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Abstract: The photoactivation of electron donor-acceptor complexes has emerged as a sustainable, selective and versatile
strategy for the generation of radical species. Electron donor-acceptor (EDA) complexation, however, imposes
electronic constraints on the donor and acceptor components and this can limit the range of radicals that can be
generated using the approach. New EDA complexation strategies exploiting sulfonium salts allow radicals to be
generated from native functionality. For example, aryl sulfonium salts, formed by the activation of arenes, can serve as
the acceptor components in EDA complexes due to their electron-deficient nature. This “sulfonium tag” approach
relaxes the electronic constraints on the parent substrate and dramatically expands the range of radicals that can be
generated using EDA complexation. In this review, these new applications of sulfonium salts will be introduced and the
areas of chemical space rendered accessible through this innovation will be highlighted.

1. Introduction

Radicals, historically considered chaotic and uncontrollable,
are now indispensable in synthetic chemistry. Their highly
reactive nature enables reactivity that is otherwise difficult
or impossible to achieve by other means and that is often
complementary to polar or two-electron manifolds.[1]

Traditional photochemical radical generation employed
direct photoexcitation, often requiring high energy (UV,
ultraviolet) radiation to deliver two radical species by bond
homolysis (Scheme 1). However, at these wavelengths many
organic functionalities can also absorb light and thus react,
rendering these processes uncontrolled, unselective, and
ultimately leading to unsatisfactory product formation. As a
result, the potential of synthetic photo-mediated radical
chemistry remained largely unfulfilled. In recent years,
however, this situation has changed dramatically with the
introduction of milder, and thus more selective, methods of
radical generation that have greatly expanded the synthetic
toolbox of chemists.[2] Many such methods require the
addition of exogenous photocatalysts,[3] however, strategies
that do not require photocatalysts are also attracting
significant attention.

Photocatalyst-free strategies typically exploit electron
donor-acceptor (EDA) complexes (also termed “charge-
transfer complexes”).[4] EDA complexes result from the
ground state association of an electron-rich (donor) mole-
cule with an electron-poor (acceptor) molecule to form a
molecular aggregate. In this complex a new electronic
transition is possible—the charge transfer band—allowing
the complex to absorb at a lower energy of light, typically in
the visible region. Light irradiation at this wavelength can
trigger a single-electron-transfer (SET) event generating a
radical ion pair under far milder conditions with respect to
radical generation by direct homolysis. Finally, the radical

ion pair can follow different reaction pathways; for example,
they can react with one another or they can undergo cage
escape and react with external radical traps (also termed
somophiles), such as unsaturated species. While light
mediated SET is by far the most widely reported for EDA
complexes, the SET event can also be triggered by thermal
excitation.[5]

Although the photophysics of EDA complexes has been
studied extensively since the 1950s,[6] only recently have such
complexes found application in synthetic chemistry. This can
be accredited to the kinetically competitive rate of back
electron transfer (BET) from the radical ion pair; BET
simply reforms the ground state EDA components rather
than furnishing synthetically useful radical species. To over-
come BET, a suitable leaving group can be installed in
either the acceptor or donor; upon SET, rapid and
irreversible fragmentation, and loss of the leaving group, can
outcompete BET and deliver reactive radical intermediates
for productive chemistry.[7] While the leaving group can be
located on the donor—for example, DHPs
(dihydropyridines),[8] BF3K salts, and silicate salts,[9] it is
more commonly located on the acceptor—for example,
organic halides,[10] phenolates,[11] and phthalimides.[12] As a
result, numerous successful EDA complex-mediated radical
processes have been developed and have been reviewed
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Scheme 1. General molecular orbital comparison between direct photo-
excitation and the excitation of an EDA complex.
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elsewhere.[4c,6d,13] This minireview instead focuses on the
emergence of sulfonium salts as a new class of acceptor in
synthetically useful EDA complexes.

