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Abstract

The enantioselective hydrogenation of ring-substituted acetophenones that possess no functional group in theα-position to the keto group
represents the latest extension of the application range of the Pt–cinchona system. The influence of the type of solvent, pressure, t
and modifier/substrate/Pt molar ratios was investigated in the hydrogenation of 3,5-di(trifluoromethyl)acetophenone. Modificatio
5 wt% Pt/Al2O3 catalyst by cinchonidine (CD) afforded the corresponding (S)-1-phenylethanol (69.5% ee). Working in strongly po
solvents, addition of trifluoroacetic acid in a weakly polar solvent, and replacing CD by its ether derivatives resulted in the inve
enantioselectivity. Addition of CD or any of its derivatives always led to a lower reaction rate, contrary to the generally obser
acceleration in the hydrogenation ofα-functionalized activated ketones over the same catalyst system. Another fundamental differenc
hydrogenation ofα-functionalized activated ketones is that both the quinuclidine N and the OH functions of CD influence the stereoc
outcome of the reaction, as clarified by using O- and N-substituted derivatives of CD. Ab initio calculations confirmed these re
mechanistic differences. Inversion of enantioselectivity in the presence of strongly polar and acidic solvents is attributed to special inons
with the OH function of CD, and to the formation of a CD–acid ion pair, respectively. A possible explanation for the moderate ee
hydrogenation of ring-substituted acetophenones is that a reaction pathway without involvement of the OH function of CD is also
This competing pathway is even faster and provides low ee to the opposite enantiomer.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

In heterogeneous catalysis, cinchona-modified Pt is
best choice for the enantioselective hydrogenation of
tones that are activated by a functional group in theα-posi-
tion [1–4]. Thoroughly investigated reactions are the
drogenation ofα-ketoesters andα-ketolactones [3,5–8]
α-diketones [9–13],α,α,α-trifluoroketones [14–17], an
linear and cyclicα-ketoamides [18–20]. In these rea
tions over 90% ee could be achieved after optimiza
of catalyst pretreatment and reaction conditions. In c
trast, hydrogenation of aromatic (deactivated) ketones
the Pt–cinchona system is characterized by poor enan
electivity. A representative example is the hydrogena
of acetophenone with enantioselectivities in the range
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20% [21–23]. The poor efficiency of the Pt–cinchona sys
is indicated also by the unusually low substrate/CD molar
ratio of 6.7 that is necessary to achieve 20% ee to (S)-1-
phenylethanol [23]. For comparison, this ratio is 237,000
the hydrogenation of ketopantolactone [7].

Another heterogeneous catalyst, proline-modified P
afforded 22% ee in the hydrogenation of acetophenone [
Later it was revealed, however, that 1-phenylethanol
produced in a diastereoselective reaction via hydrogeno
of the C–N bond of the proline–acetophenone adduct [2

We have found recently that several acetophenone d
atives possessing an electron-withdrawing functional gr
(F, CF3, COOEt) in different positions at the aroma
ring can be reduced selectively over cinchona-modi
Pt/Al2O3 [26]. The highest ee of 60% was obtained
the hydrogenation of 3,5-di(trifluoromethyl)acetopheno
Interestingly, addition of CD slowed down all hydrogen
tion reactions, independent of the nature or position
the functional group. This behavior contrasts to the g
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Scheme 1. Hydrogenation of substituted acetophenones to phenyleth
over cinchona-modified Pt/Al2O3 and the structure of modifiers.

erally observed rate acceleration in the hydrogenatio
α-functionalized activated ketones [27].

From a broader perspective, a variety of chiral hom
geneous catalysts have been developed in the past
for the hydrogenation of aromatic ketones [28–31]. For
ample, Ru(II)–BINAP complexes of the empirical formu
RuX2(binap)L2 (X = Cl, Br, or I) and derivatives thereof o
fer up to 99% ee’s and very high turnover frequencies (T
up to 259,000 h−1) [32].

Here we report a detailed study of the hydrogenatio
acetophenone derivatives over cinchona-modified Pt/Al2O3
(Scheme 1). The general aim of the study was to ga
deeper understanding of the enantioselective hydrogen
of aromatic ketones over cinchona-modified Pt, and to c
ify the similarities and differences of these reactions co
pared to the well-studied hydrogenation ofα-functionalized
activated ketones.

