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In this paper, we present the synthetic potential of diarylmethylium tetrafluoroborates as catalysts for the
visible light promoted hydrosulfonylation of unactivated alkenes. For the first time, these salts, which are
bench stable and easily preparable on a multi-gram scale, were employed as organocatalysts.
Interestingly, a catalyst loading of only 1 mol% allowed sulfone products to be efficiently obtained from
good-to-excellent yields with high functional-group tolerance and scalability up to 15 mmol of alkene.
The mechanistic study, both experimental and computational, presented here, revealed an alternative
mechanism for the formation of the key sulfonyl radical. Indeed, the photoactive species was proved not
to be the diarylcarbenium salt itself, but two intermediates, a stable S—C adduct and an ion couple, that
were formed after its interaction with sodium benzenesulfinate. Upon absorbing light, the ion couple
could reach an excited state with a charge-transfer character which gave the fundamental sulfonyl
radical. A PCET (proton-coupled electron transfer) closes the catalytic cycle reforming the

rsc.li/chemical-science diarylcarbenium salt.

Introduction

Sulfones are privileged building blocks for medicinal chemistry,
drug discovery and natural-product synthesis, therefore, the
search for operationally simple and easily scalable methodolo-
gies for their preparation is a current hot topic.>* To overcome
the drawbacks associated with the traditional oxidation of
sulfides or sulfoxides,>® considerable effort has been devoted to
the development of SO, surrogates,”™* and to the employment
of alternative solvents (water, deep eutectic solvents, and
solvent free).'»'* Moreover, emerging techniques such as
photochemistry**** and electrochemistry are increasingly gain-
ing ground.™ In most cases, the key step to the success of these
reactions is the generation of the sulfonyl radical from suitable
precursors (e.g. sodium sulfinates, sulfonyl chlorides, sulfinic
acids, sulfonyl hydrazides, sulfonyl imines, and
DABCO(S0O,),).**2° Vicinal difunctionalisation is generally
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observed under photocatalysis®*>* when feedstock chemicals,

such as alkenes, are employed as coupling partners, while
methods enabling their direct hydrosulfonylation are very
limited. The first example was reported by Yu in 2019
(Scheme 1a).*® The anti-Markovnikov hydrosulfonylation of
alkenes bearing alkyl groups was accomplished under iridium-
photocatalysis in the presence of sodium sulfinates, used as
sulfonyl radical precursors. This methodology has also been
applied to electron-poor alkenes showing reduced reactivity
and/or the formation of product mixtures. In 2020, Liu and
Duan applied the protocol to styrenes by substituting acetic acid
and water with methanol for use as a proton source (Scheme
1b).*® Pre-activated sulfone tetrazoles, and activated sulfonyl
chlorides were also proposed as sulfonyl radical precursors by
Ley*” and Gouverneur.?® In the first case, acrylates and electron-
poor alkenes can be readily converted to dialkyl sulfones under
iridium photoredox catalysis. The success of this protocol is
somewhat tempered by the need for a stoichiometric amount of
DMAP as a sacrificial reagent, and Cu(OAc), as an external
oxidant (Scheme 1c). In the second case, sulfonyl chlorides are
employed for the hydrosulfonylation of electron-deficient
alkenes under visible light activation for the first time.
However, the use of (TMS);-SiH as a H donor is necessary. In
this way, they have developed a mild protocol that is suitable for
late-stage functionalisation (Scheme 1d).
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Previous works: visible-light mediated hydrosulfonylation of alkenes based on iridium photocatalyst
a][Yu, 2019]
o o, O\\//O + Amido, ester, ether substituted alkenes
R + g —@ /‘—> R1/\/S\ R2 <+ Limited scope for substituted aliphatic alkenes
RZ TON
2 Ref 25 * Mixture of isomers for short chain alkenes
48 examples + Scale-up to 4 mmol scale
b] [ Liu and Duan, 2020 ]
V4
©/\ ﬂ C: ~”:, XN S\R2 + Extension of Yu protocol
.S Ir / .
= = + R2 °>ONa @/\/ * Limited to styrene derivatives
R 1
Ref. 26 R 28 ' + Scale-up to 4 mmol scale
examples
c] [ Ley, 2020 ]
NNy C: »- W4 * Acrylates and elect Ik
RK\ . R /tN/ r /: R1/\/S\R2 crylates and electron-poor alkenes
//S\\ \ * Use of stoichiometric amount of DMAP
0 Ph
0 35°C, Ref. 27 19 examples * Cu(OAc), as external oxidant
d] [ Gouverneur, 2020 ]
o 0
X L c{\S//O ( Ir: ;i— R1/\/\\S//\ - * Aliphatic and electron-poor alkenes
R2Cl * Excess of (TMS)3SiH as H-atom donor
Ref. 28 52 examples * Scale-up to 19 mmol scale
This work: metal-free hydrosulfonylation of alkenes using diarylcarbenium salts
Key Photoactive Complex
17 S S . RTTR2 S
RN+ S F.5 N >§ @/ )
41 examples
. aromatic group . H, Me
: Me, Ph, 2-naphthyl
<+ Aliphatic and functionalised alkenes * Mild and operational simple
* High functional groups tolerance * Scale-up to 15 mmol scale

Scheme 1 Top: previously reported visible-light hydrosulfonylation of alkenes; bottom: this work.

