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ABSTRACT: A Tf2O-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 pharmaceuticals1 and 
material science.  In particular, the highly p-conjugated 
benzoselenophenes have been widely studied as the im-
portant structural cores in the design and synthesis of or-
ganic light-emitting diodes,2 organic field effect transis-
tors,3 and organic solar cells.4  Accordingly, numerous 
synthetic methods have been developed by synthetic 
chemists.5  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 Na2Se 
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 SeBr4 generated from SeO2 and HBr.6  
Thus, further development of highly reactive electrophilic 
selenation reagents and its application to the synthesis of 
highly p-conjugated selenophene derivatives are strongly 
desired. 
Scheme 1. Representative Approaches to Benzose-
lenophenes 
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Herein, we report a sequential C–Se bond-forming reac-
tion with commercially available methaneselenic acid and 
Tf2O, where relatively simple 1,1-diarylethene and biaryl 
starting substrates are directly converted to the corre-
sponding p-extended benzoselenophene derivatives 
(Scheme 2).7  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.8  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.9 
Scheme 2. Direct Synthesis of Benzoselenophenes 
from 1,1-Diarylethenes and Biaryls via Se Cation 
Equivalents 

 
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, Tf2O, 
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).10  We also tested other poten-
tial electrophilic selenation reagents such as MeSeSeMe 
(entry 2)11 and SeO2 (entry 3),6 but the combined yield of 
2a and 2a’ was much lower.  The choice of activator was 
also critical.  (CF3CO)2O promoted the reaction to some 
extent (entry 4), while other representative dehydrating 
reagents, including Ac2O, Ts2O, PhNTf2, and Boc2O, 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 (ZrO2, 25 Hz)9 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 

TMSCN8 or I212 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)a 

 

entry “Se” activator/base 
yield (%)b 

2a 2a’ 

1 MeSe(O)OH Tf2O/NaOAc 3 48 

2 MeSeSeMe Tf2O/NaOAc 9 14 

3 SeO2 Tf2O/NaOAc trace 6 

4 MeSe(O)OH (CF3CO)2O/NaOAc 0 26 

5 MeSe(O)OH 
Ac2O, Ts2O, PhNTf2, 
or Boc2O/NaOAc 

0 0 

6 MeSe(O)OH Tf2O/Na2CO3 0 26 

7 MeSe(O)OH Tf2O/NaOMe 0 26 

8c MeSe(O)OH Tf2O/NaOAc 53 (50) trace 

9d MeSe(O)OH Tf2O/NaOAc 15 59 (49) 

10e MeSe(O)OH Tf2O/NaOAc 60 (53) trace 

a 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(CH2)2OH (1.0 mL), toluene (1.5 mL), 120 ˚C, 2 h. b Es-
timated by 1H NMR with dibenzyl ether as the internal 
standard.  Isolated yields in parentheses.  c For 10 h.  d For 
5 h. e Without TCE.  Ball milling (ZrO2, 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 Cl functions remained un-
touched, which can be additional synthetic handles for fur-
ther p-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 
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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 6c was analyzed after 
the oxidation to selenoxide 6c-O, where the second cy-
clization event was confirmed to occur selectively at the 
more sterically congested position (CCDC 2310709–
2310711).13  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.  Its 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.14  
Subsequent treatment with H2N(CH2)2OH 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.15  In this case, we observed the more  

Scheme 3. Direct Synthesis of Benzoselenophene Derivatives from 1,1-Diarylethenes, (Hetero)biaryls, or Diaryl 
Ethers with MeSe(O)OHa 

 
a Reaction conditions: Conditions A: 1, 3, or 5, MeSe(O)(OH), Tf2O, NaOAc, TCE, rt–40 ˚C.  Conditions B: 1, 3, or 5, 
MeSe(O)(OH), Tf2O, NaOAc, ball milling (ZrO2, 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.  b On a 1.0 mmol scale.   
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Scheme 4. Isolation and Conversion of the Sele-
nonium Salt Intermediate 

 
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% 1H 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) 

 
In conclusion, we have developed a Tf2O-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 p-conjugated chalcogen-containing het-
eroaromatics, and development of related chemical trans-
formations with highly reactive heteroatom cations are on-
going in our laboratory. 