2. Experimental

2.1. Materials

All acetophenone derivatives and cinchonidine (C
Fluka),N -benzylcinchonidinium chloride (N -BzCDCl, Flu-
ka) and cinchonidine hydrochloride (CD•HCl, Sigma) were
used as received. Ethoxycinchonidine (EtOCD), pheno
cinchonidine (PhOCD), and trimethylsiloxycinchonidi
(TmsOCD) were prepared by Ubichem. Methoxycincho
dine (MeOCD) andN -methylcinchonidinium chloride (N -
MeCDCl) were prepared according to a known method [3
Elementary analysis and NMR spectroscopic data wer
good agreement with the structure of the modifiers.1H and
13C NMR spectra were measured using a DPX 300 s
trometer.

2.2. Catalytic hydrogenation

The 5 wt% Pt/Al2O3 catalyst (Engelhard 4759) was pr
reduced before use in a fixed-bed reactor by flushing
s

rs

N2 at 400◦C for 30 min, followed by a reductive treatme
in H2 for 90 min at the same temperature. After cool
to room temperature in hydrogen, the catalyst was im
diately transferred to the reactor. Platinum dispersion a
heat treatment was 0.27 (determined by TEM [34]).

Hydrogenations were carried out in a parallel press
reactor system Endeavor, with eight mechanically stir
15-ml stainless-steel reactors equipped with glass lin
Control experiments using different amounts of catalyst
varying the stirring frequency did not indicate significa
external mass-transport limitations for the reactions s
ied. Intraparticle diffusion effects cannot be ruled out co
pletely, but are unlikely due to the small catalyst particle s
(50–100 µm) and the relatively low reaction rates compa
to the corresponding racemic hydrogenations. Under s
dard conditions 42± 2 mg catalyst, 1.84 mmol substra
6.8 µmol modifier, and 5 ml solvent were stirred (500 rp
at 10 bar and room temperature (23–25◦C) for 2 h.

Conversion and ee were determined by an HP 6
gas chromatograph equipped with a chiral capillary colu
(WCOT fused silica 25 m× 0.25 mm, coating CP-Chirasi
Dex CB, Chrompack). Enantioselectivity is expressed a
(%) = 100× |(R − S)|/(R + S). The products were iden
tified by GC/MS. Reproducibility of ee was within±0.5%.
The individual optical isomers were identified by GC ana
sis using authentic samples, or by comparison of their
tical rotation (Perkin-Elmer 241 Polarimeter) with literatu
data [35,36]. The assignment of the absolute configura
based on GC retention times as done in [26] gives false
sults.

The average reaction rate is expressed as turnove
quency (TOF, h−1), i.e., the molar amount of reactant co
verted by 1 mol of surface Pt atoms (Ptsurf) in 1 h. The rate is
always calculated in the conversion range specified for e
series of experiments in the captions.

2.3. UV–vis analysis

UV–vis measurements were used to determine the a
amount of CD remaining in the reaction solution after
moval of the catalyst [37]. Measurements were performe
transmission mode on a CARY 400 spectrophotometer
ing a 1-cm path length quartz cuvette. Spectra are give
absorbance units with neat toluene serving as the refer
Pretreatment of the catalyst was performed as describe
the catalytic experiments (see above).

2.4. Theoretical calculations

All electronic structure calculations were carried out
ing GAUSSIAN 98 [38]. The level of theory chosen wa
Hartree–Fock with 6-31G(d) basis set [39,40]. All structu
were optimized using the default cutoff values. In some
culations the effect of the surface was implicitly consider
For this, planar constraints were set in order to keep
quinoline moiety of cinchonidine and theπ -system of the
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3,5-di(trifluoromethyl)acetophenone on the same plane
has been described elsewhere [2,41–44]. All internal coo
nates were optimized where no planar constraints were
Molden [45] was used as graphical interface.

3. Results and discussion

Preliminary screening of conditions revealed that
most influential parameters are the chemical nature of
vent, the pressure and temperature, and the modifier/subs-
trate/Pt molar ratios. The effect of these parameters will
presented in the hydrogenation of 3,5-di(trifluorometh
acetophenone. In this reaction CD afforded the (S)- and
CN the (R)-enantiomers in excess. Though there are o
acetophenone derivatives that could be hydrogenated
higher selectivity (2- and 3-trifluoromethylacetopheno
[26]), those reactions were significantly slower. For the st
of the role of reaction conditions, the two best solven
toluene and ethyl acetate, were chosen. The prelimi
screening experiments indicated that in the early stag
the reactions the ee varied strongly with conversion.
minimize this distortion effect, the reaction rates and en
tioselectivities are compared in a narrow conversion ran

