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We have developed a versatile, mild protocol for trifluoromethylthiolation reactions of aldehydes with
catalysis by a decatungstate hydrogen atom transfer photocatalyst under redox-neutral conditions. The
protocol is highly selective, operationally simple, and compatible with a wide array of sensitive functional
groups. It can be used for late-stage functionalization of bioactive molecules, which makes it convenient
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Organofluorine compounds are of great importance in the fields
of medicine, agricultural chemistry, and functional materials [1,2].
The trifluoromethylthio (-SCF3) group is of particular interest
because its highly tunable lipophilicity, metabolic stability, and
strongly electron-withdrawing nature (Hansch parameter
7R = 1.44) [3] make it useful for fine-tuning the pharmacological
and pharmacokinetic properties of drug candidates [4,5]. Conse-
quently, reagents and methods for efficiently incorporating
trifluoromethylthio groups into target molecules have attracted
considerable interest in recent years [6]. However, the number of
methods for synthesis of trifluoromethylthioesters is rather
limited. In pioneering work, the groups of Man [7a], Yagupolskii
[7b], and Chen and Weng [7c] showed that trifluoromethylth-
ioesters can be synthesized by reactions of acid chlorides with Hg
(SCF3),, NMeySCF3, or (bpy)CuSCF; (Scheme 1A). Because Hg
(SCF3), is highly toxic, NMey(SCF3) is relatively unstable, and
stoichiometric amounts of metallic reagents are required, the
scope and utility of these reactions are limited.

We speculated that trifluoromethylthioesters could be synthe-
sized by a method involving the use of photoredox catalysis which
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has recently attracted much interest among synthetic chemists [8].
The Glorius group [9] reported an elegant method for obtaining
trifluoromethylthioesters from aldehydes via a hydrogen atom
transfer (HAT) process (Scheme 1B), but a noble metal photoredox
catalyst and a HAT mediator are required. The direct use of an
inexpensive HAT photo catalyst would be a more reagent- and
redox-economical strategy. More recently, the Wang group [10]
reported a method for visible-light-promoted synthesis of
trifluoromethylthioesters from aldehydes, but heat and a stoichio-
metric amount of a radical initiator are needed to trigger the
radical process, making the reaction relatively harsh (Scheme 1B).
Because aldehydes are economical and readily available, we
explored their trifluoromethylthiolation under mild conditions
using inexpensive and readily available metal photocatalysts
(Scheme 1C).

We envisioned that polyoxometalates (many of which have
high-energy excited states and can accomplish the required C—H
abstraction) [11] would be ideal HAT catalysts. We were
particularly interested in tetrabutylammonium decatungstate
(TBADT, (nBuygN)4[W10033]), a highly efficient HAT photocatalyst
that is widely used for dehydrogenation, oxidation, and conjugate
addition reactions of unactivated aliphatic C—H bonds [12]. We
recently developed a protocol for photoredox deuteration and
difluoromethylthiolation reactions of aldehydes mediated by
TBADT, which is responsible for the generation of an acyl radical
[13]. Herein we report that we have succeeded in developing a
protocol that uses TBADT as a HAT photocatalyst for efficient
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Scheme 1. Trifluoromethylthiolation reactions.

synthesis of trifluoromethylthioesters by direct functionalization
reactions of aldehydic C(O)—H bonds.

The proposed mechanism for the reaction is shown in Scheme 2.
The reaction is initiated by photoexcitation of TBADT (2) followed
by intersystem crossing to produce triplet excited state 3, which
has a lifetime of 55 ns [14] and serves as the HAT catalyst. Excited
state 3 selectively abstracts the formyl H atom of 4-methylben-
zaldehyde (1a) to afford singly reduced decatungstate 4 and
nucleophilic formyl radical 5. Radical 5 then readily reacts with the
electrophilic N-(trifluoromethylthio)phthalimide (PhthSCFs, 6a) to
afford desired product 1 upon elimination of a phthalimide radical
Phth® (7). Finally, with Na,HPO, as a base, 7 is reduced by
decatungstate 4 to 8, with simultaneously regeneration of the
active HAT photocatalyst 2.

