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Fluorinated motifs are prevalent in both pharmaceuticals and agrochemicals. The incorporation of
fluorine-containing moieties to drug candidates has emerged as a potent strategy for lead optimization
in pharmaceutical research and development. While extensive research has been devoted to construct-
ing molecules that incorporate a trifluoromethylthio (SCF;—) group on a stereogenic carbon, the synthe-
sis of trifluoromethylthiolated alkanes featuring a SCF3;-substituted stereogenic carbon at non-activated
site remains understudied. Herein, we report a Cu-catalyzed regio- and enantioselective hydroallylation
of 1-trifluoromethylthiolated alkenes. Important to the process is the regio- and enantioselective Cu-H
insertion to SCF3-substituted alkene to form chiral «-SCF; alkyl copper intermediates, outcompeting un-
productive insertion to the coupling partner, and eventually proceed to afford optically active homoallylic
trifluoromethylthiolated products.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chirality is an intrinsic characteristic of nature and pervades the
biological systems [1-3]. Most organic molecules that comprise liv-
ing organisms are chiral. Living systems have a strong chiral recog-
nition ability, contributing to distinct physiological properties of
different enantiomeric forms of biologically active molecules. Ac-
cordingly, the idea of incorporating chiral motifs in target com-
pound has profoundly affected the modern pharmaceutical indus-
try, and represents a major theme in drugs design and discov-
ery [4-7]. Meanwhile, the adoption of fluorine or fluorinated mo-
tifs into drug design has been continuing to expand, facilitated
by an ever-increasing understanding of ‘fluorine effects’ on physic-
ochemical properties and efforts to efficient syntheses of novel
fluorinated molecules [8-25]. However, most fluorine-containing
molecules used in drugs so far are normally achiral compounds,
with majority found as fluorinated or fluorine-containing function-
alized arenes. The drug-like molecules installed with fluorinated
stereocenters are still relatively rare, possibly due to the lack of
highly efficient and enantioselective synthetic methods for prepa-
ration of single enantiomers to meet the requirement of FDA’s pol-
icy. The past several decades have witnessed the rapid develop-
ment of novel synthetic methodologies for enantioselective con-
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struction of fluorinated or fluorine-containing functionalized stere-
ocenters to make chiral fluorine-containing bioactive molecules
[26-35]. However, most protocols provide only settlements to con-
struct chiral centers at activated sites, such as benzylic, allylic,
propargyl positions, or «-position of carbonyl groups and het-
eroatoms, and the rational construction of non-activated stereocen-
ters featuring fluorine or fluorinated functional groups remains ex-
tremly challenging.

The trifluoromethylthio group (SCF3), characterized by its strong
lipophilic and electron-withdrawing nature, could remarkedly im-
prove the metabolic stability and transmembrane permeability of
drug molecules [36-38], making it an attractive functional group
for drug design and development. For instance, Cefazaflur is a
parenteral cephalosporin antibiotic administered via injection [39-
49], and Monepantel is specifically marketed for veterinary ap-
plications (Scheme 1a). While most reported methods focused on
the synthesis of trifluoromethylthioated arenes [50], the asym-
metric construction of C(sp3)-SCF; stereocenter were less explored
with known approaches predominantly centered on activated sites
[51-81], including «-position adjacent to carbonyl groups or het-
eroatoms, benzylic, allylic and propargyl position (Scheme 1b). To
resolve these issues in asymmetric synthesis of SCF3-containing
molecules and deliver the construction of C(sp3)-SCF; stereocen-
ter at non-activated carbon centers in enantioconvergent synthe-
sis of diverse trifluoromethylthiolated compounds, we reason a
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(c) Strategy for asymmetric construction of non-activated C-SCF; stereocenter via C-C bond formation
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Scheme 1. SCF;-containing biologically compounds and stoichiometric or catalytic asymmetric synthesis of stereocenters bearing the SCF; group.