ASSOCIATED CONTENT  

Data Availability Statement 
The data underlying this study are openly available in the 
published article and its Supporting Information. 

Supporting Information 
The Supporting Information is available free of charge on the 
ACS Publications website at DOI: 10.1021/acs.orglett.xxxx. 

1H, 13C{1H}, 19F{1H}, 31P{1H}, and 77Se{1H} NMR spec-
tra, ORTEP drawing, detailed optimization studies, 
substrate limitation, and photoluminescence data 
(PDF) 

Accession Codes 
CCDC 2310708–2310712 contain the supplementary crys-
tallographic data for this paper.  These data can be obtained 
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or 
by emailing data_request@ccdc.cam.ac.uk, or by contacting 
The Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

AUTHOR INFORMATION 
Corresponding Author 
Koji Hirano – Department of Applied Chemistry, Graduate 
School of Engineering, Osaka University, Suita, Osaka 565-
0871, Japan; Innovative Catalysis Science Division, Insti-
tute for Open and Transdisciplinary Research Initiatives 
(ICS-OTRI), Osaka University, Suita, Osaka 565-0871, 
Japan; orcid.org/0000-0001-9752-1985; Email: 
k_hirano@chem.eng.osaka-u.ac.jp. 

Authors 
Hiroki Iwamoto – Department of Applied Chemistry, Grad-
uate School of Engineering, Osaka University, Suita, Osaka 
565-0871, Japan 
Yuki Kojima – Department of Applied Chemistry, Graduate 
School of Engineering, Osaka University, Suita, Osaka 565-
0871, Japan 
Kazutoshi Nishimura – Department of Applied Chemistry, 
Graduate School of Engineering, Osaka University, Suita, 
Osaka 565-0871, Japan 
Kosuke Yasui – Department of Applied Chemistry, Gradu-
ate School of Engineering, Osaka University, Suita, Osaka 
565-0871, Japan; orcid.org/ 0000-0002-3906-8307. 
Complete contact information is available at: 
https://pubs.acs.org/10.1021/xxxx. 
Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  
This work was supported by JSPS KAKENHI Grants JP 
21J10947 (Grant-in-Aid for JSPS Research Fellow, to K.N.) 
and JP 22H02077 [Grant-in-Aid for Scientific Research (B), 
to K.H.] and JST FOREST Program Grant JPMJFR211X to 
K.H. 

REFERENCES 
(1) Abdelwahab Mahmoud, A. B.; Kirsch, G.; Peagle, E. Bio-

logically Active Selenophenes and Benzo[b]selenophenes. Curr. 
Org. Synth. 2018, 14, 1091–1101. 

(2) For representative examples, see: (a) Yamaguchi, S.; Xu, 
C.; Okamoto, T. Ladder π-Conjugated Materials with Main Group 
Elements. Pure Appl. Chem. 2006, 78, 721–730. (b) Onk, I.; Hi-
zalan, G.; Cevher, S. C.; Hacioglu, S. O.; Toppare, L.; Cirpan, A. 
J. Multipurpose Selenophene Containing Conjugated Polymers 

Se

t-Bu

t-Bu

t-Bu

t-Bu
3b

4b  95%

+ Se
O

OH

Tf2O
NaOAc

TCE, rt, 24 h Se+

t-Bu

t-Bu
7b•OTf  77%

OTf–

(CCDC 2310712)

H2N OH

toluene, 120 ˚C, 20 h

S

R

R

R

R

+ S
O

Me ONa

• under mechanochemical conditions

• under solution conditions

rt, ball milling
(ZrO2, 25 Hz)

R = Me: 3a
R = t-Bu: 3b

H2N OH

toluene, Δ

R = Me: 8a  87%
R = t-Bu: 8b  81%

S

t-Bu

t-Bu

t-Bu

t-Bu

+ S
O

Me ONa solvent
rt, 16–24 h

3b

H2N OH

toluene, Δ

8b  21% (in 0.1 M TCE)
0–50% (in 7.3 M DCE)

