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Abstract

Enantioselective hydrogenation of acetophenone derivatives demonstrates the potential of the Pt—cinchona system in the synthesis of chira
alcohols that possess no functional group indhgosition to the CH-OH group. Electron-withdrawing functional groups in the aromatic
ring increased the reaction rate and enantiomeric excess (ee), and the position of theogreupdr p-) was also important. 60% ee
was obtained in the hydrogenation of 3,5-di(trifluoromethyl)acetophenone under ambient conditions, though the special role of reaction
parameters has not been investigated yet. Addition of cinchonidine slowed down all hydrogenation reactions—an unprecedented behaviour
for chirally modified Pt.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction none, and 1-phenylethanol was produced in a diastereose-
lective reaction via hydrogenolysis of the C—N bond of the

Two types of chirally modified metal catalysts are effec- adduct[22]. _ _ _
tive in the enantioselective hydrogenation of ketones: the ~ Here, we report the enantioselective hydrogenation of
Ni—tartaric acid system fg8-functionalized and unfunction- acetophenone derivatives over cinchonidine-modified Pt
alized aliphatic ketones [1-4] and the Pt—cinchona alkaloid Al203. Acetophenones possessing various electron-with-
system fora-functionalized (activated) ketones [5-9]. The drawing and releasing functional groups at 2-, 3-, and
Pt—cinchonidine system has been successfully applied alsg*-Positions were selected (Scheme 1) to reveal the role of
for the hydrogenation of activated aromatic ketones, such as€/€ctronic and steric effects on the reaction rate and enan-
1-phenyl-2,3-propanedione [10,11], 2-(trifluoroacetyl)pyr- tioselectivity.
role [12], and 1,1,1-trifluoroacetophenone [13-16]. In the
latter reaction up to 91% enantiomeric excess (ee) was )
achieved under optimized conditions [17]. In contrast, the 2- Experimental
ee is 20% or less in the hydrogenation of the corresponding
simple aromatic ketone, acetophenone [18,19]. Apparently, All reactants and CD were used as received. A 5 wt%
the presence of an electron-withdrawing functional group in PY/Al20s catalyst (Engelhard 4759) was prereduced before
the a-position to the carbonyl group is critical for obtaining Use in a fixed-bed reactor by flushing with lat 400°C
high enantioselectivity with cinchona-modified Pt. for 30 min, followed by a reductive treatment iny Hor

Other catalyst systems have also been tested. Hydrogena20 min at the same temperature. After being cooled to
tion of 3-coumaranone over FiO, modified by chiral bi-

o PUAI,O3, H, OH

naphthalene derivatives afforded only 18% ee [20]. In the x X
hydrogenation of acetophenone with){proline-modified ED)K _— @)\
Pd/C the best ee was 22% at 78% yield [21]. A mechanistic Y toluene, cinchonidine Y

study revealed that proline formed an adduct with acetophe-
X,Y = H, F, CF;, COOEt, OCH;s , CHs

* Corresponding author. Scheme 1. Hydrogenation of substituted acetophenones to phenylethanols
E-mail address: baiker@tech.chem.ethz.ch (A. Baiker). over cinchonidine-modified 5 wt% PAl203.
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room temperature in hydrogen, the catalyst was immediately Table 1
transferred to the reactor. Platinum dispersion after heatHydrogenation of substituted acetophenones with and without cinchonidine
treatment was 0.27 (determined by TEM). under standard conditions (2 h)

Hydrogenations were carried out in a parallel pressure re- Substrate o Yield (%) ee (%} Rel rat@
actor system Endeavor, with eight mechanically stirred 15-
ml stainless steel reactors equipped with glass liners. Control 1
experiments using different amounts of catalyst and varying
the stirring frequency did not indicate significant external
mass transport limitation for the reactions studied. Intraparti-
cle diffusion effects can not be ruled out completely, but are
unlikely due to the small catalyst particle size (50-100 pm)
and the relatively low reaction rates compared to the corre-
sponding racemic hydrogenations (Table 1). Under standard 3
conditions 42+ 2 mg of catalyst, 1.84 mmol of substrate,

