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ABSTRACT: A copper-catalyzed enantioselective 1,5-cyano-
trifluoromethylation of vinylcyclopropanes has been devel-
oped using a radical relay strategy. This asymmetric reaction
has demonstrated high enantioselective control, broad
substrate scope, and mild conditions. Initiated by the in situ
generated CF; radical from Togni’s reagent, this method offers
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a new solution for remote enantioselective bifunctionalization of alkenes and thus provides a straightforward way for the

synthesis of chiral CF;-containing internal alkenylnitriles.

T rifluoromethylated compounds have been widely used as
pharmaceuticals, agrochemicals, and special materials, for
the incorporation of a trifluoromethyl group (CF;) into
organic molecules could obviously enhance the lipophilicity,
metabolic stability, and bioavailability compared with the
parent molecules. As a result, the selective introduction of the
trifluoromethyl group into the biologically active molecules has
long been used as a powerful strategy for drug design and
screen.” Accordingly, considerable efforts have been devoted to
the development of novel trifluoromethylation methods in an
efficient and straightforward manner.” In view of the fact that
the active CF; radical could be triggered easily via different
pathways, direct capture of CF; radical by alkenes has been
well established to construct a variety of trifluoromethylated
compounds by following various radical functionalizations."

Difunctionalization of alkenes has long been widely known
as an efficient synthetic method for incorporation of two
functional groups into the C=C bond-involving molecules in
single step.” Accordingly, a number of highly step- and atom-
economic transformations have been developed in alkene
difunctionalizations using the radical relay strategy.” While
Togni’s reagent used to generate trifluoromethyl radical in situ,
which was then trapped by alkenes to afford bifunctional
products after the following radical functionalization,” "'
diverse transformations including the asymmetric ones have
recently been developed for efficient construction of CF;-
containing molecules.'”"> Not surprisingly, most research
works on this area focused on the enantioselective 1,2-
difunctionalization reactions, including cyanotrifluoromethyla-
tion,"** trifluoromethylarylation,'*® trifluoromethylalkynyla-
tion,"** and heterotriﬂuoromethylation,12‘1_h either in inter-
or intramolecular fashion (Scheme 1a). Meanwhile, several
asymmetric 1,6-bifunctionalization reactions triggered by CF;*
have also been reported using a radical 1,5-hydrogen atom
transfer as the key step (Scheme 1b)."* However, despite these
advances, enantioselective 1,5-bifunctionalizations are far from
being solved and remain still as a challenge.'*
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Scheme 1. Togni’s Reagent-Initiated Enantioselective
Radical Difunctionalization of Olefins
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Vinylcyclopropane framework is widely used as a famous
radical clock and a key building-block for efficient synthesis of
complex molecules or intermediates in organic synthesis.'”"
Liu and co-workers reported the only example of 1,5-
cyanotrifluoromethylation of vinylcyclopropane for radical
mechanistic study,'® while the enantioselective version of
such transformation is still to be developed. We envisioned
that the trap of CF; radical by vinylcyclopropane followed by a
radical cycle-opening process could afford the carbon radical,
which could be recaptured by a chiral copper catalyst to realize
an asymmetric 1,5-bifunctionalization after a copper-catalyzed
enantioselective 1,5-cyanotrifluoromethylation of vinylcyclo-
propanes through a bond-forming reductive elimination.
Herein, we report a radical relay strategy. This asymmetric
reaction has demonstrated high enantioselective control, broad
substrate scope, and mild conditions. With Togni’s reagent
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used as the trifluoromethyl radical initiator, this method offers
a new solution for remote enantioselective bifunctionalization
of alkenes and thus paves a path for facile synthesis of chiral
CF;-containing internal alkenyl organonitriles.

We commenced our initial investigation with (2-
vinylcyclopropyl)benzene (1a) used as the pilot substrate,
Togni-II reagent as the trifluoromethylating reagent, and
trimethylsilyl cyanide (TMSCN) as the cyano source in the
presence of a catalytic amount of Cu(CH;CN),PF, (10 mol
%) in CH;CN at room temperature. To our delight, the
desired bifunctionalized product 2a was afforded in 58% yield
with 10/1 E/Z ratio and 83% ee when bisoxazoline L; was
used as the ligand (Table 1, entry 1). Encouraged by this

Table 1. Optimization of Conditions”

/ £Fs [cu] (10 mol%)
__L2mom)
TMSCN (2.0 equiv)
CHyCN, rit.