Tf2O

Tf2O



 

for Optoelectronic Applications. Macromol. Sci. Pure Appl. Chem. 
2017, 54, 133–139. (c) Chen, H.; Deng, Y.; Zhu, X.; Wang, L.; 
Lv, L.; Wu, X.; Li, Z.; Shi, Q.; Peng, A.; Peng, Q.; Shuai, Z.; Zhao, 
Z.; Chen, H.; Huang, H. Toward Achieving Single-Molecule 
White Electroluminescence from Dual Emission of Fluorescence 
and Phosphorescence. Chem. Mater. 2020, 32, 4038–4044. (d) 
Petrenko, A.; Leitonas, K.; Volyniuk, D.; Baryshnikov, G. V.; 
Belyakov, S.; Minaev, B. F.; Ågren, H.; Durgaryan, H.; Gražule-
vicˇius, J. V.; Arsenyan, P. Benzoselenophenylpyridine Platinum 
Complexes: Green versus Red Phosphorescence towards Hy-
brid OLEDs. Dalton Trans. 2020, 49, 3393–3397. (e) Takimiya, 
K.; Kunugi, Y.; Konda, Y.; Niihara, N.; Otsubo, T. 2,6-Diphe-
nylbenzo[1,2-b:4,5-b’] dichalcogenophenes: A New Class of 
High-Performance Semiconductors for Organic Field-Effect 
Transistors. J. Am. Chem. Soc. 2004, 126, 5084–5085. 

(3) For selected examples, see: (a) Takimiya, K.; Kunugi, Y.; 
Konda, Y.; Ebata, H.; Toyoshima, Y.; Otsubo, T. 2,7-Diphe-
nyl[1]benzoselenopheno [3,2-b][1]benzoselenophene as a Sta-
ble Organic Semiconductor for a High-Performance Field-Effect 
Transistor. J. Am. Chem. Soc. 2006, 128, 3044–3050. (b) Hwang, 
Y.-J.; Murari, N. M.; Jenekhe, S. A. New n-Type Polymer Semi-
conductors Based on Naphthalene Diimide and Selenophene 
Derivatives for Organic Field-effect Transistors. Polym. Chem. 
2013, 4, 3187–3195. (c) Jang, S.-Y.; Kim, I.-B.; Kang, M.; Fei, 
Z.; Jung, E.; McCarthy-Ward, T.; Shaw, J.; Lim, D.-H.; Kim, Y.-
J.; Mathur, S.; Heeney, M.; Kim, D.-Y. Diseleno[3,2-b:2’,3’-d]se-
lenophene-Containing High-Mobility Conjugated Polymer for Or-
ganic Field-Effect Transistors. Adv. Sci. 2019, 6, 1900245. (d) 
Holzer, B.; Dellago, B.; Thamm, A.-K.; Mathis, T.; Stoeger, B.; 
Horkel, E.; Hametner, C.; Batlogg, B.; Froehlich, J.; Lumpi, D. 
Symmetric Mixed Sulfur–Selenium Fused Ring Systems as Po-
tential Materials for Organic Field-Effect Transistors. Chem.–Eur. 
J. 2020, 26, 2869–2882. 

(4) For selected examples, see: (a) Gao, D.; Hollinger, J.; 
Seferos, D. S. Selenophene-Thiophene Block Copolymer Solar 
Cells with Thermostable Nanostructures. ACS Nano 2012, 6, 
7114–7121. (b) Ashraf, R. S.; Meager, I.; Nikolka, M.; Kirkus, M.; 
Planells, M.; Schroeder, B. C.; Holliday, S.; Hurhangee, M.; Niel-
sen, C. B.; Sirringhaus, H.; McCulloch, I. Chalcogenophene 
Comonomer Comparison in Small Band Gap Diketo-
pyrrolopyrrole-Based Conjugated Polymers for High-Performing 
Field-Effect Transistors and Organic Solar Cells. J. Am. Chem. 
Soc. 2015, 137, 1314–1321. (c) Meng, D.; Sun, D.; Zhong, C.; 
Liu, T.; Fan, B.; Huo, L.; Li, Y.; Jiang, W.; Choi, H.; Kim, T.; Kim, 
J. Y.; Sun, Y.; Wang, Z.; Heeger, A. J. High-Performance Solu-
tion-Processed Non-Fullerene Organic Solar Cells Based on Se-
lenophene-Containing Perylene Bisimide Acceptor. J. Am. 
Chem. Soc. 2016, 138, 375–380. (d) Cao, F.-Y.; Tseng, C.-C.; 
Lin, F.-Y.; Chen, Y.; Yan, H.; Cheng, Y.-J. Selenophene-Incor-
porated Quaterchalcogenophene-Based Donor-Acceptor Copol-
ymers to Achieve Efficient Solar Cells with Jsc Exceeding 20 
mA/cm2. Chem. Mater. 2017, 29, 10045–10052. (e) Lee, J.-W.; 
Sung, M. J.; Kim, D.; Lee, S.; You, H.; Kim, F. S.; Kim, Y.-H.; Kim, 
B. J.; Kwon, S.-K. Naphthalene Diimide-Based Terpolymers with 
Controlled Crystalline Properties for Producing High Electron 
Mobility and Optimal Blend Morphology in All-Polymer Solar 
Cells. Chem. Mater. 2020, 32, 2572–2582. 

