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Abstract: The reactions of aromatic
compounds and elemental chalcogens
catalyzed by a copper salt with molecu-
lar oxygen as an oxidant were carried
out. The reaction of 3-substituted
imidazo[1,5-a]pyridines and elemental
sulfur in the presence of CuTC (cop-
per(I) thiophenecarboxylate) gave the
corresponding bisimidazopyridyl sul-
fides in good to quantitative yields. The
reaction proceeded even under aerobic
oxidation conditions. The use of
a polar solvent was crucial for the reac-

in particular stimulated the reaction.
The reaction could be applied to
common aromatic compounds, such as
N-methyl indole and dialkyl anilines.
The reaction of indole proceeded at
the nucleophilic C3 position rather
than at the acidic C2 position. In addi-
tion, the reaction of dialkyl anilines
proceeded with an ortho, para orienta-
tion. The reactions of imidazopyridines

Keywords: C—H activation - chalc-
ogens + copper - selenium - sulfur

and elemental selenium under similar
conditions gave the corresponding bisi-
midazopyridyl diselenides along with
bisimidazopyridyl monoselenides. The
resulting diselenides were readily con-
verted to the corresponding monosele-
nides with unreacted imidazopyridines
under the same conditions. The reac-
tion could be applied to the copolymer-
ization of bifunctional bisimidazopyri-
dines and elemental sulfur to give oli-
gomeric copolymers in quantitative
yield.

tion, and DMSO (dimethyl sulfoxide)

Introduction

Diaryl chalcogenides and dichalcogenides are an important
class of compounds. These motifs are frequently found in
functional materials and pharmaceuticals.'! Although a vari-
ety of methods for their syntheses have been reported,”*
these have generally used aryl chalcogenols and chalcogeno-
lates in combination with aryl halides.”™ Alternatively, the
oxidative cross-coupling reaction of aryl chalcogenols or
chalcogenolates with aryl boronic acid is known as Chan-
Lam coupling.® It is important to develop a procedure for
the direct use of elemental chalcogens as chemical resources
and, in particular, methods for practical synthesis because
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they are readily available, involatile, and easy to handle. It
would also be beneficial if chalcogenating reactions could be
achieved by direct C—H bond functionalization reactions
with elemental chalcogens through a simple operation. Al-
though thermal reactions of arenes and elemental sulfur to
give the corresponding symmetric diaryl sulfides are known,
the sulfidation of arenes with elemental sulfur must be car-
ried out at a very high temperature (230°C) to give the de-
sired products along with a stoichiometric amount of hydro-
gen sulfide.”! Recently, a few methods for the synthesis of
sulfides in combination with a formal nucleophile and elec-
trophile with elemental sulfur have been reported.*"

In our recent studies on thio- and selenocarbonyls,® we
have reported the direct thionation and selenation of car-
bonyl compounds by means of the in situ reductive activa-
tion of elemental sulfur and selenium by hydrochlorosilanes,
which formally leads to nucleophilic S>~ and Se*~ species.[®
We envisioned that the oxidative activation of such elemen-
tal chalcogens would permit the direct C—H bond chalcoge-
nation of aromatic compounds with in situ generated formal
S** species through electrophilic substitution. In fact, we
previously found that the copper-catalyzed oxidative desul-
furization cyclization” of thioamides with an N-2-pyridyl-
methyl amino group, which leads to imidazo[1,5-a]pyridines
1M under an oxygen atmosphere, gives significant amounts
of bis(imidazo[1,5-a]pyridyl) sulfides 2 as well as elemental
sulfur as side-products after a prolonged reaction time (see
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Equation (1): 3 vs. 15 h). These results suggested that sulfide
2 is likely generated through sulfidation of initially formed
imidazopyridine 1 with elemental sulfur under oxidative
conditions. Herein, we report the copper-catalyzed direct
C—H bond chalcogenation of aromatic compounds with ele-
mental sulfur and selenium to give diaryl chalcogenides and
related compounds under aerobic oxidation conditions.

Ph_ N
L CuCl (20 mol%) p N ;
Ph” N N en o onee = N7+ N + 8 (1)
N Y DMSO, O,, 90 °C LN A
N~ \ Y )—N _
1a 2a Ph
3h  65% 5%
15h 5% 55%

Results and Discussion

Initially, the sulfidation of 3-phenylimidazo[l,5-a]pyridine
(1a) by using elemental sulfur was examined. As expected,
the reaction with a catalytic amount of CuCl (20 mol %)
under an oxygen atmosphere at 90°C gave corresponding
sulfide 2a in good yield (Table 1, entry 1). After screening
metal catalysts,'"! we found that CuTC (copper(I) thiophe-
necarboxylate) facilitates the sulfidation even under air

Table 1. Scope of substrates for the sulfidation of imidazo[1,5-a]pyri-
dines.

RN R =N
BH . s CuTC (20 mol%) T Pans
DMSO, air, 90 °C, 20
L/ L, /2
1 2
R=Ph (1a) 2-pyridyl (1f)

4-F5CCgH4 (1b) 4-Me,NCgH, (1g)
4-MeGgHy (16)  4-BrCgHj (1h)
4-MeOCgH, (1d) iPr (1i)

2-thienyl (1e)

Entry Substrate Scale Sg t [h] Yield of 2 [%]*
[mmol] [mmol]

1 1a 0.5 0.5 15 55
2 1la 0.5 0.5 20 quant.
3 1a 0.5 0.25 20 60
4l 1a 0.5 0.5 20 20
stel 1a 0.5 0.5 20 61 (39)
6l 1a 0.5 0.5 20 5 (95)
7tel 1a 0.5 0.5 20 68 (32)
gleel 1a 0.5 0.5 20 9 (91)
9 1b 0.5 1 20 98
100t 1e 1 1 6 quant.
11 1d 0.5 0.25 20 quant.
12 le 5 10 48 quant.
13 1f 5 10 48 85
141 1g 0.5 0.5 20 63
15 1h 0.5 1 20 78
16! 1i 5 10 3 54