Sulfonium salts are well established, typically bench
stable compounds that can be readily formed with out-
standing selectivity and then isolated or used in situ. They
are defined as positively charged organo-sulfur(IV) com-
pounds in which the central sulfur atom is bonded to three
organic substituents. They can undergo a great many trans-
formations ranging from metal-catalyzed and metal-free
cross-coupling reactions to ylide reactivity, with their syn-
thesis and established reactivity trends having been previ-
ously reviewed in detail.[14]

Early reports of sulfonium salts being used in EDA
complexes are limited to trifluoromethyl radical generation
from Umemoto’s reagent[15] and only recently has the utility
of sulfonium salts truly been recognized. This is particularly
the case for aryl radical generation (see section 2); easily
derived sulfonium salts 2 form EDA complexes 3 with
appropriate donor molecules. Upon excitation, a SET event
triggers a fast, irreversible fragmentation in which sulfide 4
acts as a proficient leaving group, and desired radical 5 is
formed, primed to undergo further reactivity (Scheme 2).

Importantly, beyond simply acting as a leaving group,
such as with halides, the sulfur-containing aromatic unit can
serve as the electron-accepting component, able to complex
with the donor. To date, sulfur-containing units possessing
two linked aromatic groups—such as in dibenzothiophene
(DBT), thianthrene (TT) and phenoxathiin—have been
used to achieve complexation. Perhaps the most profound
feature of this complex formation, is that the sulfur-

containing aromatic unit forms the EDA complex independ-
ent of the electronic nature of the rest of the acceptor
molecule. Thus, parent arenes 1 no longer need to host
electron-withdrawing functionalities to lower their LUMOs
and enable them to participate as acceptors in EDA
complexes. This grants access to a far wider range of aryl
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Scheme 2. Sulfonium salt EDA complexation leading to radical release.
An illustrative system involving aryl radical generation from in situ
generated aryl sulfonium salts.
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radicals 5 using this platform. Such electronic independence
is corroborated by the relatively consistent reduction
potentials for aryl sulfonium salts bearing a range of
substituents on the parent arene ring. In contrast, changes to
the sulfur-containing aromatic unit result in a more signifi-
cant shift in the reduction potential.[16] It is these key
properties of sulfonium salt EDA complex formation that
have recently been exploited in more general EDA com-
plex-mediated approaches for radical chemistry. Until proc-
esses can be developed that are catalytic in the sulfur
component, it is important to note that, due to the highly
UV active yet stable nature of the heterocyclic sulfide
byproduct, it can be recovered with relative ease and
efficiently recycled.

The goal of this review is to introduce sulfonium salts as
versatile acceptors in EDA complexes and demonstrate how
they have recently emerged as key substrates that allow
some of the most significant challenges in EDA complex-
mediated radical generation to be overcome.

2. Aryl radical generation

Aryl radicals are proven versatile intermediates in synthetic
chemistry. In particular, they are widely exploited in func-
tional group interconversions and C� C bond-forming reac-
tions. However, due to their higher reactivity when
compared to C(sp3) radicals, they are often considerably
more challenging to form and control.[17]

EDA complexes have been used to generate aryl
radicals, however, prior to the use of sulfonium salts as
acceptors, the aryl radical precursors almost exclusively
needed to contain electron-withdrawing groups to success-
fully facilitate the formation of an EDA complex with a
donor.[10a,c] Although N-hydroxyphthalimide esters have the
ability to form EDA complexes with donors independent of
the electronics of the rest of the molecule[12a,18]—much like
sulfonium salts, the subsequent decarboxylation fragmenta-
tion event that forms the aryl radical is slow and undesirable
pathways are observed.[19] A further drawback of other
EDA complex-mediated aryl radical generation methods is
the necessity for preinstalled halide or pseudo-halide
functionality to enable fragmentation upon SET. With aryl
sulfonium salts, the now well-established selective introduc-
tion of the sulfonium group at the expense of a C� H bond—
including examples of late-stage functionalization—and in
situ use of the salts, negates the need for
prefunctionalization.[14a] As a result of these features, it is in
aryl radical generation that sulfonium salt EDA acceptors
have made the biggest impact to date.

