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ABSTRACT: Copper-mediated trifluoromethylation of
a-diazo esters with TMSCEF; reagent has been developed
as a new method to prepare a-trifluoromethyl esters. This
trifluoromethylation reaction represents the first example
of fluoroalkylation of a non-fluorinated carbene precursor.
Water plays an important role in promoting the reaction
by activating the “CuCF;” species prepared from Cul/
TMSCF;/CsF (1.0:1.1:1.1). The scope of this trifluoro-
methylation reaction is broad, and its efficiency is
demonstrated in the synthesis of a variety of aryl-, benzyl-,
and alkyl-substituted 3,3,3-trifluoropropanoates.

T rifluoromethylated compounds are of interest in pharma-
ceutical and agrochemical research because of the unique
role of the CF; group in enhancing the bioactivity of organic
molecules." Among various transition-metal-assisted methods
for incorporating CF; into arenes or alkenes,” copper-mediated
trifluoromethylation is most extensively studied due to its high
efficiency and the relatively low cost of Cu.>* Importantly, Cu-
involved trifluoromethylation of aryl or vinyl halides often
proceeds smoothly in the absence of an exogenous ligand.” On
the other hand, Cu-based trifluioromethylation of sp® carbon
atoms is much less explored,*”” most work focused on
constructing CF;-bearing secondary or tertiary carbon centers
via allylic or benzylic trifluoromethylation reactions,** with only
a very few examples of a-trifluoromethylation of ketones and
aldehydes.® To date, a general method for introducing CF,
group(s) into the a-position of aliphatic carboxylic esters is
conspicuously missing.”

Transition-metal—carbene species possess remarkably versa-
tile reactivity and have been widely used in organic synthesis to
construct structurally diverse molecules.” Among many unique
transformations based on these species, migratory insertion of a
carbene ligand into a transition metal—carbon bond is useful for
constructing a functionalized anionic carbon center for further
transformations (eq 1) Although carbene insertion into Pd—
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C bonds has been exploited for various cross-coupling
reactions,”* carbene insertion into Cu—C bonds has received
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less attention.'®'' Examples in the latter case using diazo

compounds as carbene sources include Cu-catalyzed polymer-
ization of diazoalkenes,'® the stoichiometric reaction between
pentafluorophenylcopper and diazoacetate,'®® and Cu-catalyzed
reactions between alkynes (or heteroarenes) and N-tosyl-
hydrazones (precursors for diazo compounds).'*~® Burton et
al. reported CF,-homologation reactions of perfluorinated
organocoppers (R{Cu) using trifluoromethylcopper species
(“CuCF;”) as the difluorocarbene source,'! which was believed
to proceed through insertion of difluoromethylene into the R—
Cu bond.""® However, to our knowledge, there has been no
report on the insertion of a non-fluorinated carbene into a CF;—
Cu bond. Considering that diazo compounds have been widely
used as carbene precursors,'> we envisioned that Cu-mediated
(or catalyzed) cross-coupling of a-diazo esters and Ruppert—
Prakash reagent (TMSCF;)" could result in facile formation of
a-trifluoromethyl esters. Since various a-diazo esters can be
easily prepared by diazo-transfer reaction of the corresponding
esters,'” the overall process is equivalent to the trifluoromethyl-
ation of an a-C—H bond of an ester with TMSCF; (eq 2).
Initially, we speculated that “CuCF;” generated from TMSCF;
and a Cu(I) salt could react with a-diazo esters, forming a
trifluoromethylcopper—carbene species that would undergo
CF;-migratory insertion and subsequent protonation to afford
a-trifluoromethyl esters (Scheme 1). However, the attempted
reaction between a-diazo ester 1a and TMSCF; with a catalytic
amount of Cu(I) salt in the presence of a proton source (to
regenerate the Cu catalyst) failed due to quick formation of
undesired CF;H. Realizing that the pre-generated “CuCF;”
could be used as a relatively stable “CF;~” reservoir,>* we focused
on trifluoromethylation of 1a using a stoichiometric amount of
Cu salt and TMSCF;. When 1a was added to the pre-generated
“CuCF;” (from Cul, TMSCF;, and CsF), only a trace amount of
2a was detected after acidic workup (Table 1, entry 1).