[a] Isolated yield; quant.=quantitative. Yield of recovered starting 1 is
shown in parentheses. [b] Reactions were carried out under an O,
(1 atm) atmosphere. [c] CuCl (20 mol%) was used as a catalyst. [d] In
the absence of copper salt. [e] DMF was used as a solvent. [f] Toluene
was used as a solvent. [g] Under an Ar atmosphere. [h]2,2"-Bipyridyl
(20 mol %) was used as an additive. [i] The reaction was performed at
70°C.
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(Table 1, entry 2). The reaction gave sulfide 2a in less than
20% yield in the absence of catalyst (Table 1, entry 4). This
result clearly suggests that the catalyst is essential for the re-
action to achieve efficient conversion under these condi-
tions. The reaction also proceeded in dimethyl formamide
(DMF; Table 1, entry 5), but was sluggish in less polar sol-
vents, such as toluene (Table 1, entry 6). The reaction in
DMF gave only a catalytic amount of 2a under an argon at-
mosphere (Table 1, entry 8), but the reaction in DMSO pro-
ceeded significantly to give 2a in 68 % yield under identical
conditions (Table 1, entry7). The results suggest that
DMSO also acts as a stoichiometric oxidant under these
conditions along with air. With these conditions in hand, the
scope of substrates was investigated. The reactions of both
electron-deficient and -rich substrates proceeded with high
efficiency (Table 1, entries 9-11). Notably, the use of an
equivalent amount (based on the product) of elemental
sulfur gave sulfides in yields of more than 50% (Table 1, en-
tries 3 and 11). Also, hydrogen sulfide was not detected by
a lead acetate test after the reaction. These results indicate
that the reactions did not proceed by a formal disproportio-
nation of elemental sulfur but rather by formal oxidation of
the sulfur by an external oxidant, though the use of an
excess amount of elemental sulfur usually gives the products
in better yields (e.g., Table 1, entries 2 vs. 3). Imidazopyri-
dines with heteroarenes (1e and 1f) also selectively under-
went sulfidation at C1 of the imidazopyridine to give sul-
fides 2e and 2 f in quantitative yield and 85 % yield, respec-
tively (Table 1, entries 12 and 13). Furthermore, the reaction
of highly electron-rich dimethylaminophenyl-substituted
imidazopyridine 1g gave corresponding sulfide 2g in 63 %
yield (Table 1, entry 14). In addition, bromine on 1h re-
mained intact under the reaction conditions, and sulfide 2h
was obtained in 78 % yield (Table 1, entry 15). The reaction
of imidazopyridine 1i, which has a readily oxidized cumene-
like structure, also gave product 2i as a major product in
moderate yield (Table 1, entry 16).

The reaction could be applied to other electron-rich aro-
matic compounds. For instance, N-methylindole 3 under-
went sulfidation to give sulfide 4 in good yield [Eq. (2)]. Im-
portantly, the reaction proceeded not at the relatively acidic
C2 position but rather selectively at the nucleophilic C3 po-
sition to give 4 as the sole product. The product was con-
firmed by X-ray analysis (Figure 1). Regarding the selectivi-
ty, the sulfidation of benzoxazole and -thiazole 5, which
have less nucleophilic and acidic C—H bonds at the C2 posi-
tion, did not take place [Eq. (3)]. The results suggest that
the reaction probably does not proceed by a deprotonation—
cupration pathway that usually plays a role in copper-medi-
ated C—H bond functionalization, such as the recently re-
ported copper-catalyzed C—H bond functionalization of het-
eroarenes.'? In contrast, electron-rich and nucleophilic aro-
matic compounds, such as N,N-dialkyl anilines 6, also under-
went a reaction [Eq. (4)]. In these cases, the reactions gave
regioisomeric mixtures of sulfides in good yields, and bis(4-
dialkylaminophenyl)sulfides 7 were isolated as major prod-
ucts in moderate yields.
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Figure 1. X-ray structure of bisindolyl sulfide 4. Thermal ellipsoids were
drawn at the 50 % probability level.

Me

\

N CuTC (20 mol%)
1/8 Sg (0.5 equiv) @
DMSO, air, 90 °C, 20 h
3
1 mmol
£ CuTC (20 mol%)
>—H 1/8 Sg'(0.5 equiv) no reaction (3)
N DMSO, air, 90 °C, 20 h
5
E=0,S
R CuTC (20 mol%) R
N 1/8 Sg (0.5 equiv) N S @
Rl DMSO, air, 90 °C, 20 h R/
2
R =Me: 6a 7a: 31%l
Et: 6b 7b: 48%
0.5 mmol

[a] Isomeric mixture was obtained
as a crude product in 62% yield.

Next, we turned our attention to the selenidation of aro-
matic compounds with elemental selenium.'” Initially, the
reaction of la (0.5 mmol) and selenium (0.5 mmol) with
CuBr (20 mol % )" was carried out. As a result, diselenide
9a was obtained in 45% yield along with selenide 8a in
45 % yield (Table 2, entry 1). Selenide 8a was selectively ob-
tained by decreasing the amount of selenium and extending
the reaction time (Table 2, entry 2). The reaction proceeded
for imidazopyridines with electron-donating and -withdraw-
ing substituents (Table 2, entries 3 and 4). Heteroarene-sub-
stituted imidazopyridines were efficiently selenated by the
use of CuCl as a catalyst under an oxygen atmosphere
(Table 2, entries 5 and 6).

To gain insight into the mechanism, several control ex-
periments were carried out. First, the pathways for the for-
mation of selenides and diselenides were investigated. The
reaction of selenide 8a and elemental selenium under iden-
tical conditions did not give diselenide 9a at all, and the re-
action gave a complex mixture [Eq. (5)]. On the other hand,
the reaction of 9a and the parent imidazopyridine 1a gave
selenide 8a in quantitative yield [Eq. (6)], and the coupling
reaction did not occur at all in the absence of catalyst under
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Table 2. Selenidation of imidazo[1,5-a]pyridines.