2.1. C(sp2)� C bond-forming reactions

In 2021, Procter and co-workers first reported a general
platform for the C� H functionalization of native arenes via
EDA complex-mediated aryl radical generation (Schemes 3
and 4).[20] In a one-pot process, parent arenes 6 underwent a
regioselective interrupted Pummerer reaction with diaryl

sulfoxides to give the corresponding triaryl sulfonium salts
10 and 20—the mechanism of sulfonium salt formation has
been previously reviewed in detail[14e]—which served as
electron-deficient acceptors in EDA complexes 11 and 21.
Key to this work was the identification of novel triarylamine
donor molecule 8 (Scheme 3) and triarylamine donor 18
(Scheme 4), which were easily tunable and whose use
reduced the reformation of the parent arene by HAT; the
triarylamines do not possess any alpha-amino hydrogen
atoms. Under visible light irradiation, the resulting EDA
complexes 11 and 21 generated aryl radicals which were
then trapped by silyl enol ethers 7 resulting in formal C� H
alkylation of the arene (Scheme 3), or by tert-butyl
isocyanide 22 to give products of formal C� H cyanation
(Scheme 4).

A wide range of arenes were found to undergo C� H
alkylation and cyanation, including electron-rich aromatic
systems, and complex bioactive scaffolds. Additionally,
typically labile halides were also tolerated on the parent
arene, underlining the greater propensity for reductive
cleavage of the C� S bond vs the C� Hal bond; this selectivity
could be manipulated to enable subsequent divergent
coupling reactions, not possible with earlier EDA complex-

Scheme 3. In situ formation and exploitation of aryl sulfonium salts in
EDA complexes with triaryl amine donors; application in a formal C� H
alkylation to give α-aryl ketones.[20] 1,2 DCE=1,2-Dichloroethane, DBT
S-oxide=Dibenzothiophene S-oxide, 1-Np=1-Naphthyl.
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mediated aryl radical generation methods. The use of a
catalytic amount of the amine donor 8 or 18, suggests that a
second SET event occurs from radical 12 or 23, reducing the
amine radical cation 13 or 24, and regenerating the
respective donor species in a closed cycle. Equally, in both
alkylation and cyanation processes, a radical chain could be
envisaged whereby the radical 12 or 23 directly reduce
sulfonium salt 10 or 20 respectively, affording products 9 or
19. That said, calculated quantum yields of 0.05 and 0.08 for
the processes favor the operation of a closed cycle, however,
a very weakly propagating radical chain can not be ruled
out.

Typically, in C(sp2)� C bond-forming reactions mediated
by EDA complex photoactivation, the donor molecule also
acts as the radical trap, thus limiting scope.[10a,21a,b] In this
work, however, with a separate donor and radical trap, a
wider range of products is accessible. Furthermore, follow-
ing the completion of each protocol (Scheme 3 and 4),
recovery and reuse of the diaryl sulfide leaving group was
demonstrated.

Yu and co-workers also leveraged the selectivity of
sulfonium salt formation to produce a range of thianthre-
nium salts 29 which were found to form EDA complexes
with DABCO 31 (Scheme 5).[22] The use of three equivalents
of DABCO was found to be most effective while alternative
commercially available amine donors led to sub-optimal

yields. The aryl radicals 5 generated by irradiation of the
EDA complexes 33 were trapped by an impressive variety
of densely functionalized unsaturated heterocyclic scaffolds,
including a variety of azauracils 30, nucleosides (to give 36)
and quinoxalinones (to give 37). Mechanistically, the authors
propose that the generated aryl radical 5, adds to the
unsaturated system 30 and, following a 1,2 H-shift in the N-
centered radical 34, a second SET step affords the arylated
product 32. To showcase the versatility of the process, the
group also conducted the reaction using natural light,
obtaining similar yields. Furthermore, some products were
found to exhibit excellent antitumor activity.