3.1. Influence of pressure and temperature

The influence of pressure on the enantioselectivity
reaction rate (TOF) in toluene and ethyl acetate is sh
in Fig. 1. The rate increases with increasing pressur
expected though the reaction order to hydrogen is v
low in ethyl acetate. Interestingly, low pressure correspo
ing to low hydrogen availability at the Pt surface is
vorable for enantioselection. A similar effect of surfa
hydrogen concentration has been found in the enanti
lective hydrogenation of acetophenone [23] and 2,2,2

Fig. 1. Influence of hydrogen pressure on the reaction rate (TOF) and e
tioselectivity in the hydrogenation of 3,5-bis(trifluoromethyl)acetophen
with 5 wt% Pt/Al2O3 (standard conditions, toluene or ethyl acetate). T
conversion was always in the range 21–23%, corresponding to 90–72
of reaction time.
.

-

fluoroacetophenone [14,46]. This correlation is, howe
opposite to the typical behavior of the Pt–cinchona sys
in the hydrogenation ofα-ketoesters and other activated k
tones [27].

The surface hydrogen concentration may directly in
ence the adsorption of reactant or modifier and thus
enantioselection. It has been shown recently [47] that
adsorption geometry of ethyl pyruvate on Pt changes f
perpendicular to a tilted position due to coadsorption
hydrogen. Furthermore, this competition of hydrogen w
substrate and modifier for surface Pt sites could be an ex
nation for the negative pressure effect shown in Fig. 1.

In addition, high surface hydrogen concentration m
have an indirect effect on the enantioselectivity by acce
ating the hydrogenation of CD. Competing hydrogena
of the quinoline ring of CD during hydrogenation of eth
pyruvate [48] and 2-pyrones [49] diminished the enant
electivity, presumably due to weaker adsorption of the p
tially saturated modifier. This effect is important also h
during the slow hydrogenation of acetophenone derivati
as illustrated in Figs. 2 and 3. The concentration of CD w
followed by UV–vis measurements; details of the meth
have been published elsewhere [37]. Fig. 2a shows the c
acteristic peak of the unhydrogenated quinoline moiety
CD at 315 nm and how it disappears over time due to
uration of the aromatic and/or heteroaromatic ring. The
spectrum of quinoline resembles very much that of CD, c

Fig. 2. UV–vis analysis of CD concentration in solution: (a) spectra ta
during hydrogenation of 3,5-bis(trifluoromethyl)acetophenone (stan
conditions, 1 bar, toluene); (b) an example of the calculation of the ac
CD concentration (for details see the text).
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Fig. 3. Time-dependent changes of conversion, enantioselectivity, an
relative amount of CD in solution during hydrogenation of 3,5-bis(trifluo
methyl)acetophenone (standard conditions, 1 and 10 bar, in toluene).

firming that the UV spectrum of CD is determined by t
quinoline chromophore [37]. Fig. 2b illustrates the de
mination of the actual CD concentration in solution af
filtering off the catalyst. Curve (a) represents the refere
spectrum of CD before reaction (zero time, before inter
ing with the catalyst). Curve (b) represents the spectrum
CD after a certain reaction time. Curve (c) was generate
the following way:

curve (c)= curve (b)− f ∗ curve (a),

wheref represents the factor that has to be chosen to e
inate from curve (c) the characteristic peak of the unhyd
Fig. 4. Influence of temperature on the enantioselectivity and TOF in th
drogenation of 3,5-bis(trifluoromethyl)acetophenone (standard condit
1 bar, in toluene or ethyl acetate). Conversion: 29–31% (correspondi
105–1140 min of reaction time) in toluene and 9–10% (correspondin
120–240 min of reaction time) in ethyl acetate.

genated quinoline moiety at 315 nm. Multiplying the init
CD concentration withf gives the actual CD concentratio
at the sampling time. The reliability of the method was c
firmed by measuring the spectra of solutions containing
calculated amount of CD.

Fig. 3 shows the time-dependent changes of conver
ee, and the actual amount of CD in solution when carry
out the hydrogenation of 3,5-di(trifluoromethyl)acetophe
ne at 1 and 10 bar. The results illustrate why it is necessa
compare the selectivities in a narrow conversion range, p
erentially at above 10% conversion. The sharp drop in
concentration in the first period cannot be interpreted un
biguously as the disappearance of CD from solution ma
attributed to its hydrogenation and also to its adsorption
the catalyst, particularly on the relatively high surface are
alumina support. After 2–3 min the rate of disappearanc
CD strongly depends on the pressure and this effect is cle
due to the different rates of hydrogenation of the quino
moiety.

