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ABSTRACT: A new approach toward the asymmetric
synthesis of optically active trifluoromethylated amines was
enabled by an unprecedented, highly enantioselective
catalytic isomerization of trifluoromethyl imines with a
new chiral organic catalyst. Not only aryl but also alkyl
trifluoromethylated amines could be obtained in high
enantioselectivities.

he beneficial yet unique impact resulting from the

presence of fluorine on organic molecules of pharmaceut-
ical and agrochemical importance has led to a rapidly increasing
demand for synthetic methodology providing ready and
practical access to organofluorines.' Presented in many
biologically interesting compounds,” trifluoromethylated
amines are recognized to afford improved lipophilicity and
metabolic stability over the corresponding methyl amines. In
addition trifluoromethylated amines have found applications in
medicinal chemistry as non-basic amide bonds surro§ates3 and
as reagents for analysis of enantiomeric excess (ee).

Accordingly, significant strides have been made in catalytic
asymmetric synthesis of trifluoromethylated amines. A variety
of asymmetric nucleophilic additions to trifluoromethyl imines
have been reported.” Uneyama,®™ Zhou,®® and Akiyama®
disclosed highly enantioselective hydrogenations of trifluor-
omethyl imines with either chiral metal or organic catalysts.
Applying phase-transfer catalysis, Shibata’ and co-workers
achieved highly enantioselective addition of trifluoromethylsi-
lane to designed, conformation-constrained azomethine imines.

In spite of these notable advances, significant challenges
remain in catalytic asymmetric synthesis of chiral trifluor-
omethylated amines. Among them the lack of a general access
toward chiral aliphatic trifluoromethylated amines stands as an
especially important one. To our knowledge, only two examples
of catalytic asymmetric generation of aliphatic trifluoromethy-
lated amines from achiral starting materials in high optical
purity have been documented.**®" Specifically, Zhou®” reported
the Pd-catalyzed asymmetric hydrogenations of N-PMP
trifluoromethyl n-butyl and homobenzyl imines in 89% and
92% ee, respectively. Herein, we describe a new approach based
on organocatalysis that provides highly enantioselective access
toward a broad range of aromatic and, more importantly,
aliphatic chiral trifluoromethylated amines.

The catalytic enantioselective isomerization of N-benzyl
triftuoromethyl imines® to the corresponding trifluoromethy-
lated amines via 1,3-proton shift represents an attractive
strategy for the asymmetric synthesis of chiral trifluoromethy-

-4 ACS Publications  © 2012 American Chemical Society

lated amines. Early attempts to realize this strategy by using
synthetic catalysts were met with limited success, although
proton-transfer catalysis is a commonly occurring pathway in
enzymatic transformations. Particularly relevant to the current
study is the report by Soloshonok and Yasumoto,*® in which a
room-temperature isomerization of N-benzyl trifluoromethyl
phenyl imines catalyzed by a cinchonidine-derived organic
catalyst was documented in up to 35% ee. The extremely long
reaction time (52 days, 79% conv.) illustrated the need to
improve catalytic activity. Later, Plaquevent and co-workers™
reported a cinchona alkaloid-catalyzed isomerization of an
aliphatic trifluoromethyl imine. The aliphatic imine was found
to be much less active, as a significantly elevated temperature
(50—110 °C) is required for the cinchona alkaloid-catalyzed
isomerization to proceed.

Results from these previous studies indicated that the most
daunting challenge in the development of a highly enantiose-
lective isomerization that is applicable to both aryl and alkyl
trifluoromethyl imines lies in the discovery of a catalyst of not
only high enantioselectivity but also enhanced activity. Recently
we” and the Shi group'® reported cinchona alkaloid-catalyzed
enantioselective proton-transfer catalysis for the isomerization
of butenolides and isomerization of iminoesters, respectively. In
both reports the 6'-OH cinchona alkaloids'' were shown to be
effective catalysts. These developments prompted us to explore
cinchona alkaloid derivatives bearing a hydrogen-bond-donor
moiety as bifunctional catalysts for enantioselective isomer-
ization of N-benzyl-protected trifluoromethyl imines.

