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ABSTRACT: This work illustrates a reductive cross-electrophile o
coupling protocol for trifluoromethylation of alkyl iodides under Cu-
catalyzed/Ni-promoted reaction conditions. The use of diboron esters
as the terminal reductant allows the effective generation of the alkyl— tF,
CF; products with excellent functional group tolerance and broad
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RZ\/@ o bathophenanthroline L1 Rz\/@
| /"~ Balnep)ILioMe CF3

\ DMF 1. moderate to good yields
2. broad substrate scope
3. excellent functional group

1.2 equiv
q tolerance

substrate scope. A mechanism involving a reaction of alkyl—Cu with

Togni’s reagent was proposed.

M odulation of organic compounds with fluorine to
achieve optimal properties for use in medicinal,
agricultural, and materials science is one of the very important
tasks in synthetic organic chemistry." As such, development of
new synthetic methods for introduction of a trifluoromethyl
group into an organic scaffold is noted.'”"" Trifluoromethy-
lation of unactivated alkyl groups, in particular, is less studied,
as compared to that of arenes and activated alkyl counterparts,
e.g, benzyl, allyl, and a-carbonyl groups.*”® Although a
seminal work shows that the CuCF; complex displays good
reactivities with aryl halides and benzylic or allylic halides, the
preparation of alkyl-CF; compounds from the reaction of
XCF,CO,Me with unactivated alkyl halides in the presence of
stoichiometric amounts of Cul, Cdl, and KF was only
moderately efficient at high temperature (Scheme 1).”* Li
recently developed an elegant protocol for trifluoromethylation
of primary and secondary alkyl acids and alkyl halides using a
stoichiometric Bpy—Cu(CF;); reagent.” A proposed mecha-
nism involves oxidative generation of an alkyl radical followed

Scheme 1. Methods for Trifluoromethylation of Unactivated
Alkyl Groups
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by trifluoromethylation with an in situ generated Bpy—
Cu(CF;), intermediate. Likewise, MacMillan disclosed a
photoredox/Cu-catalyzed oxidative decarboxylation/trifluoro-
methylation of alkyl acids with Togni’s reagent I. The reaction
was proposed to involve a reaction of alkyl—-Cu" intermediate
with CF; electrophiles.'’ On the other hand, Fu demonstrated
that primary and secondary alkylboronic acids were effectively
converted into the alkyl-CF; products upon treatment with
TMS—CEF; in the presence of excess Ag" oxidant. The reaction
was characterized by using a catalytic amount of Cu' salts."'

In connection with our interests in the development of
cross-electrophile coupling methods to create diverse types of
C—C bonds,'” we envision that the reaction between an alkyl
electrophile and an electrophilic CF; species may provide an
alternative means for the synthesis of alkyl-CF; compounds,
which averts the preparation of alkyl nucleophiles under mild
catalytic and easy-to-operate conditions. Herein, we report our
realization of such a method using a Cu-catalyzed/Ni-
promoted reductive coupling of alkyl iodides with Togni’s
reagent II. The reaction features the use of diboron as the
terminal reductant under mild conditions, which is distinctive
from the metal reductant predominating in the field of cross-
electrophile coupling.'® The trifluoromethylation products are
obtained in moderate to excellent yields with excellent
functional group tolerance. Our preliminary mechanistic
studies excluded the participation of L,—Cu(CF;); or Cu—
CF; as the authentic trifluoromethylation agents. To the best
of our knowledge, this work represents one of the first catalytic
processes for cross-electrophile trifluoromethylation of alkyl
electrophiles.

We began our examination with the reaction of la and
Togni’s reagent II. After extensive exploration of the reaction
conditions, we identified that the use of CuCl/L1 as the
catalyst, 15 mol % of NiClglyme as the promoter, 2-
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pyrrolidinone as the additive, B,(nep),/LiOMe as the terminal
reductant, and DMF as the solvent provided the trifluor-
omethylation product 2a in an optimal 79% isolated yield
(Table 1, entry 1)."* Slow addition of Togni’s reagent via a

Table 1. Optimization for the Trifluoromethylation of 1
with Togni’s Reagent I1*

Cr ot

CuCl (20%)/L1 (35%)
NiCl, (glyme) (15%)
By(nep), (200%)
LiOMe (250%)

CF3
TSO

0,

Fs 2-pyrrolidinone (50%)

1.2 equiv DMF, 25 °C 2a

L1, R, = Ph; R, = Ph: 95%* o, 0
R, R, L2, Ry=nBu;R=H: <10%> J:N/>_<\Nj",

L3, R, = t-Bu; R, = H: 66%" R R
& N L R = t-Bu; R, = Ph: 69%" L11, R = /-Pr: 66%"

=N N L5 R;=R,=H:65%" L12, R = Me: 61%

Rq Ri' L6:R;=H; R, = Ph: 44%° L13, R = t-Bu: 56%”