Increasing reaction temperature (above room tem
ature) diminished the ee in both weakly polar solve
(Fig. 4). The selectivity could not be improved by wor
ing below room temperature, as it was observed in
eral other reactions catalyzed by the Pt–cinchona sy
[7,9,11,20,50]. The negative effect of increasing tempera
above room temperature on the ee is a general feature o
drogenations over cinchona-modified Pt. No unambigu
explanation has yet been provided for this effect. A fe
ble interpretation could be the change of adsorption m
of substrate and modifier, though recent NEXAFS stud
with dihydrocinchonidine and quinoline do not support t
assumption [51,52]. Another likely explanation is that
quinoline ring of CD is hydrogenated faster at higher te
perature leading to a successive loss of ee.

The minor rate enhancement in ethyl acetate with incr
ing temperature, compared to the behavior in toluene
partly due to the increasing partial pressure of the vola
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Fig. 5. Influence of modifier/substrate molar ratio on the enantioselect
ity and TOF in the hydrogenation of 3,5-bis(trifluoromethyl)acetophen
(standard conditions, 1 bar, in toluene or ethyl acetate). Conver
24–26% (corresponding to 75–580 min of reaction time) in toluene
20–21% (corresponding to 260–435 min of reaction time) in ethyl acet

solvent, leading to a decrease in hydrogen partial pressu
the fixed total pressure of 1 bar.

3.2. Influence of substrate/modifier/platinum ratios

The effect of varying the modifier/substrate molar ra
tio is shown in Fig. 5. The concentration range investiga
was limited by the solubility of modifier in the weakly pol
solvents. Increasing the modifier concentration at cons
substrate and catalyst concentrations improved the enan
election, as expected. In both solvents the highest ee’s
achieved at a modifier/substrate ratio of 0.74 mol%, co
responding to a substrate/modifier molar ratio of 135. At
this concentration the modifier/Ptsurf molar ratio was 4.7
Note that this is only a nominal value related to the to
amounts of CD and surface Pt atoms present in the rea
and no conclusion can be drawn concerning the actual
face modifier/Pt molar ratio or the reaction mechanism.

Addition of modifier to the reaction mixture diminishe
the reaction rate as reported earlier for several aceto
none derivatives, including 3,5-di(trifluoromethyl)acetop
none [26]. For example, in toluene under standard co
tions the TOF was 14 h−1 at 0.74 mol% CD/substrate ratio
as compared to 143 h−1 measured in the unmodified r
action leading to racemic product. In the hydrogenation
α-functionalized activated ketones addition of CD usua
induces significant rate acceleration compared to the unm
ified reaction [27]. There is a general agreement in the l
ature that enantioselection and rate acceleration are cou
phenomena over cinchona-modified Pt [3,4,53]. Clearly,
drogenation of acetophenone derivatives does not follow
correlation.

The influence of substrate/modifier/Pt ratios has also
been investigated by varying the amount of catalyst (Fig
An increase in the amount of catalyst (the number of
tive sites) led to a rapid increase in conversion but a
to an almost sixfold drop of ee. This correlation illustra
t

-

r

-

-

d

Fig. 6. Influence of the amount of catalyst (5 wt% Pt/Al2O3) on the
enantioselectivity and conversion in the hydrogenation of 3,5-bis(triflu
methyl)acetophenone (standard conditions, toluene).

Fig. 7. Influence of the modifier/Ptsurf molar ratio on the enantioselectiv
ity in the hydrogenation of 3,5-bis(trifluoromethyl)acetophenone in tolue
The modifier/Ptsurf molar ratio was calculated from the experiments wh
either the amount of modifier (at 1 bar, Fig. 5) or the amount of catalyst
varied (at 10 bar, Fig. 6).

the difficulties of performing the reaction in a continuou
flow fixed-bed reactor where the modifier is fed to the re
tor together with the reactant and hydrogen, and the ac
modifier/catalyst ratio is low [54]. Another important con
clusion is that it is not the cinchonidine/substrate ratio tha
is crucial for enantioselection but the cinchonidine/Pt ratio.
To prove this conclusion, both series of experiments, car
out in toluene and presented in Figs. 5 and 6, are replo
in Fig. 7. Here the ee as a function of the CD/Ptsurf molar
ratio is presented. Despite of the different pressures (1
10 bar) the two curves are very similar. Clearly, good ee
be achieved only at high CD/Ptsurf molar ratios.

