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ABSTRACT: A copper-catalyzed decarboxylative disulfonylation of
alkynyl carboxylic acids with sulfinic acids in aqueous solution has been Ar—=-cooH + RsoH
developed. The reaction provides a straightforward and practical access to

Cu(ClO,4),+6H,0 (10 mol %)

(NH,),S,04 (3.0 equiv) SO,R
DMSO/H,0 (2:1) ArTY
25°C,Ar,6h SO,R

(E)-1,2-disulfonylethenes, which are important building blocks in synthetic

organic chemistry, and exhibits a good functional group tolerance and

® 36 examples, up to 98% yield
* good functional group tolerance

* room temperature
® aqueous conditions

excellent stereoselectivity. A possible mechanism for the transformation is

proposed.

ulfone-containing molecules have broad applications in the

fields of biochemistry, medicinal chemistry, materials, and
organic synthesis.1 Among them, 1,2-disulfonylethenes have
attracted significant attention because of their usefulness as
synthetic intermediates.” In light of their importance, the
development of an efficient approach to 1,2-disulfonylethenes
is of considerable interest. Generally, the preparation of 1,2-
disulfonylethenes relies on several classic methods, the oxidation
of 1,2-dithioethenes or 1-thio-2-sulfony1ethenes,3 the condensa-
tion of 1-sulfonyl-2,2-dichloroethanes with sodium sulfonates,”
the nucleophilic substitution of alkenyliodonium salts with
sodium sulfonates,” and cycloaddition or Michael-type addition
of bis(sulfonyl)acetylene.” However, these approaches always
involve complex substrates and/or multiple synthetic steps.
Thus, developing a simple and efficient method to construct 1,2-
disulfonylethenes is necessary.

Decarboxylative coupling is one of the most powerful methods
for the construction of C—C and C—heteroatom bonds due to
the easy storage and operability of carboxylic acids, the high
selectivity, and the release of a nontoxic byproduct, CO,.”*
Recently, the use of alkynyl carboxylic acids as terminal alkyne
surrogates has received increased attention.” ' Since Lee and
co-workers first demonstrated a palladium-catalyzed decarbox-
ylative coupling reaction of alkynyl carboxylic acids with aryl
halides to afford unsymmetric diarylalkynes,”® numerous
decarboxylative coupling reactions of alkynyl carboxylic acids
have been developed to construct c-C’ C-N,"° c-p,"! C-
Si,"* C—B,"* and C—S"* bonds. In this context, much effort has
been made to create C—S bonds by decarboxylative sulfonylation
of alkynyl carboxylic acids (Scheme 1). Jiang et al. reported a
palladium-catalyzed coupling reaction for the formation of
internal alkynes and vinyl sulfones from alkynyl carboxylic acids
and sodium sulfonates.'* Mao, Zhang, and co-workers
subsequently developed Cu/Fe-cocatalyzed sulfonylation of
aromatic propiolic acids with sulfonyl hydrazides to construct
vinyl sulfones.'* Bronsted acid'*" and base'*! promoted
decarboxylative sulfonylations were also achieved (Scheme 1a).
Kuhakarn et al. reported an I,-catalyzed decarboxylative coupling
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Scheme 1. Decarboxylative Sulfonylation of Alkynyl
Carboxylic Acids
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of arylacetylenic acids for the synthesis of arylacetylenic sulfones
(Scheme 1b)."** Very recently, copper(I)-catalyzed decarbox-
ylative sulfonylation of arylpropiolic acids have also been
developed to construct f-keto sulfones by the Wu group
(Scheme 1c)."* Despite these advances, to the best of our
knowledge, the decarboxylative disulfonylation of alkynyl
carboxylic acids has not been well developed up to now. On
the basis of our continuing interest in decarboxylative coupling
and sulfonylaltion,15 herein we report a novel, efficient, and
practical copper-catalyzed decarboxylative disulfonylation of
alkynyl carboxylic acids with sulfinic acids to give (E)-1,2-
disulfonylethenes.

At the outset of our investigation, phenylpropiolic acid (1a)
and benzenesulfinic acid (2a) were chosen as the model
substrates to optimize reaction conditions for the decarboxylative
disulfonylation. When phenylpropiolic acid was treated with 3.0
equiv of benzenesulfinic acid in the presence of 10 mol % of
Cu(Cl0,),-6H,0 and 3.0 equiv of K,S,0, in CH;CN/H,0 (2/
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1 (v/v)) at 80 °C for 12 h under an argon atmosphere, to our
delight, the reaction proceeded smoothly and afforded the
desired disulfonylated product 3aa in 52% yield with 98/2 E/Z
selectivity. Subsequently, various oxidants were screened to
improve the reaction efficiency, and (NH,),S,0; proved to be
better than the other oxidants (see the Supporting Information).
In addition to Cu(ClO,),"6H,0, other Cu catalysts including
CuCl, CuO, Cu(OAc),, and CuSO,-SH,0 were also tested, and
the results indicate that Cu(ClO,),-6H,0 was still the best

