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a b s t r a c t

The direct selanylation of a diverse array of (hetero)arenes, including imidazo[2,1-b]thiazole, imidazo
[1,2-a]pyridine, 1H-indole, 1H-pyrazole, isoxazole and naphthalen-2-ol is presented. The reactions are
mediated by Selectfluor, as a stable, easy to handle and commercially available oxidant. The methodology
features simple, mild and safe reaction conditions to produce non-symmetrical diorganyl selenides in
moderate to excellent yields. The reactions were conducted at room temperature in air using NaHCO3

in acetonitrile.
� 2020 Elsevier Ltd. All rights reserved.
Introduction

Selenium-containing (hetero)arenes have been extensively
studied in recent years and several organoselenium compounds
play important roles in agrochemistry, organic synthesis and mate-
rials science [1]. This class of compounds has also been widely
exploited in medicinal chemistry and present numerous promising
biological activities, including anti-inflammatory [2], antimicrobial
[3], antiproliferative [4] and acetylcholinesterase enzyme inhibi-
tion [5]. In 2015, Zhang and co-workers reported a class of bioac-
tive 3-arylselanyl-1H-indoles inspired by the Combretastatin core
[6]. In this case the selenium-containing indoles were superior to
Combretastatin A-4 in preventing tubulin polymerization and also
displayed antiproliferative activity against three human cancer cell
lines. Two years later, Lenardão and collaborators described the
synthesis and antioxidant activity of several 3-arylselanyl-1H-
indoles and 3-aryl-selanylimidazo[1,2-a]pyridines [7]. These
authors also highlighted the importance of the selenium moiety
for the pharmacological activity, as the parent heterocycles did
not present significant antioxidant potential (Fig. 1).
In light of the chemical and biological importance of selenium-
containing (hetero)arenes, the development of new and efficient
methodologies for their preparation is an important area of
research in organic synthesis and medicinal chemistry. Due to
these findings, various methods have been developed for the syn-
thesis of selenium-containing (hetero)arenes and the most recent
include iodine species-catalyzed reactions [8], transition metal-
catalyzed reactions [9], photo-induced reactions [10] and the use
of strong oxidizing agents [11].

On the other hand, Selectfluor [12] has emerged as a stable, easy
to handle, non-hygroscopic crystalline solid, which acts as a source
of positive fluorine. In addition to its wide applicability as an elec-
trophilic fluorinating agent to direct CAH bond functionalization
[13], its use as a mild oxidant in transition metal catalysis has been
reported [14–18]. Selected examples include the preparation of
alkenyl nitriles [14] and 1,2-diketones [15], allylic CAH borylation
of alkenes [16], oxyarylation of alkenes [17] and ortho-hydroxyla-
tion of ethyl benzoates [18].

With regards to organoselenium chemistry, the generation of an
electrophilic selenium species using a N-F reagent was recently
reported by Breder and co-workers. The combination of a catalytic
amount of diphenyl diselenide with N-fluorobenzenesulfonimide
(NFSI) was the first step to achieve a vinylic C(sp2)–H nitrogenation
reaction [19]. Since then, the use of N-F reagents to generate elec-
trophilic selenium catalysts has become an attractive method to
ctfluor,
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Fig. 1. Selected pharmacologically active selenium-containing heterocycles.
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activate and functionalize double bonds through a selenenylation–
deselenenylation process [20].

In our study we focused on the selanylation reaction of different
(hetero)arenes mediated by Selectfluor under mild conditions.
Based on previously reported data [20,21], we proposed that an
electrophilic selenium species generated in situ, could be captured
by the electron rich (hetero)arene to form a new C-Se bond. Then,
hydrogen displacement would occur to allow rearomatization of
the (hetero)arene and generate the unsymmetrical selenide
product.
Results and discussion