The best ee measured during this parameter study
69.5% in the hydrogenation of 3,5-di(trifluoromethyl)ace
phenone under standard conditions at 1 bar in ethyl ace
Under these conditions the conversion was only 10%
ter 2 h. After a prolonged reaction time (19 h) 58% ee
63% conversion was obtained. The lower enantioselect
is likely due to partial hydrogenation of the quinoline ri
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Fig. 8. Influence of solvent polarity characterized by the empirical
vent parameterET

N in the hydrogenation of 3,5-bis(trifluoromethyl
acetophenone (standard conditions).

of CD. Note that optimization of the reaction conditions
achieve the highest yield and ee has not been attempted

3.3. Solvent effect: Inversion of enantioselectivity

The effect of solvents on the enantioselectivity in the
drogenation of 3,5-di(trifluoromethyl)acetophenone is p
ted in Fig. 8 as a function of the empirical solvent param
ET

N [55]. The correlation between the two parameters is
really good and replacing the empirical solvent param
by the relative permittivity (dielectric constant) or cons
ering the Taft constantsα or β did not improve the correla
tion. Still, the striking effect of solvent properties is obvio
The highest ee to (S)-3,5-di(trifluoromethyl)phenylethano
was obtained in the weakly polar solvents toluene and e
acetate (46%). The ee decreased in polar solvents,
in dimethylformamide, isopropanol, and ethanol the ee
verted from the (S) to the (R) enantiomer. This behavio
may be an indication for a significant change in the re
tion mechanism. Note that (hemi)ketal formation could
be detected in ethanol or 2-propanol.

The conversion achieved in 2 h varied in the range
1–71%. There is no correlation between the average r
tion rate and the empirical solvent parameter or the diele
constant.

In the hydrogenation of some activated ketones over
Pt–cinchona system increasing solvent polarity reduces
enantioselectivity. Examples includeα-ketoesters [27,56]
α-ketolactones [34], pyrrolidine-triones [19], andα-dike-
tones [12]. The strong effect of solvent polarity may
attributed to unfavorable interactions of the solvent w
the substrate–modifier complex. In the hydrogenation
ethyl-4,4,4-trifluoroacetoacetate a clear positive correla
between solvent polarity and enantioselectivity was fou
which indicates that in this reaction the substrate–CD in
action is different from that proposed forα-ketoester hydro
genation [17].

Furthermore, it was shown that solvent polarity infl
ences the conformation of CD [57,58]. The most favora
d

-

Fig. 9. Enantioselective hydrogenation of 3,5-bis(trifluoromethyl)ac
phenone in the presence of trifluoroacetic acid (TFA) (standard condit
toluene).

conformation forα-ketoester hydrogenation—open(3)—
dominant in apolar and acidic solvents [43,59,60].

Inversion of enantioselectivity by changing the solv
composition is not unusual in asymmetric hydrogena
reactions. Examples from homogeneous catalysis inc
the hydrogenation of dehydroamino acid derivatives w
rhodium(I) complexes [61,62] and the hydrogenation
imines in the presence of reverse micelles [63]. There
only a few reports on heterogeneously catalyzed react
such as the hydrogenation of ethyl-4,4,4-trifluoroace
over the Pt/Al2O3–MeOCD system [64], and the hydr
genation of pyruvate esters on Pd and Pt modified by a
chona alkaloid [65]. The inversion of ee is usually attribu
to changes in the reaction mechanism. A special cas
the hydrogenation of a pyruvate ester on Pt/Al2O3 mod-
ified by 3-(1-methyl-indol-3-yl)-2-methylamino-propan-
ol [66], where the inversion of ee in acetic acid was attribu
to extensive transformation of the modifier.

3.4. Inversion of enantioselectivity by addition of TFA

The influence of a strong acid additive on the enant
ifferentiation has been investigated using trifluoroacetic a
(TFA, pKa = 0.3 [67]) that is well miscible with organic so
vents (Fig. 9). Note that no (hemi)ketal formation with t
alcohol product in the presence of TFA could be detec
by GC analysis. Addition of TFA had a strong effect on
reaction rate. The TOF dropped by a factor of about 6
ready at low TFA concentration and then barely chang
The selectivity to (S)-3,5-di(trifluoromethyl)phenylethano
decreased monotonously with increasing TFA/CD ratio and
an ee of 11% to (R)-3,5-di(trifluoromethyl)phenylethano
was obtained in the presence of 0.07 ml TFA (TFA/CD =
124 mol/mol, or 1.4 vol% TFA in toluene). The dramat
change in ee is similar to the effect of strongly polar s
vents (Fig. 8).