choice (Table 1,

entries 1—5). Different solvents were

Table 1. Screening of Reaction Conditions”

o catalyst o
— CcooH + Ph’g‘OH _ oxidant )\
solvent
O
1a 2a 3aa
entry catalyst solvent (v/v) yield (%) E/Z
1 Cu(ClO,),6H,0  CH,CN/H,0 (2/1) 55 99/1
2 CuCl CH,CN/H,0 (2/1) 48 >99/1
3 CuO CH,CN/H,0 (2/1) 53 98/2
4 Cu(OAc), CH,CN/H,0 (2/1) trace
5 CuSO,-5H,0 CH,CN/H,0 (2/1) 50 99/1
6 Cu(ClO,),-6H,0  acetone/H,0 (2/1) 39 99/1
7 Cu(Cl0,),6H,0  DMF/H,0 (2/1) S0 >99/1
3 Cu(ClO,),6H,0  DMSO/H,0 (2/1) 77 >99/1
9 Cu(Cl0,),-6H,0 toluene/H,0 (2/1) 35 94/6
10° Cu(ClO,),6H,0  DMSO/H,0 (2/1) 93 >99/1
11° Cu(ClO,),-6H,0  DMSO/H,0 (3/1) 88 >99:1
12° Cu(ClO,),6H,0  DMSO/H,0 (1/1) 84 >99:1
13b° Cu(ClO,),6H,0  DMSO/H,0 (2/1) 90 >99:1
14574 Cu(Cl0,),-6H,0 DMSO/H,0 (2/1) 96 >99/1
15*7¢  Cu(ClO,),6H,0 DMSO/H,0 (2/1) trace
16794 DMSO/H,0 (2/1) 0
17°7%"  Cu(ClO,),6H,0 DMSO/H,0 (2/1) 0

“Reaction conditions unless specified otherwise: 1a (0.3 mmol), 2a
(3.0 equiv), catalyst (10 mol %), and (NH,),S,05 (3.0 equiv) in
solvent (3.0 mL) at 80 °C for 12 h under Ar. Isolated yleld E/Z ratios
were determined by '"H NMR of the crude products. Usmg 4.0 equiv
of 2a. °At 25 °C. “For 6 h. °In air.”The reaction was carried out in the
absence of (NH,),S,0s.

investigated, and among them DMSO/H,O exhibited un-
matched efficacy for the decarboxylative disulfonylation (Table
1, entries 6—9). With regard to the amount of benzenesulfinic
acid 2a, when the amount of 2a was increased to 4.0 equiv, the
yield of 1,2-disulfonylethene improved to 93% (Table 1, entry
10). The catalyst loading and effect of oxidant stoichiometry
were also examined, and the results indicate that 10 mol % of
catalyst with 3.0 equiv of oxidant was the best choice (see the
Supporting Information). The role of H,O might be to improve
the solubility of the oxidant. Among the ratios of DMSO and
H, O examined, the 2/1 ratio was preferred (Table 1, entries 10—
12). Importantly, it was found that the reaction operated equally
well at room temperature (Table 1, entry 13). The effect of
reaction time was also investigated, and the best choice was 6 h
(Table 1, entry 14). Only a trace amount of 3aa was observed
when the reaction was carried out in an atmosphere of air (Table
1, entry 15). Control experiments showed that no reaction
occurred in the absence of either Cu(ClO,),-6H,0 or
(NH,),S,05 (Table 1, entries 16 and 17).

With the optimized reaction conditions, a variety of alkynyl
carboxylic acids were subjected to the optimized conditions to

evaluate the scope of the decarboxylative disulfonylation, and the
results are summarized in Table 2. The electronic properties of

Table 2. Substrate Scope™”

0y R
g Cu(CI0,),*6H,0 (10 mol %) "0
R'—=——COOH + RZ'S‘OH RIS

40 aui (NH,),S,04 (3.0 equiv) ,s?oz
(40equv)  pMSOM,O (2:1), 25 °C, Ar 0"°R

1 2 3

0...Ph _
\\ 3ba, R = OMe, 84% S“O 3ea, R = Me, 92%

3fa, R = NHAc, 94%

3ca, R=Cl, 92% WR= s
o 3da R=F,95% N o 39a,R=0H 81%
572 3ha,R=Cl, 95%
o> 0" 7Ph 3

