, 1304, 1287, 1240, 1221, 1213, 1136, 1003, 980, 887,
854, 789, 779, 764, 743, 720 cm. HRMS (ESI) Calcd for C21HieN3: [M+H]". 310.1339, found: m/z
310.1332.
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Synthesis of 1-(2-(1H-Imidazol-1-yl)phenyl)-1H-benzo|[d]imidazole:!” To a solution of 1-(2-
bromophenyl)-1H-benzo[d]imidazole (4.761 g, 17.5 mmol), 1H-imidazole (1.445 g, 21.2 mmol), Cu,O
(0.306 g, 2.14 mmol), and K>COs (4.877 g, 35.3 mmol) in DMSO (50 mL) was heated at 150 °C for 2 d.
After cooling down to room temperature, to the reaction mixture was added EtOAc (50 mL), brine (50
mL), and 1,2-ethylenedamine (30 mL). After being extracted with EtOAc (50 mL % 4) and CHCI3 (50 mL
x 3), the organic layer was washed with brine (50 mL x 2). After drying with MgSQO4 and evaporation, the
residue was subject to column chromatography on SiO> (only EtOAc) to give 1-(2-(1H-imidazol-1-
yl)phenyl)-1H-benzo[d]|imidazole (2.776 g, 10.7 mmol, 61%) as yellow solid. Recrystallization from
hexane and EtOAc gave pale brown cubic crystals: mp 131132 °C; 'H NMR (300 MHz, CDCls) & 6.60
(s, 1H), 6.92 (s, 1H), 7.15 (d, J = 7.7 Hz, 1H), 7.25 (t, J= 7.0 Hz, 1H), 7.30 (t, /= 7.1 Hz, 1H), 7.41 (s,
1H), 7.57-7.65 (m, 5H), 7.81 (d, J = 7.1 Hz, 1H); *C NMR (75 MHz, CDCl3) & 109.3, 118.9 (estimated
as 2C), 120.6, 123.0, 124.0, 126.8, 128.5, 129.4, 130.1, 130.5, 133.5, 133.9, 136.4, 141.8, 143.2; IR (KBr)
3124, 3052, 1610, 1601, 1516, 1508, 1484, 1305, 1292, 1235, 1206, 1057, 905, 830, 782, 764, 754, 662
cm . HRMS (ESI) Caled for CooHisNa: [M+H]*. 311.1291, found: m/z 311.1286. HRMS (ESI) Calcd for
CisH12N4Na: [M+Na]". 283.0954, found: m/z 283.0954.

Synthesis of 1,2-Bis(1H-benzo|[d]imidazol-1-yl)benzene:'® To a solution of 1-(2-bromophenyl)-1H-
benzo[d]imidazole (1.914 g, 7.01 mmol), 1H-benzo[d]imidazole (0.998 g, 8.45 mmol), Cul (0.147 g,
0.770 mmol), L-proline (0.168 g, 1.46 mmol), and KoCO;3 (1.937 g, 14.0 mmol) in DMSO (3.5 mL) was
heated at 150 °C for 2 d. After cooling down to room temperature, to the reaction mixture was added
EtOAc (10 mL) and brine (10 mL). After being extracted with EtOAc (10 mL x 4), the organic layer was
washed with brine (10 mL). After drying with MgSO4 and evaporation, the residue was subject to column
chromatography on SiO> (hexane : EtOAc =3 : 1 to 1 : 1) and preparative GPC (eluent: CHCl3) to give
1,2-bis(1H-benzo[d]imidazol-1-yl)benzene (0.268 g, 0.862 mmol, 12%) as yellow solid. Recrystallization
from hexane and CHCI; gave brown plate crystals: mp 205-207 °C; 'H NMR (300 MHz, CDCls) §
7.17-7.26 (m, 6H), 7.53 (s, 2H), 7.70 (s, 4H), 7.71 (d, J = 6.74 Hz, 2H); 3C NMR (75 MHz, CDCls) &
109.3, 120.7, 123.0, 124.0, 128.4, 130.0, 131.8, 133.7, 141.6, 143.2; IR (KBr) 3127, 3052, 1610, 1594,
1579, 1375, 1304, 1287, 1242, 1219, 1203, 1153, 1108, 1004, 984, 885, 868, 791, 766, 739, 631 cm™'.
HRMS (ESI) Calcd for C20HisNa: [M+H]". 311.1291, found: m/z 311.1286.