According to NMR analysis, protonation of the quin
clidine N of CD (pKa = 10.0) requires only one equivale
of TFA [67]. Even if the adsorption of TFA on the alumin
support is taken into account, inversion of enantioselec
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Scheme 2. Structure of TFA–CD complexes in solution (see Ref. [69

ity cannot simply be attributed to protonation of the mo
ifier. For example, addition of 0.002 ml TFA (TFA/CD =
3.8 mol/mol) reduced the ee from 46 to 40% and the (R)-
product formed in excess only at above a TFA/CD mo
ratio of ca. 50.

A probable explanation for the striking effect of TFA
the formation of cyclic TFA–CD ion pairs [68]. The po
sible structures of these ion pairs identified by IR sp
troscopy [69] are shown in Scheme 2. According to a n
three-step reaction pathway [69], not CD but the TFA–
ion pair is the real modifier that interacts with the re
tant in the enantiodifferentiating step. The decrease o
with increasing acid concentration may be interpreted
the increasing dominance of this three-step reaction p
way.

The equilibrium of formation of the complexes shown
Scheme 2 depends on the acid strength. This is the li
explanation for the smaller effect of AcOH (pKa = 4.75) on
the enantioselectivity compared to that of TFA (pKa = 0.3)
(compare Figs. 8 and 9).

The existence of this three-step reaction pathway
been demonstrated for the enantioselective hydrogen
of 4-hydroxy-6-methyl-2-pyrone over cinchona-modifi
Pd/TiO2 [68] and ethyl-4,4,4-trifluoroacetoacetate over c
chona-modified Pt/Al2O3 [69]. In contrast, no evidence fo
the importance of this model could be found yet for the
catalyzed hydrogenation ofα-ketoesters or other activate
ketones [69].

Another possible explanation to be considered is the
tonation of the weakly basic quinoline N of CD. On platinu
and palladium two different adsorption modes of CD ha
been detected by ATR-IR spectroscopy [70]: aπ -bonding
Fig. 10. Hydrogenation of 3,5-bis(trifluoromethyl)acetophenone o
5 wt% Pt/Al2O3 modified by ether derivatives of CD (standard conditio
toluene).

adsorption via the quinoline moiety being approximat
parallel to the metal surface and a N-bonded species th
adsorbed via the quinoline moiety being in a tilted positi
Protonation of the quinoline moiety of CD is expected
influence mainly the latter adsorption mode, while enanti
ifferentiation is attributed to theπ -bonded species. Henc
protonation of the quinoline moiety is expected to have o
a minor influence on the enantioselection.

3.5. Hydrogenation of acetophenones with cinchonidine
derivatives

In order to clarify the role of OH and quinuclidine N fun
tions of the modifier, various CD derivatives (Scheme
have been tested in the hydrogenation of ring-substit
acetophenones. In the hydrogenationof 3,5-di(trifluorom
yl)acetophenone, replacement of CD by its ether derivat
MeOCD, EtOCD, PhOCD, or TmsOCD inverted the en
tioselectivity from an excess of the (S)-alcohol to a small bu
significant excess to the (R)-alcohol (Fig. 10). Interestingly
the steric effects due to the different size of theO-alkyl or
O-aryl group were small. In all reactions the rate was low
than in the unmodified (“racemic”) reaction (not shown).

Due to the importance of these results in identifying
nature of reactant–modifier interaction(s), the experim
with CD, MeOCD, and EtOCD were repeated with a
tophenone and 11 other acetophenone derivatives (for
structure see a former publication [26]). Some represe
tive examples are shown in Fig. 11. The results are sim
to those shown in Fig. 10: in all reactions inversion of co
figuration of the major product was observed when CD w
substituted by one of its ether derivatives. Addition of a
CD derivative resulted in a rate deceleration compared to
unmodified reaction. Importantly, the rates were higher w
the ether derivatives of CD than in the presence of CD. O
ous conclusions which can be drawn from these experim
are that:

(i) the OH group of CD plays a critical role in the enantio
election, and
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rd
Fig. 11. Hydrogenation of acetophenone and some of its ring-substituted derivatives over 5 wt% Pt/Al2O3 modified by CD, MeOCD, and EtOCD (standa
conditions, toluene).
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(ii) a reaction pathway without involvement of the O
group is also feasible; this pathway is even faster
affords low ee to the opposite enantiomer.