3ia, R = NO,, 76%

3aa, 96% R
3ja, R = Me, 84% Oy Ph O«_Ph
O...Ph  3Ka,R = SiMe;, 82% %o sg,
S5 3la, R = Br, 82% N A
N 3ma, R = F, 88% OO Lo 4
.0 3na,R=Ac, 90% 0*° ph S O,,S’ h
R 05 pp 30a,R=CN, 90%

3pa, R = CHCHj, 0% 3qa, 61% 3ra, 68%

sa-P <
Si s%, 0
X RS .0 N .0
" s,0 S,,o O,/S’ R O,/S’
077 Ph 0* \©/
. R
3sa,n=0,0% =
d ' _ 3ag, R = Me, 98%
3ta,n=2,0%  3ab R=Me, 74% ga“* E = g"eéf:;/" 3ah. R = (-Bu, 79%
3ua, n=4,0% 3ac, R = F, 86% ae, R =Br, 64 % 3ai, R = Cl, 96%

- 9
3af, R = CF3, 77% 3aj, R = Br, 65%

3ak,R=F, 79%
N 3al, R=CN, 53%

3am, 52% 3an, 96% 3ao, 86%

“All of the reactions were carried out in the presence of 0.3 mmol of 1,
4.0 equiv of 2, 10 mol % of Cu(ClO,),-6H,0, and 3.0 equiv of
(NH,),S,04 in 3 0 mL of DMSO/H,O (2/1) at room temperature for
6 h under Ar. “Isolated yield.

the substituents had no apparent effect on the reaction.
Arylpropiolic acids bearing electron-donating (Me, MeO, OH,
Me;Si, and AcNH) or electron-withdrawing groups (F, NO,, Ac,
and CN) were compatible with the reaction conditions, affording
the desired products 3aa—3oa in satisfactory yields. Halogen
groups on the aromatic ring such as Cl and Br also could be well
tolerated in the copper-catalyzed reaction, which provided
opportunities for further functionalization. However, vinyl-
substituted phenylpropiolic acid was not a suitable substrate.
Steric hindrance in the ortho-substituted arylpropiolic acids does
not have a considerable influence on the transformation, and
good to excellent yields were provided in all cases. In addition, 2-
naphthyl-substituted phenylpropiolic acid also underwent the
reaction smoothly, giving the product 3qa in 61% yield.
Thienylpropiolic acid, a heteroaromatic substrate, was applicable
under the standard conditions as well and afforded the desired
product 3ra in reasonable yield. Notably, alkylpropiolic acids,
such as 2-butynoic acid, 2-hexynoic acid, and 2-octynoic acid,
were not suitable substrates due to their low reactivity (3sa—
3ua).

The scope of sulfinic acids was also examined. Both electron-
rich and -poor benzenesulfinic acids could be transferred to the
1,2-disulfonylethenes 3ab—3al in good to excellent yields, and a
series of functional groups, such as alkyl, halides, nitrile, and
trifluoromethyl, were compatible with the reaction conditions.
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Ortho-substituted benzenesulfinic acids also exhibited a high
reactivity (3ab,ac), indicating that steric effects on the phenyl
ring are not evident in this transformation. Moreover, 2-
naphthylsulfinic acid was also a suitable substrate, albeit in
moderate yields. It was pleasant to find that heterocycle-
substituted sulfinic acids were compatible with this catalytic
system, leading to the expected products 3an,ao in 96% and 86%
yields, respectively. Additionally, this transformation is not
limited to aromatic sulfinic acids; cyclopropylsulfinic acid also
reacted well with phenylpropiolic acid, giving the corresponding
disulfonylethene 3ap in 64% yield.

We further explored the deesterification disulfonylation of
ethyl 3-phenylpropiolate 4 with benzenesulfinic acid 2a under
the optimal reaction conditions. However, poor conversion was
observed, and the disulfonylethene 3aa was obtained in only 17%
yield (Scheme 2). Additionally, cinnamic acid was inert under the
standard conditions.

Scheme 2. Deesterification Disulfonylation of Ethyl 3-
Phenylpropiolate

Cu(ClO,),*6H,0 (10 mol %) Osg-Ph
0o (NH,4),S,04 (3.0 equiv) “0
1
Ph—==—COOEt + S. Ph” X
Ph”~~OH DMSO/H,0 (2:1), 25 °C, Ar &0
0”""Ph
4 2a
3aa, 17%

To show the potential applications of this protocol, a gram-
scale reaction was carried out. As shown in Scheme 3, the

Scheme 3. Gram-Scale Synthesis

Os..Ph
Cu(ClO,),+6H,0 (10 mol %) 8%
9 (NH,),S,05 (3.0 equiv) PhJ\I

Ph—=—=—COOH + _S. .0

Ph™ " "OH DMSO/H,0 (2:1), 25 °C, Ar _SZ
0”"Ph

1a,1.46g 2a 3aa
3.26 g, 85%

reaction of 10.0 mmol of phenylpropiolic acid with benzene-
sulfinic acid under the standard reaction conditions gave 3.26 g of
the desired product in 85% yield. The result indicates that the
decarboxylative disulfonylation could be readily scaled up with
similar efficiency.

