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A mild copper-catalyzed four-component selenosulfonylation of
alkynes, cycloketone oxime esters, DABCO (SO,), and diselenides
has been developed. This method enables the rapid assembly of
p-cyanoalkylsulfonylated vinyl selenides in moderate to good
yields. Advantages of this protocol include a broad substrate scope,
good functional group tolerance and the late-stage functionaliza-
tion of complex molecules. Moreover, the potential utility of this
methodology is demonstrated through simple oxidation of the
products to access synthetically important alkynyl sulfones. Mecha-
nistic studies suggest that a cyanoalkylsulfonyl radical intermediate
is involved in this process.

Owing to their widespread synthetic applications and impor-
tant biological properties, sulfone derivatives have attracted
considerable attention from both synthetic and medicinal
communities.” In particular, vinyl sulfones are not only present
in many pharmaceuticals serving as neuroprotective agents,
nuclear factor erythroid 2-related factor 2 activators and
cysteine protease inhibitors, but they are also valuable building
blocks in modern organic synthesis.”> Accordingly, various
methodologies for the assembly of vinyl sulfones have been
developed, such as the Knoevenagel condensation of aldehydes
with sulfonylacetic acids, B-elimination of halosulfones and
oxidation of vinyl sulfides, which generally require prefunctio-
nalized reagents, harsh reaction conditions or tedious steps.’
On the other hand, vinyl selenides are versatile intermediates
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and important therapeutic entities, which exhibit a variety of
biological activities.* By combining vinyl sulfone and vinyl
selenide units, B-selenovinyl sulfones can be easily transformed
into valuable products such as allenes, acetylenes and B-keto
sulfones,” thus rendering the significance of developing effi-
cient approaches towards these compounds (Scheme 1a).°
Vicinal difunctionalization of alkynes represents an attrac-
tive and efficient method for the synthesis of highly functiona-
lized olefins, which results in the simultaneous incorporation
of two functional moieties across the triple bond.” In this
context, sulfonyl radical-involved 1,2-difunctionalization of
alkynes has emerged as a powerful strategy for accessing
structurally diverse vinyl sulfones with high stereoselectivity.®
In recent years, the generation of sulfonyl radicals through the
insertion of sulfur dioxide has been extensively employed in a
variety of sulfonylation reactions.” Among these, considerable
efforts have been devoted to constructing sulfonyl compounds
by utilizing DABCO-((SO,),),"® inorganic metabisulfite’* or
thiourea dioxide'” as the efficient sulfur dioxide surrogates.
Moreover, as an alternative approach for the preparation of
B-selenovinyl sulfones, a selenosulfonation of alkynes with
aryldiazonium tetrafluoroborates, DABCO (SO,), and disele-
nides was reported by Sun et al.'®* However, this approach
had some limitations, such as the safety and stability of using
aryldiazonium tetrafluoroborates and the requirement of using
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Scheme 1 Synthesis of B-selenovinyl sulfones.
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excess K,S,0z as the oxidant. Therefore, the development of
efficient methods for the synthesis of B-selenovinyl sulfones
from sulfur dioxide is still highly desirable. Driven by the recent
advances in iminyl radical-triggered C-C bond cleavage
reactions’® and our continuous interest in the chemistry of
sulfur dioxide insertion, herein, we described a facile copper-
catalyzed selenosulfonylation of alkynes, cycloketone oxime
esters, DABCO (SO,), and diselenides, affording p-
cyanoalkylsulfonylated vinyl selenides in moderate to good
yields under mild conditions (Scheme 1b). Moreover, the
synthetic utility of this methodology is illustrated by the late-
stage functionalization of complex molecules and the success-
ful application of products to generate alkynyl sulfones.
Initially, cycloketone oxime ester 1a, DABCO-(SO,),, diphe-
nyl diselenide 2a and phenylacetylene 3a were selected as the
model substrates to optimize the reaction conditions (Table 1).
To our delight, the desired product 4a was obtained in 53%
yield when the reaction occurred in the presence of CuOAc at
80 °C for 12 h in DCE (Table 1, entry 1). A brief screening of
other copper salts such as Cu(OTf),, Cu(TFA),, CuBr,, CuCl,
and Cu(OAc), indicated that Cu(OAc), was the best choice,
affording to product 4a in 60% yield (Table 1, entries 2-6).
Subsequently, the effect of other solvents, including CH;CN,
THF and DMSO, was examined (Table 1, entries 7-9). However,
better results were not obtained. A survey of temperatures
revealed that increasing the reaction temperature to 100 °C
would lead to a slightly decreased yield, whereas it increased
when the reaction was at 60 °C (Table 1, entries 10 and 11).
Gratifyingly, the yield of product 4a could be further improved
to 72% when the amounts of cycloketone oxime ester 1a and
phenylacetylene 3a were changed (Table 1, entry 12).

