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Enantioselective hydrogenation of trifluoroacetophenone over
cinchonidine-modified platinum
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The enantioselective hydrogenation of 2,2,2-trifluoroacetophenone to (R)-1-phenyl-2,2,2-trifluoroethanol represents a new
application of supported Pt catalysts modified with cinchona alkaloids. Heat treatment of a 5 wt% Pt/alumina catalyst at 400°C in
flowing hydrogen, followed by an air-treatment of the reaction mixture before the hydrogenation reaction improved the enantio-
meric excess by a factor of 2.5. Traces of water in apolar medium, high trifluoroacetophenone and moderate cinchonidine concen-
trations were also advantageous for enantiodifferentiation. Both reaction rate and enantiomeric excess increased during the initial

transient period of the reaction, below 10% conversion.
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1. Introduction

The most successful strategy of preparing solid asym-
metric hydrogenation catalysts is the modification of
known metal catalysts, such as platinum or nickel, by
strongly adsorbed chiral compounds of natural origin
[1-4]. The Pt/cinchona alkaloid system provided enan-
tiomeric excesses (ee’s) up to 85-95% in the partial
hydrogenation of a-ketoacids and a-ketoesters [5,6].
Even a few years ago this catalyst system was considered
as extremely specific (almost enzyme-like): any change
in the catalytically active metal, the chiral auxiliary or
the reactant resulted in a considerable or complete loss
of enantioselection.

It has been shown recently that not only cinchona
alkaloids but also structurally simple chiral amines and
amino alcohols [7-11], and a vinca-type alkaloid [12,13]
are efficient modifiers of Pt in the enantioselective
hydrogenation of ethyl pyruvate.

In the late eighties several efforts have been made to
broaden the application range of cinchona-modified Pt,
without a resounding success. Only 5-12% ee was
obtained in the enantioselective hydrogenation of aryl-
alkyl ketones, a-methoxy ketones and g-diketones [14].
The highest ee reported to date in the hydrogenation of a
(-ketoester (methyl acetoacetate) is 20%, using a cincho-
nine-modified Pt/polystyrene catalyst [15]. Recently,
33-38% ee has been obtained in the hydrogenation of -
diketones to (R)-hydroxyketones over Pt/silica modi-
fied with cinchonidine [16]. Here, we report the success-
ful hydrogenation of another type of «-substituted
carbonyl compound, 2,2,2-trifluoroacetophenone
(TFAP) over Pt/alumina modified with cinchonidine
(CD), as shown in scheme 1.
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2.Experimental

A 5 wt% Pt/alumina catalyst (Engelhard 4759) was
used for all experiments. The metal dispersion before
and after reductive heat treatment “A” was 0.38 and
0.27, respectively, as calculated from TEM images [17].
The BET surface area of the catalyst was 125 m? g~!.
Heat treatment was performed in a fixed-bed reactor by
exposing the catalyst to 15-30 ml min~' Ar, H, or air.
Catalyst temperature and gas composition during reduc-
tive and oxidative treatments are shown in scheme 2.

Hydrogenations were performed in a 100 ml stain-
less steel autoclave (Baskerville) with magnetic stirring
(n = 1000 min~'). A 50 ml glass liner with a PTFE cap
and stirrer was used to keep the system inert. Under
standard conditions, 90 +2 mg 5 wt% Pt/alumina
(after reductive treatment A, scheme 2), 1.28 g
(7.35 mmol) 2,2,2-trifluoroacetophenone (TFAP,
Fluka), 13.6 umol cinchonidine (CD, Fluka) and 20 ml
solvent (puriss grade, > 99%) were mixed under air for
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20 min before reaction (in the glass liner of the auto-
clave). The hydrogenation reaction was carried out at
room temperature (20-22°C) and 10 bar pressure. The
pressure was hold at a constant value by a computer-
ized constant volume-constant pressure equipment
(Biichi BPC 9901).

The enantiomeric excess (ee) and conversion were
determined by an HP 5890A gas chromatograph with a
Chirasil DEX CB (Chrompack) capillary column.
The standard deviation of the analytical method was
+0.5%. The enantioselectivity is expressed as ee

(76) = 100 x [([R] — [S)I/([R] + [S)).

3.Results
3.1. Influence of catalyst pretreatment

The saturation of the carbonyl group of 2,2,2-trifluor-
oacetophenone (TFAP) runs smoothly even at low pres-
sures to the corresponding trifluoromethyl benzyl
alcohol; no byproducts were detected by GC analysis.
The ee to the (R)-enantiomer was rather poor when
using CD and a 5 wt% Pt/alumina without any pretreat-
ment (i.e. stored in air in a closed vessel).