2.2. C(sp2)� S bond-forming reactions

Early in 2022, Molander and co-workers reported a photo-
activated coupling of thianthrenium salts 29 with thiophe-
nols 40 to afford an array of biaryl sulfides 41 and that
exploits EDA complexes 43 (Scheme 6).[23] Miyake and co-
workers previously reported a related C(sp2)� S coupling in
2017,[10c] using thiolates 42 as donors but using aryl halides as
the acceptors in EDA complexes. For reasons discussed
earlier, this method was mostly limited to the use of aryl

Scheme 4. In situ formation and exploitation of aryl sulfonium salts in
EDA complexes with triaryl amine donors; application in a formal C� H
cyanation.[20] Scheme 5. Exploitation of aryl sulfonium salts in EDA complexes with

amine donors; application in aryl radical heteroarylation.[22] DAB-
CO=1,4-Diazabicyclo[2.2.2]octane.
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halides bearing electron-withdrawing groups, however, aryl
halides without electron-withdrawing groups, such as iodo-
benzene and iodotoluene, were shown to react given longer
reaction times. By using thianthrenium salts 29, Molander
was able to expand the scope of biaryl sulfide formation to
include a wide range of electron-rich aryl radical sources
including those containing reactive halides such as bromides
and iodides. The ability to selectively cleave thianthrene and
retain the halide handles represented a significant advance
on earlier biaryl sulfide syntheses. Both light and base were
required for the reaction, supporting the notion that thiolate
42 is the electron-donating species in the reaction. Interest-
ingly, the reaction was not perturbed by the presence of O2

and hence could be performed open to air. The authors
reported a quantum yield for the reaction of 89 and
therefore, in accordance with earlier work,[10c,24a,b] they
proposed a radical chain dominated mechanism (Scheme 6);
following SET within EDA complexes 43, the resulting aryl
radicals 5 escape the solvent cage and couple with thiolate
42 affording radical anions 44. These radical anions can
propagate the chain by reducing thianthrenium salt 29 and
concomitantly forming the coupled products 41.

Molander and co-workers followed up on this work by
developing a C(sp2)� S bond forming reaction, that delivers
biaryl sulfones 50, rather than sulfides (Scheme 7).[25] A
related process was published by Zhang and co-workers
later in the year.[26] Both groups utilized aryl sodium
sulfinates 49 as donors with thianthrenium salts 48 as
acceptors in EDA complexes 51. The approach afforded a
large range of biaryl sulfones 50 and the late-stage sulfona-

tion of bioactive molecules was used to exemplify the
selective nature of the process.[26] The fact that light was
essential for reactivity, combined with other mechanistic
observations, supported a radical pathway rather than a
SNAr-type pathway involving the nucleophilic sulfinates.
Following SET upon photoexcitation of EDA complexes 51,
the resultant aryl radical 5 and sulfonyl radical 52 combine
to afford sulfone products 50. A range of light sources was
shown to be effective in the reaction, however, the use of
365 nm provided the highest yield for Zhang (and 390 nm
for Molander), while using green light (525 nm) gave the
desired product in trace amounts only. The use of electron-
rich, neutral and electron-poor aryl radical precursors all
resulted in moderate to excellent yields, with proto-dethian-
threnation being noted as the main side reaction in most
cases. A range of electron-rich and electron-poor aryl and
heteroaryl sulfinates worked well in the reaction. Further-
more, in line with previous work from their group and
others,[27] Zhang expanded the application of this EDA
complex approach to the modification of DNA encoded
molecules (e.g. to give 55, 56) through a reversible
adsorption to solid support (RASS) strategy, with the
intention of broadening the structural diversity of the DNA-
encoded library (DEL). In some of the more complex on-
DNA reactions, the addition of water was found to improve
the yield of product.