Table 1 Initial studies for the reaction of cycloketone oxime ester 1a,
DABCO-(SO,),, diphenyl diselenide 2a and phenylacetylene 3a®

N’O\H/Ar DABCO*(SO»), 2 cul (10 mol%)
%I> [¢] + + ©/ —_— Q.0
“ (Ph;le)z s sol;/gnht, T PhSe X Sa~CN

Ar = p-CF4CqHy 4a
Entry Catalyst Solvent T (°C) Yield” (%)
1 CuOAc DCE 80 53
2 Cu(OTf), DCE 80 52
3 Cu(TFA), DCE 80 46
4 CuBr, DMF 80 52
5 CuCl, DCE 80 44
6 Cu(OAc), DCE 80 60
7 Cu(0Ad), CH,CN 60 54
8 Cu(OAc), THF 40 39
9 Cu(OAc), DMSO 80 50
10 Cu(OAc), DCE 100 43
11 Cu(OAc), DCE 60 64
12¢ Cu(OAc), DCE 60 72 (70)

¢ Reactions conditions: cycloketone oxime ester 1a (0.4 mmol), DABCO-
(SO,), (0.2 mmol), diphenyl diselenide 2a (0.2 mmol), phenylacetylene
3a (0.2 mmol), copper catalyst (10 mol%), solvent (2.0 mL), N,, 12 h.
b Yield was determined by TH NMR using 1,3,5-trimethoxybenzene as
an internal standard (isolated yield in parentheses). ¢ Cycloketone
oxime ester 1a (0.2 mmol), phenylacetylene 3a (0.3 mmol).
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Table 2 Reaction of cycloketone oxime ester 1a, DABCO-(SO5),, diphenyl
diselenide 2a and alkynes 3°°

O _Ar 1
- " R
N DABCO*(SO,), R2 Cu(OAc), (10 mol%) QP
o+ v F S R L ANSN N
(PhSe), R DCE, 60 °C g
1a 2a 3 12h R
Ar = p-CF3CeHg 4
Me OMe
o Q.0
; i CN N CN NG CN
Phse” XS PhSe NN PhSe N
4a, 70% 4b, 74% 4c, 68%
HO.
OHC o\\/o F o\u/o
N d
i S N S N
phse” NN Phse” NSO Phse” IO
4d, 45% 4e, 50% 4f, 80%
F Cl
Br
¥ Q.0
Y Y
Phse” NS\ CN phse” NS CN Phse” NS~ CN
49, 72% 4h, 76% 4i, 52%
N (N —
| > S s
2 CcN h CcN
N
phse” NS CN Phse” XS Phse” XS
4j, 54% 4k, 48% 41, 65%
Cl
i P \5\8\8/’0 CcN \5\8\5”0 cN
phse” S\ CN PhSe ~ PhSe ~
4m, 31% 4n, 69% 40, 72%
QL QL Q% o
Phse” NS\ CN Phse” NS\ CN Phse N
Ph CO,Me
4p, 72% 4q, 45% 4r, 44%

% Reaction conditions: cycloketone oxime ester 1a (0.2 mmol), DABCO-

(SO,)> (0.2 mmol), diphenyl diselenide 2a (0.2 mmol), alkynes 3
0.3 mmol), Cu(OAc), (10 mol%), DCE (2.0 mL), 60 °C, N,, 12 h.
Isolated yield based on cycloketone oxime ester 1a.

