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Barakha Saxena, Roshan I. Patel, Shruti Sharma and Anuj Sharma "2/ *

Developing a green and efficient method for synthesizing vinyl sulfones is challenging and highly desir-

able. We herein report a green, sustainable, and unprecedented mechanochemical-assisted approach for

the decarboxylative sulfonylation of a,p-unsaturated carboxylic acids with sodium sulfinates using only

potassium iodide (50 mol%) as an activator under water-assisted grinding conditions. A library of alkyl and

aryl vinyl sulfone derivatives were synthesized successfully in up to 92% yield with excellent functional

group compatibility in a short reaction time. This sulfonylation strategy is well tolerated by aryl

o,B-unsaturated carboxylic acids and alkyl and aryl sodium sulfinate salts. The method has been success-
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Introduction

Owing to their easy accessibility, high stability, and low tox-
icity, decarboxylative cross-coupling reactions with biomass
feedstocks of a,p-unsaturated carboxylic acids have emerged as
an efficient method for the construction of C(sp*)-C and
C(sp®)-X (X = N, P, S, Se) bonds. This can be achieved by utiliz-
ing the carbon bond adjacent to the -COOH group in
a,p-unsaturated carboxylic acids to obtain synthetically impor-
tant molecules with the release of non-toxic and easily remova-
ble CO, as the by-product.” Consequently, in the past few
years, the construction of C-S bonds via a decarboxylative
coupling strategy despite being an underdeveloped process
continues to attract considerable attention from the synthetic
community.”

Vinyl sulfones (a,f-unsaturated sulfones) are a valuable
framework in organic synthesis, displaying excellent biological
and pharmaceutical properties, as shown in Fig. 1. Thus, the
synthesis of vinyl sulfones has garnered a great deal of inter-
est, and different strategies for their preparation have
emerged. Classic vinyl sulfone preparations are based on the
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fully applied to the synthesis of neuroprotective agents. Overall, the advantages of this strategy are (i)
metal catalyst-, base-, oxidant-, and solvent-free conditions, (ii) operational simplicity with a short reac-
tion time, and (iii) excellent effective mass yield, atom economy, E-factor, and EcoScale score. The practi-
cality of this method is also demonstrated in the gram-scale synthesis of vinyl sulfones.

Knoevenagel condensation of aromatic aldehydes with sulfonyl
acetic acids and the Horner-Emmons reaction involving
a-sulfonyl phosphonium ylides. A promising strategy,
however, is the direct sulfonylation of olefins, alkynes, vinyl
halides, vinyl tosylate, vinyl triflates and alkenyl boronic acids
with sulfonyl sources. Several sulfonyl sources, such as
DABSO, thiosulfonates, sulfinic acids/salts, and sulfonyl hydra-
zides, have been employed in these reactions.’
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Fig. 1 Examples of biologically active vinyl sulfones.
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In this line, decarboxylative sulfonylation of cinnamic acids
with sodium aryl sulfinates is a very promising method for the
preparation of vinyl sulfones. This is due to easily available
starting materials and CO, as the only by-product, thereby
making this approach sustainable and environmentally
benign. However, in the beginning, the decarboxylative sulfo-
nylation of a,f-unsaturated carboxylic acids has been achieved
by the use of expensive and hazardous transition metal (TM)
catalysts such as Pd, Cu, or Mn with expensive and toxic
ligands (Scheme 1).° Additionally, oxidants such as Ag,COs;,
KI, and TBHP have been employed in stoichiometric or over-
stoichiometric proportions. In the majority of cases, tempera-
tures are exceedingly high above 100 °C, and environmentally
unfriendly solvents such as DMSO and DMF have been
employed. Moreover, these reactions have limited substrate
scope, as these reactions are unsuccessful in the synthesis of
alkyl vinyl sulfones. The products in these methods require
extensive purification. From the perspective of green metrics,
these methods fare poorly in terms of atom efficiency (AEF),
reaction mass efficiency (RME), optimum efficiency (OE), etc.