Initially, the model substrates 6-phenylimidazo[2,1-b]thiazole
1a and diphenyl diselenide 2a were selected for optimization of
the reaction conditions. Selectfluor was employed as a mild and
safe oxidant, and various conditions were evaluated as depicted
in Table 1. Using Selectfluor (0.25 mmol) in acetonitrile at rt, 6-
phenyl-5-phenylselanyl-imidazo[2,1-b]thiazole 3a was obtained
in 98% yield after column chromatography (Table 1, entry 1). When
the reactions were conducted using 0.12 mmol or 0.05 mmol of
Selectfluor lower yields were obtained (Table 1, entries 2 and 3).
These results demonstrate the dependence of the yield on the
amount of Selectfluor. Other solvents such as PEG-400, ethanol,
DMSO and ethyl acetate were also tested (Table 1, entries 4–7).
Table 1
Optimization of the reaction conditions.a

Entry Selectfluor (mmol) Solve

1 0.25 MeCN
2 0.12 MeCN
3 0.05 MeCN
4 0.25 PEG-4
5 0.25 DMSO
6 0.25 EtOH
7 0.25 AcOE
8c 0.25 MeCN

a Reactions were conducted using 1a (0.25 mmol), 2a (0.13 mmol) in solvent (3.0 mL
b The consumption of 1a was monitored by TLC. c 0.25 mmol of NaHCO3 was used.
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However, no improvements were observed, and acetonitrile was
considered the most suitable solvent. Finally, we observed that
the presence of NaHCO3 as a weak base was important to reduce
the reaction time from 2.0 h to 0.5 h (Table 1, entry 8).

With the optimized reaction condition in hand (Table 1, entry
8), we explored the generality and scope of this methodology using
different diaryl diselenides 2 as well as (hetero)arenes 1 (Table 2).
In addition to diphenyl diselenide 2a, diaryl diselenides with the
electron-donating para-methoxy group, the electron-withdrawing
meta-trifluoromethane group and the sterically bulky substituent
2,4,6-trimethyl group were reacted with imidazo[2,1-b]thiazole
1a. In this regard, we observed that when the electron rich di(4-
methoxyphenyl)diselenide was employed, a lower yield was
obtained when compared to the non-substituted diselenide 2a.
We propose that the presence of a strong donor group on the diaryl
diselenide hinders Se-Se bond cleavage and the generation of an
electrophilic selenium species. Conversely, we observed that the
presence of an electron-withdrawing group directly attached to
the benzene ring favors the formation of the coupling product 3c,
possibly by generating a stronger electrophilic selenium species.
When we turned our attention to the bulky di(2,4,6-trimethylphe-
nyl)diselenide, a good yield was obtained for product 3d. However,
this reaction shows evidence that steric hinderance can negatively
affect product formation (See Table 2).

In addition to 1a, 2-phenylimidazo[1,2-a]pyridine was also
reacted with the four diaryl diselenides under the same reaction
conditions. Products 3e-h were obtained in poor to excellent
yields. We observed that the electronic and steric effects associated
with the diselenides were consistent with the results described for
3a-d. The applicability of this protocol was further demonstrated
using different (hetero)arenes, including 1H-indole, 1H-pyrazole,
isoxazole and thiazole. The reaction of 1H-indole with diphenyl
diselenide in the presence of Selectfluor gave compound 3i in only
25% yield. This result is consistent with the strong interactions
between the electron rich 1H-indole and Selectfluor generating dif-
ferent fluorinated compounds and possibly resulting in its degra-
dation [22].

Next, 1H-pyrazoles and isoxazoles were reacted with diaryl dis-
elenides to produce 4-selanyl-1H-pyrazoles 3j-n and 4-selanyl-
isoxazole 3o-p, respectively. Compounds 3j-m were obtained in
yields ranging from 21% to 60%. The reactions to give 3j and 3k
needed to be carried without NaHCO3, because the presence of a
base reduced the yield. When 5-methyl-3-isoxazolamine was used
product 3o was satisfactorily obtained in 61% yield. 5-Methyl-4-
(phenylselanyl)-3-isoxazolamine 3o has no precedent in the
nt Time (h)b Yield 3a (%)

2 98
3 77
12 27

00 12 45
5 12
23 50

t 12 17
0.5 98

) at room temperature in air.
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Table 2
Substrate scope of selanyl-(hetero)arenes 3a-r.a

aReactions were conducted using 1 (0.25 mmol), 2 (0.13 mmol), Selectfluor
(0.25 mmol) and NaHCO3 (0.25 mmol) in MeCN (3.0 mL) at room temperature in air.
bReaction conducted without NaHCO3. NR: No reaction.