Scheme 6. Exploitation of aryl sulfonium salts in EDA complexes with
thiolate donors; application in aryl radical thiolation.[23]

Scheme 7. Exploitation of aryl sulfonium salts in EDA complexes with
sulfinate donors; application in aryl radical sulfonylation.[25,26]
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Wang, Wang and co-workers subsequently extended the
scope of C(sp2)� S couplings by utilizing aryl sulfonium salts
57 as electron-acceptors in EDA complexes 60
(Scheme 8).[28] Their procedure employed two related classes
of donor 58; sodium ethyl xanthogenate,[29] to afford aryl
xanthates (e.g. 62) (analogous to the Leuckart thiophenol
reaction),[30] and a variety of dithiocarbamate salts to afford
the corresponding aryl dithiocarbamates (e.g. 63–64). The
reaction performed best when using 390 nm light, however,
reactivity was also observed with longer wavelengths. In
contrast to previous C(sp2)� S couplings, dibenzothiophe-
nium salts were employed in the reaction. Halides (F, Cl, Br,
I) were stable to the reaction conditions, again displaying
the greater propensity for reductive cleavage of the C� S
bond vs C� Hal bonds. The authors also proposed a radical-
radical coupling mechanism, whereby aryl radicals 5 coupled
with radicals 61, both formed upon SET from the donors 58
to the acceptors 57 in EDA complexes 60. Impressively,
deoxygenative thioetherification reactions of alkyl alcohols
were possible by adapting the method; donor 66 was formed
in situ from alcohol 65 and then employed in the EDA
complex reaction, the subsequent aryl xanthates then
fragmented to afford sulfide 67 upon exposure to heat with
expulsion of carbonyl sulfide.

2.3. C(sp2)� B bond-forming reactions

In late 2022, Rueping and co-workers reported the EDA
complex mediated formation of aryl boronates 69 from the
corresponding aryl dibenzothiophenium salts 10 and B2cat2
(Scheme 9).[31] B2cat2 has been previously utilized as a donor
in EDA complex mediated borylation reactions,[12a,32] includ-
ing by Shi and co-workers for the borylation of alkyl radicals
generated from sulfonium salts (see section 3.1)[33] and by
Studer[34] for the borylation of aryl radicals generated by
EDA complex chemistry. Using the predictable site selectiv-
ity of sulfonium salt formation by C� H functionalization,
aryl boronates were selectively generated in good yield.
Interestingly, using water as an additive was found to have a
positive effect on the reaction, with 15 equivalents being
reported as optimal. Much like earlier aryl radical gener-
ation methods utilizing EDA complexes of sulfonium salts,
sensitive functionality was well tolerated by the reaction,
including halides and unprotected hydroxyl groups. A
mechanism analogous to that proposed by Shi (see
Scheme 10) and Studer was invoked.

3. Alkyl radical generation

Alkyl radicals have been generated from sulfonium salts
under a range of photochemical conditions. However, until
recently, alkyl radical generation from sulfonium salts via
EDA complexes was limited to the generation of
trifluoromethyl radicals from Umemoto’s reagent.[15]

Alkyl radical generation via EDA complex formation
involving acceptors derived from native functionality other
than sulfonium salts is well known; for example, amines
derivatized as Katritzky salts[35a,b] and carboxylic acids
activated as N-hydroxyphthalimide esters.[36] However, the
reduction potential of alkyl sulfonium salts has been
reported to be lower than these alternative alkyl radical
generating EDA acceptors, and hence superior or new
reactivity could well be identified using alkyl sulfonium
salts.

Scheme 8. Exploitation of aryl sulfonium salts in EDA complexes with
dithioate donors; application in the synthesis of aryl xanthates and aryl
dithiocarbamates.[28]

Scheme 9. Exploitation of aryl sulfonium salts in EDA complexes with a
B2cat2·DMF adduct as donor; application in aryl radical borylation.[31]
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3.1. C(sp3)� B bond-forming reactions

In 2021, Shi and co-workers reported the synthesis of
primary and secondary alkyl boronates 75 from the corre-
sponding alcohols, via formation of intermediate thianthre-
nium sulfonium salts 73 and subsequent activation through
EDA complex formation (Scheme 10).[33] Primary thianthre-
nium salt substrates 73 were synthesised by activation of the
corresponding primary alcohols with Tf2O and subsequent
substitution with thianthrene. Secondary alcohols were
activated by conversion to the corresponding alkyl formates,
through reaction with ethyl formate and Bi(OTf)3, followed
by substitution with thianthrene. These salts were shown to
form EDA complexes with a B2cat2·DMA adduct 74, which
upon photoactivation resulted in borylation of the generated
alkyl radical 79.