conceptually divergent route might address these challenges. Con-
sidering the presence of sulfur atom in a SCF3 group of SCF3-alkene
could potentially controll the regioselectivity of CuH-catalyzed hy-
drocupration process, we posited that this in-situ generated alkyl-
copper intermediate could further react with a alkyl coupling part-
ner for construction of trifluoromethylthiolated carbon center at a
non-activated site (Scheme 1c). Notably, employing chiral ligated
copper catalyst might contribute to a ‘chiral pocket’ for subsequent
C(sp3)-C(sp?) coupling [82-85], constructing C-SCF3 stereocenter
at non-activated site via copper-catalyzed three-component hydro-
functionalization of SCF3-alkenes

Taking this hypothesis driven design into practice (Scheme
1d), we report copper-catalyzed asymmetric hydroallylation of 1-
trifluoromethylthioalkenes for enantioselective synthesis of triflu-
oromethylthiolated carbon center at non-activated site. Excellent
regioselective and enantioselective control, good functional group
tolerance, and mild reaction conditions are demonstrated in this
protocol, providing facile syntheses of optically pure allyl SCFs-
containing compounds. Given that trifluoromethylthiolated chiral
centers could serve as key structural motifs, this method offers a
convenient approach to SCF;-containing drug-like molecules and
agrochemicals.

We commenced our study by using trifluoromethylthiolated
alkene 1a and exo-alkene 2a as starting materials, with PMHS as
the hydrogen source, CsOPiv as additive, and Cu(OAc), (10 mol%)
as the catalyst in 1,4-dioxane at 25°C (Fig. 1). Given the criti-
cal role of chiral ligands in controlling enantioselectivity and cat-
alytic activity, we first optimized various types of chiral ligand, in-
cluding nitrogen-based ligands, N,P-based ligands, mono and dis-
phosphine (L1-L6) where we observed relatively better reactiv-
ity when using biphenyl disphosphine ligands (L6), giving mod-
erate yield and enantioselectivity. Further optimization of chiral
biphenyl disphosphine ligands indicated that H8-BINAP (L10) could
provide expected product in 55% yield with 81% ee. Lowering reac-
tion temperature offered improved enantioselectivity with compa-
rable yield (Table 1, entry 1). Considering the low freezing point of
1,4-dioxane, we sought to test alternative solvents. Screening re-
vealed that aromatic and ether solvents performed well, with di-
ethyl ether yielding the product with 87% ee at —10°C (Table 1,
entry 3). Continuing optimization of other parameters showed that
using CuCN could achieve higher yields and ee values and lower-
ing the temperature furnish the product in higher enantioselectiv-
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Fig. 1. Ligand screening.

ity but decreased yield. To address this issue, extending the reac-
tion time emerged as an effective strategy. Indeed, we conducted
the reaction with CuCN at —20°C for 72h to access the expected
product in a yield of 85% and an ee values of 92% (Table 1, en-
try 7) while other additives or hydrogen sources did not lead to
further improvements (Table 1, entries 8-11).

With the optimized conditions in hand, we sought to investi-
gate substrate generality of our protocol (Scheme 2). First, a series
of aryl-substituted allylic bromides were found to be well com-
patible with this catalytic system. When the aryl para-position
was substituted with bulky groups such as phenyl (4, 5), cyclo-
hexyl (7), and tert-butyl (8), the reactions maintained at least
90% ee values, with product 5 having an impressive 97 % ee. It is
worth noting that the gram-scale synthesis under standard con-
ditions successfully produced the desired product without appar-
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Scheme 2. Copper-catalyzed regio- and enantioselective hydroallylation of 1-trifluoromethylthioalkenes. Isolated yields were given. ¢ Gram-scale synthesis.
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Table 1
Copper-catalyzed hydroallylation of SCFs-alkenes: optimization of conditions.?

