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A novel Lewis acid InBr;-catalyzed direct cross-coupling reaction of arylboronic acids with diorgano
diselenides and ditellurides without any additive has been developed. The reactions generated the
corresponding unsymmetrical diorgano monoselenides and monotellurides in good to excellent yields.
The method has advantages of broad substrate scope, simple operation, mild reaction conditions and

high effectiveness. A possible reaction mechanism was proposed.

Introduction

Organic chalcogens, especially with selenium and tellurium as
structural motifs, are generally found in a variety of biological and
pharmaceutical molecules' and in materials science.” Additionally,
organoselenium compounds have emerged as an exceptional class
of structures that exemplify a role in biochemical processes, serving
as important therapeutic compounds ranging from antiviral and
anticancer agents to naturally occurring food supplements.® To
synthesize these compounds, a number of synthetic methods have
been explored.* The generally used method to introduce a selenium
or tellurium moiety into organic molecules is the reaction of
a metal selenolate or tellurolate with appropriate electrophiles,
such as organic halides and acyl chlorides, but aryl halides failed
because of the less reactivity of C(sp?)-X bonds.®

On the other hand, transition metal-catalyzed aryl carbon—
chalcogen bond formation reactions for the preparation of un-
symmetrical organochalcogenides have received more attention.®
For the preparation of aryl chalcogenides, C-S and C-Se coupling
reactions of aryl halides with thiols and selenols have been success-
fully carried out in the presence of palladium’ and nickel,® as well
as copper,’ as catalyst under basic reaction conditions. Recently,
dichalcogenides are used as substrates in the synthesis of monose-
lenides and tellurides since they are stable in air and are easy
to treat. However, this is limited to alkyl halides.! In the metal-
catalyzed chalcogenylation of aryl halides with dichalcogenide,
an efficient reductant is often necessary for the generation of the
corresponding anion'! or metal-monochalcogenide complex.' As
drawbacks, most of these synthetic protocols suffer from lengthy
synthetic steps, harsh reaction conditions, and usually require the
handling of air- and moisture-sensitive reagents.

Over the past few years, indium(iir) salts have received in-
creasing attention as a novel type of water-tolerant green Lewis
acid catalyst for organic synthesis with highly chemo-, regio-
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and stereoselectivity. Compared to conventional Lewis acids,
they have advantages of water stability, recyclability, operational
simplicity, strong tolerance to oxygen and nitrogen-containing
reaction substrates and functional groups.”® As green Lewis acid
catalysts, In(11) salts used in the Diels-Alder,** Friedel-Crafts,”
Mukaiyama aldol,'® and Sakurai-Hosomi allylation reactions'’
have been extensively investigated.’® However, In(1)-catalyzed
preparation of unsymmetrical organochalcogenides has not so far
been described, despite the fact that a reaction of dichalcogenides
with alkyl and acyl halides using a stoichiometric indium(1) iodide
has been reported."

Organoboronic acids are widely used as reagents in organic
synthesis because they are commercially available, stable, generally
nontoxic, and compatible with a variety of functional groups.
Recently, a copper-catalyzed C-Se and C-Te coupling reaction
of arylboronic acids with diselenides and ditellurides has been
demonstrated by our group.? After that, synthesis of unsymmetri-
cal monochalcogenides, including sulfides, selenides and tellurides
from dichalcogenides with organoboronic acids in presence of
Cul and a ligand 2,2’-dipyridyl was investigated.” As part of
our ongoing efforts devoted to the synthesis of unsymmetrical
organochalcogenides using a new and practical procedure, herein
we wish to report a novel and highly efficient InBr;-catalyzed direct
cross-coupling reaction of diorgano diselenides and ditellurides
with arylboronic acids in air in the absence of any additive. The
reactions generated the corresponding unsymmetrical diorgano
monoselenides and monotellurides in good to excellent yields
(Scheme 1).

InBrs (5 mol% )
It A bbb A
DMSO, 130 °C

(R'Y), + R2ZB(OH), R'-Y-R?

Y =Se, Te

Scheme 1

Results and discussion

In our preliminary investigations aimed at the preparation of
4-methoxyphenyl phenyl selenide, we undertook a detailed study
using diphenyl diselenide and 4-methoxyphenyboronic acid as
model coupling partners in order to probe the optimized reaction
conditions with respect to a variety of indium salts and indium
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Table 1 Screening of catalysts and solvents for the reaction of arylboronic

acid with diphenyl diselenide”

4-MeOC,H,B(OH), 4 C(H SeSeCH;

[In]Catal.