With the optimal conditions established, we began to
explore the substrate scope of this copper-catalyzed selenosul-
fonation of alkynes, cycloketone oxime ester 1a, DABCO (SO,),
and diphenyl diselenide 2a. The results are summarized in
Table 2. In general, a variety of terminal and internal alkynes
with electron-neutral, electron-rich, or electron-poor substitu-
ents were compatible in this reaction, producing the corres-
ponding products in moderate to good yields. Aryl terminal
alkynes bearing different functional groups such as Me, OMe,
OH, CHO, F, Cl and Br were well tolerated under the reaction
conditions, affording the desired B-cyanoalkylsulfonylated vinyl
selenides 4b-4i in 45-80% yields. The structure of product 4i
was unambiguously determined by X-ray diffraction analysis."®
Moreover, heteroaryl alkynes were also suitable in this trans-
formation to afford the targeted products 4j-41 in 48-65%
yields. The reactions of less reactive aliphatic alkynes, includ-
ing cyclohexylacetylene, 5-chloro-1-pentyne and 1-hexyne, pro-
ceeded smoothly to afford 4m-40 in 31-72% yields. Notably,
this protocol was also applicable to internal alkynes.

This journal is © The Royal Society of Chemistry 2021
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For example, unsymmetrical internal alkynes such as 1-phenyl-
1-propyne and methyl phenylpropiolate could convert into the
corresponding tetrasubstituted vinyl sulfones 4p and 4r in 72%
and 44% yields, respectively.

Next, the generality of cycloketone oxime esters and disele-
nides was evaluated. As shown in Table 3, the mono-substituted
cycloketone oxime esters with functionalities including ester,
phenyl, ether, and alkyl were well tolerated, affording the
desired products 5a-5e with yields from 46% to 72%. In the
cases of 3,3-disubstituted cycloketone oxime esters bearing
spirocyclic units, the targeted products 5g and 5h were
obtained in 55% and 65% yields, respectively. This reaction
was also suitable with cycloketone oxime ester containing a Cbz
protected-amine, delivering product 5i in 47% yield. Further-
more, diselenides with electron-donating or electron-
withdrawing substituents on the aryl ring were all compatible
in this transformation (5j-5m).

To further demonstrate the applicability of this mild proto-
col, we applied this copper-catalyzed four-component process
in the late-stage functionalization of pharmaceutical derivatives
and natural products (Table 4), with an anticipation that these
compounds would be promising for several biological evalua-
tions in our laboratory. As expected, erlotinib bearing a term-
inal alkyne and estrone-derived alkyne reacted smoothly with
cycloketone oxime ester 1a, DABCO-(SO,), and diphenyl dis-
elenide 2a, affording the corresponding products 6 and 7 in
68% and 55% yields, respectively.

In addition, the synthetic utility of this methodology was
investigated through the transformation of the product under

Table 3 Reaction of cycloketone oxime ester 1, DABCO-(SO5),, diphenyl
diselenide 2 and phenylacetylene 3a®

N,OYAr =
rRI & DABCO(SO2)z 7 Cu(OAc), (10 mol%) o\\ 0
X + N ARV,
(ArSe), DCE, 60 °C ArSe’ NG
1 2 3a 12h

Ar = p-CF3CgH,

; 0 0 CO,Bu
A CN
PhSe’

5

; 0 0 COzBn £ 0 0 Ph
N \\/
Phse” s N PhS

e’

5a, 46% 5b, 50% 5c, 71%
; 00 © i Of\s/’on
X
PhSe
S N
Phse” Ao PhSe CN
5d, 72% 56, 69% 5f, 54%
Boc
Boc
(/E N [/E
O\\é&/m o\\ “’9 NHCbéN
Phse” Phse PhSe
59, 55% 5h, 65% 5i, 47%

