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The radical addition of thiols to alkenes is reported under
photoredox conditions, usingvisible lightand TiO, as a cheap
and readily available photocatalyst.

Recent developments in visible light photoredox catalysis
(PRC) have substantially expanded the scope and application of
organic photochemistry.? Using a domestic lightbulb as the light
source, rather than specialist UV equipment, the process uses a
photo-active catalyst to mediate electron transfer between
reactants, resulting in novel transformations that frequently
proceed under mild conditions. The vast majority of PRC in
organic synthesis to date is based on two classes of catalyst;
transition metal complexes, such as the archetypal Ru(bpy)sCl,
and Ir(ppy)s systems, or organic dyes such as methylene blue or
eosin-Y. The Noble metals of the first class are expensive and a
limited resource, but are highly optimisable in terms of ligand-
metal tuning. Organic dyes lack this particular quality, but may
be tuned via conventional synthesis and are usually less
expensive. We were interested in exploiting a third class of
photoredox catalyst; semi-conducting metal oxides such as titania
(TiO,). With 4 million tons of titania being produced per annum,
the material is cheap, readily accessible, and non-toxic
(commonly ingested as food additive E 171), as well as offering
the process benefits of heterogeneous catalysis such as simple
removal by filtration.? The UV photoredox properties of TiO,
have been extensively investigated and applied on an industrial
scale to areas such as water treatment and photovoltaics.
Applications to organic synthesis, however, remain under-
developed, particularly in the area of visible light
photochemistry ®* We were interested in developing a titania-
mediated PRC reaction using visible light, and chose to
investigate the thiol-ene reaction for this purpose.

The addition of thiols to alkenes is a radical reaction that is
typically initiated with UV light.5 Although an old reaction,® its
reliability, substrate scope, and compatibility has led to renewed
interest in the context of click chemistry, where the facile C-S
bond formation can be used as a powerful ligation strategy in
biological and materials science.” Indeed, the largest field of
application for thiol-ene chemistry is currently in polymer
science, where thiols are cross-linked with alkenes under UV
curing conditions, producing polymers with very uniform step-
growth properties.® Recent literature reports have established
PRC for thiol-ene addition using both Ru(ll) and eosin-Y
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photocatalysis, providing an important frame of reference for our
inchoate titania process.>1%1!

We were aware at the outset that titania visible light PRC
would likely require a nanoparticulate form of the catalyst.
Unmaodified titania absorbs very weakly in the visible region, but
there is evidence that substrate binding to the surface can shift the
absorption and enable electron transfer.*°%¢ Rueping and co-
workers, for example, have recently demonstrated visible light
photoredox activity in dehydrogenative coupling reactions using
commercially available titania P25 nanoparticles,**® and we
chose to begin our studies using this material (aeroxide® from
Sigma-Aldrich). Using the addition of benzyl mercaptan (1a) to
cyclohexene (2a) as a test reaction, we were pleased to observe
very high conversions into adduct 3a using one equivalent of
TiO, in MeCN under irradiation with a domestic light bulb (Table
1). The reaction was also viable in DCM (entry 2), under neat
conditions (entry 3), and using blue LEDs as an alternative light

65 source (entry 4).

Table 1. Titania PRC of the thiol-ene reaction?

TiO,
SH solvent
+ ETE—— S
light, rt
16 h
1a 2a 3a

entry TiO: (equiv.) solvent light source yield® (%)

1 1.0 MeCN 20W light 98 (96°)
2 1.0 DCM 20W light 9
3 1.0 - 20W light 97
4 1.0 MeCN Blue LED 80
5¢ 1.0 MeCN no light 0
6° 0 MeCN 20W light 20
7 0 MeCN Blue LED 0
8 05 MeCN 20W light 88
9 0.1 MeCN 20W light 82
10° 0.1 MeCN 20W light 92
11 1.0 MeCN 20W light 50
12° 1.0 MeCN 20W light 84

Cyclohexene (1.0 mmol), benzyl mercaptan (4.0 mmol), titania
(TiO2 P25) and solvent (1.0mL)at room temperature for 16 h;
Light source placed 10-15 cmaway fromreaction vials. ° Yields
determined by *H NMR using nitromethane as the internal
standard. © Isolated yields. ® Foil-wrapped flask for 16 h. ®
Reaction for 40h. " Using degassed MeCN under N, atmosphere.
9 Using 2.5 mmol of benzyl mercaptan.
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Control experiments established that titania in the dark gave
no reaction (entry 5), but there was a small background reaction
with ambient light in the absence of titania (20% conversion). We
were pleased to see that the titania loading could be reduced to
catalytic quantities with little drop in overall yield (entries 8-10),
and we established that oxygen was beneficial for the reaction.
Use of an inert atmosphere and de-gassed solvent halved the
efficiency of the process (entry 11). This was an expected
requirement, as an oxidative quencher is needed to balance
charge and prevent hole-electron recombination in the titania
photocatalyst (vide infra).

With a titania PRC system in place, we moved on to
investigate substrate scope, beginning with the alkene partner.