Ar. N
N_/ H+ Se Cu cat. (20 mol%)
conditions
L/
1 Ar.
N
A
Ar=Ph (1a) T N e ()
2-:/'3CC6H4 (1b) ( NN + N o N
-MeOCgH, (1d) 2 '\ N \ N/J\
2-thieny! (1e) Ar)_ N_ 7 Ar
2-pyridyl (1f)
8 9
Entry  Ar Cucat.  Conditions Yield [%]™
8 9
1 Ph CuBr air, 20 h nd. (45) n.d. (45)
2 Ph CuBr  air,30h 80(63) - ()
(Se 0.25 mmol)
3 4-F,CCH, CuBr  air,20h 50(36) 20 (27)
4 4-MeOC(H, CuBr  air,20h 54(39) 44 (34)
5 2-thienyl CuCl  0,20h nd. (22) - ()
6 2-pyridyl CuCl 0,,20h 40 (35) -(-)

[a] Reactions were carried out with 1 (0.5 mmol) and Se (0.5 mmol) at
120°C. Other conditions are indicated in the table. [b] The yields were
determined by "H NMR spectroscopy by using 1,1,2,2-tetrachloroethane
as an internal standard. Isolated yields are shown in parentheses. n.d. in-
dicates not determined.

identical conditions. This result indicated that formed disele-
nide 9 reacted with unreacted imidazopyridine 1 to give sel-
enide 8. In contrast, the reaction of diphenyl disulfide and
1 did not occur at all under identical conditions.'’”) More-
over, no disulfide was observed in the sulfidation reaction
mixture. This result suggested that sulfidation did not take
place by the formation of disulfides, and thus sulfidation
and selenidation probably proceed through different reac-
tion pathways. Furthermore, elemental chalcogens were
intact under the reaction conditions in the absence of sub-
strates and/or copper salts. Therefore, it is likely that the ini-
tial chalcogen-introduction step in these reactions proceeds
by the concerted reaction of a substrate, an elemental chalc-
ogen, and a copper salt.

Ph N

\(// Se CuBr (20 mol %) complex mixture
N * S —uso ar ~ (Diselenide 9awas (5)
AN ,
\ y g\_N N\ 120°C. 7h not observed.)
8a PH =

1a
x = 20: quantitative yield
(0.5 equiv of 9a was recovered.)
x = 0: no reaction
"The yields were based on 1a.

1 : 1

With this result in hand, plausible reaction pathways for
sulfidation and selenidation are proposed in Scheme 1. Ini-
tially, the copper-mediated nucleophilic addition of arenes
to elemental chalcogens takes place in both reactions to
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ArY N (imidazo[1,5-a]pyridyl)fluorene
Ho+ N/ T Cux 13 in quantitative yield as
AN L2 N AN a.deep-greénish solid [Eq. (9)].
D Se )‘ N _ oxidant \F Size-exclusion chromatography
N/ N/
( N ( based on polystyrene of the ob-
/ );N N CuX, 7 1 tained material gave M, =2897
= \ E=8, Se and M,=2214. These values
H* + oxidant + X correspond to tetra- and pen-
exian tamers. In addition, the trimer
Y ) A _N Ar (M, =1622) was detected as the
N \:"/E'--Cuxz largest fragment peak in FAB

ECuX
ol Ve {
e N E=Se \ y
Ar oxidative

homocoupling
7\
S O, etc.
O~ H* + X-
oxidant = O, or DMSO

X==CI,Br,

Scheme 1. Proposed reaction pathway for chalcogenidation of aromatic compounds.

give intermediate I-E (E=chalcogen). Next, in the case of
sulfidation, an oxidation-assisted nucleophilic substitution of
the parent arenes at the sulfur atom on I-S gives sulfides.[!]
In contrast, oxidative homo-coupling of I-Se takes place to
give diselenide 9 under selenidation conditions because the
reaction rate of the oxidative homo-coupling of selenoates is
usually faster than that of thionates. Therefore, the homo-
coupling probably proceeded rather than nucleophilic sub-
stitution of the parent arenes at the selenium atom in I-Se,
though it is still possible. Diselenide 9 is then reacted with
unreacted arenes catalyzed by copper salt under oxidative
conditions to give the product selenides.

Notably, the synthesis of unsymmetric diaryl selenides can
be achieved by the reaction of diaryl diselenides and arenes
with this reactivity. For example, the reaction of diphenyl
diselenide (10) with 1d gave phenylimidazopyridyl selenide
11 in quantitative yield even at 30°C [Eq. (7)]. Also, the re-
action of diselenide 10 and N-methylindole 3 gave phenyl
indolyl selenide 12 in moderate yield [Eq. (8)].

MeO MeO

\©\r/N CuBr (x mol %) \©\r/N
+ PhSe-SePh — 7
Ny H e=e DMSO, air Ny Se (D
( 10 30°C, 20 h { Ph
Y% Y%
1d 1
0.5 mmol 0.5 mmol x = 20: quant.
x = 0: no reaction
Me, Me,
N 9 N
\ CuBr (20 mol %) \
+ 10 - > 8
DMSO, air g ®
120°C, 20 h Ph
3 12

38% yield

0.3 mmol 0.3 mmol

The sulfidation reaction could be applied to the synthesis
of oligomeric sulfide by using bifunctional substrates. Oligo-
meric sulfide 14 was obtained by the reaction of bis-
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mass analysis.

Conclusion
We have developed a direct

chalcogenation of aromatic
compounds by using easy-to-

JJ\}JJ.J

7/ N
7 -
CuTC (20 mol%) “—

Sg (0.8 mmol)
—_—

DMSO (2 m),
90°C, 24 h

214 mg
ca. 97% yield
(based on imidazopyridy! unit)
M,, = 2897, M,, = 2214
FAB Mass spectrum: found 1622(trimer + S)*

handle elemental chalcogens as chalcogen sources. The reac-
tions could be applied to electron-rich nucleophilic aromatic
compounds, including N,N-dialkyl anilines and imidazo[1,5-
a]pyridines."” With our previous report,”! we identified
a set of common protocols for using elemental sulfur and se-
lenium as well-defined and unfunctionalized electrophilic
and nucleophilic chalcogenating reagents by means of oxida-
tive and reductive activations. This oxidative activation
strategy with chalcogen-containing compounds for C—chalc-
ogen bond formation should facilitate access to chalcoge-
nides and related compounds. Further investigations of chal-
cogenating reactions with both oxidative and reductive acti-
vation strategies for several organic molecules are underway
in our group.