Synthesis of 1-(2-Bromophenyl)-1H-indole:” To a solution of 1H-indole (2.370 g, 20.2 mmol), Cul
(0.300 g, 1.58 mmol), K3PO4 (8.453 g, 39.8 mmol), 1,2-dibromobenzene (4.801 g, 20.4 mmol), and
1,2-ethylenediamine (0.268 g, 4.47 mmol) in toluene (3.5 mL) was heated at refluxing temperature for 2 d.
After cooling down to room temperature, to the reaction mixture was filtered with a pad of Celite and
Florizil®. After evaporation, the residue was subject to column chromatography on SiO> (first column;

hexane : EtOAc = 2 : 1, and second column; hexane : CHClz = 5 : 1) to give 1-(2-bromophenyl)-1H-
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indole (2.237 g, 8.220 mmol, 41%) as colorless solid: 'H NMR (300 MHz, DMSO-ds) § 6.69 (d, J = 3.0
Hz, 1H), 7.10 (m, 1H), 7.14-7.20 (m, 2H), 7.23 (d, J= 3.0 Hz, 1H), 7.33 (m, 1H), 7.41-7.44 (m, 2H), 7.68
(m, 1H), 7.77 (d, J = 7.8 Hz, 1H).?

Synthesis of 1-(2-(1H-Imidazol-1-yl)phenyl)-1H-indole:'® To a solution of 1-(2-bromophenyl)-1H-
indole (1.545 g, 5.68 mmol), 1 H-imidazole (0.517 g, 7.59 mmol), CuxO (86.7 g, 0.606 mmol), and K,CO3
(1.643 g, 11.9 mmol) in DMSO (6 mL) was heated at 150 °C for 3 d. After cooling down to room
temperature, to the reaction mixture was added EtOAc (10 mL) and brine (10 mL). After being extracted
with EtOAc (30 mL x 4), the organic layer was washed with brine (10 mL). After drying with Na>SO4
and evaporation, the residue was subject to column chromatography on SiO» (hexane : EtOAc =1 :1 to
only EtOAc) to give 1-(2-(1H-imidazol-1-yl)phenyl)-1H-indole (1.347 g, 5.19 mmol, 91%) as pale
yellow oil. Recrystallization from hexane and CHCIl5 gave pale yellow cubic crystals: mp 104-105 °C; 'H
NMR (300 MHz, CDCl3) ¢ 6.57 (d, J = 2.8 Hz, 1H), 6.57 (d, J = 1.0 Hz, 1H), 6.79 (d, J = 3.3 Hz, 1H),
6.88 (s, 1H), 7.12 (m, 3H), 7.28 (s, 1H), 7.47-7.63 (m, 5H); *C NMR (75 MHz, CDCls) § 104.6, 109.4,
119.0, 120.6, 121.1, 122.7, 126.2, 127.3, 128.5, 128.8 (large intensity), 129.1, 129.8, 133.1, 133.8, 136.35,
136.41; IR (KBr) 3104, 3056, 1601, 1586, 1519, 1505, 1480, 1463, 1353, 1329, 1300, 1294, 1250, 1243,
1231, 1213, 1137, 1102, 1054, 964, 827, 776, 771, 765, 752, 729, 719, 662 cm™'. HRMS (ESI) Calcd for
C17H14N3: [M+H]". 260.1182, found: m/z 260.1177.