A range of alkyl sulfonium salts was tested in the
borylation reaction. Those generated from tetrahydrothio-
phene—rather than thianthrene—afforded no product, sup-
porting the notion that an aryl-containing sulfonium salt is
required for EDA complexation. Sulfonium salts derived
from diphenyl sulfide suffered from the formation of
phenyl-borylation side products rather than the desired
alkyl-borylated products. Although sulfonium salts derived
from DBT were proficient in the borylation reaction, the
use of thianthrenium salts was shown to be optimal.
Impressively, the authors displayed the viability of a one-pot
procedure, whereby alcohol 76 was converted into the
sulfonium salt, followed by borylation under the photo-
chemical conditions, affording product 77 in good overall
yield. Although some functionality was not well tolerated
under the sulfonium salt formation conditions (e.g. alkyl
chlorides), halides were generally compatible with the
subsequent borylation procedure. Additionally, the authors
reported straightforward isolation of the thianthrene at the
end of the reaction, highlighting the recyclability of sulfide
starting materials in these sulfonium salt-EDA complex
approaches.

A quantum yield of 46, strongly indicated the operation
of a radical chain process initiated by the photoexcitation of
EDA complexes 78, derived from the sulfonium salts 73 and
B2cat2·DMA adduct 74 (Scheme 10). Irradiation initiated
SET, forming the corresponding alkyl radical 79 following
the fragmentation of the C� S bond. Radical 79 can then add
to another B2cat2·DMA adduct 74, affording radical complex
80. Subsequent cleavage of the B� B bond results in the
generation of the desired alkyl borylated products 75 and
boryl radical 81, which can then propagate the radical chain
by reducing sulfonium salts 73. Beyond the photo-mediated
process, the group also reported a thermal activation mode,
although product yields were typically lower using this
alternative approach.

4. Conclusion and Outlook

While sulfonium salts have been widely-used in organic
synthesis over the years, new ways of exploiting their
reactivity and activation modes have led to them emerging
as next generation coupling partners in a range of metal-
catalyzed and metal-free processes.

Although sulfonium salt EDA complexes were known,
only within the last two years has their full potential begun
to be explored. However, many areas of sulfonium salt
EDA complex chemistry remain undeveloped. For example,
an outstanding feature of sulfonium salt chemistry is the
efficient and selective methods available for their formation
from unsaturated species. If this ease of access could be
further developed and translated to other feedstocks, it
would reduce the reliance on prefunctionalized partners that
currently underpins known EDA complex chemistry. Addi-
tional challenges for the future include; extending the range
of donors in sulfonium salt EDA complex chemistry; further
engineering the sulfur-containing units in sulfonium salt
acceptors; rationally designing the donor and sulfur-contain-

Scheme 10. Exploitation of alkyl sulfonium salts in EDA complexes with
a B2cat2·DMA adduct as donor; application in alkyl radical borylation.[33]

DMA=Dimethylacetamide.
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ing unit to suit a particular proposed transformation; using
computational chemistry to understand the nature of
sulfonium salt EDA complex chemistry and expedite
process development, and finally; rendering the processes
catalytic in the sulfur-containing unit and thus further
improving the sustainability of synthesis using sulfonium salt
EDA complex chemistry.

In summary, sulfonium salts appear tailor-made for
exploitation in EDA complex-mediated chemistry; their
accessibility, stability, and high tuneability promises a
versatility that will lend itself to the future development of
general processes of broad synthetic scope.
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