Some metal-free approaches have also come to the fore,
such as using iodine-containing reagents like I, and PhI
(OAc),.” For example, PhI(OAc), has been utilized as an oxidiz-
ing/coupling reagent in over-stoichiometric proportions in one
method, and the reaction requires 100 °C for completion.”®
Despite the non-triviality of PhI(OAc),, this strategy would
necessitate stoichiometric generation of aryl iodides as by-pro-
ducts, limiting atom economy and other green chemistry para-
meters. Importantly, the synthesis of alkyl vinyl sulfones has
not been successful with this method. Likewise, in another
example, a combination of stoichiometric amounts of an alkali
base and iodine is needed at 60 °C for the product formation
which needs 10 hours for completion of the reaction.””
Furthermore, the authors have synthesized only one alkyl vinyl
sulfone with merely 45% yield. In yet another method, Shi and
co-workers developed an iodine-promoted decarboxylative C-S
cross-coupling of cinnamic acids with sodium benzene sulfo-
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Scheme 1 Background and summary of research work.
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nates. This method involves an over-stoichiometric amount of
TBHP (an F-level organic peroxide) and iodine heated at 90 °C
in toluene.” Like in the previous methods, this method fails
with alkyl sulfinate salts.

On similar lines, Wang and co-workers, in 2016, disclosed
an electrochemical decarboxylative sulfonylation of cinnamic
acid with sodium sulfinates for the synthesis of vinyl sulfo-
nes.”® However, this method suffered from issues such as the
limited scope and inefficiency of the protocol with alkyl sulfi-
nate salts, the requirement of acetic acid as an additive, and
high input electrolysis for its successful execution, resulting in
very poor effective mass yield (EMY) and mass productivity
(MP). Lately, Wang and co-workers, in 2019, established a
photocatalyzed synthesis of vinyl sulfones from cinnamic acid
and sodium sulfinates with high regioselectivity.”” This strat-
egy also suffers in terms of the requirement of merrifield
resin-supported Rose Bengal as a photocatalyst, over-stoichio-
metric amounts (2.0 equiv.) of TBHP oxidant, which is environ-
mentally unfriendly, an inert atmosphere (Ar), a long reaction
time (12 hours), and poor effective mass yield (EMY). This
method, like previous ones, does not work for the synthesis of
alkyl-substituted vinyl sulfone derivatives. One major bottle-
neck of these papers is the failure towards the synthesis of
alkyl vinyl sulfones. Overall, a general, environmentally sus-
tainable and mild approach for decarboxylative sulfonylation
of cinnamic acids is highly desirable.

Among the methods of synthetic chemistry, mechanochem-
istry has become an attractive alternative method for synthesiz-
ing organic compounds.? Mechanochemistry enables chemical
synthesis sustained by mechanical forces. It offers a new
opportunity for synthesizing organic compounds with solvent-
free organic mechanochemical reactions and unlocks new
routes towards numerous compounds that are not attainable
by other conventional methods.’ In continuation of our inter-
est in sustainable, green, and novel synthetic methodologies,°
we hereby report an unprecedented mechanochemical-assisted
decarboxylative sulfonylation of «,f-unsaturated carboxylic
acids with sodium sulfinates using only potassium iodide as
an activator with water (5 = 0.32 pL mg™") as the liquid-assisted
grinding additive (LAG)"' at ambient temperature under ball
milling in 10 min. The method works equally well on alkyl and
aryl sulfinates at room temperature without needing any metal
catalyst, oxidant, base, or inert environment. To commence
our studies, we chose cinnamic acid 1 and sodium 4-methyl-
benzenesulfinate 2 as the model substrates to investigate this
mechanochemical-mediated  decarboxylative sulfonylation
reaction, and different conditions were screened, as shown in
Table 1. However, the primary attempts did not lead to the
desired product on milling of pure reagents (entry 1).
Moreover, no desired product was observed when we added
NH,I as an iodine-based activator. Interestingly, after the
addition of a liquid (7 = 0.32 pL mg '), a so called liquid-
assisted grinding additive or LAG, the desired product 3 was
formed in 24% yield (Table 1, entry 3). Furthermore, given the
significance of LAGs for the chemical transformation, a series
of experiments was performed to optimize the best LAGs for

This journal is © The Royal Society of Chemistry 2024
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Table 1 Optimization of the reaction parameters for the reaction of
cinnamic acid and sodium 4-methylbenzenesulfinate®