(5) For recent reviews, see: (a) Hellwig, P. S.; Peglow, T. J.; 
Penteado, F.; Bagnoli, L.; Perin, G; Lenardão, E. J. Recent Ad-
vances in the Synthesis of Selenophenes and Their Derivatives. 
Molecules 2020, 25, 5907. (b) Ma, Y.-T.; Liu, M.-C.; Zhou, Y.-B.; 
Wu, H.-Y. Synthesis of Organoselenium Compounds with Ele-
mental Selenium. Adv. Synth. Catal. 2021, 363, 5386–5406. 

(6) (a) Paegle,E.; Belyakov,S.; Arsenyan, P. An Approach to 
the selenobromination of Aryl(thienyl)alkynes: Access to 3-Bro-
mobenzo[b]selenophenes and Selenophenothiophenes. Eur. J. 
Org. Chem. 2014, 2014, 3831–3840. (b) Paegle, E.; Belyakov, 
S.; Petrova, M.; Liepinsh, E.; Arsenyan, P. Cyclization of Di-
aryl(hetaryl)alkynes under Selenobromination Conditions: Regi-
oselectivity and Mechanistic Studies. Eur. J. Org. Chem. 2015, 
2015, 4389–4399.  For related annulation reactions with SeCl2, 

see: Martins, G. M.; Back, D. F.; Kaufman, T. S.; Silveira, C. C. 
SeCl2-Mediated Approach Toward Indole-Containing Polysubsti-
tuted Selenophenes. J. Org. Chem. 2018, 83, 3252–3264. 

(7) The related annulation reaction with Se(O)Cl2 was reported, 
but the yield was lower (33%): Patai, S.; Muszkat, K. A.; Sokolov-
sky, M. Synthesis of Benzoselenopheno[2,3-b]benzoseleno-
phens from 1,1-Diarylethylenes and Selenium Oxychloride. J. 
Chem. Soc. 1962, 734–739. 

(8) Cheng, Z.; Qiu, X.; Xiong, B.; Zhang, Y.; Zeng, X. Synthe-
sis of Benzoselenophenes via TMSCN-Enabled Radical- Medi-
ated Tandem Reaction Involving Enamides and Elemental Sele-
nium. Org. Lett. 2023, 25, 6665–6670. 

(9) For selected reviews of mechanochemistry with ball milling 
in organic synthesis, see: (a) Stolle, A.; Szuppa, T.; Leonhardt, 
S. E. S.; Ondruschka, B. Ball milling in organic synthesis: solu-
tions and challenges. Chem. Soc. Rev. 2011, 40, 2317−2329. (b) 
James, S. L.; Adams, C. L.; Bolm, C.; Braga, D.; Collier, P.; 
Frisčǐc, T. ; Grepioni, F.; Harris, K. D. M.; Hyett, G.; Jones, W.; 
Krebs, A.; Mack, J.; Maini, L.; Orpen, A. G.; Parkin, I. P.; 
Shearouse, W. C.; Steed, J. W.; Waddell, D. C. Mechanochem-
istry: opportunities for new and cleaner synthesis. Chem. Soc. 
Rev. 2012, 41, 413−447. (c) Bolm, C.; Hernández, J. G. Mecha-
nochemistry of gaseous reactants. Angew. Chem., Int. Ed. 2019, 
58, 3285−3299. (d) Frisčǐc, T.; Mottillo, C.; Titi, H. M. Mechano-
chemistry for synthesis. Angew. Chem., Int. Ed. 2020, 59, 1018
−1029. (e) Kubota, K.; Ito, H. Mechanochemical cross-coupling 
reactions. Trends Chem. 2020, 2, 1066−1081. 