Experimental Section

General procedure for sulfidation of imidazo[1,5-a[pyridines

A mixture of imidazo[1,5-a]pyridine 1 (0.5 mmol), Sy (32 mg, 1.0 mmol),
CuTC (0.018 g, 0.10 mmol, 20 mol % ), and DMSO (0.5 mL) was stirred at
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90°C. The resulting solution was diluted with CH,Cl, (3.0 mL) and to
this was added aqueous ammonia. The organic layer was extracted with
CH,Cl, (3x10mL), washed with saturated brine (5.0 mL), dried over
MgSO,, filtered, and concentrated in vacuo. The residue was purified by
flash column chromatography on silica gel to give corresponding bisimi-
dazopyridyl sulfide 2.

Bis(3-phenylimidazo[l,5-a]pyridine-1-yl)sulfide (2 a)!"*

'H NMR (CDCly): 6=6.43 (dd, J=6.8, 7.8 Hz, 2H; Ar), 6.70 (dd, /=78,
9.3 Hz, 2H; Ar), 7.30 (d, J=7.3 Hz, 2H; Ar), 7.37 (t, /=7.3 Hz, 4H; Ar),
7.64 (d, J=73 Hz, 4H; Ar), 7.94 (d, J=9.3 Hz, 2H; Ar), 8.06 ppm (d,
J=6.8 Hz, 2H; Ar).

Bis(3-(4-trifluoromethylphenyl)imidazo[1,5-a[pyridine-1-yl)sulfide
(2 b) [10x]

"H NMR (CDCly): =3.77 (s, 3H; MeO), 6.56 (dd, J=6.8, 7.8 Hz, 2H;
Ar), 6.79 (dd, /=178, 9.3 Hz, 2H; Ar), 7.63 (d, /=7.8 Hz, 4H; Ar), 7.80
(d, J=7.8 Hz, 4H; Ar), 7.96 (d, /=93 Hz, 2H; Ar), 8.11 (d, J=6.8 Hz,
2H; Ar), 8.11 ppm (d, J=7.1 Hz, 2H; Ar).

Bis(3-(4-methylphenyl)imidazo[1,5-a]pyridine-1-yl)sulfide (2 c)

Yellow solid; m.p. 170°C (decomp.); R;=0.80 (hexane/AcOEt 1:2);
'"HNMR (CDClL): 6=2.41 (s, 6H; Me), 6.55 (dd, /=6.8, 7.1 Hz, 2H;
Ar), 6.80 (dd, J=6.8, 9.2 Hz, 2H; Ar), 7.29 (d, J=8.1 Hz, 4H; Ar), 7.63
(d, /=8.1Hz, 4H; Ar), 801 (d, /=92 Hz, 2H; Ar), 8.14ppm (d, /=
7.1 Hz, 2H; Ar); ®*CNMR (CDClL): 6=21.4 (Me), 113.5, 119.4, 120.0,
121.6, 122.9, 127.0, 128.1, 129.6, 133.4, 138.0, 138.8 ppm (Ar); IR (KBr):
7=3032, 1507, 1354, 1262, 828, 792cm'; MS (EI): miz: 446 [M]*;
HRMS: m/z calcd for C,sH,,N,S: 446.1565; found: 446.1562.

Bis[3-(4-methoxyphenyl)imidazo[1,5-a]pyridine-1-yl]sulfide (2 d)!"*

'"HNMR (CDCLy): §=3.77 (s, 3H; MeO), 6.55 (dd, J=6.8, 7.8 Hz, 2H;
Ar), 6.70 (dd, J=7.8, 9.3 Hz, 2H; Ar), 6.92 (d, J=8.5Hz, 4H; Ar), 7.58
(d, J=8.5Hz, 4H; Ar), 7.92 (d, J=9.3 Hz, 2H; Ar), 7.94 (d, J=9.3 Hz,
2H; Ar), 8.11 ppm (d, J=7.1 Hz, 2H; Ar).

Bis(3-(2-thienyl)imidazo[1,5-aJpyridine-1-yl)sulfide (2 e)

Yellow solid; m.p. 195-200°C. R;=0.40 (hexane/AcOEt 1:1); 'H NMR
(CDCL): 6=6.57 (dd, J=7.1, 6.5 Hz, 2H; Ar), 6.77 (dd, J=8.8, 6.5 Hz,
2H; Ar), 7.06 (dd, J=4.9, 3.6 Hz, 2H; Ar), 7.36 (d, J=4.9 Hz, 2H; Ar),
7.40 (d, J=3.6 Hz, 2H; Ar), 7.96 (d, /=88 Hz, 2H; Ar), 8.16 ppm (d,
J=7.1Hz, 2H; Ar); "CNMR (CDCL): §=114.2, 119.5, 120.2, 121.8,
123.3, 1254, 126.2, 127.5, 131.8, 132.5, 133.7 ppm (Ar); IR (KBr): =
2360, 1630, 1500, 1406, 1364, 1304, 1011, 848, 742, 688 cm™'; MS (EI): m/
z: 430 [M]*; HRMS (EI): m/z caled for C,HN,S;: 430.0381 [M]*;
found: 430.0374.

Bis[3-(2-pyridyl)imidazo[1,5-a]pyridine-1-yl]sulfide (2 f)/"*

"H NMR (CDCl,): 6=6.68 (dd, J=7.3, 6.3 Hz, 2H; Ar), 6.90 (dd, J=8.8,
6.3Hz, 2H; Ar), 7.12 (dd, J=7.4, 49 Hz, 2H; Ar), 7.70 (dd, /=723,
7.4 Hz, 2H; Ar), 795 (d, /=88 Hz, 2H; Ar), 8.34 (d, /=7.8 Hz, 2H;
Ar), 8.53 (d, J=4.9 Hz, 2H; Ar), 9.86 ppm (d, J=7.3 Hz, 2H; Ar).