TABLE 2. Scope of alkene coupling partners?®

; TiO; (1 equiv)
SH R MeCN R’
@A * }\Rz 20 W light, rt @AS/\E
16 h R
1a 2 3
entry alkene product yield® (%)
AN
OMe S OMe
1 /\2; (jA 85 (9)
3b
N
OA S OAc
) - c EjA 75 (61)
¢ 3c
o o
3 Ve oy 78 (12)
2d 3d
Me s/\AOH
4 _OH (jA Me 89 (68)
2e 3e
SiMe s siMe,
5 7 @A 97 (31)
3f
CN
o~ S/\/
6 Z CN @A 43 (0)
29
39
Z>0Ac

7 o @AS/\/OAC . 80 (0)
8 @A\ @A SN@ 98 (90)

2i )
3i
Me
o T
9 we O 98 (93)
2j 3
(o]
jon N
10 ¢ @”S 95 (30)
2k
3k

2 Alkene (1.0 mmol), benzyl mercaptan (4.0 mmol), titania (TiO, P25,
1.0 mmol)and MeCN (1.0 mL) at room temperature for 16 h; Light
source placed 10-15 cm away from reaction vials. ° Isolated yields;
numbers in parentheses are the yield obtained under standard reaction
conditions where titanium dioxide is absent.

We were pleased to find that a variety of primary and 1,1-
disubstituted substrates underwent successful thiol-ene reaction
with benzyl mercaptan (Table 2). The reaction was tolerant of a
variety of functional groups (ester, alcohol, silane, nitrile,
halogen) giving the thiol ene adducts 3 in generally high yields.
Substitution was tolerated at the 2- and 3-positions of the alkene
(entries 3 and 4), but 1,2-disubstitution was restricted to cyclic
alkenes. Vinyl acetate and acrylonitrile were both productive,
interestingly undergoing no reaction at all in the absence of PRC
(entries 6 and 7). More reactive alkenes such as styrenes gave
very high yields of the thiol ene products, but background
reaction was high for 2i and 2j.
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TABLE 3. Catalytic thiol-ene — thiol scope®

TiO, (0.1 equiv)
. 2 MeCN _S
R'SH SR 20 W light, rt RENTR
30 1 2,R=0AcorAr 40h 3
H C
entry thiol product y(loe/lc)j
(1]
1 S SH D N L 86 (0)
1b 3l
5 HO S -SH HO S S-S~ 79 (8)
1c 3m
o o
3 MeO)K/\SH Meo)vs/\/ Ohc 87 (30)
1d 3n
SH S~oac
4 ©/ ©/ 61(14)
le 30
SH S onc
5 O/ O/ 30 (5)
1f 3p
SH
6° X - 0
1g
7 HS/\/SH Ph\/\s/\/s\/\Ph 68 (0)
1h 3q
Me
/\/SH \@/\ A~S
8 HS © 73(0
1h \/\©\Me ( )
3r
Me Me
N
9 HS ¥ SH \©\/\S/\/\8/\/©/ 70 (0)
3s
MeO.
10d HS/\/SH \©\/\S/\/S

i TG, T

3t

 Thiol (4.0mmol), vinyl acetate (1.0 mmol), titania(TiO, P25, 0.1 mmol)
and MeCN (1.0 mL) at room temperature for 16 - 40 h; Light source
placed 10-15cm away from reaction vials. ® Dithiol (1 mmol), styrene (4
mmol) and conditions as previous. ° Isolated yields; numbers in
parentheses are the yield obtained under standard reaction conditions
where titanium dioxide is absent. ¢ 1 equiv of titania used.

Thiol scope was initially trialled (Table 3) using catalytic
amounts of titania (0.1 equiv) and vinyl acetate (2h), an alkene
with zero background reaction for the addition of benzyl
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mercaptan (Table 1, entry 7). We were pleased to find that the
catalytic protocol was successful, with primary alkyl thiols
(entries 1-3) and thiophenols (entry 4) undergoing thiol-ene
reaction under the longer reaction time of 40 h. Increasing steric
hindrance around the thiol was deleterious, with cyclohexyl thiol
reacting in moderate yield (entry 5) and tert-butyl thiol
undergoing no reaction, even with stoichiometric titania (entry 6).
We could extend the reaction to a double thiol-ene reaction, with
ethane and propane dithiol undergoing addition to styrenes in
good yield (entries 7-9). p-Methoxystyrene proved less reactive,
and required stoichiometric quantities of titania to yield 3t in an
acceptable timeframe.

A mechanism for the reaction is outlined in Scheme 1, based
upon the photo-excitation of electrons to the valence band of the
titania catalyst. The resultant holes are reductively quenched by
the thiol, generating a thiyl radical cation, which can lose a
proton to give a thiyl radical. Oxygen acts as a sacrificial electron
acceptor, enhancing reaction efficiency by reducing hole-electron
recombination in the titania. The thiyl radical can then initiate the
thiol-ene cycle through addition to an alkene and generation of an
alkyl radical, which propagates the reaction by abstracting a
hydrogen atom from the thiol starting material.

Scheme 1. Mechanistic pathway for titania thiol-enereaction

R'SH

2
RIS R RSH

In conclusion, we have developed a titania photoredox system
for the thiol-ene reaction that uses visible light. The photocatalyst
is cheap, robust, readily available, and easily processed out of the
reaction for re-use. Applications of this method to the broad remit
of thiol-ene chemistry are ongoing in our laboratory.

We thank the University of Manchester and the EPSRC for
funding.
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