Synthesis of Indolo[1,2-a]pyrrolo|2,1-c]quinoxaline (1-nB):* To a solution of 1-(2-(1H-pyrrol-1-
yl)phenyl)-1H-indole (0.283 g, 1.10 mmol) in chlorobenzene (5 mL) was dropwise added a solution of I>
(0.307 g, 1.21 mmol) in chlorobenzene (5 mL) in a period of 30 min. The mixture was stirred at room
temperature. The dark precipitate was observed during the reaction proceeded. After being stirred for 24 h,
to the reaction mixture was added saturated aqueous Na>S>03 solution (5 mL) and acetone (ca. 5 mL) to
dissolve the precipitate. The combined mixture was extracted with CHCI; (5 mL x 3), and the organic
layer was washed with brine (5 mL). After drying with MgSO4 and evaporation, the residue was subject
to column chromatography on SiO» (only hexane to hexane : EtOAc =5 : 1) to give indolo[1,2-a]pyrrolo-
[2,1-c]quinoxaline (1-nB) (0.243 g, 0.948 mmol, 87%) as brown solid. Recrystallization from hexane and
CHCl; gave pale green needle crystals: mp 139-141 °C; 'H NMR (300 MHz, CDCl3) § 6.63 (t, J= 3.4 Hz,
1H), 6.78 (d, J= 3.7 Hz, 1H), 6.88 (s, 1H), 7.29 (d, J = 7.4 Hz, 2H), 7.30-7.40 (m, 2H), 7.55 (s-like, 1H),
7.73 (t,J=7.5 Hz, 2H), 8.21 (d, J = 8.1 Hz, 1H), 8.44 (d, J = 8.3 Hz, 1H); >*C NMR (75 MHz, CDCls) §
95.2, 104.6, 112.9, 113.4, 113.5, 1154, 116.5, 120.8, 121.9, 122.0, 123.3, 123.5, 124.7, 125.6, 128.0,
129.7, 131.1, 133.5; IR (KBr) 3632, 3624, 3141, 1629, 1506, 1482, 1461, 1451, 1375, 1362, 1336, 1297,
1267, 1254, 1216, 1096, 774, 739, 721, 699 cm™'. HRMS (ESI) Calcd for CisHi3N2: [M+H]". 257.1073,
found: m/z 257.1072.
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Synthesis of Imidazo[1,2-a]pyrrolo[2,1-c]quinoxaline (3-nn): To a solution of 1-(2-(1H-pyrrol-1-
yl)phenyl)-1H-imidazole (0.216 g, 1.03 mmol) in THF (3 mL) was added a solution of #-BuLi (1.60 M in
hexane, 0.69 mL, 1.10 mmol) at -40 °C. After being stirred for 40 min at that temperature, to the solution
was added > (0.292 g, 1.15 mmol). The reaction mixture was gradually warmed up to room temperature.
After being stirred for 2 h, the reaction mixture was added saturated aqueous Na»S>O3 solution (5 mL)
and H>O (5 mL). After being extracted with EtOAc (20 mL X 3), the organic layer was washed with brine
(10 mL). After drying with MgSO4 and evaporation, to the residue (0.353 g) was added Pd(PPhs)4 (0.121
g, 0.105 mmol), K»CO3 (0.363 g, 2.63 mmol), and DMF (5 mL). The combined mixture was heated at
100 °C for 3 d. After cooling down to room temperature, to the reaction mixture was added brine (5 mL),
water (5 mL) and EtOAc (10 mL). The mixture was filtered with a pad of Celite and Florizil®. After
being extracted with EtOAc (20 mL x 4), the organic layer was washed with brine (20 mL). After drying
with MgSO4 and evaporation, the residue was subjected to column chromatography on SiO2 (CHCI; :
EtOAc = 3 : 1) and preparative GPC (eluent: CHCI3) to give imidazo[1,2-a]pyrrolo[2,1-c]quinoxaline
(3-nn) (0.106 g, 0.511 mmol, 50%) as pale brown solid. Recrystallization from acetone gave pale green
needle crystals: mp 164-165 °C; 'H NMR (300 MHz, CDCl3) § 6.65 (t,J = 3.2 Hz, 1H), 7.05 (d, J = 2.7
Hz, 1H), 7.23 (dt, J= 1.4 Hz and 7.4 Hz, 1H), 7.29 (dt, /= 1.5 and 7.4 Hz, 1H), 7.37 (s, 1H), 7.55 (d, J =
1.1 Hz, 1H), 7.57 (dd, J = 1.5 and 7.6 Hz, 1H), 7.60 (d, J = 1.2 Hz, 1H), 7.66 (dd, J = 1.5 and 7.6 Hz,
1H); 1*C NMR (75 MHz, CDCls) § 104.7, 110.7, 113.0, 113.8, 115.3, 116.1, 121.8, 123.9, 124.7, 125.6,
125.7,131.1, 138.2; IR (KBr) 3104, 1631, 1519, 1512, 1507, 1408, 1345, 1318, 1117, 741, 720, 706 cm™".
HRMS (ESI) Calcd for Ci13H1oN3: [M+H]". 208.0869, found: m/z 208.0867.