Togni-ll
j)k’w Me  Me
O O,
& J £z yﬁy
ti E,R'ZI?CHz)‘, il L5 Ph
entry L yield (%)?  E/Z°  ee (%)°
1 Cu(CH3CN)4PF6 L, 58 10:1 83
2 CuCl L, 44 10:1 83
3 Cu(acac), L, 72(68) 10:1 85
4 CuCl, L, 45 10:1 83
s Cu(OAc), L, 44 10:1 84
67 Cu(acac), L, 50 10:1 84
7¢ Cu(acac), L, 67(63) 10:1 88
8/ Cu(acac), L, 82(77) 10:1 89
9°/e Cu(acac), L, 86(80) 10:1 87
109" Cu(acac), L, 71(67) 10:1 85
1% Cu(acac), L, 65 10:1 79
125 Cu(acac), L, 87 10:1 60
13% Cu(acac), L, 85 10:1 84
145 Cu(acac), Ls 90 10:1 73
15" Cu(acac), L, 93(88) 10:1 90

“Reaction conditions: 1a (0.2 mmol, 1.0 equiv), Togni-II (1.0 equiv),
[Cu] (10 mol %), L (12 mol %), TMSCN (2.0 equiv), CH;CN (3.0
mL), r.t, 3 h, under N,. “Yield and ratio of E/Z were determined by
YE.NMR usmg PhOCEF; as the internal standard, 1solated yield in
parentheses. “ee was determined by HPLC analysis. “—20 °C, 3 h. *—
20 °C to r.t,, 3 h.”Togni-II (1.5 equiv) and TMSCN (1.6 equlv) were
used. gCu(acaC)z (5 mol %) snd L, (6 mol %) were used. hCu(acac),
(20 mol %) and L; (24 mol %) were used. ‘0—10 °C, 3 h.

result, a careful screening of various copper salts using L, as the
ligand was next performed (Table 1, entries 1—5; for details,
see the SI), which showed that different copper salts could
furnish 2a with similar E/Z ratio and ee, and Cu(acac),
afforded the desired product 2a in higher yield (72%)
(Table 1, entry 3). Furthermore, solvents were then
investigated and indicated that acetonitrile was the best choice
(for details, see the SI, Table S2). To improve the
enantioselectivity of this transformation, the reaction temper-
ature was lowered to —20 °C, but afforded 2a with the same ee
while the yield decreased to 50% (Table 1, entry 6). To our
interest, slowly warming the reaction system from —20 °C to
room temperature within 3 h could improve the ee of 2a to
88% in 67% yield (Table 1, entry 7). To further improve the

yield, the amounts of Togni-II reagent and TMSCN were then
investigated (for details, see the SI, Table S4 and SS), which
indicated the yield could be increased to 77% with 89% ee
when 1.5 equiv of Togni-II reagent and 1.6 equiv of TMSCN
were used (Table 1, entry 8). While decreasing or increasing
the loading of Cu(acac), catalyst and ligand L; could not
improve the yield or ee (Table 1, entry 9—10), normally used
nitrogen-containing ligands were next screened, and bisoxazo-
line ligand L, was still the optimal choice for this reaction with
the best yield and ee (Table 1, entries 11—14; for details, see
the SI, Table S7). To our pleasure, rescreening the reaction
time and temperature indicated that slowly warming the
reaction from 0 to 10 °C within 3 h could furnish the desired
product 2a in even higher yield and ee (88% isolated yield,
90% ee, Table 1, entry 15).