More recently, Xue and Luo have reported the use of sulfonyl
imines as versatile sulfonyl precursors under iridium/copper
dual catalysis.*® As shown in Scheme 1, the hydrosulfonylation
of alkenes mediated by visible light is dominated by iridium
catalysis. Although polypyridyl complexes of iridium are robust
photocatalysts, they can be acid sensitive?® and the low
abundancy of this metal** makes these compounds unsustain-
able from economic and environmental points of view. More-
over, their high costs potentially limit their application on

2722 | Chem. Sci., 2023, 14, 2721-2734

industrial scale. While iridium and ruthenium complexes still
stand at the forefront of photocatalysis, in recent years, organic
dyes (e.g. acridinium salts, anthraquinones, Eosin Y, cyanoar-
enes, etc.) have emerged as a sustainable option due to their
stability, photocatalytic performances and wide range of useful
redox potentials.*' ¢

As part of our ongoing research on the photocatalyzed
functionalisation of unsaturated compounds,”* we have
developed an operationally simple anti-Markovnikov

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrosulfonylation of a broad range of unactivated alkenes 1
with sodium sulfinates 2a-e in the presence of diarylmethylium
tetrafluoroborates under purple light (Scheme 1, bottom). This
class of compounds is known in the literature as a model
substrate in organocatalyzed alkylation reactions*** or
together with benzhydrylium ions have been employed by Mayr
as reference electrophiles for the construction of a general
basicity scale.**** For the first time, we have employed non-
symmetric diarylcarbenium salts I-XII as organocatalysts in
a light mediated process. These salts strongly absorb in the
visible spectrum, with absorption maxima ranging from red to
yellow according to their substitution patterns. They can be
easily synthesised on the gram scale via the direct condensation
of aryl or heteroaryl aldehydes and N-heteroarenes. Interest-
ingly, they are bench-stable salts with long shelf life and high
stability, embodying the characteristics of the ideal catalyst.
Furthermore, their structure can be easily modulated to finely
tune their redox potentials. An additional aspect that should not
be underestimated is the catalyst cost as diarylcarbenium salts
are more economically viable than iridium catalysts.*®

Results and discussion

We initiated our study by evaluating the spectroscopic and
electrochemical properties of several diarylcarbenium tetra-
fluoborates I-XII, which were available in our laboratory (for full
characterization see Table S7 in the ESIf). Cyclic voltammetry
(CV) measurements showed an interesting match between the
redox potentials of salts I-XII and sodium benzenesulfinate 2a,
which suggested their potential application as a catalyst in the
hydrosulfonylation of unsaturated compounds. Therefore,
hexadec-1-ene 1a and sodium benzenesulfinate 2a were chosen
as the model substrates to prove our hypothesis, starting from
reaction conditions reported by Yu.” The reaction was not
feasible at room temperature, at 40 °C or under illumination at
525 nm (Table 1 entries 2-3) in the presence of tetrafluoroborate
salt I (10 mol%), water (10 eq.) and acetic acid (4.5 eq.) in
CH,Cl,, whereas product 3a was isolated in a 22% yield under
illumination with a 40W Kessil blue LED lamp (Table 1 entry 4).
Unsatisfactory results were obtained under all the conditions
tested at 456 nm (for the complete set of experiments see Table
S1t). This observation and the lack of reactivity under green
light can be rationalized by the colour bleaching of diary-
lcarbenium I when sulfinate 2a was added to the reaction
medium, which hints at there being a different active species
than I in this light-mediated process.

Therefore, we tested the hydrosulfonylation under purple
LED lamp irradiation (390 nm) and we were delighted to
observe a 71% yield of 3a in the presence of 10 mol% of I (Table
1 entry 5). As described in Table 1 entry 6, a decrease in the
catalyst amount, from 10 to 5 mol%, was beneficial to the
reaction outcome with an increase in yield up to 87%. A further
reduction in I, loading at 3 mol%, caused a slight decrease to an
83% yield (Table 1 entry 7). Interestingly, the use of only 1 mol%
of salt I still resulted in an 80% yield (Table 1 entry 1). We
consider this to be the most convenient result because a high
yield was obtained with a very low loading of I, which is an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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organocatalyst. Moreover, this amount corresponds to the
catalyst loading generally used in iridium photocatalysis in
similar reactions.”?® We therefore decided to continue our
optimization with 1 mol% of I. We also confirmed a lack of
reactivity under illumination with a 390 nm LED lamp in the
absence of the diarylcarbenium salt I (Table 1 entry 8).

Then, reaction conditions were extensively screened in order
to assess the role of the solvent, acid, water and sulfinate
amount (see the ESIf for exhaustive Tables). Regarding the
solvent, the protic CHCl; and the aprotic THF were less efficient
than CH,Cl, both affording the product with a 50% yield (Table
1 entries 9-10). The use of CH;CN caused a further drop to
a 30% yield (Table 1 entry 11). Other solvents such as DMF or 2-
Me-THF proved to be very inefficient (see Table S31). A dilution
of the reaction mixture from 0.2 M to 0.1 M in CH,Cl, was not
beneficial, resulting in a 64% yield of 3a (Table 1 entry 12).