Bis(3-(4-N,N-dimethylaminophenyl)imidazo[1,5-a]pyridine-1-yl)sulfide
2g)

Green solid; m.p. 197-199°C; R;=0.38 (hexane/AcOEt 1:4); '"H NMR
(CDCL): 6=3.01 (s, 12H; CH;), 6.49 (dd, J=6.8, 7.3 Hz, 2H; Ar), 6.74
(dd, /=93, 6.8 Hz, 2H; Ar), 6.79 (d, J=8.6 Hz, 4H; Ar), 7.62 (d, /=
8.6 Hz, 4H; Ar), 8.00 (d, /=9.3Hz, 2H; Ar), 8.12 ppm (d, /J=7.3 Hz,
2H; Ar);”CNMR (CDCl;): 6=40.3 (NCH;), 112.0, 112.3, 113.0, 117.5,
119.4, 121.7, 122.5, 129.2, 133.0, 138.6, 150.5 ppm (Ar); IR (KBr): 7=
2358, 1611, 1538, 1481, 1442, 1360, 1200, 943, 820, 742 cm™'; MS (EI): m/
z: 504 [M]*; HRMS (EI): m/z caled for CyHyNgS: 504.2096 [M]*;
found: 504.2111.

Chem. Asian J. 2014, 9, 237 -244

www.chemasianj.org

Fumitoshi Shibahara et al.

Bis(3-(4-bromophenyl)imidazo[1,5-a]pyridine-1-yl)sulfide (2 h)

Yellow solid; m.p. 190°C (decomp.); 'H NMR (CDCly): §=6.53 (dd, J=
6.8, 7.3 Hz, 2H; Ar), 6.75 (dd, /=6.8, 9.0 Hz, 2H; Ar), 7.51-7.56 (m, 8H;
Ar), 794 (d, J=9.0Hz, 2H; Ar), 7.63 ppm (d, /=73 Hz, 2H; Ar);
BCNMR (CDCL): 6=114.0, 119.4, 1203, 121.3, 122.8, 123.4, 1288,
129.5, 132.1, 133.8, 136.7 ppm (Ar); IR (KBr): #=2912, 2361, 1631, 1511,
733em™'; MS (EI): m/z: 272 [M—-CjH,BrN,S|T (50.0), 274
[M—2—C;H,BrN,S]* (50.0); HRMS: m/z calcd for C,H;*Br,N,S:
573.9262; found: 573.9483.

Bis(3-(1-methylethyl)imidazo[1,5-a[pyridin-1-yl)sulfide (2i)

Yellow green solid; m.p. 76-80°C; '"H NMR (CDCL): 6=1.39 (d, /=
6.8 Hz, 12H; CHj;), 3.20 (sept., J=6.8 Hz, 2H; CH), 6.48 (t, J=6.3 Hz,
2H; Ar), 6.67 (t, J=7.8Hz, 2H; Ar), 7.64(d, J=6.8Hz, 2H; Ar),
7.87 ppm (d, J=9.3 Hz, 2H; Ar); >C NMR (CDCl;): §=20.3 (CH,), 26.0
(CH), 112.7, 118.6, 119.2, 120.6, 121.0, 132.0, 142.8 ppm (Ar); IR (KBr):
7=2972, 2927, 2898, 2871, 1632, 1510, 1488, 1458, 1382, 1365, 1333, 1285,
1263, 1085, 1050, 978, 767, 750, 698, 485,4612, 529 cm™'; MS (EI): mi/z:
350 [M]*; HRMS: m/z caled for C,yHp,N,S: 350.1565; found: 350.1537.

Sulfidation of 1-methylindol (3)

A mixture of 1-methylindole (3, 125 uL, 1.0 mmol), S (32 mg, 1.0 mmol),
CuTC (0.036 g, 0.20 mmol, 20 mol %), and DMSO (1.0 mL) was stirred at
90°C for 20 h. The resulting solution was diluted with CH,Cl, (3.0 mL)
and to this was added aqueous ammonia. The organic layer was extracted
with CH,Cl, (3x10 mL), washed with saturated brine (5.0 mL), dried
over MgSO,, filtered, and concentrated in vacuo. The residue was puri-
fied by flash column chromatography on silica gel (hexane/AcOEt 3:1)
to give bis(1-methyl-1H-indol-3-yl)sulfide (4) as a yellow solid (0.11 g,
0.37 mmol, 75%). M.p. 131-133°C; R;=0.80 (hexane/AcOEt 1:1);
'"HNMR (CDCly): 6=3.68 (s, 6H; NMe), 7.15 (dd, J=8.1, 6.7 Hz, 2H;
Ar), 719 (d, J=81Hz, 2H; Ar). 7.22 (s, 2H; Ar), 7.23 (dd, J=17.6,
6.7 Hz, 2H; Ar) 7.86 ppm (d, J=7.6 Hz, 2H; Ar); *C NMR (CDCl,): 6 =
32.8 (NCH;), 106.1, 109.4, 119.5, 119.8, 122.0, 129.3, 132.5, 137.0 ppm
(Ar); IR (KBr): #=2359, 2341, 1506, 1459, 1334, 1240, 741 cm™'; MS
(EI): m/z: 292 [M]*; HRMS (EI): m/z caled for CgH(N,S: 292.1034
[M]*; found: 292.1027.

Sulfidation of N,N-dimethylaniline (6 a)

A mixture of N,N-dimethylaniline (6a, 127 uL, 1.0 mmol), Sy (32 mg,
1.0 mmol, 1equiv), CuTC (39 mg, 0.20 mmol, 20 mol%), and DMSO
(0.5 mL) was stirred at 90°C for 24 h. The resulting solution was diluted
with CH,Cl, (3 mL). Aqueous ammonia was added and the mixture was
extracted with CH,Cl, (3x10mL). The combined organic layer was
washed with saturated brine (5 mL), dried over MgSO,, filtered, and con-
centrated in vacuo. The residue was purified by gel permeation chroma-
tography to give bis(N,N-dimethylanilin-4-yl)sulfide (7a) as a yellow
solid (42mg, 0.15mmol, 31%). 'HNMR (CDClL): 0=291 (s 12H;
NMe), 6.64 (d,/=9.0 Hz, 4H; Ar), 7.24 ppm (d, J=9.0 Hz, 4H; Ar).

