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ABSTRACT: Photoinduced, copper-catalyzed three-component radical R° R

annulation of gem-dialkylthio enynes, cyclobutanone oxime esters, and
boronic acids was achieved, forming highly functionalized aryl thienyl B

sulfides with both good chemo- and diastereoselectivities. The reaction r'~" ss

proceeds through a domino sequence involving cyanoalkyl radical-mediated
intramolecular annulation of gem-dialkylthio enyne, alkenyl radical-promoted n=1,2
C(sp®)—S bond cleavage, and sulfur-centered radical-trapped Cu(II)-
facilitated C—S cross-coupling. The protocol features simultaneous establish-

2
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® readily available substrates ® good chemo- and diastereoselectivities

® mild reaction conditions ® S-centered radical-Cu(ll) rebound

ment of cyanoalkyl, cyclopentanone, and thiophene moieties and a thioether
C—S bond in one pot with broad substrate scopes and versatile functional group tolerance under mild conditions.

ryl-2-thienyl sulfides are among the important skeletons

in pharmaceutical compounds and functional materials."
For example, AZD4407 is used as an antiallergic/antiasthmatic
agent for chronic obstructive pulmonary diseases,”
CCT365623 significantly reduces the tumor growth,” and
bis(arylthio)oligothiophenes exhibit better electronic proper-
ties than unsubstituted oligothiophenes (Figure 1).* Many

AZD4407 CCT365623 bis(arylthio)oligothiophenes

Figure 1. Representative examples of aryl-2-thienyl sulfides used in
pharmaceuticals and functional materials.

efforts have been devoted to the synthesis of functionalized
aryl-2-thienyl sulfides.” In this regard, radical cyclization of
unsaturated carbon—carbon bonds with sulfur-centered radi-
cals has been well documented.® However, use of toxic and
unstable reagents, employing prefunctionalized substrates, and
the poisoning effect on transition metals by sulfur compounds
limit the application of these synthetic methods. In this area,
efficient protocols for the construction of a thiophene ring and
thioether C—S bonds in one pot under mild conditions from
readily available and bench-stable substrates have been seldom
explored.”

Transition-metal-catalyzed radical cross-coupling reactions
have recently received much attention for the construction of
complex compounds.® In this regard, cyanoalkyl radicals’
generated from the nitrogen-centered radicals via f-C—C bond
cleavage of cycloketone oxime esters and analogs under various
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conditions can be utilized to couple with unsaturated
compounds to achieve cyanoalkylation.'"” However, multi-
component radical cross-couplings involving cyanoalkyl
radicals under mild conditions have received much less
attention. Xiao and Chen et al. disclosed visible-light-driven,
copper-catalyzed three-component radical cross-couplings
between oxime esters, styrenes, and boronic acids or terminal
alkynes to access 1,1-diarylmethane-based alkylnitriles''* and
cyanoalkyl-containing propargylic compounds,''” respectively
(Scheme 1a). Mechanistic studies have suggested that a
radical-Cu(II) rebound process involving the benzylic radical
intermediate generated from addition of a cyanoalkyl radical to
styrene is the key step to execute the radical cross-coupling
reaction. In this context, sulfur-centered radical-Cu(II) re-
bound processes remain unknown due to the intrinsic
instability and catalyst-poisoning of a sulfur radical to interfere
with the catalyst turnover.'”

During the continuous investigation of transition-metal-
catalyzed annulation of gem-dialkylthio internal alkenes, we
found that they were usually involved in production of O- and
S-heterocycles.””'> Wang and Liu et al. reported the
benzannulation of a-alkynyl-a-alkenoyl ketene dithioacetals
with cyanoacetates to form benzo[b]thiophenes.'* Thus, we
envisioned that a-alkynyl-a-oxo ketene dithioacetals, that is,
gem-dialkylthio 1,3-enynes, might be employed for discrete
thiophene ring construction under transition-metal catalysis.
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Scheme 1. N- and S-Centered Radical Multicomponent
Cross-Couplings

(a) Cyanoalkyl radical-involved three-component cross-couplings

Under the optimal conditions, the scope of gem-dialkylthio
enynes (1) was investigated by reacting with 2a and 3a
(Scheme 2). Introduction of an electron-donating group such
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“Conditions:
With the following concept in mind, a three-component

annulation process is designed as shown in Scheme 1b. The

cyanoalkyl radical generated in situ from the initially formed N- blue LED, 12 h.

