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ABSTRACT

Enantiomerically enriched trihalomethyl-substituted alcohols having a quaternary chiral carbon center can be prepared by the catalytic
enantioselective cross-aldol reaction of acetone with trihalomethyl ketones by using N-(8-quinolinesulfonyl)prolinamide as an organocatalyst.
TheMO calculations elucidate that the hydrogen bonding between the sulfonimide proton and the 8-quinolyl nitrogen atom plays an important role
in exerting the enantioselectivity of the reaction.

Since the enantioselective aldol reaction with organoca-
talysts is recognized as one of the most powerful car-
bon-carbon bond-forming reactions,1 the organocataly-
tic asymmetric aldol reaction to ketones as electrophiles
has thus been investigated,2 as it provides efficient access to
chiral tertiary alcohols. However, it is still a challenging
research field due to the poor reactivity of ketones as
electrophiles and the difficulty of the differentiation of

the reactive carbonyl face. Therefore, expanding the scope
of the organocatalytic aldol reactionwith ketones is highly
desirable. Although chiral tertiary trihalomethyl carbinols
are versatile building blocks in organic synthesis,3 there
have been only three examples of the cross-aldol reaction
with ketones having trihalomethyl groups. Ya-Wen and
co-workers have reported the L-proline-catalyzed enantio-
selective aldol reaction of acetone with 2,2,2-trifluoro-
1-arylethanones as trihalomethyl ketones to give products
with moderate enantioselectivity (up to 64% ee).4 More
recently, highly enantioselective organocatalytic aldol
reactions betweenR,β-unsaturated trifluoromethyl ketones
and ketones have been reported.5 On the other hand, there
are no reports on the reaction of trichloromethyl ketones
probably due to their low reactivities and difficulties in
obtaining high enantioselectivity. Although pioneering
studies have been performed, the development of highly
enantioselective catalyst systems with wide substrate toler-
ance is still a challenging research. Recently, we reported
thatN-(2-thiophenesulfonyl)prolinamide acted as a highly
efficient organocatalyst for the reaction of acetone or
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aldehydes with isatin derivatives.6,7 We herein report the
efficient synthesis of chiral tertiary alcohols or amines
having a trihalomethyl group by the enantioselective reac-
tion of trihalomethyl ketones or imines with acetone using
N-(heteroarenesulfonyl)prolinamides (Scheme 1).

The fluoroalkyl group is one of the most attractive
functional groups in organic chemistry because fluoroalk-
yl-containing molecules often play an important role in
material, agricultural, and medicinal chemistry.8 Espe-
cially, the synthesis of chiral trifluoromethylated com-
pounds having a quaternary chiral center is highly
desirable.9 Therefore, we first examined the reaction of
2,2,2-trifluoro-1-phenylethanone 1a with acetone in the
presence of 10mol%of various chiral organocatalysts 3,4.
The results are shown in Table 1. L-Proline 3was an active
catalyst, but exhibited poor asymmetric inducibility (entry
1). Enantioselectivity was improved in the reaction per-
formed at a lower temperature, although the reactivity was
lower (entry 2). The reaction using the TFA salt of N-
(p-toluenesulfonyl)prolinamide (4a) proceeded to give pro-
duct 2a with moderate enantioselectivity (entry 3).10 To
improve enantioselectivity, we optimized the arenesulfonyl
group of chiral organocatalysts (entries 4-7). Finally, the
chiral organocatalyst N-(8-quinolinesulfonyl)prolinamide
(4e) proved to be the catalyst of choice, and under the same
reaction condition, afforded 2a in 92% yield with 89% ee
(entry 7). Importantly, by lowering the catalyst loading to
5, 2, and 1 mol % (entries 8-10), which represents the
lowest catalyst loading employed in the asymmetric aldol
reaction to ketones, there was no significant loss of en-
antioselectivity and yield.