Sulfidation of N,N-diethylaniline (6b)

A mixture of diethylaniline (6b, 0.09 g, 1 mmol), Sy (0.03 g, 1.0 mmol,
1 equiv), CuTC (0.04 g, 0.2 mmol, 20 mol %), and DMSO (0.25 mL) was
stirred at 90°C for 24 h under an O, atmosphere (balloon). The resulting
solution was diluted with CH,Cl, (3 mL). Aqueous ammonia was added
and the mixture was extracted with CH,Cl,. The organic layer was
washed with saturated brine, dried over MgSO,, filtered, and concentrat-
ed in vacuo. The residue was purified by column chromatography on
silica gel (hexane/EtOAc 10:1-4:1) to give bis(4-(diethylamino)phenyl)-
sulfide (7b) as a yellow oil (0.056 g, 0.017 mmol, 34 %). R;=0.4 (hexane/
EtOAc 1:1); '"H NMR (CDCL): 6=1.04-1.09 (m, 12H; CHj;), 3.21-3.28
(m, 8H; CH,), 6.51 (d, J=8.7 Hz, 4H; Ar), 7.15 ppm (d, /J=8.7 Hz, 4H).

General procedure for selenidation of imidazo[1,5-aJpyridines

A mixture of imidazo[1,5-a]pyridine 1 (0.50 mmol), selenium (38 mg,
0.50 mmol), CuBr (14 mg, 0.10 mmol, 20 mol %), and DMSO (0.25 mL)
was stirred at 120°C for 30 h under air. The resulting solution was diluted
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with CH,Cl, (3 mL), and to this was added aqueous ammonia. The or-
ganic layer was extracted with CH,Cl, (3 x10 mL), washed with saturated
brine (5mL), dried over Na,SO,, filtered, and concentrated in vacuo.
The residue was purified by flash column chromatography on silica gel to
give a mixture of bisimidazo[1,5-a]pyridylselenide (8) and bisimidazo[1,5-
a]pyridyldiselenide (9). The ratio (selenide/diselenide) was estimated by
"H NMR spectroscopic analysis. Further isolation was performed by
preparative gel permeation chromatography to give analytically pure sel-
enide and diselenide, respectively.

Bis(3-phenylimidazo[l1,5-apyridin-1-yl)selenide (8 a)

M.p. 168-170°C; R;=0.63 (hexane/AcOEt 1:1); 'HNMR (CDCly): 6=
6.53 (dd, /J=17.3, 6.3 Hz, 2H; Ar), 6.78 (dd, /=9.3, 6.3 Hz, 2H; Ar), 7.39
(t, J=73Hz, 2H; Ar), 747 (t, J=73 Hz, 4H; Ar), 7.74 (d, J=7.3 Hz,
4H; Ar), 7.98 (d, /=9.3 Hz, 2H; Ar), 8.15 ppm (d, /=7.3 Hz, 2H; Ar);
BCNMR (CDCly): 6=113.6, 118.3, 120.0, 120.1, 121.5, 128.2, 1288,
128.9, 129.8, 134.6, 138.5 ppm (Ar); "Se NMR (CDCl;): 6 =139.9 ppm;
IR (KBr): 7=3055, 2993, 2852, 1633, 1599, 1506, 1456, 1364, 1355, 1264,
1011, 776, 741, 702, 692 cm™'; MS (FAB): m/z: 467 [M+H*]*; HRMS
(FAB): m/z caled for C,gH oN,Se: 467.0775 [M+H*]*; found: 467.0765.

Bis(3-phenylimidazo[1,5-a]pyridin-1-yl)diselenide (9a)

R;=0.63 (hexane:AcOEt 1:1). 'HNMR (CDClL): 6=6.53 (dd, J=7.0,
58Hz, 2H; Ar), 658 (dd, /=88, 5.8 Hz, 2H; Ar), 7.09 (d, J=8.8 Hz,
2H; Ar), 748 (t, J=7.5Hz, 2H; Ar), 7.54 (dd, /=17.5, 6.8 Hz, 4H; Ar),
7.82 (d, J=6.8 Hz, 4H; Ar), 8.19 ppm (d, J=7.0 Hz, 2H; Ar); *C NMR
(CDCly): 6=113.7, 119.1, 119.9, 120.1, 121.0, 121.5, 121.9, 128.2, 128.8,
128.95, 129.00 ppm (Ar); "Se NMR (CDCl;): 0=412.3 ppm; MS (FAB):
mlz: 546 [M+H™]*; HRMS (FAB): m/z caled for C,sH gN,Se,: 546.9940
[M+HT]"; found: 546.9916.

Bis(3-(4-trifluoromethylphenyl)imidazo[1,5-a]pyridin-1-yl)selenide (8 b)

M.p. 221-222°C; R;=0.33 (hexane/AcOEt 3:1); '"HNMR (CDCL): =
6.67 (dd, 7=7.3, 6.3 Hz, 2H; Ar), 6.90 (dd, /=93, 63 Hz, 2H; Ar), 7.75
(d, J=83 Hz, 4H; Ar), 7.91 (d, /=83 Hz, 4H; Ar), 8.03 (d, /=93 Hz,
2H; Ar), 822 ppm (d, J=7.3 Hz, 2H; Ar); "C NMR (CDCLy): 6 =114.4,
119.0, 120.0, 1207, 121.3 (Ar), 124.0 (q, J=272.9 Hz, F,C), 125.9 (q, J=
3.3 Hz, F,C-C=C), 128.0 (Ar), 130.4 (q, J=33.1 Hz, F,C-C), 133.3, 1352,
137.1 ppm (Ar); “FNMR (CDClL): §=-62.6 ppm (CF;); ""Se NMR
(CDCl,): 6=142.7 ppm; IR (KBr): #=2926, 1616, 1325, 1168, 1111, 1066,
1012, 845, 739 cm™'; MS (FAB): m/z: 603 [M+H"]*; HRMS (FAB): m/
z: caled for CysH;,FgN,Se: 603.0523 [M +H™*]*; found: 603.0503.

Bis(3-(4-trifluoromethylphenyl)imidazo[1,5-a]pyridin-1-yl)diselenide (9 b;
not isolated)

R,=0.33 (hexane/AcOEt 3:1); 'H NMR (CDCL): 6=6.67 (t, J=6.8 Hz,
2H; Ar), 6.71 (dd, J=9.3, 6.8 Hz, 2H; Ar), 7.29 (d, J=9.3 Hz, 2H; Ar),
7.77 (d, J=83 Hz, 4H; Ar), 7.95 (d, J=8.3 Hz, 4H; Ar), 8.25 ppm (d,
J=6.8 Hz, 2H; Ar); MS (FAB): m/z: 683 [M+H™*]*; HRMS (FAB): m/
z: caled for CysH ;,FgN,Se,: 682.9688 [M +H™]"; found: 682.9686.