We began our study by using 1a and 6a as model substrates to
optimize the reaction conditions (Table 1). We were pleased to find
that in the presence of 4 mol% TBADT and 1.5 equiv. of disodium
phosphate as a base, irradiation of an acetonitrile solution of 1a
and 6a with a 390 nm blue LED at room temperature under argon
provided a 41% yield of desired product 1 (entry 1). Screening of
various alternative bases revealed that Na,HPO4-12H,0 gave a low
yield, and DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) failed to
afford any of the target product (entries 2 and 3). Methanol and
acetone proved to be inferior solvents to CH3CN (entries 4 and 5).
Other SCF5 sources (6b and 6¢) gave lower yields than 6a (entries 6
and 7). We also varied the catalyst loading, SCF; reagent
stoichiometry, solvent volume, and reaction time (entries 8-11)
gratifyingly, these experiments greatly improved the yield (entry
11). Control experiments demonstrated that TBADT, base, and light
were all essential for the success of the reaction (entries 12-14).
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Scheme 2. Proposed mechanism of the trifluoromethylthiolation reaction.
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Table 1
Optimization of the reaction conditions®.
TBADT (4 mol%)

NayHPO4 (1.5 equiv.)
PhthSCF; 6a (2.0 equiv.)

[o]

o
1

BY /
~SCF5 <§ ~SCF, ©:‘< -SCF,

CHyCN (0.2 mol/L)
390 nm blue LED, r.t., 48 h, Ar

Entry Reagent Base Solvent Yield (%) ®
1 6a Na,HPO, CH5CN 41

2 6a Na,HPO4-12H,0 CH;5CN 28

3 6a DBU CH5CN NR

4 6a Na,HPO, CH50H NR

5 6a Na,HPO,4 Acetone 1

6 6b Na,HPO, CH5CN NR

7 6¢ Na,HPO, CH3CN 10

8¢ 6a Na,HPO, CH5CN 52

ged 6a Na,HPO, CH5CN 65
104 6a Na,HPO, CH5CN 70
11edef 6a Na,HPO, CH5CN 82 (778)
12" 6a Na,HPO, CH5CN NR

13 6a - CH5CN NR

14 6a Na,HPO, CH5CN NR

NR = no reaction.

¢ General conditions, unless otherwise noted: 1a (0.2 mmol), 6 (0.4 mmol),
TBADT (0.008 mmol), base (0.3 mmol), solvent (1 mL), Ar, r.t., 48 h.

b Determined by 'F NMR spectroscopy with fluorobenzene as an internal
standard.

¢ Amount of TBADT, 0.016 mmol.

4 Amount of 6a, 0.6 mmol.

€ CH3CN volume, 0.5 mL.

f Reaction time, 96 h.

& [solated yield.

" No TBADT.

I No light.

With satisfactory conditions (Table 1, entry 11) in hand, we
explored the scope of the reaction with respect to the aldehyde
(Scheme 3). First, we tested aldehyde substrates with various
substituents on the aromatic ring and found that we could obtain
the corresponding trifluoromethylthioesters. For example, para-
substituted aryl aldehydes gave target products 1 and 9-20 in 24%-
94% yields, and meta-substituted aldehydes gave 21-25 in yields of
35%-75%. In general, substrates with electron-donating groups
gave better yields than those with electron-neutral groups.
Notably, reaction of an aldehyde bearing a tertiary C—H bond
selectively gave 10 (67% isolated yield), the product of C—H
trifluoromethylthiolation at the aldehydic C(O)—H bond; no
products of CO dissociation were observed [15]. Aryl aldehydes
containing alkyl groups (1, 9-11), ethers (13-18), phenyl groups
(12 and 22), and an ester (30) were found to be compatible with the
reaction conditions, giving the corresponding products in moder-
ate to high yields. Interestingly, several relatively sensitive yet
versatile functional groups—boronic esters (19 and 25) and an
alkene (20)—tolerated the trifluoromethylthiolation conditions
well, which shows the potential utility of this protocol for
medicinal and synthetic chemistry applications. Polysubstituted
aldehydes were also suitable substrates (26-31), and naphthalde-
hydes afforded target products 32 and 33 in yields of 37% and 55%,
respectively. Aware of the important role of heteroaromatic
moieties in drug compound scaffolds, we were pleased to find
that under our trifluoromethylthiolation conditions, N-heterocy-
clic substrates were also tolerated, giving 34 and 35 in 42% and 32%
yield. However, our experiments uncovered a limitation of this
reaction: substrates containing electron-withdrawing groups or
ortho substituents on the phenyl ring were incompatible with the
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Scheme 3. Substrate scope with respect to the aldehyde.

