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ABSTRACT: A Tf,O-mediated sequential C—Se bond forming reaction of 1,1-diarylethenes and biaryls with me-
thaneselenic acid has been developed. Upon demethylation workup with ethanolamine, the corresponding benzoseleno-
phene derivatives are obtained directly. The related synthesis of benzothiophene derivatives with sodium methanesul-
finate is also possible with the unique assistance of ball milling technique. The active species is considered to be a highly
electrophilic chalcogen cation, which enables successive bond formation even at room temperature.

Because of its unique intrinsic electronic and physical
characters, a selenophene has attracted a significant
amount of attention in the fields of pharmaceuticals' and
material science. In particular, the highly n-conjugated
benzoselenophenes have been widely studied as the im-
portant structural cores in the design and synthesis of or-
ganic light-emitting diodes,? organic field effect transis-
tors,® and organic solar cells.* Accordingly, numerous
synthetic methods have been developed by synthetic
chemists.®> The reported procedures are briefly catego-
rized into three types (Scheme 1): (a) the cyclization of
ortho-alkynylated benzeneselenol derivatives, (b) the nu-
cleophilic selenation of ortho-alkynylated halobenzenes,
and (c) the electrophilic selenation of relatively simple al-
kynylbenzenes. Reactions of type a are simple and prac-
tical but suffer from the tedious and multistep preparation
of complicated selenated starting substrates. Nucleo-
philic selenation reaction b with in situ-generated Na,Se
or NaHSe is more beneficial, but the multiply substituted
halogenated starting substrates should still be prepared
in advance. In the reaction of type c, the simple and abun-
dant hydrocarbons can be directly used under mild condi-
tions, which is the large advantage from a synthetic point
of view. However, the applicable electrophilic selenation

species is limited to SeBr, generated from SeO, and HBr.°
Thus, further development of highly reactive electrophilic
selenation reagents and its application to the synthesis of
highly n-conjugated selenophene derivatives are strongly
desired.

Scheme 1. Representative Approaches to Benzose-
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Herein, we report a sequential C—Se bond-forming reac-
tion with commercially available methaneselenic acid and
Tf,0, where relatively simple 1,1-diarylethene and biaryl
starting substrates are directly converted to the corre-
sponding m-extended benzoselenophene derivatives
(Scheme 2).” The key to success is the in situ generation
of highly electrophilic selenium cation equivalents, which
enables otherwise challenging stepwise C—Se bond for-
mations even at room temperature. We note that during
the preparation of this Letter, Zeng and co-workers re-
ported the related double C-Se bond formation using a
combination of Se powder and TMSCN, leading to the
benzoselenophene derivatives.® However, the substrate
was limited to the electron-rich enamine derivative, which
is complementary to the study presented here. Moreover,
our strategy is also applied to the benzothiophene synthe-
sis with sodium methanesulfinate instead of me-
thaneselenic acid with the unique assistance of ball mill-
ing.®

Scheme 2. Direct Synthesis of Benzoselenophenes
from 1,1-Diarylethenes and Biaryls via Se Cation
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We began our optimization studies to identify suitable
electrophilic selenation sources and conditions with 1,1-
diarylethene (1a) as the model substrate (Table 1). In an
early experiment, treatment of 1a with MeSe(O)OH, Tf,0,
and NaOAc in a 1,1,2,2-tetrachloroethane (TCE) solvent
at room temperature for 1 h afforded a mixture of doubly
cyclized benzoselenophene derivative 2a (3%) and mon-
ocyclized benzoselenophene 2a’ (48%, entry 1). The
structure of 2a was unambiguously confirmed by X-ray
analysis (CCDC2310708)." We also tested other poten-
tial electrophilic selenation reagents such as MeSeSeMe
(entry 2)'" and SeO (entry 3),° but the combined yield of
2a and 2a’ was much lower. The choice of activator was
also critical. (CF3;CO),0 promoted the reaction to some
extent (entry 4), while other representative dehydrating
reagents, including Ac;0, Ts,0, PhNTf,, and Boc,0, were
totally ineffective (entry 5). The basic additive also af-
fected the reaction efficiency. Both weaker and stronger
bases decreased the yield (entries 6 and 7, respectively).
The yield of 2a eventually reached 53% for the prolonged
reaction periods (10 h, entry 8), whereas the maximum
yield of 2a’ was obtained with a 5 h reaction period (entry
9). Interestingly, mechanochemical conditions using ball
milling (ZrO,, 25 Hz)® gave a comparable reaction yield of
2a even within 99 min (entry 10). Some additional obser-
vations should be noted: other halogenated solvents such
as DCM and DCE were also effective, but TCE was the
best for transforming 1a into the doubly cyclized product
2a convergently. A combined use of Se powder with