Previous studies by Soloshonok'> and Plaquevent™ illus-
trated the significant impact of the N-substituent on the activity
of the trifluoromethyl imines toward isomerization. Prior to our
catalyst development studies, we first examined a series of
trifluoromethyl imines 1 bearing various N-substituents with
the goal of identifying the optimal N-substituent for activating
the imine toward an Et;N-catalyzed isomerization. In the
presence of 10 mol% Et;N in dichloromethane, virtually no
isomerization was detected with N-benzyl imine 1Aa after 30
min at room temperature (entry 1, Table 1). Replacing the N-
benzyl with either 4-trifluoromethylbenzyl or 4-carboxylateben-
zyl resulted in dramatically improved conversion (entries 2—3
vs 1, Table 1). With the even stronger electron-withdrawing N-
4-NO,- or N-2-NO,-benzyl, trifluoromethyl imine 1Da was
converted into the corresponding trifluoromethylated amine
2Da in nearly complete conversion after 30 min. Thus, the
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Table 1. Identification of the Optimal N-Substituent
Ar Ar

N 10 mol% TEA SN
CF3 CHClp, 1.0 M, CFg
rt, 30 min
1 2
Entry Ar conv. (%)® Entry Ar conv. (%)°

2 —@—ca 1Ba 39
4 ONOZ 1Da 99

1 ma <
3 OCOZMe 1Ca 70
5 @ 1Ea 97

O,N

“Unless noted, the reaction was carried out with 1 (0.1 mmol) in
CHZCI2 (0.1 mL) in the presence of TEA (0.01 mmol) at rt for 30
min. "Determined by "’F NMR analysis.

enantioselective isomerization of 1Da was selected as the model
reaction for the screening of chiral catalysts.

Since the 6’-OH cinchona alkaloid DHQ-3 was identified by
us as an effective catalyst for enantioselective isomerization of
butenolide,” we first examined its ability for the promotion of
the enantioselective isomerization of imine 1Da. As a control,
we also investigated the same reaction with a cinchona alkaloid
bearing no hydrogen-bond donor (DHQ-4, Scheme 1).

Scheme 1. Cinchona Alkaloid Derivatives
OMe

o3 e

DHQ-3 DHQ-4 Q-5, Ar = 3,5-bisCF3Ph
DHQ?a R'=Me, X, Y=H
ArHN>: e DHQ-7b, R'= TIPS, X, Y =H
HN DHQ-7¢,R'=Tf, X, Y=H
N \ DHQ-7d, R'= Me, X = H, ¥ = NO,
N | DHQ-7e,R'=Me, X =Br, Y =H
H =N DHQ-7f, R'=Me, X=Cl, Y =H

DHQ-7g, R'=Me, X =Me, Y = H

Q-6, Ar = 3,5-bisCFaPh

Cinchona alkaloid DHQ-4 afforded much lower conversion
in comparison to DHQ-3 (entries 2 vs 1, Table 2). To our
disappointment, despite aﬁbrdlng high enantioselectivity for
isomerization of butenolide,” DHQ-3 was found to furnish
practically no enantioselectivity for the isomerization of imine
1Da. Similarly non-enantioselective isomerization was also
observed with a cinchona alkaloid (Q-5) bearing a 6'-thiourea
(entry 3, Table 2). The catalyst screening was next extended to
DHQ-7a, a 9-OH cinchona alkaloid. Although the aliphatic 9-
OH should be a weaker hydrogen-bond or proton donor than
the phenolic 6’-OH, DHQ-7a was found to afford significantly
higher activity and enantioselectivity (entries S vs 1—3, Table
2). Unexpectedly, the corresponding 9’-thiourea cinchona
alkaloid 6 was found to be inactive. These results suggested
that the overall spatial arrangement of the quinuclidine and the
9-OH group is critical to both the reactivity and enantiose-
lectivity of DHQ-7a. Thus, our catalyst screening study
proceeded further with a focus on modified 9-OH cinchona
alkaloids.

Subsequently, we prepared a series of 9-OH cinchona
alkaloids via modification of the quinoline ring. The
introduction of an electron-donating silyloxy group at the 6’

Table 2. Reaction Optimization”
Ar Ar

N

]
@ca

10 mol% cat.
—_—
CH,Cl,, 1.0 M

Ar = 4-NO,Ph
1Da 2Da
entry cat. T (°C) t (h) conv (%)° ee (%)b
1 DHQ-3 rt 0.5 47 5
2 DHQ-4 rt 0.5 16 0
3 Qs rt 0.5 38 8
4 Q6 It 0.5 <5 -
s DHQ-7a It 0.5 97 26
6 DHQ-7b It 0.5 80 17
7 DHQ-7¢c rt 0.5 71 31
8 DHQ-7d rt 0.5 62 38
9 DHQ-7e rt 0.5 90 58
10° DHQ-7f rt 0.5 95 68
11 DHQ-7g rt 0.5 98 28
12 DHQ-7f —-20 12 87 78
134 DHQ-7f —-20 72 380 82
14 DHQ-7f —-20 24 71 88
15 DHQ-7f —20 24 84 88
16" DHQ-7f -30 48 81 90

