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ABSTRACT: The photocatalytic deoxygenation of sulfoxides to generate sulfides facilitated by either Ir[(dF(CFs)ppy).(dtbbpy)]PFs
or fac-Ir(ppy)s is reported. Mechanistic studies indicate a radical chain mechanism operates, that proceeds via a phosphoranyl radical
generated from a radical/polar crossover process. Initiation of the radical chain was found to proceed via two opposing photocatalytic
quenching mechanisms, offering complementary reactivity. The mild nature of the radical deoxygenation process enables the reduc-
tion of a wide range of functionalized sulfoxides, including those containing acid-sensitive groups, in typically high isolated yields.
KEYWORDS: sulfoxide, deoxygenation, reduction, radical, visible light, photoredox catalysis, sulfide radical cation

The deoxygenation of sulfoxides to generate sulfides is a funda-
mental transformation in organic synthesis' and biochemistry.? Es-
tablished methods to convert sulfoxides into sulfides® involve the
use of low-valent metallic species,* metal hydride reagents,® halide
ions® and phosphorus compounds.” However, these reaction sys-
tems can suffer from potential disadvantages, including the use of
expensive and/or toxic reagents, difficult work up procedures and
the use of harsh reaction conditions, which often limits their func-
tional group tolerance. Consequently, this is an area of continued
research and new, efficient procedures for the reduction of sulfox-
ides into their corresponding sulfides are desirable.

Over the past decade, photoredox catalysis has evolved into a vi-
tally important method able to address long-standing challenges in
synthetic chemistry,® in large part due to the mild conditions by
which reactive radicals can be generated. However photocatalytic
methods for the deoxygenation of sulfoxides have rarely been ex-
plored.® The cleavage of C—O bonds via B-scission of phosphoranyl
radicals was initially recognized in the early 1970’s by Bentrude,°
and since then, the groups of Zhu,'Doyle*? and Rovis'? have ex-
tended the synthetic application of this strategy to incorporate pho-
toredox catalysis (Figure 1A), establishing valuable methods for
the deoxygenation of alcohols and carboxylic acids. More recently
this work was extended to include cleavage of N-O bonds by
Yang,*? and also by Schmidt,** who employed more traditional rad-
ical initiation methods.

Inspired by these works, we speculated that direct cleavage of
S=0 bonds could be accomplished via a polar/radical crossover
process between phosphine radical cations, generated from a pho-
tocatalyst (PC) initiator, and sulfoxides, resulting in the mild deox-
ygenation of sulfoxides (Figure 1B). Based on existing phospho-
ranyl radical studies (Figure 1A) and the reported oxidation poten-
tials of sulfides (e.g. diphenyl sulfide {Ei2 = +1.43 V versus

saturated calomel electrode [SCE]})® relative to those of phos-
phines (e.g. PPhs {E12 = +0.98 V versus SCE}),*? a radical chain
mechanism was postulated® (Figure 1C, see next page for a de-
scription).
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Figure 1. Photocatalytic deoxygenation methods
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Scheme 1. Photocatalyst initiator screening
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We postulated that initiation of a radical chain deoxygenation
process could be promoted by single electron oxidation of PPhs 1,
using a suitably oxidizing photocatalyst (initiator)!’ to afford a cat-
alytic amount of phosphine radical cation 2. Polar nucleophilic ad-
dition of sulfoxide 3 to radical cation 2 would generate phospho-
ranyl radical 4, which upon B-scission would afford sulfide radical
cation 6 and triphenylphosphine oxide 5. Finally, reduction of the
sulfide radical cation 6 by PPhs 1 would afford the desired sulfide
7, as well as propagating the radical chain via regeneration of phos-
phine radical cation 2. Herein, we describe the realization of this
radical chain process for the high yielding deoxygenation of sul-
foxides under mild, visible light-driven reaction conditons.*®

Studies began by surveying the ability of a series of photocatalyst
initiators (PC1-8, Scheme 1) to promote the reduction of 4-bromo-
phenyl methyl sulfoxide 8a into sulfide 8b, using PPhs as the ter-
minal reductant and CH2Cl: as the solvent, irradiating with a 60 W
blue LED light*® under an argon atmosphere. In line with related
literature, 1112 both PC1 and PC2, which have excited state oxida-
tion potentials (M*/M") greater than that of PPhz (E12 = +0.98 V
versus SCE), afforded sulfide 8b in excellent yields.® Moreover,
PC3 and PC6, which have excited state oxidation potentials lower
than PPhs, resulted in much lower yields of sulfide 8b (11% and
5% respectively) as expected. However, PCs possessing a far lower
oxidation potential than PPhs (e.g. PC7-8; the PCs that we origi-
nally considered to be the least likely to promote effective deoxy-
genation of 8a) unexpectedly promoted the formation of sulfide 8b
in high yield. We noticed that all four PCs (PC4-5 and PC7-8)
able to initiate the reaction effectively despite their low excited
state oxidation potentials have relatively high excited state reduc-
tion potentials (M*/M"). In contrast, the PCs with relatively low ex-
cited state oxidation and reduction potentials (i.e. PC3 and PCS,
for which both potentials are within the white area in Scheme 1)
did not perform well in the reaction. These observations suggested
that two mechanistic pathways may be viable, based on either a re-
ductive or oxidative photocatalyst quenching cycle, with the route
taken dependent on the redox potentials of the PC initiator used.