With the optimized reaction conditions in hand, we next
explored the scope of vinylcyclopropanes bearing various
substituted (hetero)arenes. As shown in Scheme 2, a number
of vinylcyclopropanes installed with electron-donating groups
(R,) including Me (1b), MeO (1f), BnO (1j), and MeS (1k),
and electron-withdrawing groups (R;) including F (1e), Cl
(1c—1d, lu—1v), and CO,Me (1p) on the aromatic rings were
well tolerated, giving the desired bifunctionalized products 2 in
good to excellent yields and ees. Electron-donating groups
delivered products in a slightly lower enantioselectivity under
the general method but can be further increased to moderate
ees by lowering the reaction temperature to —20 °C and
prolonging the reaction time to 4 h (2j—2k), while an electron-
withdrawing functional group such as fluorine and ester can be
transformed into the corresponding products in excellent yield
(93%) and ees (90% and 94%) (2e and 2p). It must be
pointed out that the E/Z selectivity of these reactions was
highly relevant to the steric hindrance of substituents linked to
the C=C double bonds (R,). While vinylcyclopropanes
bearing no substituents on the alkenyl 2-carbon delivered
products with 10:1 E/Z ratio (2a—2c), not surprisingly,
methyl-substituted substrates furnished the desired alkenes
with a relatively lower E/Z ratio due to the decreased
distinction of steric hindrance between the formed trifluor-
oethyl group and methyl group (3:1, 2d—2g). As expected,
further increasing the steric hindrance of R,, such as tertiary
butyl and aryl group, could furnish E-alkenes as the major
products in excellent selectivity (2h—2w). Meanwhile, ortho-
substituents on the aryl rings could afford even higher ee
(94%—97%) in good yields (71%—77%) (2c, 2u—2w)
compared with the meta- and para-substituted substrates, and
the absolute configuration of 2w was confirmed by X-ray
diffraction.'” Additionally, fused aryl and heteroaryl rings were
also well compatible with these reaction conditions and
afforded the corresponding products in moderate to excellent
yields and good ees (2g, 21, 2m, and 2n). To our satisfaction,
the investigation of the substituent effect on aryl rings located
at R, showed the electronic nature of the substituents had little
impact on the reaction, affording the desired products in
similarly excellent yields (88—92%) and moderate ees (85—
89%, 20, 2q—2t). Unfortunately, the subjection of unactivated
vinylcyclopropane 1x into this catalytic system afforded an
inseparable mixture with only trace amount of desired product.

It should be mentioned that gram scale reactions of 1h and
1o proceeded smoothly with slightly lower yield and ees (75%
yield and 83% ee for 2h; 85% yield and 82% ee for 20), when
the catalyst loading could be decreased to 1 mol% (Scheme 3).
The chiral alkenes produced via this cyanotrifluoromethylation
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Scheme 2. Substrate Scope™”
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Scheme 3. Gram Scale Experiments
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reactions are versatile synthetic intermediates for further
transformation to various CF;-containing compounds. For
instance, with 3-chloroperoxybenzoic acid (m-CPBA) used as
the oxidant in dichloromethane (DCM) at 0 °C to room
temperature for 8 h, the epoxidation of 20 furnished CF;-
containing epoxide 30 as a mixture of diastereoisomers (dr =

1.3:1) in 87% yield without any loss of enantioselectivity
(Scheme 4).

Scheme 4. Further Transformation
CN CcN

Ph mCPBA Ph
X —_—
0°C-rt.8h O
CF; CF,

20, 82% ee, E/IZ > 20:1 30, 87%, 82% ee, dr = 1.3:1

To gain further insight into the mechanism of this
transformation, some control experiments were conducted.
Indeed, the subjection of 2.0 equiv of 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), a widely used radical scavenger, into
the standard reaction could completely quench the reaction,
and the corresponding coupling product 4 was afforded in 84%
NMR yield (Scheme S). This observation clearly indicated that
this transformation initiated from the attack of the
trifluoromethyl radical to the C=C bond of vinyl cyclo-
propane.

Scheme 5. Mechanistic Study

ICF3 Cu(acac); (10 mol%)
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On the basis of all above observations and previous
reports,’ "> a Cu(I)/Cu(III)-catalyzed catalytic cycle involving
a radical-mediated ring-opening C—C bond cleavage is

proposed in Scheme 6. Starting from the L*Cu(I)CN

Scheme 6. Proposed Mechanism
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catalyst, “* which may generate by reduction of the Cu(II)
species,'® a single electron transfer (SET) process from the
Cu(I) species to Togni-II reagent affords L*Cu(II)(CN), and
CF,; radical. The CF; radical is rapidly trapped by the C=C
bond to furnish radical species A, followed by a selective f-
fragmentation of cyclopropane to result in benzylic radical B.
The subsequent enantioselective recapture of B by L*Cu(II)-
(CN), gives the chiral Cu(III) species C, which furnishes the
chiral cyanotrifluoromethylation alkene 2 after the following
reductive elimination and regenerates L*Cu(I)CN to enter the
next catalytic cycle.

In conclusion, we have developed a copper-catalyzed
enantioselective 1,5-cyanotrifluoromethylation of vinylcyclo-
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propanes with Togni’s reagent used as the trifluoromethyl
source. This method has demonstrated high enantioselective
control, broad substrate scope, and mild conditions. This
radical relay strategy offers a new solution for remote
enantioselective bifunctionaliziation of alkenes and thus
paves a path for facile synthesis of chiral CFj;-containing
internal alkenyl organonitriles. Further investigation on novel
radial-involved asymmetric remote bifunctionalization of
alkenes is still under way in our laboratory.
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