AN
@0 SCFs ¢y cat. (10 mol%)
1a L10 (12 mol %) $CFs
Silane (3.0 equw /\/\/k)
+
Base (2.0 equiv.) d ‘\ij\

Solvent (0.8 mL)

Entry Cu cat Temp (°C) Solvent Yield (%)b ee (%)°
1 Cu(OAc), 10 1,4-Dioxane 45 82
2 Cu(OAc), -10 Benzene 45 79
3 Cu(OAc); -10 Ether 49 87
4 Cu(OAc), -10 Diglyme 27 84
5 CuBr, -10 Ether 70 89
6 CuCN -10 Ether 72 89
74 CuCN -20 Ether 85 92
8d CuCN -30 Ether 75 92
gd.e CuCN -20 Ether 0 -
104.f CuCN -20 Ether 45 79
1148 CuCN -20 Ether 84 92

2 Reaction conditions: 1a (0.1 mmol, 1.0 equiv.), a 2a (0.2 mmol, 2.0 equiv.), [Cu]
(10 mol%), Ligand (12 mol%), PMHS (3.0 equiv.), CsOPiv (2.0 equiv.), 1,4-dioxane
(0.8 mL), Ar.

b Yield was determined by 9F NMR spectroscopy using PhCF; as an internal stan-
dard; numbers in parentheses were yields of isolated products.

¢ The ee values were determined by HPLC on a chiral stationary phase.

4 The reaction was carried out for 72 h.

¢ LiOPiv was used as the additive.

f Cs,C03 was used as the additive.

¢ Trimethoxysilane was used as the hydrogen source.

ent loss of enantioselectivity, thereby demonstrating the practi-
cality of this method. The reaction was unaffected by electron-
donating (9) or electron-withdrawing groups (10). Similarly, when
the aryl meta-position was substituted with electron-donating (11,
12) or electron-withdrawing groups (13, 14), high yields and ex-
cellent enantioselectivities were showcased. Additionally, polycyclic
aryl group (15, 16) did not interfere with the reaction. Having ex-
plored aryl substituents, we turned our attention to alkyl chain-
substituted allylic bromides. Satisfyingly, both small (17, 18) and
bulky alkyl substituents (19, 20) were well tolerated by the reac-
tion system.

Next, we explored the functional group tolerance of 1-
trifluoromethylthiolated alkenes. As shown in Scheme 2, various
types of 1-trifluoromethylthiolated alkenes underwent hydroally-
lation smoothly, yielding the desired products (21-40) with ex-
cellent enantioselectivities, including aliphatic chain (21), stained
ring system (22), substituted arenes (23-25) and alkyl chains with
ether (36) and amide (37, 38) functionalities. Notably, the reactions
proceeded smoothly regardless of the alkyl chain length (23, 24
and 37, 38) and the presence of heteroaromatic groups (26-29), or
halogen substituents (32, 34, 35, 36) indicated excellent compati-
bility. Of particular importance is that 1-trifluoromethylthioalkenes
bearing aryl conjugated systems exhibited exceptional regioselec-
tivity, furnishing products in high yields and excellent enantiose-
lectivities without detectable isomers (39, 40). This phenomenon
may be attributed to the electron-donating effect of the sulfur
atom, in favor of Cu-H insertion positioning copper adjacent to tri-
fluoromethylthiolated carbon.

Encouraged by these exciting results, we proceeded to per-
form late-stage asymmetric modifications on biologically active
molecules, such as clofibric acid (41), naproxen (42), and gemfi-
brozil (Lopid, 43). All modifications resulted in excellent yields and
good enantioselectivities, highlighting the substantial potential of
this method to efficiently construct chiral trifluoromethylthiolated
derivatives of pharmaceuticals or drug candidates.
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To gain deeper insights into the reaction mechanism of this sys-
tem, we subsequently carried out a series of mechanistic experi-
ments. Firstly, using Ph,SiD, for asymmetric catalysis successfully
synthesized deuterium-labeled chiral product 39’ (Scheme 3a). The
result indicates that the copper hydride species A is formed from
hydrosilane, ultimately transferring hydride to 1-SCF3 substituted
alkene to form an alkyl copper intermediate. Next, we investigated
the hydroallylation step (the transition from D and 2 to A and
product in Scheme 3e). Under non-diastereoselective conditions,
we tested regioisomeric allylic bromides 3-bromo-but-1-ene (2c)
and (E)-1-bromobut-2-ene (2d) using the Xantphos ligand (Scheme
3b). The branched allylic bromide 2c reacted with 1a to yield linear
products 44 and 44’ in 74% yield, along with 4% of the branched
product 45.