As illustrated in scheme 2 and table 1 (entries 1-3),
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reductive pretreatment in flowing hydrogen at 400°C [3]
increased the ee from 16 to over 30%. TEM investiga-
tions revealed that during heat treatment in hydrogen
the average particle size of Pt increased and the disper-
sion decreased by 30-40 (relative) %.

Cooling the catalyst after heat treatment in hydrogen
(“reductive A”’) or nitrogen (“reductive B”’) afforded
about the same ee, but the reaction was faster when
hydrogen was used during cooling (table 1, entries 2 and
3). A reductive pretreatment at 400°C, followed by oxi-
dation with air at the same temperature lowered the ee,
without influencing the reaction time necessary for 90—
95% conversion (table 1, entries 4 and 5). Accordingly,
the “reductive A”” method was used later as a standard
procedure.

When the reaction mixture (containing the prere-
duced catalyst, modifier, reactant and solvent) was
mixed in air before the hydrogenation reaction, the ee
improved further by 7%, as shown in table 2. This treat-
ment had only minor influence on the reaction rate deter-
mined from the initial or the average rate of hydrogen
consumption.

Data in tables 1 and 2 indicate that oxygen should be
avoided during heat treatment of the catalyst at high
temperature, but oxidation of the catalyst surface at
room temperature is advantageous for enantioselection.
A possible explanation for the latter is that during stir-
ring in air the Pt surface is oxidized to PtO,, and the sur-
face oxide is re-reduced to Pt’ active sites at the
beginning of the reaction. The simultaneously formed
water is adsorbed on the catalyst surface and changes the
environment of the active sites. In control experiments,
small amounts of water were injected into the reaction
mixture after stirring in air and before the hydrogena-
tion reaction. Fig. 1 shows that the addition of up to
25 mg water to the toluenic solution slightly increased
the ee. Above the optimum amount of water the ee
dropped rapidly, probably due to phase separation. The
initial rate of hydrogen consumption increased moder-
ately (by a factor of 1.2) after addition of 25 mg water,
but decreased drastically (by a factor of 25) in the
presence of 75 mg water. Note that other effects, such as
the oxidative removal of some surface impurities from
the catalyst during mixing in air in the apolar solvent,
could also have contributed to the observed increase (by
7%) of ee.

Table 1

Influence of catalyst pretreatments, shown in scheme 2 (90 mg 5 wt% Pt/alumina, 1.28 g TFAP, 10 bar, 20°C)
No. Pretreatment Solvent CD Time Conv. ee

(mg) (min) (%) (%)

1 - toluene 2 63 89 16
2 reductive A toluene 2 50 96 33
3 reductive B toluene 2 86 95 33
4 reductive A 1,2-dichlorobenzene 4 105 95 45
5 oxidative 1,2-dichlorobenzene 4 105 91 29
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Table 2

Influence of stirring the reaction mixture in air for 20 min after “reductive A’ catalyst pretreatment and before the hydrogenation reaction (90

mg 5 wt% Pt/alumina, 4 mg CD, 1.28 g TFAP, 20°C)

Stirring Solvent Pressure 0 Time Conv. ee
inair? (bar) (ml H, min—!) (min) (%) (%)
— toluene 10 12 50 96 33
+ toluene 10 10 60 100 40
- 1,2-dichlorobenzene 1 1.8 120 98 42
+ 1,2-dichlorobenzene 1 2.1 120 99 49

2 + and — indicate with or without aerobic pretreatment, respectively.
3.2. Influence of modifier concentration

The strong dependence of ee on the modifier concen-
tration is illustrated in fig. 2. Maximum ee was achieved
with a CD : TFAP molar ratio of 1: 540. The average
reaction rate, calculated from the reaction time neces-
sary for 50% conversion, was 3.5 times higher at this
modifier concentration, compared to the rate of racemic
hydrogenation. The rate acceleration due to the presence
of a chiral modifier was reported to be considerably
higher (up to a factor of 20) in the enantioselective
hydrogenation of ethyl pyruvate over supported Pt cat-
alysts[9,11,13,18,19].

3.3. Initial transient period

Analysis of the initial transient period of the reaction
revealed that both the reaction rate and the ee increase
with time, as shown in fig. 3. This effect is limited to the
beginning of the reaction.