In order to elucidate the reaction mechanism, several control
experiments were carried out (Scheme 4). Initially, when 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) was added to the
standard reaction conditions, inhibition of the reaction was
observed, and the disulfonylethene 3aa was obtained in only 16%
yield. This reaction was also found to be remarkably suppressed
by 1,1-diphenylethylene, and only trace amounts of 3aa were
detected. These two results suggest that the transformation
should proceed through a radical pathway. Furthermore, when
phenylpropiolic acid was replaced by (phenylethynyl)copper 5,
the desired product 3aa was observed in 32% yield in the absence
of Cu(ClO,),6H,0. Meanwhile, the reaction proceeded
smoothly and afforded product 3aa in 80% yield when
(phenylethynyl)copper was employed as the catalyst instead of
Cu(ClO,),-6H,0. The reaction of benzenesulfinic acid with
ethynylbenzene or ((phenylethynyl)sulfonyl)benzene was also
performed under the standard conditions, and only trace
amounts of 3aa were detected. When diphenylacetylene was
employed in the reaction with benzenesulfinic acid, no reaction
was observed. These results indicate that alkynyl copper is
probably a key intermediate in this transformation, while

Scheme 4. Control Experiments

TEMPO (5.0 equiv)

Ph—=——COOH + 2a — 3aa (1)
1a standard conditions 16%
1,1-diphenylethylene
Ph—= COOH + 2a (5.0 equiv) 3aa @
1a standard conditions trace
(NH,4),S,054 (3.0 equiv)
Ph—=——Cu + 2a e 3aa 3)
. 0
5 DMSO/H,0 (2:1), 25 °C, Ar 22%
Ph—=—=—Cu (10 mol %)
NH,)»S,04 (3.0 equiv)
Ph—==—COOH + 2a — 4250 qo 3aa “
1a DMSO/H,0 (2:1), 25°C, At gqo,
. standard conditions
Ph—== + 2a ——— >  3aa (5)
6 trace
Ph—=—50,Ph + 2a standard conditions 3aa ®)
7 trace
Ph———Ph + 2a standard conditions no reaction @)
8 Cu(ClO,),*6H,0
(1.0 equiv)
Ph—==—COOH + 2a 3aa (8)
1a DMSO/H,0 (2:1),25°C, Ar  trace

terminal alkyne and acetylenic sulfone are not involved in the
process of decarboxylative disulfonylation of alkynyl carboxylic
acids. Additionally, only trace amounts of disulfonylated product
were detected and the starting material phenylpropiolic acid was
recovered from the stoichiometric reaction in the absence of an
oxidant, thus implying that sulfinic acid is oxidized by
(NH,),S,0s to generate a sulfonyl radical and not Cu(ClO,),-
6H,0.

A possible mechanism for this transformation is proposed, as
shown in Scheme 5, on the basis of the above experimental

Scheme 5. Proposed Mechanism

so;”
PhSO,H %» -SO,Ph
2a HSO; !
[CrUI *S0O,Ph
Ph—=COOH — Ph—=—Cu A Ph Sy
Y
SO,Ph
1a co, 5 noo2
i/‘sozph
.
SO,Ph H S0,Ph
Ph)\ ,7L Ph)\rCu
SO,Ph SO,Ph
3aa [Cu] m

results and the precedent literature.”"''® Initially, sulfinic acid
2a is oxidized by ammonium persulfate to generate sulfonyl
radical I. Meanwhile, the decarboxylation of alkynyl carboxylic
acid with the assistance of a copper salt gives the alkynyl copper
species S. Subsequently, addition of the sulfonyl radical to the
alkynyl copper species 5 leads to alkenyl radical II, which further
interacted with the second sulfonyl radical to afford intermediate
IIL. Finally, intermediate III was quenched by proton to yield the
desired disulfonylethene 3aa.

In conclusion, we have developed a novel and practical copper-
catalyzed decarboxylative disulfonylation of alkynyl carboxylic
acids with sulfinic acids in aqueous solution. This transformation
is characterized by its wide substrate scope, high stereoselectivity
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for E isomers, mild reaction conditions, and utilization of readily
available reagents, thus providing an efficient and practical
approach to form (E)-1,2-disulfonylethenes. Preliminary mech-
anistic studies revealed that this reaction might involve a radical
process. Further mechanistic investigation and the synthetic
applications of this reaction are underway.
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