To probe this possibility further, comparative control reactions
were conducted, with Ir[(dF(CFs)ppy)z(dtbbpy)]PFs (PC2) chosen
as a representative oxidizing photocatalyst, and fac-Ir(ppy)s (PC8)

as a representative reducing photocatalyst. In the absence of PC and
light (entries 2 and 3, Table 1) no reaction occurred in either sys-
tem. In the absence of PPhs no reaction occurred when employing
the oxidizing PC2, although contrastingly, a small amount of con-
version into sulfide 8b was observed when employing the reducing
PC8. TEMPO drastically suppressed the efficiency of both reaction
systems, supporting a free-radical reaction pathway (entry 5); tri-
phenylphosphine oxide was the major product formed in these
TEMPO reactions, presumably via the pathway described by Ben-
trude et al.* Both reactions could be performed in other solvents or
under an atmosphere of air but a reduction in yield was generally
observed (entries 6-8). Other readily available phosphines, phos-
phites and phosphinites were also able to promote sulfoxide reduc-
tion, albeit in reduced yield compared with PPhs (entries 9-11).

Table 1. General reaction conditions optimization?

E\ PC2 or PC8 (1 mol%) S
/©/ PPh3 (1.2 equiv.), CH,CI, /©/
Br 8a 60 W Blue LED, RT, Ar, 24 h Br 8b
Entry Deviation fr_or_n Yield (PC2) Yield (PC8)
standard conditions /% | %
1 none 99 99
2 no PC 0 0
3 no light
4 no PPhs
5 3 equiv. of TEMPO 2
6 under air 69 46
7 THF 85 69
8 toluene 44 99
9 PCys 48 33
10 PPh2OEt 68
11 P(OPh)3 28 8
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#Reaction conditions: 8a (0.20 mmol), PC2 or PC8 (1 mol%), PPh; (0.24
mmol) in CH,CI; (1.0 mL) at RT, 24 h.'H NMRYyields reported based on a
trimethoxybenzene internal standard.

Mechanistically, the single electron oxidation of PPhs by the
most oxidizing catalysts (e.g. PC1 and PC2, Scheme 1) is an es-
tablished concept.?>!2 Consequently, the initiation of the radical
chain cycle when using such oxidizing PCs is proposed to occur via
reductive quenching of the excited state PC, to generate the key
phosphorus radical cation 2 required to initiate the proposed radical
chain mechanism (Scheme 2A). To support this, Stern-Volmer
quenching studies were conducted, confirming that the emission of
the excited state PC2 is quenched by PPhs (Scheme 2B). Further-
more, when DDQ, an organic oxidant, was used in sub-stoichio-
metric amounts (>5 mol%) in place of the PC, sulfide 8b was pro-
duced in excellent yields (Scheme 2C), further supporting the no-
tion that the generation of phosphorus radical cation 2 promotes an
efficient radical chain process, as is depicted in Figure 1C.

Scheme 2. Initiation via phosphine oxidation (PC2)
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2Stern-Volmer quenching study of Ir[(dF(CF3)ppy).(dtbbpy)]PFs with PPh;
in degassed CH,Cl,. ®*H NMR yields reported based on a trimethoxyben-
zene internal standard.

In contrast, PCs possessing lower oxidation potentials (M*/M")
such as fac-Ir(ppy)s (PC8), should not be able to oxidize PPhs,
which is supported by the absence of emission quenching of the
excited state of PC8 by PPhs (see Supporting Information). It has
also been documented that sulfoxides such as DMSO are unable to
quench the emission of PC8.2* Nonetheless, contrary to these ob-
servations, which suggest that no reaction should occur, it was
found that DM SO can be reduced to DMS in high yield (99%) when
reacted with PC8 and PPhs under our standard reaction conditions
(for conditions see Table 1). We initially postulated that this may
be a result of energy transfer from the excited state of PC8 to the
sulfoxide,? thus forming an excited state sulfoxide species able to

undergo deoxygenation. The low yielding deoxygenation of 8a in
the absence of PPhs (see earlier control reactions, entry 4, Table 1)
offers some support for this hypothesis, and the direct deoxygena-
tion of sulfoxides under UV irradiation has also be reported.?
However, we could find no evidence of emission quenching of the
excited state of PC8 by either sulfoxides 8a or 18a in Stern-Volmer
quenching studies (in line with literature precedent).?* Furthermore,
if energy transfer is involved, it is not clear why the redox proper-
ties of the various PCs would have such a pronounced influence on
the observed reactivity. Based on these observations, it was consid-
ered more likely that initiation is mediated by a redox process. It is
also clear from the synthetic results that the phosphine plays a key
role inthe reaction. Thus, an alternative mechanism was postulated,
in which PPhs and the sulfoxide interact to form an adduct which
can initiate the radical chain mechanism via an initial oxidative
quench of the PC (Scheme 3A).