4n (R = 3-OMe), 65%, d.r. = 90:10

4p, 45%, d.r. = 92:8

4q, 72%, d.r. =90:10

1 (0.2 mmol), 2a (0.4 mmol), 3a (0.4 mmol),
Cu(CH,CN),BF, (10 mol %), dtbbpy (10 mol %), K;PO, (0.4
mmol), CH;CN (2 mL), rt, 0.1 MPa N,, irradiation using a 15 W

centered radical interacts with the gem-dialkylthio 1,3-enyne
substrate to initiate the annulation cascade, forming an alkenyl
radical with construction of the five-membered carbocycle.
Subsequent electrophilic attack of one of the sulfur atoms at
the radical carbon establishes a discrete thiophene ring with
release of ethylene by C(sp®)—S bond cleavage and generation
of the sulfur-centered radical which is then coupled by a
boronic acid, giving the target product under photoinduced
copper catalysis. Herein, we report such a three-component
process for the synthesis of aryl-2-thienyl sulfides.

Initially, the reaction of gem-dialkylthio enyne 1a, cyclobu-
tanone oxime ester (2a), and phenylboronic acid (3a) was
conducted to screen the reaction conditions (see the
Supporting Information for details). After the systematic
work, the optimal reaction conditions were identified. In the
presence of 10 mol % Cu(CH;CN),BF,, 10 mol % dtbbpy,
and K;PO, (2 equiv) in CH;CN under the irradiation of a 15
W blue LED at ambient temperature, the reaction gave the
target product 4a in 76% isolated yield and a diastereose-
lectivity of 93/7, and 4a could be obtained in 70% yield on a 2
mmol scale of 1a. Both CuCl, and CuCl also promoted the
reaction, but the nickel(I) catalyst NiCl,-glyme was not
effective. Use of other ligands such as 2,2’-bpy and 1,10-phen,
bases Na,CO; and K,CO;, and acetone and EtOAc as the
solvents, diminished the reaction efficiency. The control
experiments revealed that the Cu(CH;CN),BF, catalyst,
dtbbpy ligand, and K;PO, base were crucial for the reaction.
Notably, the reaction only afforded 4a in 50% yield without the
visible-light irradiation.

details).
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as methyl or methoxy to the terminal aryl functionality
attached to the alkynyl backbone of enyne 1 resulted in no
obvious impact on the formation of the target products 4a—4e
(74—77%) with a diastereoselectivity of 90/10 to 20/1, while
electron-withdrawing fluoro and chloro substituents dimin-
ished the yields of products 4f—4h (64—65%). 2-Thienyl also
exhibited a negative effect on the reaction efficiency, leading to
4i in 51% yield. A terminal propyl or cyclopropyl did not affect
the formation of 4j (74%) and 4k (71%). As the steric
hindrance of the terminal alkyl increased, cyclohexyl obviously
deteriorated the formation of 41 (45%), but with a high
diastereoselectivity (>20:1). The steric effect from the alkenoyl
moiety of enynes 1 was remarkable.
inhibited the formation of compound 4m due to the increased
steric hindrance, whereas 3-
trifluoromethylphenyl, and 2-furyl-functionalized alkenoyl
based enynes reacted well to give the target products 4n—4q
(45—72%) with high diastereoselectivities. These results have
suggested that the reaction is highly dependent on the
electronic and steric effects from the functionalities at the
terminuses of the alkynyl and alkenoyl moieties of substrates 1.
It is noteworthy that the molecular structure of compound 4a
was further confirmed by the X-ray single crystal crystallo-
graphic determination (see the Supporting Information for