The reaction outcome was highly dependent on the presence
of the acid and water with a complete lack of reactivity in the
absence of both (Table 1 entries 13 and 16). Organic acids such
as formic and acetic acid (Table 1 entries 14 and 1, respectively
77 and 80%) performed better than inorganic acids, the latter
causing the degradation of alkene 1a (for the complete
screening see Tables S4 and S57). A screening of the equivalents
of acetic acid was also accomplished, showing the need for an
excess of this acid. As reported in entry 15 of Table 1, the use of
a stoichiometric amount of acetic acid decreased the yield to
41% (versus 80% yield with 4.5 eq. of acetic acid). An excess of
water was necessary, in order to assure the best solubility of
sodium benzenesulfinate 2a. Best results were obtained with 10
equivalents as shown in Table 1 entry 1. Higher or lower
amounts resulted in a slight decrease in the reaction efficiency,
a 66% and 72% yield for 3a were respectively observed with 6
and 20 equivalents of water (Table 1 entries 17-18, see also
Table S51). Our attention was then pointed towards the influ-
ence of the sodium benzenesulfinate 2a amount with respect to
hexadec-1-ene 1a. Neither the use of 1.1 (59%, Table 1 entry 19)
or 3 equivalents of 2a (70%, entry 20) resulted to be beneficial in
comparison to the starting 1.6 equivalents.

We next sought to evaluate the catalyst structure changing
the aryl moiety and the substituents on C2 and nitrogen of the
indole portion of the diarylcarbenium salt. A selection of the
results is reported in Table 1b, whereas the complete study is
described in Table S7 of the ESI.{ According to the substitution
patterns, the diarylcarbenium salts I-XII showed a different
efficiency in promoting the hydrosulfonylation of hexadec-1-ene
1la with 2a. Several tetrafluoroborates were prepared and the
effect of the substituents at C2 and N of the indole core was
evaluated. In general, from good to high yields were obtained
with diarylcarbenium salts I-IV, bearing a methoxy-naphthyl
moiety and a N-methyl indole. A moderate decrease in yield
from 80 to 66% was observed increasing the size of the
substituent at C2 of the indole portion while keeping the 2-
methoxynaphthyl moiety (Table 1b, I and IV). A dramatic drop
in the efficiency was achieved for those catalysts derived from
a substituted benzaldehyde and 2-methylindole (Table 1b, VIII
and X). Therefore, the presence of a methylated nitrogen proved

Chem. Sci., 2023, 14, 2721-2734 | 2723
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to be essential for high yield except for compound V which
despite being a N-H salt gave a 70% yield for 3a (Table 1b).
Although most diarylcarbenium tetrafluoborate salts showed
discrete to good efficiency, no direct correlation could be found
with their electronic properties and redox potentials. As shown
in Table 1b, tetrafluoroborate salts with similar redox poten-
tials, e.g. I and X or V and VIII, gave very different yields in the
hydrosulfonylation of hexadec-1-ene 1a. Therefore, we became
suspicious of the role of diarylmethylium tetrafluoborates as
effective catalysts in this transformation. We must recall also

View Article Online

Edge Article

the colour bleaching observed upon the addition of 2a. Mech-
anistic studies were then initiated in order to understand the
actual catalytic species involved here.

In summary, the complete screening of catalysts, reagent
amounts and ratios (fully described in the ESIt) confirmed the
conditions reported in Table 1 entry 1 to be the optimal. Thus,
a simple setup composed of 1 mol% of salt I, 4.5 equivalents of
acetic acid and 10 equivalents of water in CH,Cl, under irra-
diation with a purple LED lamp at room temperature enabled

Table 1 Optimization of the reaction conditions for the anti-Markovnikov hydrosulfonylation — selected results

I (1 mol%)
0 Hzo (10 eq)
N 's'\ CH3COOH (4.5 eq.) Q\S/,O
+ O'Na*
o ©/ CH,Cly, 1t, 23 h o \©
1a 2a 3a
1.6 eq. }Q
a. Optimisation of the reaction conditions
Entry Deviation 3a Yield [%]°
1 None* 80
2 No irradiation at rt or 40 °C 0
3 Green LED lamp (525 nm) 0
4 Blue LED lamp (456 nm) 22°
5 I (10 mol%) 71
6 1 (5 mol%) 87
7 1 (3 mol%) 83
8 Nol 0
9 CHCI; as solvent 50
10 THF as solvent 50
11 CH;CN as solvent 30
12 0.1 M in CH,Cl, 64
13 No acid Traces
14 HCOOH as acid 77
15 1 eq. of CH3;COOH as acid 41
16 No H,O 0
17 H,0 (6 eq.) 66
18 H,0(20 eq.) 72
19 2a (1.1 eq.) 59
20 2a (3 eq.) 70

b. Screening of selected diarylmethylium tetrafluoroborates salts

Amax 522 nm 543 nm
EC -0.395V -0.275V
Yield 3a 80% 66%

533 nm 446 nm 392 nm
-0.480 V -0.490 V -0.380 V
70% 2% 35%

“ Reaction conditions: hexadec-1-ene 1a (0.5 mmol), sodium benzenesulfinate 2a (0.8 mmol, 1.6 eq.), I-XII (1 mol%), in CH,Cl, (2.5 mL; 0.2 M),

CH;COOH (2.25 mmol, 4.5 eq.), H,O (5 mmol, 10 eq.), 40W Kessil purple LED lamp (390 nm), 23 h, room temperature. ”

isolated product. © Carried out with 10% mol of I.