Fig. 2. Molecular structure of compound 3o obtained by X-ray crystallography.
Carbon (grey), red (oxygen), blue (nitrogen), orange (selenium) and white (hydro-
gen). CCDC number 1992256.
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literature and a single-monocrystal was obtained from amixture of
dichloromethane and hexane (1:1) after five days. The structure of
3o is showed in Fig. 2.

Unfortunately, when 1,3,5-triphenyl-1H-pyrazole, 2,5-
diphenylisoxazole and 2-aminothiazole were used, products 3n,
3p and 3q were not formed and the starting materials were com-
pletely recovered.

In addition to the (hetero)arenes, naphthalen-2-ol was reacted
with diphenyl diselenide 2a. In this case, tolerance of the highly
reactive hydroxyl group was observed under the reaction condi-
tions. The direct selanylation occurred at position-1 of the naph-
thyl ring and 1-(phenylselanyl)naphthalen-2-ol 3r was obtained
in 65% yield after 3 h.

Attempts to improve the yields with a number of diverse
heteroarenes proved not to be fruitful with generally incomplete
consumption of starting material being observed. Despite this,
we believe that the incorporation of an organoselenium group in
the structure of the heteroarenes makes them attractive for future
applications.

To help understand the reaction mechanism, a control experi-
ment was conducted (Scheme 1) in the presence of the radical inhi-
bitor 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) under the
standard reaction conditions. In this case product 3a was obtained
in 65% yield. For us, this outcome suggests that the reaction mech-
anism is predominantly ionic, but also can follow a radical
pathway.

In addition, 77Se NMR analysis previously described by our
research group21a supports the formation of an electrophilic sele-
nium species during the reaction of diaryl diselenides with Select-
fluor, possibly as the result of Se-F bond formation.

Based on the above results and on information from the litera-
ture, we propose the reaction mechanism outlined in Scheme 2 for
the model substrates 1a and 2a. According to this proposal, the
reaction of diphenyl diselenide 2a with Selectfluor gives the elec-
trophilic species A and B (Step I), as a consequence of Se-F bond
formation and nucleophilic attack by a Lewis base [23] on the
neighboring selenium atom. These species undergo attack from
the electron rich (hetero)arene 1a to produce the cationic interme-
diate C. Finally, deprotonation of the imidazolium ion C by the base
leads to formation of the desired product 3a (Step II).

Finally, to verify the possibility to form a C-F bond and produce
5-fluoro-6-phenyl-imidazo[2,1-b]thiazole 4a, a reaction was con-
ducted in the absence of the diaryl diselenide (Scheme 3). It was
possible to obtain 4a in 23% yield under non-optimized conditions.
It is important to note that when diaryl diselenides are present in
the reaction media no fluorination products are observed. This
result demonstrates that under the optimized reaction conditions
Selectfluor has a higher preference to react with diselenides than
with the electron rich heterocycles. In general, it also suggests that
the direct fluorination was not a competing reaction.
Conclusion

In conclusion, we have developed a simple and efficient
methodology for the functionalization of different (hetero)arene
systems via C-Se bond formation. The selanylation reactions were
performed in MeCN as the solvent at r.t. in air. Selanylation of imi-
dazo[2,1-b]thiazole, imidazo[1,2-a]pyridine, 1H-pyrazole, 1H-
Scheme 1. Control experiment.
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Scheme 2. Ionic mechanism proposal for the formation of selanyl(hetero)arenes 3.

Scheme 3. Direct fluorination reaction of 1a with Selectfluor.
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pyrazole, 1H-indole and naphthalen-2-ol gave the expected
products in moderate to excellent yields. The novel compound
5-methyl-4-(phenylselanyl)-3-isoxazolamine was obtained and
characterized by X-ray diffraction. Finally, this methodology repre-
sents a simple method to access a wide range of non-symmetrical
(hetero)aryl selenides under mild conditions, using Selectfluor as a
stable, easy to handle and safe oxidizing agent.
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