A feasible explanation is that the enantioselectivity
of chirally modified Pt develops gradually. Before the
hydrogenation starts, the Pt surface is in an oxidized
state. Hydrogen rapidly reduces PtO, to Pt (active site)
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Fig. 1. Influence of water injected into the reaction mixture after cat-

alyst prereduction at 400°C and stirring the reaction mixture in air at

room temperature (90 mg 5 wt% Pt/alumina, standard pretreatment,
1.28 g TFAP, 4 mg CD, 20 ml toluene, 10 bar, 20°C).

and adsorbs on the metal surface. Parallel to this reduc-
tion, the adsorption of CD, TFAP and solvent changes
substantially. The proper adsorption of modifier on the
Pt surface increases the ee and also the reaction rate as
indicated by the enhanced rate of TFAP conversion. The
steady-state conditions are seemingly achieved after
about 20 min (10% conversion). A similar phenomenon
has been observed previously in the enantioselective
hydrogenation of ethyl pyruvate [21,22].

However, both conversion and ee are integral values.
The real length of the transient period can only be deter-
mined from the differential (incremental) values. The
incremental ee (eej,c) and reaction rate as a function of
TFAP conversion are shown in fig. 4. After about 2%
conversion the difference between the ee;,. and the final
(integral) ee was smaller than the standard deviation of
the analytical method. Interestingly, the reaction rate
still increased when the ee had already reached its final,
steady-state value. A more detailed investigation is
required in the future to reveal the influence of catalyst
pretreatment and reaction conditions on the nature of
the initial transient period.

The above results suggests that the final ee should
increase when the influence of the initial transient period
is negligible. The increase of ee with increasing reactant
concentration, reaching a plateau above 1 mol ¢!, sup-
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Fig. 2. Influence of modifier concentration on the enantiomeric excess
(90 mg 5 wt% Pt/alumina, standard pretreatment, 1.28 g TFAP, 20 ml
1,2-dichlorobenzene, 10 bar, 20°C).



98

50
10

o 407
R ee 8
@ 2
0 30+ 6 °
s s
© 0 o
5] 7 lqg ©
£ g
i) Q
& 104 Conv. ) ©
c
w

04 -0

0 5 10 15 20
Time, min

Fig. 3. Correlation between enantiomeric excess and conversion (90
mg 5 wt% Pt/alumina, standard pretreatment, 1.28 g TFAP, 4 mg CD,
20 ml 1,2-dichlorobenzene, 1 bar, 22°C).

ports this assumption (fig. 5). In the region of the plateau
the modifier : reactant molar ratio corresponds to
1:(1600—2700).

4. Discussion

Our study indicates that the application range of Pt
catalysts modified by cinchona alkaloids may be consid-
erably broader than expected a few years ago. It was not
clear until now which requirements the reactant has to
fulfill for obtaining good ee: the two carbonyl groups in
a,3 position (a-ketoesters, a-ketoacids and «,(3-dike-
tones) and adsorbed parallel to the Pt surface in trans
position, or a carbonyl group activated by an electron-
withdrawing group in a-position. Our results provide
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Fig. 4. Incremental enantiomeric excess (eej,c) and reaction rate during

the initial transient period, and the final enantiomeric excess at full con-
version (for conditions see fig. 3).
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Fig. 5. Influence of initial reactant concentration on the enantiomeric
excess (90 mg 5 wt% Pt/alumina, standard pretreatment, 1.28 g TFAP,
4mgCD, 20 ml 1,2-dichlorobenzene, 10 bar, 20°C).

evidence for the latter. A comparison of the enantiose-
lective hydrogenation of some aromatic carbonyl com-
pounds, shown in table 3, indicates that medium to good
ee can be achieved only in the presence of an electron-
withdrawing group in a-position (ester, carboxyl and tri-
fluoromethyl groups). There is hardly any enantiodiffer-
entiation detectable for acetophenone (electron-
releasing methyl group).

The enantiomeric excesses reported are not optimized
values; it is likely that the study of the influence of other
parameters in the hydrogenation of TFAP will resultin a
further enhancement of enantiodifferentiation.
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Table 3
The influence of the substituent X in a-position to the carbonyl group
of some simple aromatic ketones on the enantomeric excess

X ee (%)
(o] OEt
N 89.5 @
X O
OH
W 510
o
—CF; 56 ¢
—CH; 2-3¢

¢ For conditions see ref. [20].

b For conditions see ref. [5].

¢ Conditions: 90 mg 5 wt% Pt/alumina, standard pretreatment, 3.8 g
reactant, 4 mg CD, 20 ml 1,2-dichlorobenzene, 10 bar, 20°C.
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