Synthesis of Benzo[4,5]imidazo[1,2-a]pyrrolo[2,1-c]quinoxaline (3-nB): The titled compound was
obtained in 34% yield (86.2 mg, 0.335 mmol) (two steps) from 1-(2-(1H-pyrrol-1-yl)phenyl)-1H-
benzo[d]imidazole (0.254 g, 0.978 mmol) according to the similar procedure mentioned for 3-nn: pale
green needle crystals; mp 146148 °C (hexane and CHCl3); 'H NMR (300 MHz, CDCl3) § 6.74 (t, J = 3.0
Hz, 1H), 7.33-7.44 (m, 5H), 7.69 (dd, J = 1.4 and 2.8 Hz, 1H), 7.78 (dd, J= 1.9 and 7.6 Hz, 1H), 7.89 (dd,
J=1.2and 6.9 Hz, 1H), 8.08 (d, /= 7.5 Hz, 1H), 8.31 (dd, J= 1.8 and 7.8 Hz, 1H); '*C NMR (75 MHz,
CDCIz) 6 108.5, 112.8, 113.7, 115.50, 115.52, 116.3, 120.0, 121.1, 122.9, 124.0, 125.0, 125.2, 125.4,
126.4, 131.1, 142.7, 144.9; IR (KBr) 3105, 1637, 1569, 1508, 1484, 1460, 1447, 1369, 1343, 1256, 1210,
741,702 cm™'. HRMS (ESI) Calcd for C17H12N3: [M+H]". 258.1026, found: m/z 258.1021.

Synthesis of Benzo[4,5]imidazo|[1,2-a]indolo[2,1-c]quinoxaline (3-BB): The titled compound was
obtained in 53% yield (81.0 mg, 0.264 mmol) (two steps) from 1-(2-(1H-indol-1-yl)phenyl)-1H-
benzo[d]imidazole (0.154 g, 0.499 mmol) according to the similar procedure mentioned for 3-nn: light
yellow solid; mp 199-200 °C (hexane and CHCl3); '"H NMR (300 MHz, DMSO-ds, measured at 50 °C) &
7.39 (t, J= 7.3 Hz, 1H), 7.45-7.58 (m, SH), 7.61 (s, 1H), 7.87 (dd-like, J = 3.2 and 6.1 Hz, 1H), 7.92 (d, J
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=17.7 Hz, 1H), 8.46 (dd-like, J = 3.2 and 6.1 Hz, 1H), 8.52 (d, J = 8.6 Hz, 1H), 8.60 (d, J = 7.8 Hz, 1H),
8.68 (d, J = 8.1 Hz, 1H); 1*C NMR (75 MHz, DMSO-ds, measured at 50 °C) & 101.8, 113.8, 114.3,
116.67, 116.72, 119.7, 122.0, 122.5, 123.6, 124.0, 124.4, 124.6, 125.4, 125.8, 125.9, 127.0, 129.6, 130.8,
133.8, 141.9, 144.6; IR (KBr) 3106, 3047, 1637, 1572, 1519, 1501, 1484, 1468, 1448, 1381, 1344, 1326,
1302, 1292, 1263, 737 cm™'. HRMS (ESI) Calcd for C21H4N3: [M+H]". 308.1182, found: m/z 308.1175.
Synthesis of Benzo[4,5]imidazo[1,2-a]imidazo[2,1-c]quinoxaline (2-nB):* To a solution of
1-(2-(1H-imidazol-1-yl)phenyl)-1H-benzo[d]imidazole (0.581 g, 2.23 mmol) in THF (20 mL) was added
a solution of sec-BuLi (1.03 M in cyclohexane/hexane, 5.2 mL, 5.36 mmol) at -78 °C. After being stirred
for 1 h at that temperature, to the solution was added Pd(PPh3)s (52.0 mg, 0.0450 mmol). The reaction
mixture was gradually warmed up to 45 °C. After being stirred for 30 h, to the reaction mixture was
added EtOAc (20 mL) and brine (20 mL). After being extracted with EtOAc (30 mL x 4), the organic
layer was washed with brine (30 mL). After drying with MgSO4 and evaporation, the residue was subject
to column chromatography on SiO> (CHCI3; : MeOH = 10 : 1) to give benzo[4,5]imidazo[1,2-a]imidazo-
[2,1-c]quinoxaline (2-nB) (0.556 g, 2.16 mmol, 96%) as pale brown oil. Recrystallization from hexane
and CHCls gave colorless solid: mp 243-245 °C; 'H NMR (300 MHz, CDCls) & 7.43-7.57 (m, 4H), 7.68
(s, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.90 (s, 1H), 8.03 (m, 1H), 8.16 (m, 1H), 8.42 (d, J = 8.3 Hz, 1H); 1*C
NMR (75 MHz, CDCl3) & 113.1, 113.3, 116.5, 116.6, 121.6, 123.9, 124.1, 124.6, 125.4, 126.7, 126.8,
131.1, 133.7, 135.3, 139.7, 144.8; IR (KBr) 3110, 3052, 2924, 1637, 1568, 1503, 1486, 1465, 1447, 1401,
1362, 1317, 1305, 1284, 1259, 1240, 743, 724 cm™!. HRMS (ESI) Calcd for Ci6H1Na: [M+H]". 259.0978,
found: m/z 259.0974.