Scheme 3. Initiation via adduct reduction (PC8)
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This alternative mechanism would proceed via an electron trans-
fer from the excited state PC to a sulfoxide-PPhsz adduct, thus ac-
cessing a ground state Ir** complex (M*/M, Scheme 1). This Ir*
species (which is considerably more oxidizing than the correspond-
ing *1r3* state) could afford the key phosphine radical cation 2 via
phosphine oxidation (1 — 2), thus enabling the earlier proposed
radical chain reaction to proceed. Following sulfoxide attack (2 —
4) and B-scission (4 — 6) the resultant sulfide radical cation 6 could
then undergo reduction in a number of ways: (1) reaction with
PPhs, thus regenerating phosphine radical cation 2 and propagating
the radical chain (depicted in Scheme 3A); (2) reaction with the
reduced sulfoxide-PPhs adduct; (3) reaction with the excited state
PC to form the oxidizing ground state Ir** complex, which would
then go on to propagate initiation via phosphine oxidation (1 — 2)
(2 and 3 are not depicted in Scheme 3A). We first sought to identify
the formation of the proposed sulfoxide-PPhs adduct spectroscopi-
cally, but regrettably, no evidence for phosphine-sulfoxide interac-
tion was evident using *H/3'P NMR or UV-Vis spectroscopy (see

Scheme 4. Substrate scope of sulfoxide to sulfide reduction®

Supporting Information). Stern-Volmer quenching studies also re-
vealed that a 1:1 mixture of PPhs and sulfoxide 8a did not quench
the emission of excited state fac-Ir(ppy)s (PC8), even at concentra-
tions far greater than that found in the reaction (Scheme 3B). We
therefore turned to cyclic voltammetry to see if we could observe a
reduction potential consistent with oxidative quenching of the ex-
cited state of PC8. More encouragingly, a unique reduction process
was observed (with onset potential of approx. —0.8 V vs Ag/AgCl)
when both the sulfoxide and PPhs were present in solution, that was
absent when either of these reagents was omitted (Scheme 3C).
This electrochemical data certainly suggests that the redox chemis-
try of the sulfoxide and PPhs is affected by the presence/absence of
the other. At present, these findings still leave some questions un-
answered (most pertinently, what the structure of the hypothetical
sulfoxide-PPhs adduct could be) but the synthetic and mechanistic
results do support the notion that an alternative mechanism for de-
oxygenation operates, when a PC with a sufficiently reductive po-
tential is used.
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3Reaction conditions: sulfoxide (0.30 mmol), Ir[(dF(CF3)ppy)2(dtbpy)]PFs (1 mol%), PPh; (0.36 mmol) in CH,CI, (1.5 mL) at RT, 24 h.?1H NMR yields
reported based on a trimethoxybenzene internal standard; isolated yields of products after column chromatography are reported in parentheses.1 mol%
Ir[(dF(CF3)ppy)2(d(CF3)bpy)]PFs (PC1) and 4 d reaction time employed.? 1 mol% fac-Ir(ppy)s (PC8).248 h reaction time employed. Yields of the correspond-
ing sulfide observed by *H NMR spectroscopy based on a trimethoxybenzene internal standard are presented..
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Next, attention turned to probing the synthetic utility of the de-
oxygenation. A preliminary substrate screen was conducted, from
which the relatively oxidizing photocatalyst PC2 was identified as
the most broadly effective PC (see Supporting Information) and
was taken on into further substrate scoping studies (Scheme 4). Di-
aryl sulfoxides 9a—11a were all well tolerated; notably sulfoxide
114, incorporating an acid-sensitive Boc group, was converted into
its sulfide 11b in 99% yield. Various sulfoxides bearing a single
functionalized aryl group also worked well, including halogenated
systems (e.g. 8b, 15b). Sulfoxide 14a, which contains an acid-la-
bile silyl ether, was also an excellent substrate for this transfor-
mation, providing the corresponding sulfide 14b in 90% yield.