L7: R = Ph; R, = H: 69%” L14, R = Ph: 38%”
P

R
R R | =
TN A | R
=N N N Ny
L9, R=tBu: 46%®  L15, R=t-Bu: 70%°
L8: 56%° L10,R=H:20%° L1, R=H: 48%"
entry” variation from the “standard conditions” yield (%)°
1 none 95 (79)°
2 w/o NiCl,(glyme) 44°
3 w/o NiCl,(glyme), w/35% of CuCl 31
4 w/o CuCl ND“
S w/o pyrrolidinone 81 (72)°
6 w/o diboron ND“
7 w/o MeOLi 12
8 Togni’s reagent I instead of II 15
9 Umemoto’s reagent instead of Togni’s reagent II 36
10 Ruppert reagent instead of Togni’s reagent II ND“
11 1a (1.5 mmol) 73°

“Standard conditions: 1a (0.3 mmol, 1 equiv), Togni’s reagent (0.36
mmol, 1.2 equiv), CuCl (20 mol %), NiCl,glyme (15 mol %), ligand
(35 mol %), B,(nep), (2 equiv), MeOLi (2.5 equiv), 2-pyrrolidinone
(0.5 equiv), and DMF (2 mL). Togni’s reagent II was added dropwise
over 40 min using a syringe pump. "NMR Jleld using benzotrifluoride
as the internal reference. “Isolated yield. “Not detected.

syringe pump was crucial for the optimal yield. Control
experiments indicated that without NiCl,glyme the yield
decreased to 44% along with 30% of recovered la (entry 2).
Increasing the loading of CuCl to 35% in the absence of Ni salt
provided 2a in a poor yield (entry 3). The use of NiCl,glyme
in the absence of CuCl did not result in detectable 2a, wherein
40% of recovered la along with 21% of the hydro-
dehalogenation product was obtained (entry 4).'* These
results indicate that the reaction was a Cu-catalyzed process.
With no B,(nep), or LiOMe, 1a remained intact (entries 6 and
7). Other ligands L2—L16 were inferior (see Table 1). In
addition, other trifluoromethylation agents, e.g., Togni’s
reagent I, Umemoto’s, and Ruppert reagents were not or less
efficient (entries 8—10). Finally, amplification of the reaction
to a 1.5 mmol scale provided 2a in 73% yield (entry 11).
Next, the trifluoromethylation strategy was extended to a
variety of secondary alkyl iodides (Figure 1). Cyclic four-, five-,
and six-membered rings were suited, which delivered the
coupling products 2b—2k in moderate to good yields. A
nitrogen-bridged bicyclo-substrate also provided 2i in 75%
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Figure 1. Trifluoromethylation of secondary alkyl iodides with
Togni’s reagent II. “Reaction conditions as in Table 1, entry I.
"Isolated yield unless otherwise noted. ‘NMR vyield using benzotri-
fluoride as the internal reference. TBDPS = t-butyldiphenylsilyl.

yield. The acyclic alkyl iodides were competent, generating 21—
2r in moderate and synthetically useful yields. The more
sterically hindered 9-iodoheptadecane, on the other hand,
displayed low efficiency for the formation of 2s. The reaction
conditions also showcased excellent functional group compat-
ibility, including Boc, aryl bromide, secondary amine,
phthalimide, ester, acetal, silyl, thiophenyl, and furyl groups.
A survey of the competence of the primary alkyl iodides was
also performed under the optimized reaction conditions
(Figure 2). In general, their coupling efficiencies were found
to be lower than those of the secondary iodides. The esters and
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Figure 2. Trifluoromethylation of primary alkyl iodides with Togni’s
reagent II. “Reaction conditions as in Table 1, entry 1. “Tsolated yield.
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ether-tethered alkyl iodides provided 3a—3g in moderate to
good yields. Of note is the tolerance of free amine and bromo
groups, as evident in 3d and 3g, respectively. The latter offers
opportunities for further functionalization of the product. The
indole and amine-decorated alkyl iodides were able to generate
3i—3n in moderate to good yields, wherein the amino-acid-
derived products 31-3n were obtained in about 60% yield. By
comparison, the present method is much more effective than
an early fluoride-mediated catalyst free alkyl trifluoromethyla-
tion approach for the couPling of TMSCF; with limited scope
of primary alkyl iodides."*

To understand the details of the present reductive
trifluoromethylation work, we first examined whether alkyl
radicals were involved. Treatment of (iodomethyl)-
cyclopropane with Togni’s reagent II under the standard
conditions gave a ring-opened product in 20% yield (eq 1),

standard method

|
D /" Togni's reagent Il NSCE )
3

20% ( NMR yield)