TMSCNS or 1,2 gave a much smaller amount of singly cy-
clized product 2a’ [<16% (see the Supporting Information
for more detailed optimization studies)].

Table 1. Optimization of the Direct Synthesis of Ben-
zoselenophene Derivatives from 1,1-Diphenylethene
(1a)®

activator
base

+ “Se”
TCE, t,1h

1a

HZN/\/OH

toluene, 4

g_. Nﬁ { >~

crystal structure of 2a

(CCDC 2310708)
yield (%)
entry  “Se” activator/base
2a 22’
1 MeSe(O)OH  TH0/NaOAc 3 48
2 MeSeSeMe Tf20/NaOAc 9 14
3 SeO2 Tf20/NaOAc trace 6
4 MeSe(O)OH (CF3C0)20/NaOAc 0 26
s wedoon T
6 MeSe(O)OH  TH0/Na2COs 0 26
7 MeSe(O)OH  TH0O/NaOMe 0 26
8¢ MeSe(O)OH Tf20/NaOAc 53 (50) trace
94 MeSe(O)OH  THO/NaOAc 15 59 (49)
10¢ MeSe(O)OH Tf20/NaOAc 60 (53)  trace

@ Conditions: 1a (0.10 mmol), “Se” (0.50 mmol), activator
(1.0 mmol), base (1.0 mmol), TCE (1.0 mL), rt, 1 h, then
H2N(CH3).OH (1.0 mL), toluene (1.5 mL), 120 °C, 2 h. ? Es-
timated by 'H NMR with dibenzyl ether as the internal
standard. Isolated yields in parentheses. °For 10 h. ¢ For
5 h. ¢ Without TCE. Ball milling (ZrO-, 25 Hz, 99 min).

With solution (entry 8 in Table 1, conditions A) and mech-
anochemical conditions (entry 10 in Table 1, conditions B),
we tested the reaction with some 1,1-diarylethenes 1
(Scheme 3). In general, the mechanochemical conditions
gave better results. Methyl-, bromo-, chloro-, and fluoro-
substituted substrates were directly converted into doubly
cyclized selenophene derivatives 2b and 2d-f, respec-
tively, in 42-53% yields. Because of the transition-metal-
free conditions, the Br and CI functions remained un-
touched, which can be additional synthetic handles for fur-
ther n-extension by cross-coupling chemistry. Exception-
ally, tert-butyl-substituted 2c was formed in a better yield
under solution conditions. Several (hetero)biaryls 3 were
also viable for affording the corresponding single Se-in-
corporated dibenzoselenophenes 4. In these cases, the
reaction proceeded smoothly under solution conditions
rather than under mechanochemical conditions. The rel-
atively simple 4,4’-dimethylbiphenyl! (3a) and 4,4'-di(tert-
butyl)biphenyl (3b) were amenable to the reaction (4a and
4b, respectively). Phosphorus-containing biaryls 3c—h
were also promising substrates for affording phosphole-
selenophene-fused aromatics 4c—h, respectively, in good



yields, which showed strong fluorescence properties (see
the Supporting Information for details). The 3-arylben-
zothiophene dioxides could also be employed to furnish
the corresponding tetracyclic systems 4i and 4j in ac-
ceptable yields. Moreover, diaryl ether 5a participated in
the reaction (6a). Particularly notable is the successful
double cyclization reaction. The linear- and bent-type
benzobisoxaselenines 6b and 6c were directly obtained
from the corresponding 1,4-diphenoxybenzenes 5b and
5c, respectively. Single-crystal X-ray analysis determined
the structures of 4f and 6b, while 6¢ was analyzed after
the oxidation to selenoxide 6¢-O, where the second cy-
clization event was confirmed to occur selectively at the
more sterically congested position (CCDC 2310709-
2310711)."™ The preliminary optoelectronic data of 6b are
included in the Supporting Information.