With these optimized conditions, the reaction of a series
of fluoroalkyl ketones and acetone using organocatalyst 4e
was examined (Table 2). The reaction of various aryl tri-
fluoromethyl ketones 1a-h gave products 2a-h in high
yield with high enantioselectivity (entries 1-7). The

Scheme 1. Construction of a Quaternary Chiral Carbon Center
by Asymmetric Aldol Reaction to Trihalomethyl Ketones

Table 1. Enantioselective Addition of Acetone to 2,2,2-Tri-
fluoro-1-phenylethanone 1a in the Presence of Various Orga-
nocatalysts 3,4

entry catalyst (mol %) TFA (mol %) time (h) yield (%)a ee (%)b

1c 3 (10) 12 97 27

2 3 (10) 36 89 45

3 4a (10) 8 48 83 60

4 4b (10) 8 48 88 75

5 4c (10) 8 48 85 67

6 4d (10) 8 48 91 83

7 4e (10) 8 48 92 89

8 4e (5) 4 48 86 87

9 4e (2) 1.6 72 88 86

10 4e (1) 0.8 120 81 84

aYield of isolated 2a after purification on silica gel. bEe was
determined by HPLC analysis. cThe reaction was carried out at room
temperature.

Table 2. Enantioselective Addition of Acetone to Various
Fluoroalkyl Ketones 1a-i

entry ketone 1 product 2 time (h) yeld (%)a ee (%)b

1 1a 2a 48 92 89

2 1b 2b 48 61 86

3 1c 2c 48 91 86

4 1d 2d 48 76 90

5 1e 2e 48 87 88

6 1f 2f 48 88 84

7 1g 2g 48 95 85

8 1h 2h 48 81 77

9 1i 2i 48 91 92

aYields of isolated 2 after purification on silica gel. bEe was
determined by HPLC analysis.
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heteroatom containing arylaldehyde 1h also resulted in a
good enantioselectivity (entry 8). The reaction with fluor-
oalkyl ketone 1i also gave product 2i in high yieldwith high
enantioselectivity (entry 9).
On the other hand, trichloromethyl-containing com-

pounds have also been found to be useful in medicinal
chemistry.11 Furthermore, these compounds are impor-
tant synthetic intermediates; they can be converted to
R-amino acids, R-hydroxy acids, oxiranes, and R-fluoro
acids.3 Therefore, we next examined the reaction of tri-
chloromethyl ketones 5a-i with acetone using various
organocatalysts 3,4 (Table 3).Moderate enantioselectivity

was obtained in the reactionwith L-proline 3 (entry 1). The
reaction with organocatalysts having heteroarenesulfonyl
groups showed moderate yield and high enantioselectivity
as well as the reaction of 1-aryl-2,2,2-trifluoroethanone
(entries 2-4). We found that N-(8-quinolinesulfonyl)pro-
linamide (4e) is an efficient organocatalyst in the reaction
of 5awith acetone (entry 4). The yield of product 6a can be
improved with a longer reaction time (entry 5). The reac-
tion of various trichloromethyl ketones 5b-i gave pro-
ducts 6b-i in good yield with high enantioselectivity
(entries 6-12), although the reaction with trichloromethyl
ketones 5b,c having an electron-donating substitution
attached to the para-position of the benzene ring decreased
the reaction rate and yield (entries 6 and 7). The absolute
configuration of product 6hwas determined byX-ray crys-

tallography (see the Supporting Information), and the
stereochemistry of other products was tentatively assumed
by analogy. These results are the first example of a highly
enantioselective aldol reaction of trichloromethyl ketones
using organocatalysts.
To expand the scope of the catalyst system,we examined

the enantioselective Mannich-type reaction of a ketimine
with acetone. Although there are only a few reports for the
enantioselective Mannich-type reaction with ketimines,12

the reaction of 2,2,2-trifluoro-1-phenylethanimine 7 with
acetone was catalyzed by 5mol%of organocatalysts 4e to
give product 8 in high yield with high enantioselectivity
(eq 1). The stereochemical outcome of the reaction is in
agreement with the reaction of trichloromethyl ketone 5h.