2-Methoxyphenyl

and 4-methoxyphenyl, 4-

Next, the protocol generality was explored by performing the
reaction of la and 3a with a variety of cycloketone oxime
esters (2) under the standard conditions (Scheme 3). 3-Phenyl
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Scheme 3. Scope of Cycloketone Oxime Esters (2)“
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5h (R = Et), 65%, d.r. = 60:40
5i (R = "Bu), 62%, d.r. = 60:40 5k, 0% 51,0% 5m, 0%
5j (R~ Bn) 56% dr - 6040
“Conditions: 1a (0.2 mmol), 2 (0.4 mmol), 3a (0.4 mmol),

Cu(CH,CN),BF, (10 mol %), dtbbpy (10 mol %), K;PO, (0.4
mmol), CH;CN (2 mL), rt, 0.1 MPa N,, irradiation using a 15 W
blue LED, 12 h.

substituted cyclobutanone oxime ester (2b) underwent the
reaction smoothly to give the target product Sa in 56% yield
with d.r. = 56/44. 3-(4-tert-Butyl) and 3-(4-chloro)-substituted
phenyl, 3-benzyl, and 3-alkyl-bearing cyclobutanone oxime
esters reacted similarly to form Sb—Se (50—58%), respectively.
Increased steric hindrance led to lowered yields for Sb (50%)
and Se (50%). 3-Methyl-3-phenyl disubstituted oxime ester
(2g) further increased the steric hindrance to execute the
formation of Sf in a moderate yield (45%). However, 2-alkyl
substituents such as methyl, ethyl, and butyl in 2 enhanced the
yields of products 5g—Si to 62—68% in comparison to the 3-
substituent-bearing cases, which is attributed to the stabiliza-
tion of 2-alkyls to the in situ generated cyanoalkyl radicals that
initiate the annulation process. 2-Benzyl exhibited a negative
steric effect on the formation of 5j (56%). It should be noted
that cyclopentanone- and cyclohexanone-derived oxime esters
2l and 2m and the corresponding acyclic oxime ester of S-
methyl-2-hexanone (2n) could not undergo the same type of
radical cross-coupling reactions under the stated conditions,
and the desired products Sk—Sm were not produced.

Finally, the scope of boronic acids (3) was extended by
treating them with 1a and 2a (Scheme 4). Obvious steric and
electronic effects were observed from arylboronic acids. The
electron-donating substituents such as methoxy, methyl,
benzyloxy, and tert-butyl facilitated the reaction to form the
target products 6a—6g (60—77%) with diastereoselectivity
from 93/7 to 95/5, while the phenyl group and electron-
withdrawing substituents acetyl, fluoro, and chloro reduced the
yields of products 6h—6k (40—62%). The steric effect was
obvious in the cases of using 2- methoxy and 3,5-
dimethylphenylboronic acids and 2-naphthyl boronic acid,
leading to 6a (60%), 61 (60%), and 6m (63%), respectively, as
compared with the formation of 6b (70%)/6d (77%), 6c
(70%), and 4a (76%). It is noteworthy that vinylboronic acids
such as 1-pentenyl and 2-cyclohexylvinyl boronic acids also
effectively participated in the reaction, affording products 6n

5204

Scheme 4. Scope of Boronic Acids (3)“
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6i (X = Ac), 40%, d.r. = 92:8
6j (X = F), 60%, d.r. = 91:9
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o =91
61, 60%, d.r. = 91:9 60 (R' = cyclohexyl), 50%, d.r. = 92:8

6m, 63%, d.r. = 94:6
“Conditions: la (0.2 mmol), 2a (0.4 mmol), 3 (0.4 mmol),
Cu(CH,CN),BF, (10 mol %), dtbbpy (10 mol %), K,PO, (0.4
mmol), CH;CN (2 mL), rt, 0.1 MPa N,, irradiation using a 15 W
blue LED, 12 h.

and 60 in moderate yields (43—50%) with tolerance of a
carbon—carbon double bond under the stated conditions.
However, heteroaryl boronic acids such as 2-thienyl and 2-furyl
boronic acids only reacted to afford trace amounts of the target
products, and 2-alkylboronic acids could not react under the
same conditions.