2724 | Chem. Sci, 2023, 14, 2721-2734

Determined on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a) Light / Dark Experiment
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b) Radical Trapping Experiment

1 (1 mol%)

=0

| o 0
S. Radical Scavenger (2 eq.) \\S’/
VAN ONa -
H,0 (10 eq.), CHyCOzH (4.5 eq.)
1a 2a CH,Clp 1, 23 h 3a
1.6 eq.
o]
Radical Scavenger 3a Yield [%]
TEMPO before illumination 16
BHT before illumination 10
BHT after 4h illumination 19 SO.Ph
5
None 80
Detected by HRMS

c) Deuterium Experiment

(o]

g 1(1 mol%)
R A @/ “ona®
D,0 (10 eq.)
1a 2a CD3CO,D (4.5¢€q.)

v,

CH,Cly, rt, 23 h, y

3a/3a'=53/47

\ /,

w20

Fig. 1 a) The light/dark experiment. (b) The TEMPO/BHT trapping experiment. (c) The deuterium experiment. The details of the experimental

conditions for each study are reported in the ESI.{

an efficient anti-Markovnikov functionalisation of alkene 1a to
afford sulfone 3a.

Mechanistic studies: experimental and
computation
Experimental mechanistic studies

In order to understand the function of purple light in the
hydrosulfonylation of alkenes, we turned our attention to the
reaction mechanism. The crucial role of light was demonstrated
by a light/dark experiment which showed reaction progression
solely under irradiation (Fig. 1a). Then, to gain further insight
into the reaction mechanism and prove the formation of radical
intermediates, we performed trapping experiments with 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) and butylhydroxytoluene
(BHT) as radical scavengers (Fig. 1b). When 2 equivalents of
TEMPO were added to the reaction mixture under standard
conditions, the transformation efficiency drastically dropped
(16% yield vs. 80% under standard conditions for 3a). In the
presence of the radical scavenger BHT, the yield of the sulfo-
nylation product 3a further dropped to 10% suggesting that
a radical pathway could be involved in this transformation
(Fig. 1b). This idea was additionally confirmed by the detection
of the BHT-sulfonyl radical adduct 5 by HRMS. Furthermore,
when the reaction was carried out under an O, atmosphere, no
product formation was observed. The reaction proceeded with
an anti-Markonikov selectivity in which acetic acid played
a crucial role, as shown in the optimisation. Moreover, deute-
rium experiments showed the introduction of deuterium into
the B-position of sulfone 3a. The deuterated product 3a’ was
obtained along with its non-deuterated counterpart 3a in 47/53
ratio in the presence of CD;COOD and D,O (Fig. 1c).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Determination of the catalytic species

In order to determine the actual catalytic species, we performed
the UV-vis analysis of diarylmethylium salt I alone and in the
presence of sodium benzenesulfinate 2a. As shown in Fig. 2a,
salt I is a bright coral red solid showing two absorption bands
centered at 522 (visible) and 382 (UV-A) nm (black line in 2a) in
CH,Cl,. When sodium benzenesulfinate 2a is added to I solu-
tion, a fast and progressive colour fading to colourless is
observed together with the complete suppression of both
characteristic absorption bands of the diarylmethylium tetra-
fluoroborate salt I (red line in Fig. 2a) and the appearance of
a new band in the UV-B region (black line in Fig. 2a). This fact,
as pointed out in the reaction optimisation, made us suspect
that the catalytic species in this transformation might not be
the diarylmethylium salt itself. To better understand the inter-
actions existing between I and the sulfinate 2a, we performed
'"H-NMR analysis of a 1/1 mixture of I/2a in CD,Cl,. Ten
equivalents of D,O were added to improve sulfinate solubility.
As displayed in Fig. 2c¢, the singlet centred at 9.01 ppm, perti-
nent to the methenyl (C'°~H) between the naphthyl and indolyl
moieties of 1, disappeared. Moreover, the C>~CH; was shielded
and the corresponding singlet was shifted by 0.88 ppm. The
signals at 3.55, 6.82, and 8.01 ppm were subjected not only to
a shift but also to a broadening indicating a direct interaction
between I and sulfinate 2a.

Cyclic voltammetry (CV) demonstrated that the diary-
Imethylium salts have an irreversible reduction peak at —0.5 V
vs. Ag/AgCl as the most distinguishable redox feature (Fig. 2b
and ESIf). In the case of I, this characteristic peak disappeared
in the first cycle in the presence of sulfinate 2a (Fig. 2b).
Moreover, when subjected to repeated cycles, its current was
significantly reduced (ESIt). In contrast, this characteristic peak

Chem. Sci., 2023, 14, 2721-2734 | 2725
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a) UV-Vis spectra
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b) Cyclic Voltammetry

08 I ! i
s 064 : ' | <
B | E
8 oad ' ! =
5 ' _ 5
3 | : ! O
< ' ' . "
021\ : ! —-1+2a1 cycle
i | H T -~ 1+2a3"° cycle
004 ] M
N ! —————
300 400 500 600 700 800 -2.0 -1.0 0.0 1.0 2.0
Wavelenath (nm) Applied Potential (V vs. Ag/AgCl)
c) 1H-NMR