2 mg (6.8 umol) of cinchonidine, and 5 ml of solvent were
stirred (500 rpm) at 10 bar and room temperature (23€35
for2 h. 4

Conversion and ee were determined by an HP 6890

gas chromatograph equipped with a chiral capillary column

(WCOT fused silica 25 nx 0.25 mm, coating CP-Chirasil- 5 B 0.3 - 0.50
Dex CB, Chrompack). Enantioselectivity is expressed as ee ' '

0 4.7 17 0.16

- 4.8 2 0.20
0.34 7.8 29 0.29

0.15 9.4 14 0.46

(%) = 100x |(R—S)|/(R+S). The products were identified
by GC/MS. Reproducibility of ee was withi#t0.5%.

0.46 12 44 0.35

3. Resaults

Hydrogenation of acetophenones possessing one or two
substituents in the aromatic ring has been carried out under
identical conditions in toluene. The enantioselectivities and
reaction rates, characterized by the yields achieved in 2 h,
are collected in Table 1. The chemoselectivity in these re- 8
actions was 99% or higher, except for the hydrogenation of
fluoroacetophenonez4. In these reactions defluorination
and saturation of the aromatic ring system was significant.
Scheme 2 illustrates these side reactions after prolonged re-9
action time (16 h), on the example of 3-fluoroacetophenone.
Itis assumed that the basic quinuclidine N atom of cinchoni-
dine (pKay = 10.0 [23]) facilitates dehalogenation. Under
standard conditions in 2 h the amount of defluorinated prod- m/@* 0.44 o4 04 053
ucts was small; nevertheless, formation of HF as coproduct CoHs
might lead to considerable catalyst deactivation. Defluorina-
tion is likely responsible for the relatively low yields in the

0.53 16 14 0.27

- 3.1 29 0.21

- 21 37 0.27

Qoo

hydrogenation 02— and it may also distort the enantiose- 11 2.2 55 0.079
lectivities. Defluorination was even more pronounced in the oMe
case of pentafluoroacetophenone; the results with this reac- o
tant are not shown in Table 1.
12 —0.27 3.3 10.5 0.14
OH OH o
PYALOs, H, MeO
@* saNoaNen i
+ +
toluene, cinchonidine
F 13 /Q)\ - 17 17 0075
(53.8%) (2.7%) (1%)

_ _ _ _ _ @ On the basis of retention times in GC analysis, always the (
Scheme 2. Typical side reactions in the hydrogenation of fluoroacetophe- enantiomer formed in excess, except for the hydrogenati@eofi11.

nones over cinchonidine-modified 5 wt%/Rt>O3. Standard conditions, b Relative rate over CD-modified Pt, related to the rate over unmodi-
16 h, yields in brackets. fied Pt.
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The ee to §)-phenylethanol (17%, Table 1), achieved
in the hydrogenation of the reference compound acetophe-
none (), is close to the highest value (20%) published in the
literature [18,19]. For aryl-substituted acetophenones the ee
varied in the range 2-52%. Estimated on the basis of elution
order during GC analysis, cinchonidine-modified Pt pro-
vided always the{)-enantiomer in excess, except #and
11. Inversion of enantioselectivity in the latter two reactions
could not be confirmed yet by an independent method. For
comparison, under similar conditions cinchonidine-modified
Pt produced theK)-enantiomers in excess in the hydrogena-
tion of 2,2,2-trifluoroacetophenone and its aryl-substituted
derivatives [17].