Activator [e}
~_COOH . /©/802Na LAGs (0.32 uL/mg) S #
@N e . @NO\@LME
-~
1 2 30 Hz, 10 min 3
Entry Activator (50 mol%) LAGs (0.32 uL. mg™) Yield (%)
1 — — N.R.
2 NH,I — N.R.
3 NH,I DMSO 24
4 NH,I DMA Trace
5 NH,I DMF Trace
6 NH,I H,O 39
7 NH,I DCM Trace
8 NH,I EtOH N.R.
9 TBAI H,0 62
10 Cul H,O 40
11 KI H,0 92
12 I, H,O 76
13 PhI(OAc), H,0 59
14 NacCl H,O N.R.
15 TBAB H,0 N.R.
16 KI H,0 8g”
17 KI H,0 65°
18 KI H,O 734

“Reaction conditions: 1 (0.5 mmol), 2 (0.75 mmol), activator
(50 mol%), and LAGs (0.32 pL mg™'). The reaction was milled for
10 min at 30 Hz frequency using a 10 mL Retsch stainless steel jar,
and 5 mm, 2.5 g stainless steel grinding balls (5 x 5 mm grinding
balls) at room temperature. *KI (1 equiv.). “KI (30 mol%). “KI
(40 mol%).

the present reaction and the results revealed that H,O was the
best among DMA, DMF, DCM, and EtOH (Table 1, entries 4-8),
in which the desired product was obtained in 39% yield using
NH,I in a sub-stoichiometric amount (50 mol%) with H,O
(entry 6). Next, the screening of other iodine-containing
reagents, such as TBAIL, Cul, KI, I,, and PhI(OAc), (entries
9-13), revealed that KI displayed the efficiency to yield the
desired product 3 in 92% yield (entry 11). Next, we focused on
other halide-based activators, such as NaCl and TBAB.
Unfortunately, no product was obtained (entries 14 and 15).
Next, changing the loading of KI to 1 equiv., 30 mol%, and
40 mol% had a negative impact on the yield of the desired
product (entries 16-18).

Screening of the reaction temperature revealed that 92%
yield of the desired product 3 was obtained under standard
conditions at room temperature (internal jar temperature,
25.4 °C) (Fig. 2a), while applying an external heat source using
a heat gun on the mixing jar for 10 min did not seem to
impact the reaction yield (90% yield of 3) (internal jar tempera-
ture, 103.0 °C) (Fig. 2b). Furthermore, a hand grinding reac-
tion between 1 and 2 for 10 min with H,O gave access to the
desired product 3 in lower yield (42% yield) (Fig. 2¢c). Finally, a
solution-based heating reaction of 1 and 2 in H,O at 80 °C for
24 h resulted in the required product 3 in 29% yield (Fig. 2d).
All these parameters established that a combination of in-
expensive and readily available KI with H,O as LAGs at 30 Hz

This journal is © The Royal Society of Chemistry 2024
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(a) Room temperature

(c) hand grinding

p
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al v and grinding
room temperature 10.min, 30 Hz
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(b) Heat gun (d) Solution based reaction

Under Internal jar In H,0, 80 °C,
- 20, 5
Std. c‘i"d'“"“ temperature after 90%, 24h 9%
heating 10 min, 30 Hz
103.0 °C Isolated yield Isolated yield

Fig. 2 Various reaction setups: (a) reaction at room temperature; (b)
heat gun-based reaction; (c) hand grinding-based reaction; (d) solution-
based reaction.

frequency for 10 min at ambient temperature was optimal and
displayed the highest efficiency in catalyzing the reaction. For
other parameters such as the concentration of sodium sulfi-
nate salt, jar size, grinding balls, time and frequency, see the
ESIt for more details.

Substrate scope

With the optimized reaction conditions in hand, we explored
the substrate scope of this novel mechanochemical-assisted
decarboxylative sulfonylation reaction. As shown in Scheme 2,
a library of aryl o,f-unsaturated carboxylic acids 1, bearing
electron-donating and electron-withdrawing functionalities,
successfully underwent the mechanochemical-mediated decar-
boxylative sulfonylation reaction with sodium benzenesulfi-
nate 2, thus providing an ample opportunity for further deriva-
tization of the products 4-53 in moderate to excellent yields.
However, the experimental results suggested that both elec-
tronic and steric features of the substituted aryl
a,p-unsaturated carboxylic acids 1 affected the efficacy of the
decarboxylative sulfonylation reaction.