VAN
Diarylmethylium salt | and sodium benzenesulfinate 2

] I (T

Diarylmethylium salt |

- Ju

a

_Jk_,_QLL J{

T T T T T T T T T T T

T f
90 88 86 84 82 80 78 76 74 72 70 68 54

f1

Fig. 2 (a) UV-vis spectra of diarylcarbenium salt | (20 mM) in CH,Cl,

T T T T T T T T T T

52 42 40 38 36 34 32 30 28 26 24 22 20
ppm)

before (black line) and after (red line) the addition of sodium benzene-

sulfinate 2a. (b) CV recorded in CH,Cl, at 200 mV s~ of | with and without an excess of 2a. (c) Comparison between the *H-NMR (600 MHz)
spectra of salt | alone (bottom) and in the presence of 2a (top) in CD,Cl, with 10 equivalents of D,O.

completely disappeared for the diarylmethylium salts not
showing a good catalytic activity in the hydrosulfonylation. (see
the ESIt). The anodic current peaks observed in the presence of
sulfinate 2a were assigned to the sulfinate moiety (Fig. 2b),
because very similar features were observed when sulfinate 2a
alone was dissolved in methanol (Fig. S26 in the ESIY).
Conversely, sulfinate 2a did not give redox features in CH,Cl,,

2726 | Chem. Sci, 2023, 14, 2721-2734

due to its scarce solubility. Therefore, we hypothesized that
sulfinate 2a and diarylmethylium salts might form an adduct
increasing the solubility of sulfinate in CH,Cl,. Moreover, the
adduct should have a charge-transfer nature, as witnessed by
the changes in the current of the cathodic peak and in both
current and potential of the anodic peaks assigned to the sul-
finate moiety (Fig. 2b and ESI}). Therefore, to clarify the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structures of the S—C bound adducts AD (left) and the complex A between sodium benzenesulfinate 2a and the catalyst | (right). Color
code: black = carbon, white = hydrogen, blue = nitrogen, red = oxygen, yellow = sulfur. The distances are in Angstrém.

interactions between the catalyst and the sulfinate, quantum
chemical calculations were carried out.

Computational study

Computational studies were performed on pent-1-ene 1d as the
model alkene, tetrafluoroborate I (hereafter, indolynium I') as
the catalyst and acetic acid as the co-reactant and co-catalyst.
The analysis of the different configurations and conforma-
tions (Tables S-1a/bt) and the electronic structure (group
charges and LUMO, Fig. S-17) of the catalyst I are reported in the
ESI-Computational Data (ESI-CDf). In discrete agreement with
the experimental findings, the first active electronic transition
for catalyst I was calculated using time-dependent density
functional theory (TD-DFT) at 484-494 nm (versus the experi-
mental 522 nm, see Fig. 2a). It corresponds to the transition
from the HOMO, mainly localized on the naphthyl moiety, to
the LUMO orbital, mainly situated on the indolynium unit (see
Fig. S-2 in the ESI-CDt). For the mixture catalyst I/sodium
benzenesulfinate 2a, calculations predicted the formation of
two intermediates in equilibrium between themselves (ESI-CD,

Table S-2at). The most stable is an S-C adduct AD, where the
sulphur is directly bound to the methenyl carbon C'°-H (Fig. 3,
left).

This adduct is 9.8 kcal mol~* more stable than the separated
species in terms of free energy. In agreement with the experi-
mental findings, the calculated first electronic transition at
358 nm for adduct AD matched the lack of absorbance in the
visible region observed when I and 2a are mixed together (see
Fig. 2a for the experimental UV-vis spectrum). The electronic
structure of the first excited state (Fig. S-3, ESI-CD7) is mainly
described by a transition that involves 7 and 7* orbitals local-
ized on the three aromatic moieties. The contributions of the
SO, moiety and of the gcs* (essential for the dissociation of this
bond) are negligible. This, along with the fact that AD does not
absorb in the visible, should exclude the creation of the radical
couple by photodissociation of the C-S bound adduct. More-
over, the calculated "H-NMR isotropic magnetic shielding
tensors were qualitatively coherent with the experimental find-
ings (Fig. 2c¢) with a calculated shift for most hydrogen atoms
between —1.5 and +0.5 ppm going from I to the S-C adduct AD.
The highest upshift of +3.2 ppm was calculated for the C'°-H.

Fig. 4 Structure of the first excited state S;-A’* of the complex A’ between sodium benzenesulfinate 2a~ and indolynium I* (left) and differential
density map (right, the red areas correspond to a reduction in the electronic density when going from Sp to Sy, and the blue areas correspond to
an increase in the electronic density). Color code: black = carbon, white = hydrogen, blue = nitrogen, red = oxygen, yellow = sulfur. The

distances are in Angstrém.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14, 2721-2734 | 2727


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00182b

Open Access Article. Published on 10 February 2023. Downloaded on 7/16/2025 11:19:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

y - S1A* -

Photoactive Complex

Scheme 2 Proposed full reaction mechanism.