Togni's reagent Il Ts CF
Sy standard method PNy CR (g
Ts I ~ Ts
4a 5a 5a'
68% not detected
TEMPO (0.36 mmol) CF3
1a  + Tognisli standard method KV — ()
Ts/NV g
0.15mmol  0.18 mmol 2a “CF3
not detected 27%

suggesting the radical nature of the alkyl groups in the reaction.
Furthermore, the nitrogen-tethered alkyl iodide 4a containing
a terminal alkene was subjected to the standard reaction
conditions. The cyclization/trifluoromethylation product Sa
was obtained in good yield, wherein the linear trifluorome-
thylation product 5a’ was not detected (eq 2). In addition,
exposure of la to Togni’s reagent in the presence of TEMPO
generated a CF;—TEMPO product in a 27% yield (eq 3). This
result suggests that the CF; radicals may also be involved in the
coupling process. A mechanism pertaining to in situ generation
of organoboron/Suzuki coupling can be ruled out since the
reaction of the alkyl—Bnep 6 with Togni’s reagent II under the
standard reaction conditions in the absence of B,(nep), did
not lead to 2a. Instead, 6 was primarily recovered (eq 4).

CFy
- o tandard method
Ts NDBnep + Togni's | _Standard metho ) /U @
S

6 2a, not detected

The coupling of a Phen—Cu'—CF; species with 1a under the
standard reaction conditions or without B,(nep),/LiOMe did
not yield 2a (eq S). Likewise, formation of 2a from the

1a (0.15 mmol)
A B,(nep), (0 or 2 equiv)
LiOMe (0 or 2.5 equiv)

CF3
4-pyrrolidinone (0.5 equiv) TSNO/ (5)

N/ N\
cu' cu! DMF (1 mL
| Foc” T CE, (1 mL) 2a
CFs CF3
0.15 mmol 0.15 mmol w/ or w/o By(nep), & LiOMe: not detected

reaction of 1a with Phen—Cu™—(CF;); was not observed (eq

5). These results suggest that both Cu'—CF; and Cu''—(CF;),

are not the catalytic intermediates involved in the reaction.
The role of Ni was also considered. First, the control

experiment in Table 1, entry 2, indicated that the reaction of

la with Togni’s reagent II generated 10% of alkyl—Bnep
product 6 when Ni was not added. Without the Ni salt, but
with 35% of CuCl, the yield for 2a decreased to 31%, whereas
the yield for 6 increased to 37% (Table 1, entry 3 and Table
S1)."* With the Ni salt, such a product was not detected,
regardless of the presence of CuCl (Table S1)."* Furthermore,
without Togni’s reagent II and Ni, cyclization/borylation of 4a
predominated, producing 7 in 74% yield (eq 6).'>'® However,
use of NiCl,glyme in the absence of CuCl did not yield
detectable 7."* These results suggest that Ni can at least inhibit
the alkyl borylation process."?

I\ standard method G/\ B(nep) CHs
TsN TsN TsN(j/
\_\ wio Ni ®)
N\ w/o Togni's reagent 7 8
da 74% 20%

The collective studies rendered us to propose a catalytic
process, as shown in Scheme 2. The conversion of (L,)Cu' salt

Scheme 2. Proposed Catalytic Cycle
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(A) to L,Cu'—Bnep (B) in the presence of B,(nep),/LiOMe is
followed by oxidative addition of R'—I. As a result, the R'—
(L,)Cu™—Bnep(I) intermediate (D) was generated, which
may arise from iodine abstraction giving an alkyl radical and a
(L,)Cu"—Bnep(I) intermediate (C) in a cage followed by
rapid combination of these two species. Reductive elimination
of Bnep—I from complex (D) produces R'—(L,)Cu' (E),
which reacts with Togni’s reagent to give the product
accompanied by (L,)Cu’ species (A)."” Similarly, this process
may involve generation of the CF; radicals, as evident in eq 3.
Reductive elimination of alkyl-Bnep from complex D is
possible. However, it should be a slow process, as compared to
the formation of complex E and subsequent trifluoromethy-
lation. Without Togni’s reagent, reversible formation of
complex D from oxidative addition of Bnep—I with complex
E may ultimately result in alkyl—B(nep) as the major product.
Alternatively, a mechanism involving reaction of an alkyl
radical with Cu'’—CF; as proposed by Li cannot be excluded,
although generation of Cu""—CF; in this novel catalytic system
is not straightforward.”" "

In summary, we have disclosed a mild, Cu-catalyzed, and Ni-
promoted trifluoromethylation protocol for the effective
formation of alkyl—CF; compounds. The reaction tolerates a
wide range of functional groups, including free amines, and
displays broad substrate scope. A preliminary mechanistic
study appears to support that both alkyl and CFj; radicals are
invovled in the catalytic process. The reaction of an alkyl-Cu
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complex with Togni’s reagent may be the key to explaining the
trifluoromethyl transformation. However, considerable me-
chansitic studies are required to understand this novel catalytic
process.
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