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Compounds bearing a trifluoromethyl group have useful
properties for agricultural, functional materials, and pharma-
ceutical applications, mainly because of their metabolic
stability, binding selectivity, and lipophilicity."! For this
reason, there is extensive interest in the development of
synthetic methods for constructing C—CF; bonds.>! There-
fore, considerable effort has been made towards the
a-trifluoromethylation of carbonyl compounds®! and the
trifluoromethylation of arenes and heteroarenes.”! For exam-
ple, asymmetric a-trifluoromethylation of carbonyls has been
realized, and transition-metal-mediated or -catalyzed trifluor-
omethylations of aryl halides or arylboronic acids have been
widely studied (Scheme 1a).1%” In contrast, strategies for the
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Scheme 1. Previous metal-catalyzed trifluoromethylation reactions.

preparation of p-trifluoromethylcarbonyl compounds, which
are potentially useful in organofluorine chemistry,’! remain
rare. Similarly, the trifluoromethylation of alkenes to con-
struct C,-—CF; bonds have received less attention and are still
underexplored.” Recently, the trifluoromethylation of termi-
nal alkenes to form allylic C,,;—CF; bonds was reported by the
groups of Buchwald, Liu, Wang, and Qing (Scheme 1b).l""
More recently, a copper-catalyzed trifluoromethylation of
alkenes, leading to C—O bond formation, has been developed
by the groups of Szabd, Loh, Buchwald, and Sodeoka
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(Scheme 1¢).™" However, to the best of our knowledge,
only a few examples of transition-metal-catalyzed difunction-
alization of alkenes involving tandem C,;—CF; and carbon-
carbon bond formation have been documented."” The
development of new methods involving a difunctionaliza-
tion-type trifluoromethylation of alkenes is therefore still
highly desirable.

As a powerful strategy for forming a-quaternary carbonyl
structures, the semipinacol rearrangement of allylic alcohols
plays an important role in the total syntheses of natural
products.'® These rearrangement reactions have been widely
studied.!'** Strong electrophiles such as CI*, Br*, I, and H*
are commonly used as promoters for these rearrangements
(Scheme 2a). However, similar intermolecular rearrange-
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Scheme 2. Design of the trifluoromethylation/semipinacol rearrange-
ment reaction.

ments initiated by carbon electrophiles, which can provide
more complex carbon frameworks and have been an active
project for our group, still remain a challenge.'¥! This is
attributed to the low electrophilic reactivity of carbon
electrophiles toward C=C bonds. Based on recent progress
in trifluoromethylation reactions, and combined with our
research interests, we thought that electrophilic CF; reagents
might be able to undergo electrophilic addition to allylic
alcohols to initiate a semipinacol rearrangement, affording
a-quaternary B-trifluoromethyl ketones under certain con-
ditions (Scheme 2b). Furthermore, C,—CF; and carbon-
carbon bonds are simultaneously constructed through this
strategy. Herein, we present the first tandem trifluoromethy-
lation/semipinacol rearrangement, which could provide
important information on the chemistry of fluorination and
the semipinacol rearrangement.
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In our initial investigation, 2-oxa allylic alcohol 1a was
chosen as a model substrate. As shown in Table 1, various
commercially available copper catalysts were first examined,
using Togni’s reagent A!'""! as the CF; source. Among these

Table 1: Optimization of Trifluoromethylation/Semipinacol Rearrange-
ment Reaction.?

Ph Cat. (0.3 equiv) PhO
OH . P
o pp, CFs source (1.2 equiv) O pn
| Solvent, Temp.
CF3
1a 2a
Entry Catalyst CF; source Solvent Yield [%6]"
1 CuOTF.0.5 C,H, A CH,Cl, 12
2 [(MeCN),Cu]PF, A CH,Cl, 15
3 Cucl A CH,Cl, 34
4 CuBr A CH,Cl, 40
5 CuOAc A CH,Cl, 47
6 CuOAc B CH,Cl, trace
7 CuOAc C CH,Cl, -
8 CuOAc A CH,CN -
9 CuOAc A CH,OH -
10 CuOAc A DCE 45
1 CuOAc A toluene n.r.
126 CuBr, CuOAc A CH,Cl, 54
13led CuBr, CuOAc A CH,Cl, 64
14ledel CuBr, CuOAc A CH,Cl, n.r.
15041 CuBr, CuOAc A CH,Cl, 41