Importantly, the freedom to vary the PC (and in particular, to vary
its redox properties) allows the deoxygenation to be performed on
a wide range of substrates. For example, when using the most oxi-
dizing photocatalyst Ir[(dF(CFs)ppy)2(d(CFs)bpy)]PFs (PC1), we
were pleased to discover that sulfoxide 13a, which contains an un-
protected alcohol, afforded sulfide 13b in 78% yield, which was a
significant improvement upon the yield using PC2.2 Sulfoxide 17a
also reacted poorly with PC2 under the optimised conditions (34%
conversion), with this attributed to competing oxidation of the ben-
zothiazole moiety in this substrate. To address this, we tested the
deoxygenation of sulfoxide 17a using the less oxidizing fac-
Ir(ppy)s photocatalyst PC8, and gratifyingly, the corresponding
sulfide 17b was isolated in near-quantitative yield, further demon-
strating the value of having complementary synthetic protocols
based on both oxidizing and reducing catalysts (see Supporting In-
formation for more comparisons between the reactivity of PC2 and
PC8).

Sulfoxide reduction was also performed on a wide range of dial-
kyl sulfoxides with varying alkyl chain lengths; all reactions pro-
gressed cleanly to furnish the desired linear (18b, 20b, 21b) and
cyclic (19b) sulfide products in excellent yields. Acetal protecting
groups are also well tolerated by this procedure, with sulfide 24b
generated in 90% yield. Complete reduction of sulfoxide 25a de-
rived from N-Boc-protected methionine was also achieved, furnish-
ing the corresponding sulfide 25b in 99% isolated yield. A list of
low yielding or unreactive substrates are presented at the bottom of
Scheme 4 (26a—32a). We believe that the low reactivity of these
substrates can generally be attributed to poor solubility of the sul-
foxide starting material in CH2Clz or low nucleophilicity of the sul-
foxide/sulfone starting material. Interestingly, aryl carboxylic acid-
containing sulfoxide 29a undergoes deoxygenation when using
PC2 (38% yield), but incomplete conversion of the sulfoxide start-
ing material is observed alongside the formation of a side product.?
When performing the deoxygenation reaction using PC8, the cor-
responding sulfide is formed cleanly in a 67% yield, with the re-
maining mass balance composed of unreacted sulfoxide. In all the
above scoping studies, the only byproduct formed is tri-
phenylphosphine oxide, and no discernible side products were iso-
lated except where explicitly stated.

Finally, to further demonstrate the functional group tolerance and
utility of the procedure, the deoxygenation of a sulfoxide-contain-
ing agrochemical (33a) and drug molecule (34a) was investigated
(Scheme 5). In these examples, low to moderate yields of sulfide
products were observed when using PC2, under a range of condi-
tions. However, upon switching to PC8 (with a greater reduction
potential), far superior reactivity was observed. Thus, agrochemical
agent Fensulfothion 33a, which contains a phosphorothioate moi-
ety, was cleanly reduced to its corresponding sulfide 33b in 96%
isolated yield. Furthermore, Sulmazole 34a, a cardiotonic drug con-
taining an imidazopyridine ring, was converted into sulfide 34b in
62% yield under the same conditions; this was a more challenging
substrate due to its limited solubility in a range of solvents.

Scheme 5. Biologically active sulfoxide reduction®®

Biologically active sulfoxides
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2Reaction conditions: sulfoxide (0.30 mmol), fac-Ir(ppy)s (1 mol%),
PPh; (0.36 mmol) in CH.Cl, (1.5 mL) at RT. ®*H NMR yields reported
based on a trimethoxybenzene internal standard and isolated yields of prod-
ucts after column chromatography are shown in parentheses.48 h reaction
time. 924 h reaction time,

Scalability can be a concern in photoredox catalyzed processes,
with an increased photon flux needed for large scale photochemical
reactions. Advances in flow chemistry technology have come a
long way in addressing this problem, however larger scale photo-
chemical reactions are still typically less straightforward to achieve
experimentally compared to the scale up of thermal reactions.? To
demonstrate that this phosphine radical cation strategy can easily
be adopted by researchers who do not have access to the necessary
equipment to perform photochemical flow reactions, deoxygena-
tion of sulfoxide 8a was performed on a 1 g scale, using DDQ as
the radical chain initiator, affording sulfide 8b in 96% yield, with
the rest of the mass balance consisting of unreacted sulfoxide 8a.

In conclusion, this study shows that phosphine radical cations can
interact with sulfoxides via a polar/radical crossover mechanism.
This novel reactivity could provide a basis for the development of
new chemistry, exemplified here by our photocatalytic sulfoxide
deoxygenation protocol. Using this mild, visible light-driven
method, a wide array of functionalized sulfoxides can be reduced
to the corresponding sulfides, including substrates containing acid-
sensitive functional groups that are often incompatible with the
acidic conditions typically utilized in established methods for sul-
foxide reduction. Complementary protocols based on a range of
both oxidizing or reducing photocatalysts, that operate via different
mechanistic pathways, further increase the range of substrates that
can be accommodated.
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