Products 44 and 44’ could be generated either through an Sy2’-
type addition-elimination mechanism or via the formation of -
allyl or w-en-o-yl copper intermediates, whereas 45 can only be
produced through the latter pathway. On the other hand, the lin-
ear allylic bromide 2d reacted with 1a to yield linear products 44
and 44’ in 45% yield, which can only be formed via m-allyl or
m-en-o-yl copper intermediates. Additionally, rapid E:Z (syn/anti)
isomerization resulted in the formation of Z-isomers. Although the
mechanism for the 25% branched product 45 remains unclear, it
is evident that the reaction primarily proceeds through the for-
mation of w-allyl or w-en-o-yl copper intermediates (Scheme 3c).
Furthermore, when steric hindrance increased, such as allylic bro-
mides 2e and 2f, the reaction exclusively proceeded through the
formation of m-allyl or m-en-o-yl copper intermediates, followed
by reductive elimination at more accessible spatial positions, yield-
ing the corresponding linear hydroallylated products 46 and 48
(Scheme 3d). Notably, the choice of allylic substrate has a signif-
icant impact on the reaction efficiency. When the leaving group is
a carbonate, acetate, or phosphate, the hydroallylation product is
not observed at all. Allylic chlorides can yield the desired prod-
uct but with lower yields compared to bromides. In fact, due to
high reactivity of allylic bromide and B-elimination followed by
Cu-H inserstion to allylic bromide side reactivity, allylic bromides
are rarely used in known hydroallylation reactions. Benefited from
strong electron-withdrawing effect of SCF; on alkene components,
the nucleophilic copper-hydride is prone to inserting to the alkenes
that are more electron deficient, precluding unproductive insertion
to allylic bromide, contributing to the excellent regioselectivity of
Cu-H insertion into substrate 1a in followed by the participation
of allylic bromide 2a to form s -allyl or w-en-o -yl copper species.
Given that allylic bromides are more reactive in forming m-allyl
or w-en-o-yl copper species compared to chlorides and the un-
productive metal hydride insersion would be circumvented, higher
reactivities with allylic bromide could also correlate to these the
mechanistic studies, indicating that the formation of wr-allyl or -
en-o -yl copper species is the predominant pathway (Scheme 3c).

Based on the collective experimental results, we propose a pos-
sible reaction mechanism as shown in Scheme 3e. Initially, the
in situ formed ligated copper complex LnCu-X (A) undergoes salt
metathesis with the base CsOPiv to form the LnCu-OPiv species
(B). Next, copper hydride C was furnished by o-bond metathesis
with the hydrosilane. Under the influence of the strong electron-
withdrawing nature of the SCF3 group, the double bond of 1-
trifluoromethylthioalkene 1 inserts into the Cu-H bond with high
regio- and enantioselectivity, yielding the «-SCF3 alkylcopper inter-
mediate D, followed by coupling with allylic bromide 2 via a pos-
sible r-allyl or w-en-o-yl copper intermediate, to give homoallylic
trifluoromethylthiolated products and ligated copper.

In conclusion, we have successfully developed an asymmetric
construction of homoallylic trifluoromethylthiolated alkanes featur-
ing C-SCF3 stereocenter at non-activated site via copper-catalyzed
hydroallylation of SCF3-substituted alkenes. The asymmetric Cu
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Scheme 3. Mechanistic investigation.

catalysis effectively controls the chirality at the a-position adjacent
to the SCF3 group, without the proximal directing heteroatoms.
Comprehensive experimental studies also indicate that the reac-
tion involves with the formation of sr-allyl or w-en-o-yl copper
intermediates for subsequent coupling process. This transforma-
tion provides a robust and efficient method for synthesizing SCF3-
containing chiral molecules with potential for pharmaceutical syn-
thesis.
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