The enantioselective reaction of trihalomethyl ketones
or a ketimine with acetone using organocatalyst 4e having
a heteroarenesulfonyl group gave products in good yield
with good enantioselectivity, although the reaction using
organocatalyst 4a did not afford a good result (Table 1,
entry 3 vs 7). Therefore, the heteroarenesulfonyl group
plays an important role in exerting enantioselectivity of the
reaction. To clarify the structure of the related compounds
derived from 4e, we studied theMO calculation of catalyst
4e and enamine intermediate 9 prepared from 4e with
acetone by Gaussian 0913 B3LYP/6-311þG** after con-
formational analyses. Themost stable structures for 4e are
depicted inFigure 1. Two nitrogens for quinoline (N1) and

pyrrolidine (N2) arranged to the hydrogen on sulfonimide.
In the optimized structure, the distance between the sulfo-
nimide hydrogen and nitrogens (N1, N2) is 2.267 Å� and
2.181 Å�, respectively. Furthermore, theNBOanalysis14 for

Table 3. Enantioselective Addition of Acetone to 1-Aryl-2,2,2-
trichloroethanone 5a-i

entry 5 catalyst time (h) yield (%)a ee (%)b

1 5a 3 66 45 66

2 5a 4c 48 16 89

3 5a 4d 66 51 85

4 5a 4e 48 54 93

5 5a 4e 144 70 93

6 5b 4e 144 50 96

7 5c 4e 144 33 95

8 5d 4e 48 74 94

9 5e 4e 48 86 93

10 5f 4e 48 87 91

11 5g 4e 48 94 92

12 5h 4e 48 83 96

13 5i 4e 48 46 90

aYield of isolated 2a after purification on silica gel. bEe was
determined by HPLC analysis.

Figure 1. Optimized structure for catalyst 4e.
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4e estimated that the energy of interaction between lone
pairs (LP) of both nitrogens and σ* orbital for the
Nimide-H bond was 3.21 and 4.33 kcal/mol, respectively.
These results imply that the hydrogen on sulfonimide in 4e
makes hydrogen bonding to both nitrogens in quinoline
and pyrrolidine.
The optimized structure for enamine intermediate 9 also

shows hydrogen bonding between the nitrogen in quino-
line and the hydrogen on sulfonimide, although the nitro-
gen in the pyrrolidine ring is separated from the
sulfonimide hydrogenbecauseof the formationof enamine
(Figure 2). TheNBOanalysis for enamine 9 also shows the
interaction between the lone pair of quinoline nitrogen and
the σ* orbital for the Nimide-H bond. The stabilizing
energy for their hydrogen bonding was estimated to be
8.45 kcal/mol.

From the above considerations, the assumed transition
states for the enantioselective aldol reaction of trifluoro-
methyl ketones with acetone are shown in Figure 3. The
hydrogenbonding between the sulfonimide proton and the
8-quinolyl nitrogen atom in the organocatalysts 4e would

play an important role in transition states. There are two
plausible transition states TS-S and TS-R. The reaction
with 4e proceeds more preferably through TS-S giving
(S)-2a, becauseTS-R, which gives (R)-2a, is destabilizedby
steric repulsion between the bulky trifluoromethyl groups
and methyl or the 8-quinolyl groups in enamine 9.15

In conclusion, we have developed a highly enantioselec-
tive construction of a quaternary carbon center by the
reaction of trihalometyl ketones and a ketimine with
acetone (up to 96% ee). We have identified 8-quinoline-
sulfonylated catalyst 4e to be a privileged organocatalyst
for the reaction with various trihalometyl ketones and
ketimine. Further studies are in progress to study the
potential of these catalytic systems in other processes.
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Figure 2. Optimized structure for enamine intermediate 9.

Figure 3. Assumed transition state for the cross-aldol reaction of
1a with acetone, using 4e.
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