There are numerous examples of the inversion of e
asymmetric hydrogenations induced by (small) variation
the structure of the ligand in homogeneous catalysis [71
and that of the chiral modifier in heterogeneous catalysis
73–75]. These striking changes in the sense of enant
lection provide valuable information on the reaction mec
nism.

Next, the role of the basic quinuclidine N in the substra
modifier interaction was tested in the hydrogenation of 3
bis(trifluoromethyl)acetophenone (Fig. 12). When replac
CD by N -MeCDCl orN -BzCDCl, the ee dropped close
zero. A possible side reaction, the hydrogenolysis of
N–C bond inN -MeCDCl or N -BzCDCl would result in
-

Fig. 12. Hydrogenation of 3,5-bis(trifluoromethyl)acetophenone o
5 wt% Pt/Al2O3, modified by N-substituted cinchona alkaloids (stand
conditions, toluene).

CD•HCl. Fig. 12 shows that this possibility can be exclud
as CD•HCl affords 24% ee to the (S)-product. These ex
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Fig. 13. Interaction of CD with 3,5-bis(trifluoromethyl)acetophenone with surface constraints. (a1)pro-(R) top view; (a2)pro-(R) side view; (b1)pro-(S) top
view; (b2)pro-(S) side view.
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periments demonstrate that the quinuclidine N of CD
essential for the substrate–modifier interaction leading
enantiodiscrimination—a crucial feature of reactions ca
lyzed by the Pt–cinchona system [5].

3.6. Theoretical calculations

The structure of the diastereomeric complex formed u
interaction between 3,5-di(trifluoromethyl)acetophen
and CD has been calculated within the frame of a p
viously proposed interaction model [2,41–44], that is
vacuum, with surface constraints simulating flat adsorp
of both reactant and modifier and with the modifier ado
ing an “open(3)” conformation. The results are shown
Fig. 13. The geometry of the interaction complex is s
ilar to that found for the acetophenones within the sa
interaction model [76]. The calculated energy differen
between the pro-(R) and the pro-(S) complexes shown in
Fig. 13 is 0.1 kcal/mol and does not imply significant ena
tiodifferentiation. The uncertainty of the calculated ene
differences is in fact estimated to be considerably lar
(circa 0.5 kcal/mol). The influence of the substitution at th
hydroxyl oxygen of CD (O-alkylation) is not evident fro
these complexes. It is in fact clear from Fig. 13 that the
droxyl group of CD is too distant from the interaction s
to have a significant influence on the interaction with
reactant.

We attempted to find other CD conformations where
hydroxyl group of the alkaloid could be in proximity o
the interaction site (N–H–O bond), therefore influenc
enantioselectivity. In order to do so, the planar surface c
straints were abandoned and the conformation of CD
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Fig. 14. Interaction of CD with 3,5-bis(trifluoromethyl)acetophenone without surface constraints. (a) Interaction mode (1); (b) interaction mode(2).
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changed to open 5. Fig. 14a shows that this conformatio
lows a double interaction between the keto-carbonyl mo
of the substituted acetophenone and the alkaloid. Both
quinuclidine N and the OH groups of the modifier are
volved in the interaction with the reactant through hydro
bonding. Fig. 14b shows a similar complex, which, ho
ever, only exhibits a single hydrogen bond, not involving
O–H group of the modifier. Comparing the two comple
it turns out that the second hydrogen bond involving
O–H group does not stabilize the complex, it rather for
it in a high-energy geometry, resulting in an energy diff
ence of 7.0 kcal/mol in favor of the singly hydrogen-bonde
complex shown in Fig. 14b. Both these complexes exh
higher energies than the ones with planar constraints sh
in Fig. 13. The likely explanation is the higher stability of t
open(3) conformation of CD compared to that of open(5

3.7. Mechanistic considerations

The present study of the hydrogenationof ring-substit
acetophenones (Scheme 1) revealed that the reaction m
anism is different from that proposed for the hydrogena
of α-ketoesters [5,43,59] and extended later to ketopa
lactone [77]. According to this model there is an attrac
and a repulsive interaction between the substrate and
both adsorbed on the Pt surface viaπ -bonding of the quino
line ring of CD and the C=O groups of the substrate. Th
attractive interaction is a single or a bifurcated H bond
volving the basic quinuclidine N and the carbonyl O ato
(Scheme 3) [41]. The OH function of CD is not involv
directly in the substrate–modifier interaction, in agreem
with the early observation that CD and MeOCD affords co
parable enantioselectivities [78].
-

,

Scheme 3. Schematic representation of the interaction of cinchonidine
and anα-ketoester or ketopantolactone in the enantiodifferentiating s
(a) N–H–O interaction with the keto carbonyl of the substrate adsorbe
Pt in a trans position; (b) bifurcated H bond with the keto and ester c
bonyls of the substrate adsorbed on Pt incis position (see Ref. [41]).