Synthesis of Benzo|4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-c]quinoxaline (2-BB): The titled
compound was obtained in 56% yield (86.5 mg, 0.281 mmol) (two steps) from 1,2-bis(1H-
benzo[d]imidazol-1-yl)benzene (0.155 g, 0.500 mmol) according to the similar procedure mentioned for
3-nn by changing the reaction temperature (-60 °C) during the reaction with sec-BuLi: pale yellow needle
crystals; mp 278 °C (dec.) (hexane and CHCl3); 'H NMR (300 MHz, DMSO-ds, measured at 40 °C) &
7.53-7.60 (m, 4H), 7.66 (dd-like, J = 3.1 and 6.0 Hz, 2H), 8.01 (m, 2H), 8.62 (m, 2H), 8.76 (dd-like, J =
3.5 and 6.1 Hz, 2H); *C NMR (75 MHz, DMSO-ds, measured at 40 °C) § 114.4, 116.9, 120.8, 124.7,
124.8, 125.7, 126.1, 131.0, 139.5, 144.3; IR (KBr) 2957, 1642, 1565, 1500, 1487, 1470, 1448, 1386, 1338,
1291, 740 cm™'. HRMS (ESI) Calcd for C20H13N4: [M+H]". 309.1135, found: m/z 309.1126.

Synthesis of Imidazo[1,2-a]indolo[2,1-c]quinoxaline (3-Bn): The titled compound was obtained in 46%
yield (0.120 mg, 0.466 mmol) (two steps) from 1-(2-(1H-imidazol-1-yl)phenyl)-1H-indole (0.261 g, 1.01
mmol) according to the similar procedure mentioned for 3-nn: pale blue needle crystals; mp 171-172 °C
(acetone); 'TH NMR (300 MHz, CDCl3) § 7.18 (dt, J = 1.1 and 7.0 Hz, 1H), 7.27-7.37 (m, 4H), 7.42 (d, J
= 1.4 Hz, 1H), 7.54 (d, J = 1.4 and 8.1 Hz, 1H), 7.60 (d, J = 1.4 Hz, 1H), 7.77 (dd, J = 1.6 and 7.2 Hz,
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1H), 8.10 (d, J = 8.4 Hz, 1H), 8.29 (dd, J = 1.1 and 8.4 Hz, 1H); 3C NMR (75 MHz, CDCls) & 88.8,
111.7, 113.5, 116.1, 116.3, 122.0, 122.3, 123.4, 123.5, 123.7, 126.0, 126.8, 128.1, 130.2, 132.0, 133.7,
137.8; IR (KBr) 3085, 3047, 1633, 1522, 1507, 1489, 1469, 1450, 1409, 1356, 1239, 1104, 927, 781, 739,
724 cm™'. HRMS (ESI) Caled for Ci7HioN3: [M+H]*. 258.1026, found: m/z 258.1020.

X-Ray Crystallography: X-Ray diffraction data for the crystals were measured on a Bruker APEXII
CCD diffractometer with graphite-monochromated Mo Ka (A = 0.71073 A) radiation. Data collections
were carried out at 173 K. All structures were solved by a direct method SHELXS-97,!7 and the
non-hydrogen atoms were refined anisotropically against F2, with full-matrix least-squares methods
SHELEXL-97'® in a computer program package from Bruker AXS. All hydrogen atoms were positioned
geometrically and refined as riding. Crystal data for 1-nn: Ci4HioN2, monoclinic, P2i/c, Z = 8§, a =
5.4161(6) A, b =16.2831(19) A, ¢ =23.026(3) A, = 92.6400(15)°, V = 2028.5(4) A3, Ri = 0.0637, wR>
=0.1989, T = 173 K. Crystal data for 3-nn: Ci3HoN3, monoclinic, P2i/n, Z =4, a = 6.9518(9) A, b =
10.4546(14) A, ¢ = 13.6988(17) A, p = 95.4018(19)°, V' =991.2(2) A*, R = 0.0463, wR, = 0.1228, T =
173 K. Deposition number CCDC-1038082 (1-nn) and CCDC-1038083 (3-nn). Copies of the data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax.: +44 1223 336033;

e-mail: deposit@ccdc.cam.ac.uk).
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