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Direct Synthesis of a Trifluoromethyl Copper Reagent from Trifluoromethyl
Ketones: Application to Trifluoromethylation

Hiroki Serizawa, Kohsuke Aikawa, and Koichi Mikami*®!

Trifluoromethyl compounds have attracted much atten-
tion in the pharmaceutical and agrochemical industries due
to the unique properties of the trifluoromethyl group.?
Various synthetic methods for such compounds have so far
been developed by the use of trifluoromethyl organometallic
(MCF;) reagents.”! However, hard lithium and magnesium
cations cannot be employed for such reagents, because these
MCEF; reagents are unstable even at low temperature and
readily decompose to metal fluoride (MF) and singlet di-
fluoromethylene (:CF,) by means of o-fluoride elimina-
tion.”! In sharp contrast to hard metal cations, soft counter-
parts are useful as MCF; reagents for many types of trifluo-
romethylation.®* Among the soft MCF; reagents, CuCF; re-
agents are relatively stable, but maintain their high reactivi-
ty. Intensive studies have thus been focused on efficient
synthetic protocols for CuCF; reagents and their application
to various trifluoromethylations.>! In particular, the Rup-
pert-Prakash reagents (CF;SiR;)”! are highly versatile as
a stable CF;~ source, and can readily generate CuCF; re-
agents by treatment with a Cu' salt and metal fluoride; how-
ever, this process is still cost-prohibitive for large scale oper-
ations  (Scheme 1a)."! Therefore, fluoroform (CF;H),®
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Scheme 1. Synthetic methods for the preparation of trifluoromethyl
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a large-volume by-product of Teflon® (DuPont) manufactur-
ing, as the cheapest and atom-economical CF;~ sourcel”! was
utilized with the aim of preparing CuCF; reagents.'” Norm-
ant reported the preparation of CuCF; by adding a Cu' salt
to trifluoromethylated hemiaminolate [CF;CH(O)NMe,]™,
which can be produced by the deprotonation of fluoroform
using a strong base followed by the addition to dimethylfor-
mamide (DMF); however, the yield of CuCF; was insuffi-
cient.' Recently, Grushin succeeded in achieving a highly
efficient preparation of CuCF; by direct cupration of fluoro-
form (Scheme 1b).'® The fundamental drawback of these
methods is that fluoroform, a low boiling point gas (—83°C)
is hard to handle in many synthetic laboratories. Therefore,
a more practical synthetic method for the preparation of
CuCF; reagents using low-cost and operationally easy CF;~
sources in addition to fluoroform is strongly desired.
Herein, we describe the practical synthesis of a CuCF; re-
agent from one of the most economical and efficient CF;~
sources, that is, trifluoromethyl ketone derivatives, which
are low-cost liquid and easy to handle (Scheme 1c). More-
over, the CuCF; reagent thus prepared in excellent yield can
be utilized to a variety of trifluoromethylations with termi-
nal alkynes, arylbronic acids, and aryl iodides under mild re-
action conditions, and thus in late-stage functionalizations.

Two methods to employ trifluoromethyl ketone deriva-
tives as CF;~ sources have been reported up to now. One is
decarboxylation,™! which is accomplished by heating with
catalytic or stoichiometric amounts of a Cu' salt and alkali
metal trifluoroacetate and generates CuCF;. The reaction,
however, occurs under harsh conditions (ca. 160°C), and
hence it is difficult to efficiently produce CuCF; reagents
that are unstable under the high-temperature conditions.
The other method is via tetrahedral intermediates prepared
from trifluoromethyl ketone or trifluoroacetic acid deriva-
tives and appropriate nucleophiles."” Langlois and Billard
reported that trifluoromethyl ketone derivatives could be
employed as a CF;~ source is such reactions—addition of
KOrBu, and trifluoromethylation to ketones without acidic
a-proton proceeded smoothly.' However, CuCF; reagents
have never been prepared successfully by this route. There-
fore, we envisioned a practical method for the preparation
of CuCF; reagents through the formation of tetrahedral in-
termediates from trifluoromethyl ketone derivative and ap-
propriate nucleophiles.