Scheme 1. Speculated Cu-Catalyzed Trifluoromethylation of
a-Diazo Esters with TMSCF,
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Table 1. Screening of the Reaction Conditions”

1) Cul (x equiv), TMSCF; (y equiv),

N CsF (y equiv), rt, 30 min CF;
Ph*COOEt 2) 1a (1.0 equiv) and additive Ph™ “COOQEl
1a 2a
tem time yield®
entryb solvent additive (equiv) l)) (h) (%)

1 DMF  none rt 9 <5
2 DMF  Cul (0.05) rt 9 17
3 DMF  Cul (0.2) rt 9 29
4 DMF  Cul (0.5) rt 9 37
5 DMF  Cul (1.2) rt 9 77
6 NMP  Cul (12) rt 13 88
7 NMP  Cul (1.2) + H,0 (1.0) 1t 13 90
8 NMP  H,0 (1.0) rt 65 31
9 NMP  H,O (10) it 65 36
10 NMP H,0 (20) 40 10 69
11 NMP H,0 (44) 40 10 80
14  NMP H,O (66) 40 10 77
13 NMP H,O (44) rt 20 83
14  NMP H,0 (44) 50 20 72
159 NMP H,0 (44) rt 20 69
166 NMP H,O (44) rt 20 85
17 NMP tBuOH (44) rt 20 15
18 NMP EtOH (44) 1t 20 19
19 NMP MeOH (44) rt 20 32
20 NMP PhOH (44) rt 20 49

“All reactions were performed by adding 1a and additive into the pre-
generated “CuCF;”. “For entries 1—6, reactions were performed on
0.2 mmol scale (x = 1.5, y = 1.8) in DMF or NMP (3 mL + 3 mL)
under N, atmosphere, and no difluoroolefin 4a was detected. For
entries 7—20, reactions were performed on 0.5 mmol scale (x = 1.5, y
= 1.65) in NMP (3 mL + 3 mL) under N, atmosphere. Ylelds were
determined by '°F NMR with PhCF; as an internal standard. “x = 1.2,
y =132 =20,y =22

Considering that CsI was formed during the preparation of
“CuCFy”, coordination of iodide ion (I”) to Cu may retard the
reaction between “CuCF,” and 1a.'"* We found that adding
another portion of Cul after 1a could significantly promote the
reaction; the yield of 2a increased to 77% when 1.2 equiv of Cul
was used (Table 1, entries 2—5). When 1-methylpyrrolidin-2-
one (NMP) was used instead of DMF as solvent, an 88% yield of
2a was obtained (Table 1, entry 6). Interestingly, when the
reaction was performed in a sealed tube, gem-difluoroolefin 4a
was the major product and 2a the minor product (Scheme 2).
Prolonged reaction time did not significantly increase the yield of
2a after the initial 20 min (Scheme 2), which demonstrates that
2a resulted from the quenching of the labile Cu intermediate 3a
by a random proton source (most probably from adventitious
water in the reaction system) (Table 1, entries 1—6). When the
amount of proton source was insufficient, f-elimination of
fluoride from 3a would lead to difluoroolefin 4a.

Next, we examined the influence of protic additives on the
reaction. Although it is known that long-chain perfluoroalkyl-
coppers are not so sensitive toward water, * similar data for
trifluoromethylcopper species are not available. Indeed, we
found that “CuCF;” (prepared from Cul/TMSCF;/CsF in a
ratio of 1.0:1.1:1.1) in NMP (1.0 M) in the presence of 66 equiv
of water was hardly transformed into CF;H at low temperatures,
and only ~5% of “CuCF;” decomposed at room temperature (rt)
in S h (see SIsection 6.1). When 1.0 equiv of water and 1.2 equiv
of Cul were added into the reaction mixture of “CuCF;” and 1a

Scheme 2. Formation of Difluoroolefin®

4a (2a)
1a (0.036 mmol) | F o CF, 13 h, 8% (12%);

c , :

"CuCFy —————| A - ] +2a | 1.0h, 48% (14%);
(0.06 mmol) Cul (0 05mmol) | ph™” >CO,Et CO,Et 2.5 h, 54% (14%);
MP, 1t 3a 4a 3.5 h, 54% (14%).