Aryl o,f-unsaturated carboxylic acids 1 bearing weak elec-
tron-donating groups (4-9) showed higher reactivity than those
with strong electron-donating ones (10-12) albeit less efficien-
tly. Additionally, a para-substituted o,p-unsaturated carboxylic
acid 4 furnished the desired product in higher yield than meta-
and ortho-substituted a,f-unsaturated carboxylic acids (5, 6).
Next, aryl a,p-unsaturated carboxylic acids 1, bearing remote
electron-withdrawing groups, were subsequently evaluated.

Green Chem., 2024, 26, 2721-2729 | 2723
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Scheme 2 Substrate scope for the decarboxylative sulfonylation reaction. Reaction conditions: aryl o,p-unsaturated carboxylic acid 1 (0.5 mmol),
sodium sulfinate 2 (0.75 mmol), KI (50 mol%), and H,O (; = 0.32 uL mg™?). The reaction was milled using a 10 mL Retsch stainless steel jar for 10 min
at 30 Hz frequency with 5 mm, 2.5 g stainless steel grinding balls (5 x 5 mm grinding balls) at room temperature. 2 30 min, 30 Hz. ® 40 min, 30 Hz.

Various functional groups such as chloro, fluoro, bromo, nitro,
and cyano functionalities at the ortho-, meta-, and para-posi-
tions smoothly reacted under this protocol to form the tar-
geted products (13-25) in moderate to good yields. Moreover,

2724 | Green Chem., 2024, 26, 2721-2729

the applicability of this method was demonstrated in the syn-
thesis of some potent neuroprotective agents 32, 33 and 34 in
63-78% yields, with (E)-1-chloro-2-(2-(phenylsulfonyl)vinyl)
benzene 33 being the most potent one.” The reaction also

This journal is © The Royal Society of Chemistry 2024
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worked well with biphenyl and 1,3-benzodioxole derived
a,p-unsaturated carboxylic acids to afford the required pro-
ducts 26 and 27 in 74% and 88% yield, respectively.
Interestingly, aryl o,f-unsaturated carboxylic acids having
extended conjugation, also reacted well and afforded the
desired product 28 in 77% yield. This strategy could also be
expanded to other heteroaryl such as thiophene, furan, and
pyridine derived a,p-unsaturated carboxylic acids, affording
the corresponding products (29-31) in 69%, 30%, and 79%
yield respectively. Unfortunately, aliphatic a,f-unsaturated car-
boxylic acids could not participate in this decarboxylative sul-
fonylation reaction. We presume that the low stability of alkyl
radical intermediates may be the reason for failure compared
to that of the benzyl radical intermediate in other cases. Next,
the potential of this methodology with aryl sodium sulfinate
salts 2 was investigated. Aryl sodium sulfinate derivatives 2
bearing electron-donating and electron-withdrawing function-
alities such as methyl, methoxy, ¢-butyl, nitro, chloro, fluoro,
trifluoromethyl, and trifluoromethoxy groups were well toler-
ated affording the corresponding products (35-45) in moderate
to excellent yields. Besides, naphthyl-substituted sulfinate salt
also reacted well with cinnamic acid 1 to afford the desired
product 46 in 42% yield.

The compatibility of this protocol was further demonstrated
by the reaction between aliphatic sodium sulfinate salts 2 and
cinnamic acid 1 under our KI-promoted decarboxylative sulfo-
nylation strategy. Methane-, ethane-, 1-propane-, 1-butane,
1-pentane-, and 1-hexane sulfinic acid sodium salts 2 were well
tolerated under this protocol to afford the desired products
(47-52) in 30-80% yield.

Moreover, cyclopropane-sulfinic acid sodium salt also
reacted smoothly and afforded the desired vinyl sulfone (53) in
70% yield. Notably, this is the first report on the decarboxyla-

a) Radical trapping experiment

o o
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Me’ Standard conditions Me
1 2 3
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Scheme 3 Mechanistic studies.
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tive sulfonylation synthesis of 1-propane-, 1-butane-1-pentane-,
and 1-hexane-bearing vinyl sulfones in good yields.