Initially, the preparation of the CuCF; reagent by treat-
ment with 2,2.2-trifluoroacetophenone (1a) and CuOrBu
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generated from CuCl (1 equiv) and KOrBu (1 equiv) as a nu-
cleophile was examined, but CuCF; was not obtained. This
result implied that CuOrBu is not nucleophilic enough to
provide the tetrahedral intermediate, hence its cuprate was
used as a higher nucleophilic reagent. After K[Cu(OrBu),]
was prepared from the reaction of CuCl (1equiv) and
KOBu (2 equiv) in DMF at room temperature for 1 h, the
addition of 1a to the resulting DMF solution led to the for-
mation of CuCF; in >95% yield within 30 min (Scheme 2a).

a) 0
F3C)I\Ph
KOtBu (2 equiv) 1a (1 equiv)
CuCl —— > K[Cu(OtBu)] ——— CuCF;
DMF RT, 30 min
RT, 1h >95% yleld
b)
CuCF;
CF3CeHs
l CF3H
1l a2
0 -0 20 30 40 -5 -60  -70  -80

Scheme 2. Preparation of trifluoromethyl copper reagent from cuprate
and 2,2 2-trifluoroacetophenone. a) Conditions: After treatment of CuCl
(0.5 mmol) and KOrBu (1.0 mmol) in DMF (1.5 mL) at room tempera-
ture for 1 h, 1a (0.5 mmol) was added to the DMF solution at the same
temperature. Yield was determined by ’F NMR analysis using benzotri-
fluoride as an internal standard. b) “FNMR spectrum (282 MHz,
[D;]DMF) of reaction mixture containing CuCF; species (—25.2 ppm) ob-
tained in >95% yield.

The “YFNMR and “C NMR data of CuCF; thus obtained
matched well with the data of CuCF; reported by Grushin
(Scheme 2b).['%]

In addition, the preparation of the CuCF; reagent from
various trifluoromethyl ketones and esters was surveyed by
using the cuprate (Table 1). Even with ketones 1b-d bearing
not only electron-donating and -withdrawing groups (en-
tries 1-2), but also a sterically more demanding group
(entry 3), excellent yields (>95% yield) were maintained
under the same reaction conditions. Unfortunately, the use
of trifluoroacetates lef resulted in severely decreased
yields, probably because of the lower electrophilicity of 1e.f
and higher stability of the tetrahedral intermediate by chela-
tion between potassium and oxygen atoms (entries 4 and 6).
However, by employing three equivalents of KOrBu and
prolonged reaction times (6 h), it was found that CuCF;
could be obtained in more than 60 % yield (entries 5 and 7).
tert-Butyl trifluoroacetate (1g) and ethyl trifluoropyruvate
(1h) gave low yields (entries 8 and 9), and the formation of
CuCF; was not observed from potassium trifluoroacetate
(1i) at all (entry 10).

Next, the F NMR analysis was performed to gain an in-
sight into tetrahedral intermediate A prepared with cuprate
and 1b as the CF; source (Scheme 3).'%! At —30°C, three
peaks (—84.2, —83.9, and —83.4 ppm) were observed in
YFNMR spectrum (Scheme 3a). After the mixture was
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Table 1. Preparation of trifluoromethyl coper reagent using various tri-
fluoromethyl sources.!