“Reaction performed in a sealed NMR tube in NMP (0.6 mL).
“CuCF;” was prepared from Cul, TMSCF;, and CsF in a molar ratio
of 1.0:1.0:1.3. Yields determined by "’F NMR with PhCF; as internal
standard.

at rt, the reaction proceeded smoothly to give 2a in excellent
yield with good reproducibility (Table 1, entry 7). It is quite
impressive that water itself could promote the reaction. 2a was
obtained in 31% yield when 1.0 equiv of water was added (Table
1, entry 8). When <10 equiv of water was used, there was no
substantial improvement in the yield (Table 1, entry 9). Notably,
when the amount of water was increased to 20 equiv, the yield
strikingly improved to 69% (Table 1, entry 10). Further
optimization indicated that 44 equiv of water at rt gave the
best results (Table 1, entries 11—14). As for the amount of Cu
reagent, “CuCF;” prepared from 1.5 equiv of Cul gave better
results than those with 1.2 equiv or less, and greater excesses of
Cul did not improve the yield significantly (Table 1, entries 15
and 16). Among several protic additives that were tested, tBuOH,
EtOH, MeOH, and PhOH were found to be inferior to water
(Table 1, entries 17—20).

Having identified the optimal reaction conditions (Table 1,
entry 13), we further examined the scope of this trifluoro-
methylation reaction (Table 2). Generally, aryl-, benzyl-, and

Table 2. Trifluoromethylation of Various a-Diazo Esters”

1) Cul (1.5 equiv), TMSCF3 (1.65 equiv),

Ny CsF (1.65 equiv), NMP, rt, 30 min CF3
R*JKCOZR2 2)1 (1.0 equiv) in NMP, H,0 (44 equiv), R' COZRZ
1 1,20 h
CF3 O CF3
CO,Et CO,Et 7 Ny" TCOoEt CO4Et
R— P
2a, 82% 2b, 75% 2¢, R =2-Me, 85% 2e, 94%
(5 mmd scale: 84%) 2d,R =4-Me, 88% (5 mmol scale: 90%)
CF3 CF3 CF3 CF3
D)\COZB O)\COzRZ /@Acoza R (j)\coza
1
MeO F &
2f,92% 29, R? = Me, 96% 2j, 82% 2k, R=2-Br, 79%
2h R2=FEt, 87% 21, R=4-Br, 75%"
. R2=iPr, 91%
CF3 CF3 CF;
O)\COZEt Ij)\coza /©)\C02Et RWJﬁrO\/\
O,N o
2m,R=2-Cl, 73% 2p, 66% 2q, 0 (81%)° R' = 4-MeOC3H,,
2n, R=3-Cl, 70% 2r, 88%
20, R=4-Cl, 78%
CF3 O
CO,Et
COEt CO,Et CO,Et

2s,81%

2( 69%"