[a] All reactions unless specially notified were performed with 1a

(0.1 mmol) and the CF; reagent (1.2 equiv) in solvent (1.0 mL) at 28°C.
[b] Yield of isolated product. [c] The catalysts CuOAc (0.015 mmol) and
CuBr (0.015 mmol) were used. [d] Togni's reagent A (1.5 equiv) was
used. [e] The reaction was carried out at 0°C. [f] The reaction was carried
out at 40°C. DCE =1,2-dichloroethane, n.r.=no reaction, Tf=trifluoro-
methanesulfonyl.

CF3 CFg CF3
I/\ II\ é+ 'BF4
o}

A B c

(entries 1-5), a catalytic amount of CuOAc and 1.2 equiv of A
in CH,CI, at 28°C gave the best results and produced 2a in
47 % yield. Next, other CF; source reagents, Togni’s reagent B
and Umemoto’s reagent C,"® were used in this reaction.
Unfortunately, only a trace amount of 2a was obtained with B,
and no corresponding product was observed with C (entries 6
and 7). The solvent was another important parameter for the
success of the reaction. The use of the more polar solvents
acetonitrile and methanol led to decomposition of the
substrate (entries 8 and 9), whereas the less-polar solvent
toluene inhibited the tandem reaction completely (entry 11).
A comparable result was obtained in 1,2-dichloroethane
(DCE; 45 % yield; entry 10). We therefore selected CH,Cl, as
the reaction solvent. Considering the possible role of the
counter anion, we tested CuOAc combined with CuBr as the
catalyst (entry 12), this improved the yield to 54 %. The yield
was further increased to 64 % in the presence of a larger
amount of Togni’s reagent A (1.5 equiv; entry 13). Finally,
after performing the reaction at different temperatures
(entries 14 and 15), we found that catalytic amounts of
CuOAc and CuBr, and CH,Cl, at 28°C gave the best results.
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With the optimized conditions established, we explored
the substrate scope of this reaction with various allylic
alcohols 1b-1. All of the substrates gave the desired
p-trifluoromethyl ketone derivatives in moderate yields
(Scheme 3). The reaction of a para-methyl-substituted arene
also proceeded smoothly to afford the desired product 2b in
61% yield. We then tested substrates with a halogen sub-
stituent at the para position of the phenyl moiety. Interest-
ingly, p-fluoro substituents did not affect the reaction
efficiency, providing the corresponding product 2¢ in 64 %
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Scheme 3. Scope of the trifluoromethylation/semipinacol rearrange-
ment. Reaction conditions: Togni's reagent A (0.15 mmol) was dis-
solved in CH,Cl, (1.0 mL) followed by the addition of the catalysts,
CuOAc (0.015 mmol) and CuBr (0.015 mmol). After 5-10 min, 1a—

I (0.1 mmol) in CH,Cl, (0.5 mL) was added. Yields shown are of
isolated products. [a] The reaction proceeded with CuBr (0.03 mmol).
[b] The reaction proceeded at 20°C. [c] The reaction proceeded with
CuOAc (0.03 mmol). [d] Under the standard conditions; BF; THF was
then added after the allylic alcohols were no longer visible by TLC.
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yield. However, the substrate with a 4-chlorophenyl group
gave the corresponding product 2d in relatively low yield
(48%). In contrast, with model substrate 1a, multiple
substituents on the phenyl group significantly decreased the
yield (2e, 35% yield). We next examined some substrates to
explore the migration priority of the migrating groups (R' vs
R?). To our surprise, when unsymmetrical diaryl allylic
alcohol 1f was tested, the more electron-deficient 4-nitro-
phenyl group migrated to give product 2 f in 40 % yield. This
result indicates the possibility of the involvement of CF;
radical species in this reaction (neophyl rearrangement)."
For substrates with aryl and alkyl substituents (1g-i), as
observed in general semipinacol rearrangements, the prod-
ucts 2g, 2h, and 21, with exclusive migration of the electron-
richer aryl group were obtained in 63 %, 65%, and 63 %
yields, respectively. The relative configuration of 2g was
unambiguously assigned by X-ray crystallography.?’! Notably,
the reaction with substrate 1j, which bears a cyclobutanol
group, was also successful, giving the desired ring-expansion
product 2j in 70% yield. To further explore applications of
the reaction, substrates with unactivated double bonds were
also examined. The cyclic substrate 1k afforded the corre-
sponding product 2k in 36 % yield. It should be noted that
substrates 11 and 1m were exclusively converted into the 3-
trifluoromethyl-1,2-epoxides 31 and 3m under the standard
conditions, which could subsequently undergo epoxide rear-
rangement in the presence of BF;-THF to give the desired
p-trifluoromethyl ketones 2I' and 2m’ in 63% and 60%
yields, respectively, in two steps.’!! Similarly, during the
reaction of the acyclic substrate 1n,
3-trifluoromethyl-1,2-epoxide 3n was obtained in 61 % yield,
together with the desired product 2n (20 % yield). Further-
more, 3n underwent semipinacol rearrangement (path A
rather than path B, which would result in the formation of 2n)
in the presence of BF;-Et,0O, and the