(e}
KOBu (x equiv) Fsc)J\R 1(1 equiv)
cucl CUCF,
DMF, RT, 1h RT, t

Entry R X t Yield

(h] [%]"
1 p-MeOCH, (1b) 2 0.5 >95
2 p-CICH, (1c) 2 05 >95
3 2,4,6,-Me,CoH, (1d) 2 0.5 >95
4 OMe (1e) 2 6 33
5 OMe (1e) 3 6 66
6 OEt (1f) 2 6 29
7 OEt (1f) 3 6 64
8 OBu (1g) 3 6 2
9 CO,Et (1h) 3 6 21
10 OK (1i) 3 6 0

[a] Conditions: After treatment of CuCl (0.5 mmol) and KOrBu (0.5x
xmmol) in DMF (1.5mL) at room temperature for 1 h, trifluoromethyl
sources 1 (0.5 mmol) were added to the DMF solution at the same tem-
perature. [b] Yield was determined by "F NMR analysis using benzotri-
fluoride as an internal standard.
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Scheme 3. Top: Plausible structures of tetrahedral intermediates. Bottom:
YFNMR spectra of a reaction mixture containing CuCl (1 equiv),
KOrBu (2equiv), and 4'-methoxy-2,2,2-trifluoroacetophenone (1b;
1 equiv) in [D;]DMF. The single peaks of —25.2 and —63.2 ppm are from
CuCF; and benzotrifluoride (internal standard); the "F NMR spectra
were obtained at a) —30, b) —10, and c) 20°C; CuCF; was obtained in
>95% yield.

gradually warmed up, the peaks began to broaden at —10°C
(Scheme 3b), and the generation of the CuCF; species was
subsequently observed at around room temperature (20°C)
(Scheme 3c). It was proposed that the three peaks, which
are in equilibrium at —30°C, correspond to those of tetrahe-
dral intermediates A of the potassium salt, the copper salt,
and the cuprate.
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Scheme 4. Isolation of O-silylated tetrahedral intermediate 2 and tert-
butyl benzoate 3.

On the other hand, the addition of TMSCI to tetrahedral
intermediate A provided the O-silylated product 2 as the
tetrahedral intermediate trapped in 66% yield (Scheme 4).
tert-Butyl benzoate (3) was also isolated in 93% yield by
warming up to room temperature. Significantly, the dimeth-
ylformamide (DMF)-adduct B, formed by addition to DMF
solution of free CF;™ ions as reported by Normant,!'® was
not totally observed in "F NMR spectroscopy. Even in the
presence of electron-rich alkenes (2 equiv), such as a-meth-
ylstyrene, the reaction did not give the gem-difluorocyclo-
propane, which can be produced by difluoromethylene spe-
cies via the decomposition of free CF;™ ion. These results
strongly indicate that CuCF; is directly formed from the tet-
rahedral intermediate A.

The stability of CuCF; in DMF at room temperature was
investigated by monitoring the "’F NMR spectrum (Table 2).
It was found that the yield of CuCF; decreased from 97 to
69% after 48h, but further decomposition did not take
place even after prolonged time. These results agreed with
the report by Grushin.'™ It was proposed that such decom-
position was caused by the potassium cation of remaining
KOtBu, which would strongly interact with fluorine atom of
the CuCF; species prepared. To solve this problem, we tried
to suppress the decomposition through neutralization of re-

Table 2. Stability of trifluoromethyl copper reagent.

maining KOfBu with appropriate acids (HX) to precipitate
potassium salt (KX) in the solution. Grushin has already
succeeded in minimizing the decomposition by neutraliza-
tion with Et;N-3HF (TREAT HF).'" Therefore, various
acids, for example Et;N-3HF, Et;N-HCI, and HCI in Et,0
(1.0™ solution) were used for the stabilization of the CuCF;
reagent (Table 2).3) With all acids, the ’F NMR signal of
CuCeF; shifted upfield to —27.4 from —25.2 ppm due to ex-
change from tert-butoxide to tert-butanol, and the precipita-
tion of KF or KCl was observed. Even after one day,
Et;N-3HF and Et;N-HCI could retard the decomposition of
CuCF;, compared with the conditions without acids. With
HCI in Et,0, the stability was equal to that with Et;N-3HF,
but CuCF; decomposed up to 89 % at an initial stage, likely
due to the heat of neutralization.