“Unless specified, the reaction was carried out with 1Da (0.05 mmol)
1n CH,Cl, (0.05 mL) in the presence of catalyst (0.005 mmol).
Determmed by HPLC analysis. “After 48 h, the ee value was reduced
to 46%. “The reaction was performed in CH,Cl, (0.50 mL). “The
reaction was performed in PhMe (0.50 mL). IThe reaction was
performed with 1Da (0.05 mmol) and 4 A MS (5.0 mg) in PhMe
(0.50 mL) in the presence of DHQ-7f (0.005 mmol).

position resulted in a decreased enantioselectivity (entry 6,
Table 2), while the electron-withdrawing triflate slightly
improved the enantioselectivity (entry 7, Table 2). Overall,
these 6'-substituted 9-OH cinchona alkaloids provided very low
enantioselectivity. A cinchona alkaloid bearing a nitro
substituent on the S’ position (DHQ-7d) afforded slightly
better but still low enantioselectivity and diminished activity
(entry 8, Table 2). The introduction of substituents at the 2’
position turned out to have the biggest influence on
enantioselectivity. With a 2’-Br the cinchona alkaloid DHQ-
7e furnished a significantly improved enantioselectivity while
providing excellent activity (entry 9, Table 2). Switching the 2'-
Br into 2'-Cl, the resulting catalyst (DHQ-7f) afforded further
enhanced activity and higher enantioselectivity (entry 10, Table
2), and the enantioselective isomerization produced the chiral
trifluoromethylated amine in 68% ee.

The electronic nature of the 2’-substituent was found to have
a dramatic effect on enantioselectivity, as catalyst DHQ-7g with
a 2'-methylquinoline gave significantly lower enantioselectivity
(entries 11 vs 9—10, Table 2).

During the investigation of the isomerization of 1Da, we
found that the product 2Da underwent racemization at room
temperature if the reaction mixture was left stirring for more
than 24 h. On the other hand, virtually no racemization was
detected at —20 °C even after 3 days. At that temperature, the
enantioselectivity was also improved. We also found that, by
decreasing the reaction concentration from 1.0 to 0.1 M, the
enantioselectivity could be further increased to 82% ee.
Nonetheless, a longer reaction time is required to reach a
good conversion (entry 13, Table 2). We next found that
solvent effect provided us with an additional handle for reaction
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optimization. The ee of 2Da reached 88% in toluene vs 82% in
dichloromethane (entries 13—14, Table 2), and the reaction
rate was also faster. For reactions in toluene, the addition of
molecular sieves is beneficial to reaction conversion without
compromising enantioselectivity (entry 1S, Table 2). Finally, at
—30 °C a highly enantioselective isomerization of 1Da in high
conversion could be attained in toluene (entry 16, Table 2).
A variety of aryl trifluoromethyl ketimines 1Da—1Dh were
subjected to the DHQ-7f-catalyzed isomerization (Table 3). An

Table 3. Asymmetric Isomerization of Aryl Trifluoromethyl
Imines®

Ar Ar

LN 10 mol% DHQ-7f gN

J\ PhMe, 0.1 M, -30 °C )\

Ar” "CF3 Ar = 4-NO,Ph Ar'” "CFs
1D 20
Ar Ar Ar Ar
Sy Sy Sy Sy
@/Lm /©ACF3 \©ACF3 Q*ca
MeO -
2Da? 2Db 2Dc 2Dd
48h, 75% yield, 72h, 76% yield, 72h, 70% yield, 24h, 71% yield,
90% ee 90% ee 90% ee 90% ee
Ar Ar Ar Ar
Sy Sy Sy Sy
F Cl Br FiC
2De 2Df¢ 2Dg 2Dh?