4-MeOC,H,SeC H,

Entry Indium source (amount) Solvent/temp. Yield (%)?
1 InCl; (5 mol%) DMSO0/130 °C 82
2 InBr; (5 mol%) DMSO0/130 °C 98
76°
3 Inl; (5 mol%) DMSO/130°C 97
4 In(CF;S0;); (5 mol%) DMSO0/130 °C 40
5 In(CH;COO); (5 mol%) DMSO0/130 °C 35
6 InCl (5 mol%) DMSO0/130 °C 0
7 InBr (5 mol%) DMSO0/130°C 0
8 In metal (5 mol%) DMSO0/130 °C 0
9 In metal (5 mol%) H,0/100 °C 0
10 InBr; (2.5 mol%) DMSO/130 °C 81
11 InBr; (10 mol%) DMSO0/130 °C 98
12 InBr; (5 mol%) DMF/130°C 0
13 InBr; (5 mol%) DMA/130°C 0
14 InBr; (5 mol%) toluene/130 °C 0
15 InBr; (5 mol%) benzene/80 °C 0
16 InBr; (5 mol%) THF/67°C 0
17 InBr; (5 mol%) DCE/84°C 0
18 InBr; (5 mol%) DMSO0/100 °C 30

“Reaction conditions:

4-methoxyphenylboronic acid (1.00 mmol),

diphenyl diselenide (0.50 mmol), In catalyst (its amount indicated in this
Table) in solvent (1.0 mL) at the indicated temperature for 20 h. * Isolated
yields. ¢ A commercially available Sale WP 650 microwave oven was utilized
at 2450 MHz at 100% power for 0.25 h.

metal, and the results are summarized in Table 1. Notably, when
the reaction was ongoing on DMSO at 130 °C, InBr; or Inl;
was the judicious catalyst of choice, delivering 4-methoxyphenyl
phenyl selenide exclusively, in very high yield and purity (Table 1,
entries 2 and 3). On the other hand, other indium(1m) salts, such as
InCl;, In(CF;S0;);, and In(CH;COO); under the same reaction
conditions, were inferior and generated the desired products in
82, 40 and 35% yields, respectively (Table 1, entries 1, 4 and 5).
However, when InCl, InBr or In metal was used as catalyst, no
desired product was isolated and starting materials were recovered
(Table 1, entries 6-9). Considering that InBr; is relatively cheap
compared to Inl;, it was therefore chosen as catalyst for the
following experiments. With respect to the catalyst loading, when
2.5 mol% of InBr; was used, the reaction did not go to completion
(Table 1, entry 10), but that a higher loading (5 mol%) of the
catalyst gave a very good result (Table 1, entry 2). However, with
an increased loading of the catalyst up to 10 mol% there was no
increase in the isolated yield of the product (Table 1, entry 11).
Thus, 5 mol% of InBr; is enough to accomplish this reaction.

We next screened the effect of solvent on the model reaction
by using 5 mol% of InBr; as catalyst at 130 °C, and the nature
of the reaction media significantly affects the reaction. What is
noteworthy is that the choice of DMSO as the solvent was crucial,
and 98% yield of the desired product was isolated (Table 1, entry
2). Unfortunately, none of the desired product was isolated when
the reactions were carried out in N,N-dimethylformamide (DMF),
N,N-dimethylacetamide (DMA), toluene, benzene, tetrahydrofu-
ran (THF) and 1,2-dichloroethane (DCE) (Table 1, entries 12-17).

Microwave irradiation conditions could significantly shorten
the reaction time from 20 h to 0.25 h, but the yield of the product

Table 2 InBr;-catalyzed C-Se (Te) direct cross-coupling reactions®

(R'Y) +R’B(OH), —22abme)l gl _y_R?