2u R=H, 78%
2v,R =Me, 70%

2w, R = OMe, 59%
2x, R=1Bu,72%

a cF
CF;  Br ’ CF
2
I COEt com nCeHyy” “COEt

22b R=Cl, 87%
2zc, R =OMe, 84%

2y, 55% (80%)° 2za, 80%"° 2zd, 92%

“Unless otherwise noted, reactions were performed on 0.5 mmol scale
by adding 1a and water into the pre- generated ‘CuCF;”". Yields refer to
isolated yields of analytically pure products. bReaction performed at 35
°C. “Yield of the reaction performed on 0.2 mmol scale at 60 °C using
“CuCF;” (2.0 equiv) as trifluoromethylation reagent, Cul (1.2 equiv),
and H,0 (1.0 equiv) as additives is given in parentheses. “Reaction
performed at 40 °C. “The number in the parentheses refers to '°F
NMR yield with PhCF; as an internal standard.
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other alkyl-substituted a-diazo esters reacted smoothly to give a-
trifluoromethyl esters 2 in moderate to excellent yields, and no
aromatic trifluoromethylation occurred in the cases of haloaryl-
substituted a-diazo esters (2j—2p and 2y—2zb). The reaction
also tolerates C=C bonds, and no intramolecular cyclo-
propanation product was detected in the case of 2r. Aryl a-
diazo esters with electron-donating substituents such as methyl,
methoxy, and ethoxy groups on the aromatic ring gave 2¢—2i in
excellent yields, while those with weak electron-withdrawing
substituents such as Cl and Br on the aromatic ring gave slightly
lower yields of 2k—2p. However, the a-diazo ester 1q, with a
strong electron-withdrawing substituent (NO,), is unreactive
under the optimized conditions. Note that this reaction was not
sensitive to the steric bulkiness of the ester group adjacent to the
carbenoid carbon, and changing from the methyl to ethyl to
isopropyl esters caused no significant drop of yield (2g—2i). For
the benzyl-substituted a-diazo esters 2s—2za, the yields were
generally lower than for the normal alkyl-substituted 2zb—2zd,
probably due to the competitive 1,2-H shift of the copper—
carbene intermediates. For example, in the case of 1y, besides the
desired product 2y, (E)-ethyl 3-(2,4-dichlorophenyl)acrylate was
detected as a byproduct (6% by GC-MS). a-Trifluoromethyl-
carboxylic esters are key intermediates for the synthesis of non-
ester pyrethroid insecticides such as flufenprox'** (for its concise
synthesis from 2e, see SI sections 5.1—5.3) and fluorinated
analogues of non-steroidal anti-inflammatory drugs.15b

To gain more insights into the present Cu-mediated
trifluoromethylation reaction, the composition of “CuCF;” and
its reaction with 1a and additional Cul were studied with ’F
NMR spectroscopy. When Cul, TMSCF;, and CsF were mixed
in a 1.0:1.1:1.1 ratio in NMP, apart from the two major
trifluoromethylcopper species—tentatively assigned as [Cu-
(CEI]™ (5, —28.7 ppm) and [Cu(CF3)2] (6, —31.9 ppm)
according to reported NMR data'® (neither of them is reactive
toward la under this condition)—a small amount of a new
species 7 was also observed at —26.9 ppm (Figure 1A). 7 became
predominant when 2/3 more equiv of Cul was added into the
mixture (Figure 1B). By comparison with the 'F NMR data
(=272 ppm in DMF, —27.8 ppm in NMP) of “ligandless”
CuCF;* prepared from CF;H and its reactivity with diazo ester
la (see SI section 6.3), 7 was tentatively assigned as solvent-
stabilized CuCF;, in which the solvent molecule NMP acted as a
ligand. It is likely that the abstraction of I by Cul (to form [Cul,]”)

D 5 6

(9]
?m

Figure 1. Monitoring Cul-promoted trifluoromethylation of a-diazo
ester 1a with ’F NMR at rt; chemical shifts determined relative to
PhCF; at —63.0 ppm: (A) “CuCF;” prepared from Cul, TMSCF;, and
CsF (1.0:1.1:1.1); (B) S min after addition of 2/3 equiv of Cul into
sample A; and (C) 10 and (D) 60 min after addition of 2/3 equiv of Cul
and 2/3 equiv of 1a into sample A.

promotes the formation of 7. When 1a (2/3 equiv) and Cul (2/3
equiv) were added into the pre-generated “CuCF;”, a new peak

—26.5 ppm appeared (in addition to 7) (Figure 1C), and
consumption of 8a was much slower than its formation (Figure
1C, D). Moreover, the N, evolution experiment showed that
decomposition of diazo compound 1a was slow (see SI section
6.4). Based on these results, 8a was tentatively identified as the
complex CuCFj-1a rather than carbene-ligated trifluoromethyl-
copper species 9.7