reaction conditions, possibly because of the steric bulk of TBADT
and its tendency to react with nucleophilic sites.

Because of the biological relevance of fluoroalkylthio groups
[16,4b], a mild, selective method for late-stage introduction of
trifluoromethylthio groups into complex molecules is highly
desirable for drug modification studies. We found that our
protocol could readily be used for trifluoromethylthiolation of
aromatic aldehydes such as fenbufen and ibuprofen derivatives to
afford 36 and 37 (Scheme 4A). The successful late-stage
functionalization of these two drug derivatives, which contain
ester and carbonyl groups and a tertiary C—H bond, demonstrates
the high chemoselectivity and functional group tolerance of our
method.

To demonstrate the viability of the method for preparative
purposes, we carried out a gram-scale trifluoromethylthiolation
reaction of p-anisaldehyde (5mmol) under the standard con-
ditions, except that the amount of catalyst was reduced to 4 mol%;
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- H
g ;
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Scheme 4. Applications of the protocol.

3029

(A)

o
fogh-
o

13a

TBADT (8 mol%)
NayHPO, (1.5 equiv.)
6a (3.0 equiv.)
CHacN (0.4 mol/L)
390 nm, r.t., 96 h
TEMPO (2.5 equiv.)

S

13, 0%

S o O

13, 0%

38, 21%

(B) o

H
o

13a

TBADT (8 mol%)
NayHPO4 (1.5 equiv.)
Ga 3.0 equiv.
CH3CN (0.4 mol/L)
390 nm, r.t., 96 h
1,1-diphenylethylene (2.5 equiv.)

O
Ph

Ph
39, detected by HRMS

Scheme 5. Mechanistic experiments.

the reaction was complete within 96 h and gave 13 in 71% yield
(Scheme 4B).

Next we conducted some mechanistic studies (Scheme 5) in
support of the proposed pathway shown in Scheme 2. When
TEMPO ((tetramethylpiperidin-1-yl)oxyl) or 1,1-diphenylethylene
was used as a radical scavenger, the formation of 13 was
completely inhibited. TEMPO adduct 2,2,6,6-tetramethylpiperi-
din-1-yl 4-methoxybenzoate (38) was isolated in 21% yield, and
radical trapping product 1-(4-methoxyphenyl)-3,3-diphenylprop-
2-en-1-one (39) was detected by mass spectrometry. These results
suggest that acyl radical 5 was generated, and they clearly point to
a radical pathway. Moreover, a light/dark experiment showed that
product 13 did not form in the dark (Supporting information),
which implies that light was essential and that any chain
propagation process was short-lived.

In summary, we have developed a versatile photoredox-
mediated HAT protocol for direct trifluoromethylthiolation of
aldehydes. The mild reaction occurred at room temperature with
the aldehyde as the limiting reagent, tolerated various functional
groups, and had a broad substrate scope. Commercially available,
stable aldehydes were used as the carbonyl source, and the HAT
photocatalyst was TBADT, an inexpensive complex of an earth-
abundant metal. This expedient alternative to traditional methods
of synthesizing trifluoromethylthioesters can be expected to be
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useful for late-stage functionalization of natural products and drug
molecules.
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