2 2 DMS0,130°C

Entry (RY), R?B(OH), Yield (%)®
1 (CsHsSe), 4-MeOC4H,B(OH), 98
2 (CsHsSe), 3-MeOC,H,B(OH), 90
3 (CsHsSe), 2-MeOC4H,B(OH), 95
4 (CsHsSe), 2,4-MeOC,H,B(OH), 98
5 (CsH;Se), 2,6-MeOC¢H,B(OH), 88¢
6 (CsHsSe), 4-MeSC;H,B(OH), 96
7 (C¢H;sSe), 4-MeO,CC4H,B(OH), 85
8 (CsH;Se), 2-OHCC¢H,B(OH), 73
9 (4-MeOC4H,Se), CsH;B(OH), 91
10 (4-MeOC4H,Se), 4-CIC¢H,B(OH), 72
11 (4-MeOC4H,Se), 4-BrC¢H,B(OH), 70
12 (4-MeOC¢H,Se), 4-FC4H,B(OH), 85
13 (4-MeOC¢H,Se), 4-MeC,H,B(OH), 93
14 (4-MeOC4H,Se), 3-MeC¢H,B(OH), 77
15 (4-MeOC4H,Se), 2-MeC¢H,B(OH), 89
16 (4-MeOC4H,Se), 4-t-C,H,C4H,B(OH), 83
17 (4-MeOC4H,Se), n-C,HyB(OH), trace
18 (n-C,H,Se), 4-MeOC4H,B(OH), 71
19 (CsH;sCH,Se), 4-MeOC4H,B(OH), 90
20 (C4H;Te), 4-MeOC4H,B(OH), 98
21 (C¢HsTe), 3-MeOC,H,B(OH), 95
22 (CsH;Te), 2-MeOC4H,B(OH), 94
23 (C4H;Te), 4-MeO,CC4H,B(OH), 95
24 (4-MeOC¢H,Te), C,H;B(OH), 99

“Reaction conditions: organoboronic acid (1.0 mmol), dichalcogenide
(0.5 mmol), InBr; (0.05 mmol) in DMSO (1.0 mL), 130 °C, 20 h. ® Isolated
yields. ¢ At 130 °C for 36 h.

was reduced from 98% to 76% (Table 1, entry 2). Meanwhile, the
effect of reaction temperature was also investigated. High yield was
obtained when the reaction was carried out in DMSO at 130 °C
for 20 h. The reaction at 100 °C for 20 h only gave product in 30%
yield (Table 1, entry 18). Thus, the optimized reaction conditions
for the cross-coupling of arylboronic acids with diselenides and
ditellurides are InBr; (5 mol%) in DMSO at 130 °C for 20 h
without any additive.

After obtaining the optimized reaction conditions, the scope
of this transformation on the direct cross-coupling reaction of a
variety of dichalcogenides with different substituted arylboronic
acids was evaluated. The results are delineated in Table 2. At
first, we set out to explore InBr;-catalyzed arylation of diselenides
by the use of various arylboronic acids. In general, the reac-
tion is unaffected by electronic factors and steric hindrance of
substituted groups on benzene rings in arylboronic acids. When
diphenyl diselenide or di(4-methoxyphenyl) diselenide was served
as dichalcogenide partner, a variety of electron-rich, electron-
neutral, and electron-deficient arylboronic acids underwent C-Se
cross-coupling reactions smoothly to generate the corresponding
diaryl monoselenides in good to excellent yields (Table 2, entries
1-16). More distal steric bulk has, as expected, little effect upon
reactivity as demonstrated by the 4-tert-butylphenylboronic acid
case which reacted with di(4-methoxyphenyl) diselenide under the
present reaction conditions to generate the desired product in
83% yield (Table 2, entry 16). Furthermore, sterically demanding
ortho substituents did not hamper the cross-coupling reaction and
the corresponding unsymmetrical diaryl monoselenides were ob-
tained in good yields (Table 2, entries 3-5, 8, and 15). Remarkable

This journal is © The Royal Society of Chemistry 2009

Org. Biomol. Chem., 2009, 7, 4858-4861 | 4859


http://dx.doi.org/10.1039/b914533h

Published on 23 September 2009. Downloaded by McGill University on 30/10/2014 15:34:13.

View Article Online

observation was that more strongly sterically hindered substitution
does not significantly affect the reaction rate or over yield, with
2,6-dimethoxyphenylboronic acid producing good yield of the
expected product within a reasonable time (Table 2, entry 5).
What’s more, the tolerance of potentially reactive functional
group, such as carbonyl and ester group to the described protocol
was remarkable (Table 2, entries 7 and 8). However, only a trace
amount of the product was isolated when an alkylboronic acid,
such as n-C,H,B(OH), was used as the substrate (Table 2, entry
17). Fortunately, dialkyl diselenide, such as n-C,H,SeSeC,H,-n,
and dibenzyl diselenide (C,H;CH,SeSeCH,C.Hs) also reacted
with 4-methoxyphenylboronic acid to generate the corresponding
products in 71, 90% yields, respectively (Table 2, entries 18
and 19).

Then, we explored the cross-coupling reaction using other
dichalcogenides, such as ditellurides and disulfides. According to
the previously developed procedure, InBr;-catalyzed coupling of
ditellurides with a number of arylboronic acids also underwent
C-Te bond formation smoothly to afford the desired diaryl
monotellurides in good yields, which also were not affected by
electronic effects or steric hindrance of the reaction center (Table 2,
entries 20-24). However, all attempts to use diaryl disulfides as
chalcogen source for directly C-S coupling with arylboronic acids
were met with failure, probably due to the stronger S-S bond, and
starting materials were recovered unconsumed.