We then focused our attention to employ the CuCF; re-
agent that can be directly prepared from 2.22-trifluoro
acetophenone (1a) for a variety of trifluoromethylation re-
actions. Initially, we attempted the oxidative trifluorometh-
ylation of terminal alkynes as a coupling reaction at the sp-
carbon, because the products obtained are useful as CFs;-
containing building blocks (Scheme 5).° After the optimi-
zation of the reaction conditions,! it was found to be effi-
cient to use tetramethylethylenediamine (TMEDA) and
Et;N-HCI as the ligand and acid, respectively, in the pres-
ence of the CuCF; reagent (2 equiv) at room temperature in
air. The slow addition of alkynes 4 through a syringe pump
was also the key for enhancing the yield. The reaction with
not only electron-rich and -deficient aromatic but also ali-
phatic alkynes 4a-i proceeded in more than 88% yield
under much milder conditions, compared with previous re-
sults.[™! Aliphatic alkyne 4j, with a steroidal backbone, also
led to the corresponding product 5j in 91 % yield.

Trifluoromethylation with boronic acids 6 was also scruti-
nized as an oxidative coupling reaction at an sp?-carbon
(Scheme 6).) The reaction by treatment of boronic acids 6
in the presence of the CuCF; reagent (2 equiv) proceeded
smoothly without any ligands to provide the corresponding
products 7 in good-to-excellent yields. In contrast to the oxi-

dative trifluoromethylation of
terminal alkynes, toluene was
the best solvent. Under the op-

* timized reaction conditions,!"’)

FsC ‘ CUCF o cucr aron‘latic boronic acids 6.a—i

KICU(OtBu),] — 21 €M) *— K cicr, . bearing both electron-with-

DMF KOtBu OtBu \ time Hormy drawing and -donating substitu-

RT. 30 min KX ents showed high yields. While

None Et,N-3HF (1/3 equiv) Et;N-HCI (1 equiv) HCl in Et,0 (1 equiv) the reaction with 6f and 6j re-

t CuCF; t CuCF, t CuCF, t [h] CuCF, sulted in severely decreased

[h] [% yield®] [h] [% yield"] [h] [% yield"] [% yield™] yields, which were improved by

0.1 97 0.1 97 0.1 93 0.1 89 using DMF instead of toluene

1 95 1 95 1 89 1 87 and extending the reaction time

3 89 3 - 3 8 3 86 up to 4 h. The pinacolboronate

9 83 6 91 6 88 6 85 ) arer

21 74 27 89 24 84 20 83 ester, obtained by iridium-cata-

48 69 42 85 45 79 2 81 lyzed C—H activation/boryla-
72 69 72 83 72 74 72 79

[a] Yield was determined by ’F NMR analysis using benzotrifluoride as an internal standard.
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tion of a-tocopherol nicotin-
ate,'™ was also examined to
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Scheme 5. Trifluoromethylation of terminal alkynes. Conditions; 4
(0.1 mmol), CuCF; reagent (0.2 mmol), TMEDA (0.2 mmol), air (1 atm)
in DMF (1 mL) at room temperature. Alkynes 4 in DMF (0.5 mL) were
added over a period of 1h by using a syringe pump. Yields were deter-
mined by ""FNMR analysis using benzotrifluoride as an internal stan-
dard. The CuCF; reagent was neutralized by Et;N-HCI (1 equiv) before
being used in the reaction. [a] Isolated yield. [b] 1,10-Phenanthroline
(0.2 mmol) was used instead of TMEDA as a ligand, and alkyne
(0.1 mmol) was added over 2 h by using a syringe pump under O,.

“B(OH), ~CF3
R—()/ + CuCFy —— > R—:()/
= ! toluene in air =

s (2 equiv) RT. 1h 7

F eO FsC

7a: 90% yield 7b : 96% yield 7c : 95% yield 7d : 99% vyield

CFs CFs
X
O ) O
Z CF
; ° N
i CF3

7e : 88% yield@  7f : 80% yield[®!