Scale-up

To demonstrate the practicality of this method, a gram-scale
synthesis was performed with cinnamic acid 1 (0.444 g,
3 mmol) and 4-methylbenzenesulfinate 2 (0.801 g, 4.5 mmol)
to afford the desired product 3 in 72% yield (0.557 g).

Mechanistic studies

To glean further insights into the mechanism, a series of
control experiments and studies were performed and analyzed
(Scheme 3). A radical trapping experiment with (2,2,6,6-tetra-
methylpiperidin-1-yl) oxy (TEMPO), butylated hydroxytoluene
(BHT) or 1,1-diphenylethylene completely inhibited the reac-
tion, and no sulfonylated product was obtained (Scheme 3a).
These results indicated that the sulfonylation reaction may
involve a radical process. The tosyl-TEMPO adduct 54 was
detected by GC-MS (M = 311) and the 1,1-diphenylethylene
adduct 55 was produced, isolated (47% yield) upon reaction of
cinnamic acid 1 with 4-methylbenzenesulfinate 2, and con-
firmed by NMR, corroborating the intermediacy of a sulfonyl
radical species (see the ESIf). Moreover, a starch-iodine test
was performed, which indicated the formation of in situ mole-
cular iodine (I) in the reaction mixture (see the ESI}). Next,
the 4-methylbenzenesulfonyl iodide substrate (X = -SO,I) was
subjected to ball mill conditions with H,O and the desired
product 3 was obtained in 87% yield, establishing the involve-
ment of a possible sulfonyl iodide intermediate in the reaction

b) Evidence for in-situ iodine (l,) formation in reaction medium

SO,Na s
i X7
X OH + /©/ Standard conditions ©/\/O\©\
Me Me

1 2 3
a = starch solution 1 2 3
b = Kl solution | &
¢ = |3 solution ?: - 1 {} i Y BN
d = reaction mixture solution L !
a+c = reference standard a b c d atc  a+d a+b

d) Reaction with styrene and ethyl cinnamate

SO,Na
X X 2 Standard conditions X ?
. S —— o]
Me Me

1 2 3
Structural variation of 1
X -H -CO,Et
Isolated yield of 3 59% N.D
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medium (Scheme 3c)."” However, the same reaction with aryl
sulfinic acid (X = -SO,H) did not yield the expected desired
product under ball mill conditions. The above result indicates
that the key sulfonyl iodide intermediate may be formed in the
reaction medium and sulfinic acid may not be the
intermediate.

Next, a series of controlled reactions with styrene and ethyl
cinnamate were performed under standard conditions
(Scheme 3d). The results revealed that a 59% yield of the
desired vinyl sulfones 3 was obtained when the reaction was
performed with styrene, whereas ethyl cinnamate derivatives
did not yield the required products, which shows the impor-
tance of the carboxyl group in the reaction protocol.

Diversification of vinyl sulfones

Compound 3 was subjected to a reaction with pyrrolidin-2-one
in DMA at 110 °C with (NH,),S,0s as an oxidant under air,
resulting in the required product 56 in 74% yield (Scheme 4)."

To determine the eco-friendliness and greenness of our
developed strategy, the green chemistry metrics were evaluated
for the synthesis of 3 (0.118 g, 92%) from cinnamic acid 1
(0.5 mmol, 0.074 g) and 4-methylbenzenesulinate 2
(0.75 mmol, 0.133 g) using KI (50 mol%, 0.0414 g) under ball
mill conditions. The results are presented in Fig. 3a. For our
method, the green chemistry metrics were found to be top-
notch. In particular, effective mass yield (285.02%), atom
economy (79.17%), atom efficiency (72.84%), and reaction
mass efficiency (47.50%) were found excellent.'*” The
E-factor is calculated to be 1.105, which is the lowest compared
to those of other reported methods. Moreover, the EcoScale
score was calculated to be 79, which is excellent in terms of
safety, economic, and ecological features.'® Besides, the advan-
tage of a short reaction time of our method results in an excel-
lent turnover frequency (TOF) and a satisfactory turnover
number (TON), exhibiting the high catalytic ability of KI in the
reaction system (see the ESIY).