Bis(3-(4-methoxyphenyl)imidazo[1,5-a]pyridin-1-yl)selenide (8 d)

M.p. 206-208°C; R;=0.50 (hexane/AcOEt 1:1); 'H NMR (CDCly): 6=
3.84 (s, 6H; OMe), 6.50 (t, J=6.8 Hz, 2H; Ar), 6.75 (dd, J=8.8, 6.8 Hz,
2H; Ar), 6.99 (d, J=8.6 Hz, 4H; Ar), 7.65 (d, J=8.6 Hz, 4H; Ar), 7.94
(d, J=93Hz, 2H; Ar), 8.08 ppm (d, J=6.8 Hz, 2H; Ar); "CNMR
(CDCly): 6=554 (MeO), 1134, 114.3, 117.8, 119.8, 119.9, 1214, 122.2,
129.6, 1343, 1385, 160.0 ppm (Ar); 7Se NMR (CDCL): 6=135.9 ppm
(C-Se-C); IR (KBr): #=2936, 2835, 2358, 1608, 1523, 1457, 1432, 1353,
1252, 1187, 1173, 1010, 838, 742 cm™'; MS (FAB): m/z: 527 [M+H*]*;
HRMS (FAB): m/z: caled for C,sH,3N,O,Se: 527.0986 [M+H*]*; found:
527.0969.

Bis(3-(4-methoxyphenyl)imidazo[1,5-a]pyridin-1-yl)diselenide (9d; not
isolated)

R;=0.50 (hexane/AcOEt 1:1); '"H NMR (CDCl;): §=3.90 (s, 6H; OMe),
6.49 (dd, /=8.1, 6.5 Hz, 2H; Ar), 6.52 (dd, J=8.8, 6.5 Hz, 2H; Ar), 7.05
(d, J=8.8 Hz, 4H; Ar), 7.70 (d, J=8.8 Hz, 2H; Ar), 7.73 (d, J=8.8 Hz,
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4H; Ar), 8.10 ppm (d, J=8.1 Hz, 2H; Ar); *"CNMR (CDCl;): =553
(MeO), 113.3, 114.3, 117.6, 118.9, 120.5, 121.7, 122.0, 129.6, 136.4, 139.8,
160.2 ppm (Ar); "Se NMR (CDCl;): 6=412.4 ppm (C-SeSe-C); MS
(FAB): m/z: 607 [M+H*]*; HRMS (FAB): m/z: caled for
CosHoN,O,Se,: 607.0151 [M+H*]*; found: 607.0178.

Bis(3-(2-thienyl)imidazo[1,5-a]pyridin-1-yl)selenide (8 e)

M.p. 200-202°C; R;=0.48 (hexane/AcOEt 1:1); '"HNMR (CDCly): 6=
6.44 (dd, J=74, 6.3 Hz, 2H; Ar), 6.82 (dd, J=9.0, 6.3 Hz, 2H; Ar), 7.14
(dd, J=5.0, 3.7 Hz, 2H; Ar), 7.39 (d, J=5.0 Hz, 2H; Ar), 7.47 (d, J=
3.7Hz, 2H; Ar), 798 (d, J=9.0Hz, 2H; Ar), 824 ppm (d, J=7.4 Hz,
2H; Ar); ®*CNMR (CDCL): 6=114.2, 118.6, 119.2, 120.1, 121.8, 125.3,
1257, 1262, 127.6, 1319, 1348 ppm (Ar); 7Se NMR (CDCL): 6=
144.1 ppm (C-Se-C); IR (KBr): #=2925, 2360, 2341, 1628, 1499, 1403,
1362, 1004, 911, 849, 739, 691 cm™'; MS (FAB): m/z: 479 [M+H"]*;
HRMS (FAB): m/z: caled for C,H,sN,S,Se: 478.9903 [M +H*]*; found:
478.9922.

Bis(3-(2-pyridyl)imidazo[1,5-a]pyridin-1-yl)selenide (8f)

M.p. 188-189°C; R;=0.55 (hexane/AcOEt 1:1); 'HNMR (CDCly): 6=
6.74 (dd, J=7.3, 6.3 Hz, 2H; Ar), 6.94 (dd, /=93, 6.3 Hz, 2H; Ar), 7.18
(dd, J=7.0, 4.6 Hz, 2H; Ar), 7.76 (dd, J=8.3, 7.0 Hz, 2H; Ar), 7.97 (d,
J=9.3 Hz, 2H; Ar), 8.42 (d, /=83 Hz, 2H; Ar), 8.59 (d, J=4.6 Hz, 2H;
Ar), 991 ppm (d, J=7.3Hz, 2H; Ar); "CNMR (CDCly): 6=1144,
119.1, 121.8, 122.0, 122.4, 1224, 126.2, 135.7, 136.5, 136.6, 148.0,
148.1 ppm (Ar); Se NMR (CDCl,): 0=144.2 ppm (C-Se-C); IR (KBr):
7=3106, 2360, 1587, 1496, 1420, 1358, 1018, 784, 751, 685cm™'; MS
(FAB): m/z: 469 [M+H*]*; HRMS (FAB): m/z: caled for C,,H;NSe:
469.0680 [M+H*]*; found: 469.0665.

Reaction of diphenyl diselenide (10) and 3-(4-
methoxyphenyl)imidazo[1,5-a[pyridine (1d)