5j: Ar = 4-BuCgH,, 36%
5k: Ar = 2-MeOCgHg, 57%
\O\\SP on  5UAT=4-BrCeH,, 43%
ArSe N 5m: Ar = 4-CO,MeCgHy, 57%
“ Reaction conditions: cycloketone oxime esters 1 (0.2 mmol), DABCO-
(SO,), (0.2 mmol), diselenides 2 (0.2 mmol), phenylacetylene 3a

£0.3 mmol), Cu(OAc), (10 mol%), DCE (2.0 mL), 60 °C, N, 12 h.
Isolated yield based on cycloketone oxime ester 1.
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Table 4 Late-stage functionalization

O Ar
N| \ﬂ/ DABCO*(S0O,), s‘agdard
é o + g conditions Q.0
PhSe Phse S ~_CN

1a

Ar = p-CF3CgH,
Q AN,
O=s CN
HN 7 o Q
\o/\/O:C(kN SePh Nc/v\i(3/©)‘\
I X
/o\/\o \N)
6, 68% SePh 7, 55%
(from erlotinib) (from estrone)

oxidation conditions. As illustrated in Scheme 2, the treatment
of compound 4a or 4h with hydrogen peroxide in THF afforded
alkynyl sulfone product 8a (57%) or 8b (72%). Given that
alkynyl sulfone bearing a cyanoalkyl group could not be
accessed by the previous methods, this protocol showed
potential application in organic synthesis.

To gain mechanistic insight into the current selenosulfonation
reaction, several control experiments were performed (Scheme 3).
The formation of product 4a was completely hindered when
2.0 equivalents of 2,2,6,6-tetramethylpiperidineoxy (TEMPO) were
added to the model reaction under standard conditions, indicating
that the reaction proceeded via a radical pathway (Scheme 3,
eqn (1)). Additionally, when 2.0 equivalents of butylated hydroxyto-
luene (BHT) were introduced into the reaction, the trapping-product
9 was isolated in 18% yield. This result suggested that a cyanoalk-
ylsulfonyl radical intermediate was generated in this transformation
(Scheme 3, eqn (2)).

On the basis of the above-mentioned results and literature
reports,>®'>'* we proposed a plausible mechanism for this
copper-catalyzed selenosulfonation of alkynes, cycloketone
oxime esters, DABCO (SO,), and diselenides (Scheme 4). We
postulated that initially iminyl radical A was generated via the
Cu(i)-mediated single-electron reduction of cycloketone oxime
ester 1, which would undergo ring-opening by the selective
B-C-C bond cleavage to produce a highly reactive cyanoalkyl
radical B. Then, radical B was captured by sulfur dioxide,
leading to the generation of cyanoalkylsulfonyl radical C.
Following that, the regiospecific addition with alkyne 3 would
produce vinyl radical D, which might react with diphenyl
diselenide to afford the targeted product.

In conclusion, we have disclosed a copper-catalyzed four-
component reaction of cycloketone oxime esters, DABCO (SO,)s,
diselenides and alkynes, affording p-cyanoalkylsulfonylated
vinyl selenides in moderate to good yields. This vicinal seleno-
sulfonation process proceeded under mild conditions and

R \\s’p CN
T NN
/O\ o H20, N =
N
S N THF, gt
Phse” NS C 2r§n R
4a,R'=H 8a,R'=H, 57%
4h,R'=p-Cl 8b, R' = p-Cl, 72%

Scheme 2 Synthetic application.
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Scheme 3 Control experiments.
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featured a broad substrate scope and high functional group
tolerance. Furthermore, the late-stage functionalization of
complex molecules and the successful application of products
to generate alkynyl sulfones highlight the potential utility of this
methodology. Mechanistic studies indicate that the cyanoalk-
ylsulfonyl radical intermediate has participated.
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