In general, we observed that the green chemistry metrics of
our method are exceptionally tailored towards sustainability.
The green chemistry metrics of our strategy are compared with
those of other decarboxylative sulfonylation methods as shown
in Fig. 3b.% (see the ESI{ for detailed calculation).

In light of all experimental data and previous literature
reports, the plausible mechanistic pathways for this mechano-

o

HTON
H
0 (NH4),8,05 (0.6 mmol)
L8 DMA, 110°C, 0.5 h, air ~ 0
1] N
©/\/o\©\ t-BuOK H
3 Me
56
74%

Scheme 4 Synthetic applications.

2726 | Green Chem., 2024, 26, 2721-2729

View Article Online

Green Chemistry

a) Green chemistry metrics evalution for the synthesis of vinyl sulfone
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Total mass of wastes ~ 0.074 g + 0.133 g + 0.0414 g — 0.118 g
E — factor = = =1.105
mass of product 011849

EcoScale = 100 - sum of individual penalties
Score on EcoScale: > 75, Excellent; >50, Acceptable; <50, Inadequate
EcoScale score = 100 — 21 = 79° (> 75: it is an excellent svnthesis)

b) y of green

'y metrics

Fig. 3 Green chemistry metric analysis (a) Green chemistry metric
evaluation of synthesis of vinyl sulfones by our method. (b) Summary of
green chemistry metrics of our method compared to previous methods
(see the ESIf for detailed calculation). Note: atom economy (AE), atom
efficiency (AEf), effective mass yield (EMY), reaction mass efficiency
(RME), optimum efficiency (OE), process mass intensity (PMI), mass
intensity (M), mass productivity (MP), E-factor, turnover number (TON),
and turnover frequency (TOF). (1), higher is better; (|), lower is better.
 See the ESIY for detailed calculations.

chemical-mediated decarboxylative sulfonylation reaction are
proposed and illustrated in Scheme 5. Initially, KI is oxidized
in the presence of atmospheric air and H,O to generate mole-
cular iodine (I,) which is supported by the starch-iodine test.
It is easy to generate aryl sulfonyl iodide intermediate A from
sodium sulfinate salt and iodine, which undergoes homolysis
to give a sulfonyl radical B and an iodine radical.'® The

This journal is © The Royal Society of Chemistry 2024
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Scheme 5 Possible mechanistic pathway.

addition of sulfonyl radical intermediate B to a,f-unsaturated
carboxylic acids 1 affords the radical intermediate C. Two poss-
ible mechanistic pathways for product formation is shown in
Scheme 5. In path-A, the benzylic radical intermediate C
undergoes hydrogen atom transfer reaction (HAT) with the
iodine radical to give diradical intermediate D and HI. Finally,
the final product 3 is obtained via decarboxylation of inter-
mediate D. On the other hand (path-B), the intermediate C
undergoes deprotonation followed by decarboxylation to give a
radical anion intermediate G.

Finally, the intermediate G can interact with iodine via a
single electron transfer event to give the final product 3. The
excellent E/Z selectivity might originate from stereoelectronic
and steric effects of the radical anion.>°

Conclusions

In summary, we have successfully demonstrated a mechano-
chemical-mediated decarboxylative sulfonylation reaction to
synthesize vinyl sulfones under ball milling conditions. The
striking features of this method include: (a) the use of readily
available o,f-unsaturated carboxylic acids and sodium sulfi-
nates; (b) use of inexpensive KI as an activator and H,O as a
LAG; (c) operational simplicity in terms of room temperature
reaction and a short reaction time; (d) metal catalyst-, oxidant-,
additive-, and solvent-free conditions; (e) being successful with
both alkyl and aryl sulfinate salts; (f) compatibility on a gram
scale. Moreover, the green chemistry parameters were found to
be excellent in terms of safety, economic, and ecological con-
siderations. We believe that the current method is applicable

This journal is © The Royal Society of Chemistry 2024
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to late-stage functionalization and in the synthesis of valuable
intermediates in organic synthesis at both academic and
industrial levels.
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