As an alternative to organoboronic acids and esters, organ-
otrifluoroborate salts have emerged as a new class of air-
stable boron derivatives, facile to prepare in high yields and
purities, easy to handle, and feasible to utilize in a number of
useful synthetic processes.”? When the reaction of potassium 4-
methoxyphenyltrifluoroborates with diphenyl diselenide or ditel-
luride was performed under the present reaction conditions, as
expected, excellent yields of the desired products were obtained
(Scheme 2).

InBr; (5 mol% )
MEOOBF3K + CgH5YYCgHs5 W MEOOYCGH5

Y =Se Yield: 93 %
Y=Te Yield: 96 %
Scheme 2

A possible mechanism of InBr;-catalyzed reaction was shown
in Scheme 3. Initially, InBr; reacted with PhSeSePh to form
PhSeIln"Br, and PhSeBr through a heterolytic cleavage of Se-Se
bond.?® The obtained PhSeln"Br, then reacted with ArB(OH),

1l

PhSeln"Br, PhSeSePh
ArB(OH), \_/

PhSeBr
In'Br In"Brg
Path A PhSeAr«_[0]
BrB(OH), - Path B
Megs

PhSeln"'(Br)Ar
DMSO

Scheme 3 Possible mechanism of the reaction

via transmetallation to generate PhSeIn" (Br)Ar, which produced
the desired cross-coupling product PhSeAr and InBr according
to path A route via reductive elimination. On the other hand,
PhSeIn"(Br)Ar also could generate the cross-coupling product
PhSeAr and re-generate InBr; in path B way in the presence
of an oxidant. DMSO, not only as the solvent, but also as the
oxidant in path B might be reduced into dimethyl sulfide under the
present reaction conditions.* The formed dimethyl sulfide could,
in small amounts, be observed in gas chromatography analysis.
Also we assumed that the generated dimethyl sulfide can stabilize
the formed boronic acid in the transmetallation step.

The generated InBr in path A next reacted with PhSeBr, which
is from initially step to provide PhSeIn""Br, via oxidative addition.
The proposed mechanism here also indicated that the cross-
coupling of diorgano diselenide with arylboronic acid is able to
use both selenide groups on diselenide.

Conclusions

In conclusion, we have successfully developed a novel and highly
efficient procedure for the synthesizing unsymmetrical diorgano
monoselenides and diorgano monotellurides in good to excellent
yields through the directly C—Se and C-Te cross-coupling reaction
of arylboronic acids and potassium aryltrifluoroborates with
diorgano diselenides and diphenyl ditelluride in the presence of
a catalytic amount of InBr; in DMSO without any additive
in air. The present method displays a broad substrate scope,
and is mild, simple, effective and convenient. Furthermore, this
method can tolerate arylation of both organochalcogenide groups
in a dichalcogenide. Althought the similar results including the
reaction conditions, substrate scopes and yields, ezc. were achieved
by our previous work using copper catalysts,? it may open a new
way for using InBr; as Lewis acid-catalyzed cleavage of Se-Se and
Te—Te bond in diorgano diselenides and ditellurides without any
activating agent and ligand in organic synthesis. Further work on
In-catalyzed organic transformation is being in progress in our
laboratory.

Experimental

For full details, see the ESI.1 General remarks: All reactions were
carried out under an air atmosphere. All reagents were purchased
from commercial suppliers and used after further purification.
Products were purified by flash chromatography on 230-400
mesh silica gel, SiO,. All 'H NMR, “C NMR spectra were
measured on a Bruker Avance NMR spectrometer (400 MHz or
100 MHz, respectively) with CDCl; as solvent and recorded in ppm
relative to internal tetramethylsilane standard. High resolution
mass spectroscopy data of the product were collected on a Waters
Micromass GCT instrument.

General procedure for InBr;-catalyzed preparation of
monochalcogenides from dichalcogenides with arylboronic acids
without any additive: A 10 mL of reaction tube was charged with
dichalcogenide (0.5 mmol), arylboronic acid (1.0 mmol), InBr;
(0.05 mmol), and DMSO (1.0 mL). The reaction vessel was placed
in an oil bath at 130 °C. After the reaction was carried out at this
temperature for 20 h, it was cooled to room temperature, diluted
with H,O and extracted twice with Et,O. The organic layers were
combined, dried over Na,SO,, and concentrated to yield the crude
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product, which was further purified by flash chromatography
on silica gel (eluant: petroleum ether) to give the desired cross-
coupling product.
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