48h, 79% vyield, 72h, 69% vyield, 48h, 79% vyield, 72h, 81% yield,

91% ee 88% ee 86% ee 80% ee
“Unless specified, the reaction was carried out with 1D (0.20 mmol)
and 4 A MS (20.0 mg) in PhMe (2.0 mL) in the presence of DHQ-7f
(0.02 mmol) at —30 °C. Yields are the isolated yields after column.
b Absolute configuration was determined to be R. See Supporting
Information for details. “The reaction was carried out at —10 °C. “The
reaction was carried at —50 °C.

imine bearing a strongly electron-donating substituent, such as
1Dd, is less active. An elevated temperature was required for
the reaction to proceed to high conversion and, fortunately, an
excellent enantioselectivity could still be attained. In contrast,
imines bearing strongly electron-withdrawing substitutents
were more reactive; thereby optimal enantioselectivity could
be obtained at lower temperature. Overall, aryl trifluoromethyl
imines bearing a range of electronically differing aryl
substituents could be converted into the corresponding chiral
tirfluoromethylated amines in synthetically useful yield and high
enantioselectivity.

As expected the alkyl trifluoromethyl imines were much less
reactive than the aryl trifluoromethyl imines. When conditions
optimized for aryl trifluoromethyl imines were applied to
methyl trifluoromethyl imine 1Dj, the reaction proceeded to
less than 5% conversion after 48 h. We were pleasantly
surprised to find that isomerization of methyl trifluoromethyl
imine 1Di with DHQ-7f proceeded smoothly at 10 °C to form
the desired trifluoromethylated chiral amine 2Di in 90% ee and
72% conversion (61% yield, Table 4). Considering that a high
temperature of 80 °C was required as reported in the previous
studies of cinchona alkaloid-catalyzed isomerization of alkyl
trifluoromethyl imines,®* the activity of DHQ-7f demon-
strated for the isomerization of 1Di is remarkable. Gratifyingly,
similarly high enantioselectivity was obtained with isomer-
izations of a broad range of alkyl trifluoromethyl imines, which
include linear (2Dj, 2Dk), a,-branched alkyl (2D1, 2Dm), and

Table 4. Asymmetric Isomerization of Alkyl Trifluoromethyl
Imines”

Ar Ar

" 10 mol% DHQ-7f gN
J\ PhMe, 0.1 M,
Alkyl CF3 10°C, 48h Alkyl CF3
10 Ar = 4-NO,Ph 2D
Ar Ar Ar Ar Ar Ar
SRR NeL I He b
Me)\CFg Et” “CF; "Bu” "CFj CF3 O)\CFg CF3
2Di® 2Dj 2Dk 201 2Dm¢ 2Dn
61% yield, 66% yield, 69% vield, 60% yield, 58% yield, 65% vyield,
90% ee 93% ee 92% ee 94% ee 91% ee 87% ee

“Unless specified, the reaction was carried out with 1D (0.20 mmol)
and 4 A MS (20.0 mg) in PhMe (2.0 mL) in the presence of DHQ-7f
(0.02 mmol) at 10 °C. Yields are the isolated yields after column.
bAbsolute configuration was determined to be R. See Supporting
Information for details. A mixture of imine stereoisomers (2/1) was
used.

benzyl (2Dn) substituents. These results render the current
reaction the most general catalytic enantioselective approach
toward chiral aliphatic trifluoromethylated amines. Subjected to
literature protocols with minor modifications,*! the imine
groups in both the aryl and alkyl products readily underwent
hydrolysis to give the desired chiral trifluoromethylated amines
in good yields (Figure 1).

A
N ONel Ak'
SN

S
__THF THF @jxl\m cl
CF 1N HCI CF3 >
©)\ ) Lt " )\CF3 1N4r;|C| Me™ “CF,
2Da 8a 2Di 8i

95% yield 92% yield

Ar = 4-NOPh Ar = 4-NO,Ph

Figure 1. Hydrolysis of the N-protecting group.

In conclusion, we have developed a new catalytic asymmetric
synthesis of trifluoromethylated amines, enabled by the
realization of an unprecedented highly enantioselective catalytic
isomerization that is applicable to both aryl and alkyl
trifluoromethyl imines. Critical to the successful development
of this asymmetric isomerization is the discovery of DHQ-7f, a
9-OH cinchona alkaloid, as an effective catalyst for imine
isomerization via proton-transfer catalysis. This discovery is
noteworthy as both of the two organic catalysts disclosed for
highly enantioselective proton-transfer catalysis for double
bond isomerizations are 6'-OH cinchona alkaloids.”'® To our
knowledge, the current study also demonstrates the first use of
DHQ-7f as an effective chiral catalyst.
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