79 : 94% yield@cl 7h : 90% yield?
CF;
OO OMe
OO OMe Ph
CF,

7i : 85% yield2

~CF3

7j : 75% yield2:P!

7k: 57% yield2€l

Scheme 6. Trifluoromethylation of arylboronic acids. Conditions; 6
(0.1 mmol), CuCF; reagent (0.2 mmol), air (1 atm) in toluene (1 mL) at
room temperature. Yields were determined by F NMR analysis using
benzotrifluoride as an internal standard. The CuCF; reagent was neutral-
ized by Et;N-HCI (1 equiv) before being used in the reaction. [a] Isolated
yield. [b] DMF was used instead of toluene as a solvent, and reaction
time was 4 h. [c] Reaction time was 3 h. [d] CuCF; reagent of 4 equiva-
lents was used, and DMF was used instead of toluene as a solvent. [e] Pi-
nacolboronate ester (Bpin) was used instead of boronic acid.
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give the trifluoromethylated product 7k in an overall yield
for the two steps of 57 %.

We ran a gram-scale reaction for oxidative trifluorometh-
ylation with boronic acid (Scheme 7). Under the optimized
reaction conditions, the reaction with 6g (scale: 3.2¢g,

O +CuCF3—>O

_ toluene in ai
B(OH), @equv) *° “ReT" e CF3
69 79: 87% yield

3.2 g (15 mmol) 3.1 g (13 mmol)

Scheme 7. Large-scale operation for trifluoromethylation.

15 mmol) proceeded smoothly and we isolated the corre-
sponding product 7g in 87 % yield (3.1 g, 13 mmol).

Finally, the CuCF; reagent prepared by our new method
was successfully applied to trifluoromethylation with aryl
iodide 8 (Scheme 8).°! After surveying a wide range of sol-
vents, oxidants, and ligands, we found that the reaction pro-

I . CF
A 1,10-phen (2 equiv) A 3
= . =

DMF in Ar
s (2 equiv) RT, 12 h 9

CF; /©/CF3 mopa

Me
9a : 96% yield®Pl 9b: 80% yield® 9c: 91% yield 9d:85% yield
Me

CF5 CF3 OY N |
: [ :[ MeN
CO,Et Br TK\LCFa

o)
9g : 78% yield[®!

O,N

9e : 87% yieldl®

Q >(@( ‘ca

65% yield®l  9i:71% yield®  9j:91% yieldlc]

of : 93% yield[@]

Scheme 8. Trifluoromethylation of aryl iodides. Conditions; 8 (0.1 mmol),
CuCF; reagent (0.2 mmol), 1,10-phenanthroline (0.2 mmol) in DMF
(1 mL) at room temperature. Yields were determined by ’F NMR analy-
sis using benzotrifluoride as an internal standard. CuCF; reagent neutral-
ized by Et;N-HCI (1 equiv) before being used in the reaction. [a] Isolated
yield. [b] 1 equivalent of each of CuCF; reagent and 1,10-phenanthroline
were used. [c] Reaction temperature was 50°C.

ceeded smoothly when conducted in DMF with 1,10-phe-
nanthroline, which was more efficient than TMEDA. With
the reaction conditions established,® the use of the elec-
tron-deficient aryl iodides 8a—e led to the corresponding
products 9a—e in good-to-excellent yields even at room tem-
perature. While decreased yields were found for 8f, with
sterically more demanding ortho-substituent, uracil deriva-
tive 8¢, and 8 h—j, with increased electron density of aromat-
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ic ring; however, increasing the reaction temperature up to
50°C improved the reactivity to give good yields.