A mixture of 3-(4-methoxyphenyl)imidazo[l,5-a]pyridine (1d, 0.11g,
0.50 mmol), diphenyldiselenide (10, 0.16 g, 0.50 mmol), CuBr (14 mg,
0.10 mmol, 20 mol %), and DMSO (1 mL) was stirred at 120°C for 20 h.
The resulting solution was diluted with CH,Cl, (3 mL) and then aqueous
ammonia was added. The organic layer was extracted with CH,Cl, (3x
10 mL), washed with saturated brine (5 mL), dried over Na,SO,, filtered,
and concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (hexane/AcOEt 4:1) to give phenyl-[3-(4-
methoxyphenyl)imidazo[1,5-a]pyrid-1-ylJselenide (11) as a light green
solid (0.18 g, 0.46 mmol, 93 %). M.p. 88-89°C; R;=0.70 (hexane/AcOEt
1:1); '"HNMR (CDCl;): 6=3.89 (s, 3H; OMe), 6.65 (dd, /=7.2, 6.3 Hz,
1H; Ar), 6.84 (dd, /=94, 6.3 Hz, 1H; Ar), 7.06 (d, /=8.5Hz, 2H; Ar),
7.17 (m, 3H; Ar), 7.37 (d, J=8.1Hz, 2H; Ar), 763 (d, J=9.4Hz, 1H;
Ar), 7.77 (d, J=85Hz, 2H; Ar), 825ppm (d, J=72Hz, 1H; Ar);
BCNMR (CDCL): =554 (OMe), 113.6, 114.4, 115.9, 119.1, 120.6,
121.9, 126.1, 129.0, 129.7, 129.8 (two carbon atoms were overlapped),
133.3, 1354, 139.7 ppm (Ar); Se NMR (CDCl;): 6=258.8 ppm; IR
(KBr): #=1608, 1577, 1524, 1476, 1458, 1254, 1183, 1024, 1012, 835, 740,
691 cm™'; MS (FAB): m/z: 381 [M+H*]*; HRMS (FAB): m/z: calcd for
CyH;N,0Se: 381.0506 [M +H™]*; found: 381.0511.

Reaction of diphenyl diselenide (10) and 1-methylindole (3)

A mixture of 1-methylindole (3, 38 puL, 0.30 mmol), diphenyldiselenide
(10, 94 mg, 0.30 mmol), CuBr (9 mg, 0.06 mmol, 20 mol %), and DMSO
(0.6 mL) was stirred at 120°C for 20 h. The resulting solution was diluted
with CH,Cl, (2 mL) and then aqueous ammonia was added. The organic
layer was extracted with CH,Cl, (3x7 mL), washed with saturated brine
(3 mL), dried over Na,SO,, filtered, and concentrated in vacuo. The resi-
due was purified by flash column chromatography on silica gel (hexane/
AcOEt 6:1) to give phenyl(1-methylindol-3-yl)selenide (12) as a light
orange solid (33 mg, 0.12 mmol, 38%). M.p .59-61°C; R;=0.85 (hexane/
AcOEt 1:1); 'HNMR (CDCl): §=3.83 (s, 3H; Me), 7.11 (m, 3H; Ar),
7.17 (dd, J=7.8, 6.8 Hz, 1H; Ar), 7.23 (d, /=73 Hz, 2H; Ar), 7.29 (dd,
J=83, 6.8 Hz, 1H; Ar), 7.32 (s, 1H; Ar), 7.37 (d, /=83 Hz, 1H; Ar),
7.63ppm (d, J=7.8 Hz, 1H; Ar); *CNMR (CDCl;): §=33.1 (NMe),
95.9, 109.5, 120.39, 120.44, 122.4, 125.5, 128.5, 128.9, 130.7, 134.2, 135.6,
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137.4 ppm (Ar); "Se NMR (CDCl;): §=206.7 ppm; IR (KBr): #=2360,
1576, 1506, 1475, 1457, 1438, 1417, 1333, 1238, 742, 688 cm™'; MS (EI): m/
z: 287 [M]*; HRMS (EI): m/z: caled for C;sH;;NSe: 287.0213 [M]*;
found: 287.0195.

Synthesis of 2,7-bis(imidazo[1,5-a]pyrid-3-yl)-9,9-dibutylfluorene (13)'*"

A solution of 2,7-diiodo-9,9-dibutylfluorene (0.27 g, 0.50 mmol), imidazo-
[1,5-a]pyridine (0.12 g, 1.0 mmol), Cs,CO; (0.33 g, 2.0 mmol), and [Pd-
(phen),(PF),] (0.019 g, 0.025 mmol; phen=1,10-phenanthroline) in
DMA (dimethylacetamide) was stirred at 150°C for 20 h. The resulting
mixture was filtered through a Celite pad and the filtrate was concentrat-
ed in vacuo. The residue was purified by column chromatography on
silica gel (hexane/AcOEt 2:1) to give the title compound as an orange
solid (0.16 g, 63%). M.p. 140-144°C (decomp.); 'H NMR (CDCl;): 0=
0.66-0.73 (m, 10H), 1.08-1.16 (m, 4H), 2.07-2.12 (m, 4H), 6.62 (t, J=
6.3 Hz, 2H; Ar), 6.76 (dd, J=9.2, 6.3 Hz, 2H), 7.53 (d, J=9.2 Hz, 2H),
7.62 (s, 2H), 7.80-7.84 (m, 4H), 7.90 (d, /=7.8 Hz, 2H), 8.34 ppm (d, /=
7.3 Hz, 2H); "*CNMR (CDCL): 6=13.9, 23.0, 36.1, 40.2, 55.6 (Bu),
113.2, 118.85, 118.93, 120.3, 120.6, 121.5, 122.8, 126.4, 129.2, 131.7, 138.7,
140.9, 152.0 ppm (Ar); IR (KBr): #=2954, 2927, 2857, 1749, 1664, 1459,
1354, 1251, 1012, 829, 737, 695 cm™'; MS (EI): m/z: 510 [M]*; HRMS
(EI): m/z: caled for CssHy,N,: 510.2783 [M]; found: 510.2788.

X-ray structural analysis

X-ray data for compound 4 were recorded by using a Rigaku/MSC Mer-
cury CCD diffractometer with graphite-monochromated Moy, radiation
(1=0.71069 A). Reflection data were collected at 133-293 K by using
a Rigaku XR-TCS-2-050 temperature controller. X-ray absorption was
corrected by numerical methods based on the crystal shape."”) An X-ray-
quality crystal was obtained by the slow diffusion of hexane into
a CH,Cl, solution of the compounds at RT under air. The crystal was cut
from the grown crystals and mounted on a MicroMount provided by Mi-
TeGen. The structure was solved and refined by a direct method using
SHELX-97!"! with the Yadokari-XG crystallographic software package
from Molecular Structure Corporation.”®! Hydrogen atoms on C were
placed in idealized positions and treated as riding atoms with C—H
lengths of 0=95-100 pm. Crystal data and measurement descriptions are
summarized in Table S4 in the Supporting Information. CCDC-943855
(4) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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