As shown in Fig. 3 right, the second species is the complex A,
an ion couple formed between 2a and I characterized by
a hydrogen bond between the C'°-H and one of the oxygens of
the sulfinate 2a. This complex is located 7.4 kcal mol " below
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the reactants, but only 2.5 kcal mol~" above the S-C adduct AD.
Therefore, according to our calculations the covalent adduct AD
should be the prevailing species, while very small concentra-
tions (ca. 2%) of complex A are present in solution. A similar

© 2023 The Author(s). Published by the Royal Society of Chemistry
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case was, recently, reported by the Gaunt group.”” Despite the
low amount of complex A, it is the key reactive species. Indeed,
as indicated by the TD-DFT calculations, its first excited state S;
showed a charge-transfer character that can prelude to the
generation of a couple of radicals, i.e. the phenyl sulfonyl
radical 2a’ and the indolyl radical I'. In fact, this S; state
corresponds to an electronic transition from the HOMO local-
ized on the anionic SO,  moiety to the LUMO localized on the
indolinium I" (see Fig. S-4a in the ESI-CDY). To simplify the
model (and to solve the problems of convergence in the opti-
misation of the first excited state with the TD-DFT calculations,
data in Table S-2b, ESI-CDY), we optimised the structures of the
complex between the indolyl cation I' and the sodium benze-
nesulfinate 2a~ without their counter-ions (i.e. Na" and BF,").
The structure of this new complex, A’ (Fig. S-4b in the ESI-CDY)
is similar to that with the counterions and its first excited state
also showed the same charge-transfer character (i.e. a transition
from the HOMO localized on the anionic SO,  moiety to the
LUMO localized on the indolinium I*, see Fig. S-4¢ in the ESI-
CDf). The optimisation of the structure of the first excited state
of complex A’ leads to S,-A"* (Fig. 4, left) which is located, in
terms of electronic energy (AE™, free energies are not available
at the TD-DFT level) 32.7 kcal mol * above A, but only 16.8 kcal
mol " with respect to the separated ions 2a~ and I'. Also S;-A*
shows an electronic structure corresponding to the couple of
radicals formed by the phenylsulfonyl 2a and the indolyl radical
I'. This can also be deduced from the differential density map
reported in Fig. 4, right and from the group charges (Fig. S-5 in
the ESI-CD7). Therefore, we hypothesized that, upon irradia-
tion, the carbocation I' is able to reduce itself to the radical I',
thus oxidizing 2a™ to the sulfonyl radical 2a" once the complex
A™ is formed (Scheme 2). The formation of 2a’ was also
confirmed by a trapping experiment with BHT (Fig. 1b). We
want to underline that, as experimentally found, this redox
reaction is not spontaneous but it requires light to take place.

S;-A’* can decay to the original A’ or to its corresponding
triplet states T;-A’, located 16.1 kcal mol * above 2a~ and I' in
terms of free energy (but 10.1 kcal mol™* below S;-A’* in terms
of electronic energy). Both S;-A’* and Ty-A’ can dissociate into
the separated radicals 2a” and I' which are located 15.0 kcal
mol " above the ions in terms of free energy, but 1.1 kcal mol *
below T;-A” and c.a. 11.2 keal mol ™" below S,-A"* (assuming the
same thermal correction as for the triplet state which is struc-
turally and electronically similar to the first excited singlet
state).

As described in Scheme 2, once generated, the radical 2a’
can add to the alkene 1d to yield intermediate 3d" which is
a secondary radical and the precursor of the product. Its
formation is quite fast (AGi = 10.8 kcal mol?,
k = 1.8 10° M ' s7"), but thermodynamically slightly dis-
favoured (AG = 1.3 kcal mol™"). The reduction of the radical
intermediate 3d" by the reduced indolyl radical I' followed by
protonation by acetic acid yielding the final product is ther-
modynamically favoured (AG = —19.1 kcal mol '), but the
process seems to be more complicated. As itself, the reduction
of the radical 3d" by the oxidation of the radical I' to regenerate
the carbocation catalyst I" is thermodynamically disfavoured

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(the estimated value by single point calculation is AE™ = 32.7
kcal mol ™). Moreover, the anionic state of 3d" is not stable and
spontaneously breaks into the starting reactants. However, if
one considers the structure of CA between radical 3d" and acetic
acid and its re-optimised structure after reduction (i.e. CA as an
anion), a proton transfer spontaneously takes place yielding CB
between the final product 3d and acetate which is located 23.1
kcal mol " below the starting CA in terms of energy (AE"™, see
Fig. S-6 in the ESI-CDf). The final CB is 20.8 kcal mol " below
CA in terms of free energy. Therefore, in our hypothesis, the
reduction and proton transfer can take place in a sort of proton-
coupled-electron-transfer, PCET.**** The favourable energetics
related to the proton transfer step, in fact, compensates the
unfavourable energetics of the electron transfer event. In
particular, this case could be classified as a reductive multiple-
site PCET,”* where the interaction between the carbon radical
and the acid could be favoured by the high concentration of the
latter in lieu of the molecular structure of the reactant. In our
case, the employment of higher than stoichiometric concen-
trations of acid and the result of the incorporation of deuterium
are coherent with this PCET mechanism. Therefore, the acid
can induce the reduction of the radical intermediate 2a’
yielding the thermodynamically stable products. A final
counter-ion recombination yields product 3d, sodium acetate
and the regenerated catalyst I (AG = —22.2 kcal mol *). The
whole reaction is only slightly thermodynamically favoured (AG
= —1.7 keal mol ™" in CH,Cl, and —6.0 kcal mol ™" in water). The
details of the computational method are reported in ESI-CD (p.

524).