Although it is difficult to identify the reactive intermediates by
F NMR when the reaction is performed in the presence of
water (only two trifluoromethylcopper species, assigned as § and
6, were observed; see SI section 6.1), we conjecture that water
serves as a “scavenger” of I" (by the formation of hydrated iodide
ion)'® to promote ligand exchange of Cu complexes, affording
reactive species 8 (see Scheme 3) at a low concentration. If water
is used in a relatively small amount (<10 equiv), saturation of the
mixed solvent by I~ makes the formation of 8 (and subsequent
trifluoromethylation) less efficient. Water-promoted iodide
complex dissociation was further supported by our observation
that the yield of 2a decreased significantly with addition of
external KI into the reaction mixture (see SI section 6.5).

Scheme 3. Proposed Mechanism

TMSCF3/F
Cul —————= [Cu(CF3)l] ==== 1/2[Cu(CF3);]” + 1/2[Culy]" (3)
NMP 5 [
Nz NMP [ H;0
JJ\COsz + [Cu(CF3)l] CuCFz-1 + |, (4)
5 8
NMP [ H;O
1 + [Culy] Cul-1  + Iy (5)
10
N X B GR‘
CuCF3 1 — Cu~— CF-
x_J 4
FiC co R? cozR"
= Culy™
12H,0 Y 112 Cuz0
[CutCFgll]
Cul+1 5
i COZRZ CD R

10 1 2

Based on our findings, we propose a mechanism for Cul-
mediated, water-promoted trifluoromethylation of 1 with
TMSCEF; reagent (Scheme 3). First, reaction of Cul, TMSCFs;,
and CsF (1.0:1.1:1.1) gives the di-coordinated trifluoromethyl-
copper species S5, which is in equilibrium with bis-
(trifluoromethyl)copper species 6 and [Cul,]” via ligand
redistribution on Cu (eq 3)."” After addition of a-diazo ester 1
and water, a small amount of reactive intermediate 8 is formed
from S by water-promoted a-diazo ester—iodide ion exchange
(eq 4). Extrusion of N, from 8 affords trifluoromethylcopper—
carbene species 9, and subsequent migration of CF; to the
carbenic carbon atom of 9 results in a-CF;-substituted Cu
spec1es 3 Final hydrolysis of 3 by water gives 2 and the unreactive
Cu,0.*° Alternatively, based on the known Cu-catalyzed
cyclopropanation between diazo compounds and alkenes,”!
complex 10 generated from [Cul,] ™ by a similar ligand-exchange
reaction is also a possible intermediate. Extrusion of N, from 10
affords copper—carbene species 11. Both 10 and 11 can undergo
ligand redistribution reactions with § to give 8 and 9,
respectively. Although we could not rule out the formation of
10, 11 is less likely involved in this water-promoted trifluoro-
methylation reaction, as we did not observe any intramolecular
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cyclopropanation byproduct in the case of C=C bond-
containing a-diazo ester 1r.

In summary, we disclose a mild Cu-mediated trifluoromethyl-
ation of a-diazo esters with TMSCF; to give a-trifluoromethyl
esters, which represents the first fluoroalkylation of a non-
fluorinated carbene precursor. Water acts as an efficient
activating agent in promoting the reaction with trifluorome-
thylcopper species prepared from Cul/TMSCEF;/CsF
(1.0:1.1:1.1). We propose that hydration of iodide ion facilitates
the formation of the intermediate a-diazo ester-coordinated
trifluoromethylcopper 8, and then the reaction occurs via N,
extrusion and subsequent migratory insertion of the carbene
ligand into the Cu—CF; bond. This reaction is applicable for a-
aryl, a-benzyl, and a-alkyl diazo esters and tolerates bromo,
chloro, fluoro, ether, and double bond functionalities. Our
present work not only offers a simple and general way to
introduce CF; group into the a-position of structurally diverse
carboxylic esters but also provides fundamentally important
insights into the reactivity of the elusive trifluoromethylcopper
species. Further investigations of the more detailed reaction
mechanism as well as synthetic applications of the reaction are
currently underway in our laboratory.
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