In contrast, in the hydrogenation of ring-substituted
fluoroacetophenones replacement of CD by MeOCD le
a loss of enantioselectivity or to a small ee to the oppo
enantiomer [16]. The present study of ring-substituted a
tophenones, not functionalized inα-position, indicates tha
this behavior is a general feature of aromatic ketones
placement of CD by its ether derivatives MeOCD, EtOC
PhOCD, or TmsOCD resulted in a drop in enantioselec
ity and inversion of ee (Figs. 10 and 11). On the other ha
the loss of enantioselectivity by methylation or benzylat
of the quinuclidine N supports the crucial importance
the N–H–O-type interaction between substrate and mod
(Fig. 12).

The ab initio calculations carried out to clarify the role
the OH function of CD were not conclusive. The model t
has been successfully used in the past to explain enan
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e,
ifferentiation in the hydrogenation of activated ketones
Pt modified by cinchonidine and a series of synthetic mo
fiers [43,59,76] failed to predict a considerable enantiodif
entiation in the case of 3,5-di(trifluoromethyl)acetopheno
This model does, furthermore, not offer an obvious expla
tion for the inversion of the sense of enantiodifferentiat
upon alkylation of the OH group of the modifier. When a
suming open(3) conformation for the modifier and para
adsorption of both the quinoline ring of the modifier a
reactant on a flat (ideal) Pt surface, then the OH grou
the modifier is too far away from the binding site to ha
a significant influence on the interaction with the reacta
Furthermore, when changing to the conformation open
where the OH group is closer to the binding site, the
ergy increases. In this conformation a double interac
involving N–H–O and O–H–O hydrogen bonds is possib
when the constraint of coplanarity of modifier and react
is released. However, the interaction involving only the N
bond is considerably more stable.

The special (and yet unknown) role of the OH function
CD is indicated by the remarkable loss of enantioselectiv
or even inversion of ee, in strongly polar solvents inclu
ing the toluene–TFA mixture. We assume that these solv
interact with the OH function of CD and thus disturb t
substrate–modifier interaction and diminish the ee (Fig.
In case of acidic solvents, such as AcOH and TFA, a C
acid ion pair has been suggested to be the real modifie
Pt [69] and Pd [68]. The consequence of the formation of
ion pair is the same as that of polar solvents or O-alkyla
of CD: it blocks the OH function of CD and decreases
selectivity, or even inverts the ee to the opposite enantio
at sufficiently high TFA/CD ratios (Fig. 9).

The considerable loss of enantioselectivity or even in
sion of the sense of enantioselection observed in the p
ence of strongly polar solvents or acids, and when block
the OH function of CD, has presumably the same origin.
likely explanation is that the OH function of CD is critical
the substrate–modifier interaction and blocking of this fu
tional group diminishes or inverts the ee. This behavio
ring-substituted acetophenones contrasts to the mecha
models developed for the hydrogenation ofα-ketoesters and
ketopantolactone over cinchona-modified Pt.

4. Conclusions

The successful enantioselective hydrogenation of r
substituted acetophenones is the latest extension of th
plication range of the Pt–cinchona system and indicates
potential for further, yet unknown applications. These ri
substituted acetophenones do not contain any functi
group in theα-position, a general feature of all other ac
vated ketones that have been hydrogenated efficiently
now by the Pt/cinchona system [4].

A study of some important parameters including press
temperature, substrate/modifier/Pt ratios, and the nature o
-

c

-

l

solvent afforded 69.5% ee, though optimization of the re
tion conditions has not been attempted.

The present mechanistic investigations revealed some
portant features that are strikingly different from those
served in the hydrogenation ofα-ketoesters and other ac
vated ketones [5]. Further deepening of the understandin
the reaction mechanism would necessitate the in situ s
of the adsorption of acetophenones and their interaction
CD on the Pt surface.
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