In summary, we have succeeded in the direct synthesis of
the CuCF; reagent from cuprate and trifluoromethyl ketone
derivatives, as a useful trifluoromethyl source. It is notable
that all of the reagents are low-cost for large-scale opera-
tions, that the operation is simple, and that the yield of
CuCF; is virtually quantitative. Furthermore, it was demon-
strated that the CuCF; reagent obtained from 2,2,2-trifluo-
roacetophenone (1a) can be successfully applied to three
types of trifluoromethylations with terminal alkynes, aryl-
bronic acids, and aryl iodides, to provide the corresponding
products in good-to-high yields. Development of novel reac-
tions with the “ligandless” CuCF; reagent prepared by our
method is now underway in our laboratory.

Experimental Section

Synthetic procedure of CuCF; reagent from 2,2,2-trifluoroacetophenone
(1a): A mixture of CuCl (50 mg, 0.50 mmol) and KOrBu (112 mg,
1.0 mmol) in DMF or [D,]DMF (1 mL) was stirred for 1 h at room tem-
perature under argon atmosphere. 2,22-Trifluoroacetophenone (1a)
(68 uL, 0.50 mmol) was added dropwise to the mixture at room tempera-
ture. After the reaction mixture was stirred for 30 min, CuCF; species
was observed by FNMR analysis using benzotrifluoride as an internal
standard (>95% yield).

Typical procedure for trifluoromethylation of terminal alkynes with the
CuCF; reagent: The CuCF; reagent (DMF solution 0.40-0.50m, 400-
500 pL, 0.2 mmol) neutralized by Et;N-HCI (27 mg, 0.2 mmol) was added
to a solution of TMEDA (30 puL, 0.2 mmol) or 1,10-phenanthroline
(36 mg, 0.2 mmol) in DMF (1 mL) at room temperature. A solution of
terminal alkyne 4 (0.1 mmol) in DMF (0.5 mL) was added to the mixture
over 1-2h by using a syringe pump in air (1 atm). After stirring for
15 min at room temperature, the reaction mixture was quenched by 1m
aqueous HCI (5 mL). The organic layer was separated, and the aqueous
layer was extracted with Et,0 (5 mLx3). The organic layers were com-
bined and washed with brine (10 mL), dried over Na,SO,, and evaporat-
ed. The resulting crude product was purified by silica-gel column chroma-
tography to give the trifluoromethylated products 5.

Typical procedure for trifluoromethylation of arylboronic acids with the
CuCF; reagent: The CuCF; reagent (DMF solution 0.40-0.50Mm, 400-
500 pL, 0.2 mmol) neutralized by Et;N-HCI (27 mg, 0.2 mmol) was added
to a solution of arylboronic acid 6 (0.1 mmol) in toluene or DMF (1 mL)
at room temperature in air. After stirring for 1-4 h, the reaction mixture
was quenched by 1M aqueous HCI (5 mL). The organic layer was separat-
ed, and the aqueous layer was extracted with Et,O (5 mL x3). The organ-
ic layers were combined and washed with brine (10 mL), dried over
Na,SO,, and evaporated. The resulting crude product was purified by
silica-gel column chromatography to give the trifluoromethylated prod-
ucts 7.

Typical procedure for trifluoromethylation of aryl iodides with the
CuCF; reagent: The CuCF; reagent (DMF solution 0.40-0.50m, 400-
500 uL, 0.2 mmol) neutralized by Et;N-HCl (27 mg, 0.2 mmol) was added
to a solution of aryl iodide 8 (0.1 mmol) and 1,10-phenanthroline (36 mg,
0.2 mmol) in DMF (1 mL) at room temperature under an argon atmos-
phere. After stirring for 12 h, the reaction mixture was quenched by 1m
aqueous HCI (5 mL). The organic layer was separated, and the aqueous
layer was extracted with Et,0 (5 mLx3). The organic layers were com-
bined and washed with brine (10 mL), dried over Na,SO,, and evaporat-
ed. The resulting crude product was purified by silica-gel column chroma-
tography to give the trifluoromethylated products 9.
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