To demonstrate the applicability of the synthetic protocol,
various transformations of product 4a were performed
(Scheme S). With m-chloroperoxybenzoic acid (m-CPBA) as

Scheme S. Derivatizations of Thiophene Product 4a”

O:EH%H*H

Ph

7,91% 8, 85%

“Conditions: (a) 4a (0.2 mmol), m-CPBA (0.6 mmol), CH,Cl, (2
mL), rt, 1.5 h; (b) 4a (0.2 mmol), NaBH, (0.2 mmol), MeOH (2
mL), rt, 10 h.

the oxidant 4a was readily converted to the corresponding
sulfone 7 (91%) through oxidation of the phenylthio group.
The ketone carbonyl of 4a was selectively reduced to hydroxyl
(85%) by means of NaBH, as the reductant with the tolerance
of a cyano group.

Control experiments were conducted to probe into the
reaction mechanism. Addition of 2 equiv of a radical scavenger,
that is, 2,6-di-tert-butyl-4-methylphenol (BHT), into the
reaction system of la, 2a, and 3a under the standard
conditions obviously diminished the yield of 4a to 32%,
while use of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
completely inhibited the reaction. The radical-trapping product
TEMPO-(CH,);CN (9) was detected in the reaction mixture
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by HRMS analysis (see the Supporting Information for
details). These results have implicated that the reaction may
proceed through a radical pathway. To identify the possible
redox states of the copper catalyst that might be involved in the
process, EPR spectroscopy was employed to investigate the
redox process between Cu(CH,;CN),BF,/dtbbpy or Cu-
(CH4CN),BF,/dtbbpy/la with cyclobutanone oxime ester
(2a). Addition of 2a to the solution of Cu(CH,CN),BF/
dtbbpy or Cu(CH;CN),BFE,/dtbbpy/1a in CH;CN resulted in
obvious EPR signals of a Cu(II) species (see the Supporting
Information for details).'"”"> These results suggest a single-
electron transfer (SET) process between the Cu(I) complex
and substrate 2a. To validate that the C(sp®)—S bond cleavage
was facilitated by the in situ generated alkenyl radical and the
resultant Cu(II) species was trapped by the in situ generated S-
centered radical, six-membered gem-dialkylthio enyne 10 was
reacted with 2a and 3a under the standard conditions (eq 1).

[0} Ph
= standard
‘ | 2 3 conditions
+ a + a ——————>
Ph™ 87 7S
K) Ph/\/\
10 11, 65%, d.r. =93:7

The three-component radical cross-coupling reaction
occurred to afford product 11 (65%) with retention of the
(CH,); group of the dialkylthio moiety of 10, suggesting
involvement of a carbon-centered radical-Cu(II) rebound
process without #-H elimination.

On the basis of these results and the known reports,”™'* a
plausible mechanism is proposed in Scheme 6. Initially,

Scheme 6. Proposed Mechanism
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interaction of cyclobutanone oxime ester 2a with photoexcited
complex LCu"* (path a) or the ground state complex LCu'
(path b) via a SET process generated iminyl (N-centered)
radical A and the oxidized LCu" species. Iminyl radical A
undergoes homolytic @,f-C—C cleavage to form y-cyanoalkyl
radical B, which is captured by gem-dialkylthio 1,3-enyne 1a to
yield a relatively stable alkyl radical C, followed by intra-
molecular cyclization to form alkenyl radical species D. The
alkenyl radical facilitates the homolytic C(sp®)—S bond

cleavage to produce alkyl radical species E, which releases a

molecule of ethylene to form sulfur-centered radical F.
Subsequently, radical F is intercepted by the LCu"Ph complex
generated in situ from the transmetalation between LCu"
species and boronic acid PhB(OH), (3a), yielding high-valent
Cu" species H, which undergoes reductive elimination to give
the target product 4a and regenerate the LCu' species.

In summary, a photoinduced, copper-catalyzed three-
component radical cross-coupling of gem-dialkylthio 1,3-
enynes, cycloketone oxime esters, and boronic acids was
developed to access highly functionalized aryl-2-thienyl sulfides
with good chemo- and diastereoselectivities. The synthetic
protocol features simultaneous formation of four new C—C
and C—S bonds and construction of a carbocycle and a
thiophene ring in one pot. This work provides a direct route to
highly functionalized thiophene derivatives.
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