The chemical nature of the substituent and its position
relative to the carbonyl group strongly influenced the enan- Fig. 1. Optimised structure of the complex between protonated cinchonidine
tioselectivity (Table 1). The role of position of the func- ands-cis-methyl pyruvate, leading taR)- lactate upon hydrogenation [25].
tional group is clearly seen by comparing the ee’s obtained
with fluoroacetophenone44), trifluoromethylacetophe- trifluoroacetophenone[14] was the first evidence against this
nones §-9), and methoxyacetophenonég(12). Steric ef- postulate, indicating that the real requirement for the reac-
fects due to substitution in the 2-position are indicated also tant is the presence of an electron-withdrawing (activating)
by the low reaction rates; the most striking example is the group in thex-position. The results shown here allow fur-

hydrogenation ob. When considering only the- and p- ther refinement of the scope of the Pt—cinchona system. Ap-
substituted acetophenones, there is good qualitative agreeparently, the key requirement is the activation of the car-
ment between the ee and the Hammett parametgrd\ith bonyl group and the position of the activating functional

some exceptionsd( 7, and 13), electron-withdrawing sub-  group is of secondary importance. The presence of electron-
stituents (F, CE, and ester groups: > 0) increased the ee, withdrawing functional group(s) in the aromatic ring of ace-

and electron-releasing substituents (MeO greup: 0) de- tophenone far from the carbonyl group was sufficient to
creased the enantioselectivity, compared to the hydrogena-achieve up to 60% ee.
tion of acetophenone. Theoretical calculations [25] indicated that a possible role

In all known enantioselective hydrogenation reactions of of the electron-rich functional group in the-position to
a-functionalized (activated) ketones, hydrogenation in the the ketocarbonyl group is the stabilization of the hydrogen
presence of a cinchona alkaloid is faster than the correspond-bond interaction between the reactant and the alkaloid on
ing reaction catalyzed by unmodified Pt. This correlation is the Pt surface. The formation of a bifurcated hydrogen
not valid here in the hydrogenation of acetophenone deriva-bond between the quinuclidine N atom of cinchonidine
tives that do not possess an electron-withdrawing functional and the two carbonyl O atoms efcis-methyl pyruvate is
group in thea-position. For all reactant$-13 lower rates shown in Fig. 1 as an illustration. Interestingly, among the
were observed in the presence of cinchonidine as illustratedtrifluoromethyl-substituted acetophenones the substitution at
by the relative rates in Table 1. the 2-position—i.e., closest to the carbonyl group—afforded

The conditions in Table 1 are not optimized for achieving the highest ee5-7, Table 1). This behaviour may indicate
high enantioselectivity. For example, hydrogenation9of  the involvement of a fluorine atom in the reactant-modifier
under standard conditions but at 1 bar instead of 10 barinteraction during hydrogenation 6f
afforded 25% conversion and 60% ee after 8 h. Hence, the A common feature of enantioselective hydrogenations
two electron-withdrawing groups imz-positions tripled over cinchona-modified Pt is the rate acceleration induced
the enantioselectivity, compared to the best ee reported forby the chiral modifier [6,7]. This is not the case for
the hydrogenation of the reference compound acetophenonecetophenone derivatives. For all tested reactants a rate
[18,19]. A detailed study of the influence of various reaction deceleration between a factor of 2 and 13 was measured
parameters on the rate and ee is presently carried out in ou(compare relative rates in Table 1). A closer inspection of
laboratory. the relative rates reveals that these values are always higher

in the presence of electron-withdrawing substituents (i, CF

and ester groups: > 0) and lower with electron-releasing
4. Discussion substituents (Me and MeO groups: < 0), compared to

the relative rate in the hydrogenation of acetophenone.

It was proposed earlier [24] that the efficient enantio- This relationship is conform with the well-known and
selective hydrogenation over cinchona-modified Pt is lim- recently interpreted [26] rate acceleration effect induced
ited to trans-a-dicarbonyl compounds such asketoesters by interaction of the cinchona alkaloid with the activated
or a-diketones. The successful hydrogenation of 2,2,2- carbonyl group on the Pt surface. Note that van Bekkum
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