To gain some insight into the reaction mechanism, we at-
tempted isolation of a selenium cation intermediate
(Scheme 4). We conducted the reaction of 4,4’-di(tert-bu-
tyl)biphenyl (3b) with PhSe(O)(OH) instead of
MeSe(O)OH to prevent the spontaneous demethylation
reaction leading to the neutral selenophene. Pleasingly,
the corresponding dibenzoselenonium salt 7b*OTf was
successfully obtained in 77% yield. lts X-ray analysis re-
vealed that the O atom in the OTf anion was binding to
both the cationic Se center and the ortho C—H group
(CCDC 2310712), which is consistent with the literature.™
Subsequent treatment with H.N(CH.),OH afforded diben-
zoselenophene 4b in 95% yield, which can support our
initial working hypothesis in Scheme 2.

We finally applied this protocol to the dibenzothiophene
synthesis by replacing MeSe(O)OH/NaOAc with
MeS(O)ONa."™ In this case, we observed the more

Scheme 3. Direct Synthesis of Benzoselenophene Derivatives from 1,1-Diarylethenes, (Hetero)biaryls, or Diaryl
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M P
e o Ph t-Bu
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@ Reaction conditions: Conditions A: 1, 3, or 5, MeSe(O)(OH), Tf.O, NaOAc, TCE, rt—40 °C. Conditions B: 1, 3, or 5,
MeSe(O)(OH), Tf,0, NaOAc, ball milling (ZrO,, 25 Hz), rt, 99 min. The conditions employed (A or B) are in parentheses.
See the Supporting Information for detailed conditions and reagent stoichiometry dependent on each substrate. Isolated
yields are shown. The formed bonds are drawn with bold lines. ® On a 1.0 mmol scale.



Scheme 4. Isolation and Conversion of the Sele-
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remarkable positive effects of mechanochemical condi-
tions (Scheme 5). Dibenzothiophenes 8a and 8b were
formed in high yields by using ball milling, whereas solu-
tion conditions in TCE (0.1 M) led to an only 21% 'H NMR
yield of 8b. This is probably attributed to the higher con-
centration associated with the mechanochemical mixing.
Actually, the highly concentrated conditions using DCE
(7.3 M) improved the yield to 50% even without ball milling,
but a longer reaction time (16—24 h) was necessary. Ad-
ditionally, the heterogeneous mixture caused poor repro-
ducibility. This finding clearly demonstrates the large ad-
vantage of mechanochemical conditions for organic syn-
thesis needed to be conducted in highly concentrated re-
action conditions.

Scheme 5. Direct Synthesis of Dibenzothiophenes
from Biaryls with MeS(O)Ona (Mechanochemical vs

Solution Conditions)
+ under mechanochemical conditions
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In conclusion, we have developed a Tf,O-mediated se-
quential C—chalcogen bond-forming reaction of relatively
simple 1,1-diarylethenes and (hetero)biaryls with
MeCh(O)OH (Ch = Se or S) to form the corresponding
benzoselenophene and -thiophene derivatives directly.
The key to success is the generation of highly electrophilic
chalcogen cations, which enable otherwise challenging
successive bond formation even at room temperature.
Moreover, the unique acceleration effect of mechano-
chemical conditions using ball milling is observed. Further
expansion of substrate scope, application to synthesis of
more largely n-conjugated chalcogen-containing het-
eroaromatics, and development of related chemical trans-
formations with highly reactive heteroatom cations are on-
going in our laboratory.
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