(10) Goldberg, I.; Shmueli, U. Crystal and Molecular Structure 
of [1]Benzothieno[2,3-b][1]benzothiophene (C14H8S2). Acta 
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1971, 27, 
2164–2173.  The crystal structure of sulfur analogue of 2a was 
published. 

(11) The diselenide was reported to be generated from the 
corresponding selenic acid under specific conditions.  Cao, Y.; 
Liu, J.; Liu, F.; Jiang, L.; Yi, W. Copper-catalyzed direct and odor-
less selenylation with a sodium selenite-based reagent. Org. 
Chem. Front. 2019, 6, 825–829.  However, the higher reactivity 
of MeSe(O)OH observed in Table 1 suggests that the intermedi-
acy of diselenide is less likely. 

(12) For related cyclization reactions with S8 and I2, see: (a) 
Bennett, G. M.; Lesslie, M. S.; Turner, E. E. The configuration of 
heterocyclic compounds. Part V. Thianthren and phenoxthionine 
derivatives. J. Chem. Soc. 1937, 444–446. (b) Smith, N. L. 
SYNTHESIS OF PHENOTHIAZINE DERIVATIVES FOR USE 
AS ANTIOXIDANTS. J. Org. Chem. 1950, 15, 1125–1130. (c) 
Sakai, S.; Sato, K.; Yoshida, K. Synthesis of [1]benzothio-
pheno[2,3-b][1]benzothiophene derivatives through iodine-medi-
ated sulfuration reaction of 1,1-diarylethylenes. Tetrahedron Lett. 
2020, 61, No 151476. (d) Ito, K.; Sakai, S.; Yoshida, K. Synthesis 
of [1]Benzothieno[2,3-b][1]benzothiophenes from 3-Ar-
ylbenzo[b]thiophenes through Iodine-Mediated Sulfur Insertion 
Reaction. J. Org. Chem. 2023, 88, 14797–14802. 

(13) Unsuccessful results were obtained with substrates bear-
ing strongly electron-donating methoxy and electron-withdraw-
ing trifluoromethyl groups.  The former gave a complicated mix-
ture, and the latter showed much lower conversion.  Attempts to 
apply more condensed naphthalene derivatives and electron-
rich heteroaromatics such as indole and thiophene also re-
mained unsuccessful.  See the Supporting Information for details. 

(14) Il’in, M. V.; Novikov, A. S.; Bolotin, D. S. Sulfonium and 
Selenonium Salts as Noncovalent Organocatalysts for the Multi-
component Groebke−Blackburn−Bienaymé Reaction. J. Org. 
Chem. 2022, 87, 10199–10207.  We also preliminary tried the 
Suzuki-Miyaura cross-coupling reaction of selenonium salt 
7b•OTf under conditions for a related coupling with sulfonium 
salts.  However, the targeted product was not detected.  Further 
optimization studies are essential.  See the Supporting Infor-
mation for details. 



 

(15) For related double C–S bond formation with CF3S(O)ONa, 
see: (a) Magnier, E.; Blazejewski, J.-C.; Tordeux, M.; Waksel-
man, C. Straightforward One-Pot Synthesis of Trifluoromethyl 
Sulfonium Salts. Angew. Chem., Int. Ed. 2006, 45, 1279–1282. 
(b) Umemoto, T.; Zhou, X.; Li, Y. A new version of Umemoto’s 

reagents: A three-step one-pot preparation of 2, 3,7,8-tetra-
fluoro-S-(trifluoromethyl)dibenzothiophenium triflate. J. Fluorine 
Chem. 2019, 226, No 109347.  We also tried the reaction of 3b 
with S8 under the reported I2-promoted conditions (refs 11).  
However, the targeted 8b was not detected at all. 

 