Scope of the reaction

With the optimised reaction conditions in hand, we tested this
new catalytic protocol with several alkenes demonstrating its
wide applicability and its tolerance towards a plethora of
functional groups with different electronic properties. The
results are reported in Table 2. Reactions were carried out both
on 0.5 and 1 mmol scales with no meaningful differences in the
outcome. For instance, olefins with different chain lengths were
tested and the best results were observed with hexadec-1-ene 1a
and oct-1-ene 1c¢, which both afforded the corresponding
sulfones 3a and 3c in 80% yields. Slightly lower yields were
observed with dodec-1-ene 1b (3b, 66%), pent-1-ene 1d (3d,
57%) and with cyclohexene 1f (3f, 50%). Remarkably, ethylene
1e could also be employed at atmospheric pressure, affording
sulfone 3e in a 40% yield. As shown in Table 2, our methodology
was successfully applied to many functionalised olefins
producing a library of substituted sulfones. Leaving groups and
protic groups (respectively -Br and -OH) were tolerated, as
demonstrated in the case of 4-bromobut-1-ene 1g which
produced the corresponding sulfone 3g in a very good yield,
both when 0.5 and 1 mmol of 1g were used (69 and 79%,
respectively). The same was observed with but-3-en-1-ol (1h) and
hex-5-en-1-ol (1i), whose corresponding sulfones 3h and 3i were
obtained in 78 and 90% yields, respectively. Interestingly,
sulfone 3i was achieved in a higher yield than that reported by
Yu*® applying iridium photocatalysis (90% versus 69% yield). An
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Table 2 Scope of the hydrosulfonylation reaction with alkenes®?

1 (1 mol%)
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CH,Cl, 11,23 h
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Simple materials }Q |
Unprotected functionality e

[e]
C{\S//O C{\ /, /O \\ / 7 \\S// \\s/ /O

S NN\ ~~
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(oo} O o o o
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O/ \© B TN @ HO SN \© HO” "N\ \©
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3f-50% 3g - 69% [0.5 mmol] 3h-78% Ref. 25 - 69% [0.2 mmol]
79% [1 mmol]ic!
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o o o 0 o 0 \\//O \\//o
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Ho /\/O\/\/S \[(\/\/ W/\/\/
3j - 74%° 3k - 52%C] 31 - >99%!° 3m - 35%!c] 3n - 63%[

1,2-Boron shift not observed
Silane displacement

suppressed \\ //

o 0.0
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L Y sl Y NCT N \n/\/ HO
o lia N \© /Sn\/\/s\©

30 - 96% [1 mmol]ic]

3p - 82%!° 3q - 50%!°! 3r - 15%[! 3s - 92%l
gram-scale 73% [15 mmol](d]
O o
\\//o H \\S//
HO \© \H/><\/ \© \© Ts™ O S T : :
3w - 70% [0.5 mmol]
3t-67%C 3u - 62%!C] 3v - 71%!° Ref. 25 - 87% [0.2 mmol]
Natural products and drugs derivatives
\ 2 \/
= \ < O\/\/\/\S/
// \\ /@ @ m \©
3x-43% [d.r. 3:1.3] 3y - 55%°] 3za - 60%
From (5R)-(+)-pulegone From (4R)-(-)-limonene From (S)-(+)-Ibuprofen

©\s/\/\/\o

A
o
32b - 74%L¢]

From Cholesterol

¢ Reaction conditions: alkene 1a-z (0.5 mmol), sodium benzenesulfinate 2a (bl .6 eq.), I (1 mol%), in CH,Cl, (2.5 mL, 0.2 M), CH;3;COOH (4.5 eq.), H,O
(10 eq.), 40W Kessil purple LED lamp (390 nm), 23 h room temperature. ” Yield determlned on the isolated product. ¢ Reaction carried out on
1 mmol of 1c-e, 1g, 1i-v and 1y in 5 mL of CH,Cl,. ¢ Reaction scaled up to 15 mmol of 10. ¢ Reaction time 46 h for 1zb.
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ether functional group was also tolerated, with 2-allyloxyethanol
1j delivering the corresponding sulfone 3j in a 74% yield.
Ketones and epoxy rings were easily introduced onto the sulfone
product as shown in the case of hex-1-en-2-one 1k and of 5,6-
epoxyhex-1-ene 11 (52% yield for 3k, quantitative yield for 3lI).
Our strategy can be also applied to o,B-unsaturated enals or
enones, but it did not prove to be advantageous compared to the
polar protocol affording the corresponding B-sulfonyl-ketones
or aldehydes in lower yields. Considering alkenes functional-
ised at the allylic position, the formation of the sulfone product
can be directly correlated to the leaving-group nature of the
substituent. For allyl bromide, only (allylsulfonyl)benzene,
which was derived from nucleophilic displacement, was
produced. However, allyl chloride 1m, produced the

Table 3 Scope of the hydrosulfonylation reaction with sulfinates 2

View Article Online

Chemical Science

corresponding ((3-chloropropyl)sulfonyl)benzene 3m in a 35%
yield, because of the worse leaving ability of chloride than that
of bromide, but still in the presence of 18% of (allylsulfonyl)
benzene. The reaction was also successfully accomplished with
allyl alcohol 1n, with the corresponding phenylsulfonylpropan-
1-ol 3n produced in 63% yield. Interestingly, the nucleophilic
displacement was totally suppressed with allylboronic acid
pinacol ester 10 and allyltrimethylsilane 1p. Sulfone 30 was
obtained in an excellent 96% yield. This is a remarkable result
considering that allylboronic esters and allyl silanes can be
exploited as allylation reagents where boronic ester or silane
moieties get lost or 1,2-boron migration is observed.**¢
Considering the high synthetic value of compound 30 as
a possible substrate for a Suzuki coupling, we scaled-up its