o-trifluoromethyl ketone 4n was obtained in 90% yield
(Scheme 4). Finally, unsymmetrical acyclic allylic alcohol 10
was also tested. Product 20, with exclusive migration of the
aryl group, was obtained in 66 % yield.

path A é\) +
Ph g
o FsC Abﬁ% oh
\f%h BFyEt,0 4n, 90%
CF3 CH2C|2 3 o
3n path B

Scheme 4. Rearrangement of epoxide 3 n.

To gain further mechanistic insights into this trifluorome-
thylation/semipinacol rearrangement reaction, additional
experiments were conducted. When the radical scavengers
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and 2,6-di-
tert-butyl-para-cresol (BHT) were subjected to the standard
reaction conditions, the formation of TEMPO-CF; and
BHT-CF; adducts could be detected by GC-MS. For the
reaction of substrate 1a with TEMPO, although the rear-
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rangement was mostly inhibited, we could still observe the
presence of TEMPO-CF; along with a small amount of the
expected product, 2a, through GC-MS analysis of the
reaction mixture. However, the same reaction with BHT
resulted in a complex mixture, and no product could be
detected except for BHT-CF;. Therefore, we speculated that
a CF; radical might be involved in this tandem reaction,
although we could not rule out the existence of a possible
iodonium intermediate.!™!

Based on the experimental results above and those
previously reported,'™% we propose the reaction mechanism
depicted in Scheme 5. Initially, CF; radical §, generated from
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Scheme 5. Proposed reaction mechanism.

Togni’s reagent A in the presence of copper(I), would react
with allylic alcohol 1 to produce intermediate 6. Next, there
are two possible reaction routes. For path 1, intermediate 6
could undergo a sterically favored 1,2-migration to afford
intermediate 8, which would produce product 2 upon further
single-electron-transfer (SET) oxidation. In path 2, further
oxidation of radical intermediate 6 would give cation
intermediate 9, and subsequent 1,2-rearrangement through
transition state 9b would provide the final product 2. It should
be noted that, for substrates with two aromatic groups, we
prefer path 1.

In conclusion, we have developed a novel copper-cata-
lyzed trifluoromethylation/semipinacol rearrangement reac-
tion of allylic alcohols. This tandem reaction is valuable, as
a series of o-quaternary p-trifluoromethyl ketones with
different substituents were readily obtained. This method
enables the construction of both C,—CF; bonds and a quater-
nary carbon center. Further studies are underway to inves-
tigate the applications of these transformations.

Experimental Section

CuBr (0.15 equiv), CuOAc (0.15 equiv), and Togni’s reagent A
(1.5 equiv) in CH,Cl, were stirred under argon at room temperature
for 5-10 min. A solution of allylic alcohol 1 in CH,Cl, was then added
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and the mixture was stirred at 28°C. After the substrate completely
disappeared (as observed by thin-layer chromatography), the reaction
mixture was directly subjected to column chromatography on silica
gel eluted with either pentane/EtOAc (120:1-60:1) or pentane/
CH,(Cl, (10:1-1:1) to give the desired product.
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