1 (1 mol%)
o} H,0 (10 eq.) o
4 CH3CO,H (4.5 eq.) A\ 0
R + | N “ONa* R1/\/S 7
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[eXlle) O O
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13 o~ Ba~P® 13 NN

4m - 20%
’ 0 4n -25%

- 15%
40 - 15% ap - 23%

¢ Reaction conditions: alkene 1 (0.5 mmol), sodium aryl sulfinates 2b-e (1.6 eq.), I (1 mol%), in CH,Cl, (2.5 mL, 0.2 M), CH;COOH (4.5 eq.), H,O (10
eq.), 40W Kessil purple LED lamp (390 nm), 23 h, room temperature. ° Yield determined on the isolated product. ¢ Reaction carried out on 1 mmol

of alkenes 1b-c, 1le-g, 1j and 10 in 5 mL of CH,Cl,.
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synthesis to 15 mmol with a yield of 73% (see the ESI{ for
pictures of the reaction work flow for large scale sulfonylation).
The use of 1p was also successful with sulfone 3p produced in
82% yield. Taking into account polymerization as a side reac-
tion associated with acrylonitrile 1q, 3-(phenylsulfonyl)pro-
panenitrile 3q was obtained in a satisfactory 50% yield.
However, when N,N-dimethylacrylamide 1r was used as the
reagent, a drop in yield to 15% for 3r was observed. Moreover,
carboxylic acid (1s-t) or ester (1u) moieties were very well
tolerated, with the isolation of the corresponding sulfones 3s, 3t
and 3u, respectively in 92, 67 and 62% yields. Masked amine
functionality could be easily introduced from 4-phtalimidobut-
1-ene 1v (71% for 3v). A similar result was observed when
a tosylamine was incorporated in the starting alkene with the
product 3w produced in 70% yield. Styrenes were also tested,
but no sulfonylation product was obtained. Finally, the hydro-
sulfonylation protocol was validated on natural and biologically
active molecules. (5R)-(+)-Pulegone derivative 1x produced the
corresponding product 3x in a 43% yield as a diastereomeric
mixture in a 3:1.3 ratio. Remarkably, (4R)-(—)-limonene 1y
afforded the product 3y with complete selectivity to the terminal
double bond. Hydrosulfonylated analogues of (S)-(+)-Ibuprofen
and cholesterol derivatives were isolated in good yields (60% for
3za and 74% for 3zb, respectively). In order to obtain the full
conversion of 1zb, the reaction time was increased to 46 h (35%
yield for 3zb after 23 h).

The scope of the sulfinate was then studied, and sodium 4-
methylbenzenesulfinate 2b was first applied affording the
products 4a-f in good to excellent yields, comparable to those
obtained with sodium benzenesulfinate 2a. Sulfones 4a and 4b
were obtained by reaction with hexadec-1-ene 1a and oct-1-ene
1c in 71 and 78% yield, respectively. Also in the case of (4R)-
(—)-limonene 1w the outcome was comparable to that of sulfi-
nate 2a (57% vs. 55%) with a complete selectivity toward the less
hindered double bond. Actually, simple alkenes successfully
reacted with all the substituted sulfinates. Hexadec-1-ene 1a, for
example, afforded sulfone 4g in 84% yield after reaction with
sodium 4-chlorobenzenesulfinate 1c. The shorter alkene 1c¢ gave
sulfone 4i in nearly quantitative yield (97%). In the case of
sodium 4-acetylbenzenesulfinate 1d and the sterically hindered
mesityl sulfinate 1e a drop in yield was obtained (4m, 20% and
40, 15%). Sulfone 4f, derived from 11-bromoundec-1-ene laa
and p-tolylsulfinate 2b, was produced in 88% yield thus con-
firming the compatibility of this protocol with alkyl bromides.
But-3-enol 1h successfully reacted with 2b (4d, 56%), with
a lower efficiency than 2a. The hydrosulfonylation of allylpina-
colborane 1n was successfully performed with several sulfinates
(see Table 3, products 4e, 79% and 4j 84% yield). Anyway,
a marked decrease in yield was observed in the case of sulfinates
2d and 2e (4n and 4p, 23 and 25% yield, respectively), consistent
with the results obtained with the same sulfinates with other
alkenes, as previously described. Sulfone 4k was isolated in 50%
yield by the reaction of allyltrimethylsilane 10 and p-Cl-sulfinate
2c¢ thus confirming a higher efficiency of 2a with respect to other
derivatives. Interestingly product 41 bearing a ketone function-
ality, although in low yield, was obtained from 3-penten-2-ol 1ab
after a rearrangement.
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Conclusions

In summary, we have developed a general light mediated
hydrosulfonylation of unactivated alkenes using substituted
aryl sulfinates in the presence of diarylmethylium tetra-
fluoroborates. These salts, which are cheap, stable under air
and easily prepared on a multigram scale, were employed for
the first time in a photoredox process with the same loading of
iridium-based photocatalysts. This methodology, which is
operationally simple and do not require anhydrous conditions,
allowed the access to more than 40 functionalised sulfones with
aremarkable functional group tolerance and scalability up to 15
mmol. Natural products and biologically active molecules were
hydrosulfonylated under mild reaction conditions. Experi-
mental and computational mechanistic studies revealed that
the key sulfonyl radical can be formed through an innovative
mechanism involving a photoactive adduct derived from the
diarylmethylium salt and the sulfinate upon interaction with
light. A PCET process is then exploited to restore the catalytic
species.
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