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bstract

An efficient enantioselective catalyst of 5 wt.% Ru/�-Al2O3 modified with R,R-1,2-diphenylethylene-diamine ((R,R)-DPEN) for the hydrogena-
ion of a non-activated aromatic ketone of acetophenone has been investigated, a relatively high enantiomeric excess (ee) of 60.5% was obtained
t both the conversion and selectivity larger than 99%, it was about three times higher than the ee values reported up to now for acetophenone
ydrogenation with the supported transition metal catalysts modified by chiral reagents. The influences of some reaction parameters such as phos-

hine ligand, substrate/catalyst/modifier molar ratios, base, solvent, pressure and reaction temperature have been discussed. The chiral modifier of
R,R)-DPEN was very important in controlling the enantioselectivity through adsorption competing with other substrates on the surface of active
etal species. The phosphine ligand and base were also important and indispensable in the present reaction.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Enantioselective hydrogenation is a core technology in
he production of enantiopure compounds, particularly in the
eld of pharmaceuticals, flavors, fragrances, and agrochemi-
als [1]. The chiral metal complexes as efficient catalysts were
idely investigated, but they are usually expensive and dif-
cult to separate and recover, therefore the immobilization
f homogeneous chiral catalysts and preparation of heteroge-
eous chiral catalysts have been paid more attention recently.
arious strategies have been applied to design heterogeneous
hiral catalysts [2–9], the adsorption of chiral modifiers onto
he active metal surface of supported catalysts was found to be

articularly effective for enantioselective hydrogenation. It was
eported that the nickel catalysts modified with tartrate/NaBr
ere effective for the hydrogenation of �-functionalized and

∗ Corresponding author. Tel.: +86 431 8526 2410; fax: +86 431 8526 2410.
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nfunctionalized aliphatic ketones [2,10,11], and the plat-
num catalysts modified with cinchona alkaloids were efficient
or the hydrogenation of �-functionalized ketones [12–15].
ut, the Ni-tartaric acid system was limited in the hydro-
enation of aliphatic ketones [16–19] and the Pt-cinchona
lkaloid system was limited in the hydrogenation of acti-
ated ketones [13,20,21]. As far as non-activated aromatic
etones are concerned, the enantioselectivity is still low [22–25],
or example, in the enantioselective hydrogenation of ace-
ophenone, an enantioselectivity of 22% ee was reported over
-proline-modified Pd/C catalyst [22], 20% ee was reported over
inchona-modified Pt/C catalyst [23] and 24% ee was obtained
ver chiral organotin modified Pt- and Rh-based catalysts
24,25]. Thus, the investigation in the asymmetric hydrogena-
ion of non-activated aromatic ketones with supported metal
atalysts is still a challenge. In the present work, the enan-

ioselective hydrogenation of acetophenone, a non-activated
romatic ketone, has been studied with (R,R)-DPEN-modified
u/�-Al2O3 catalyst. Some reaction parameters were exam-

ned and the results indicated that the acetophenone could be

mailto:zhaofy@ciac.jl.cn
dx.doi.org/10.1016/j.molcata.2007.08.015
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Table 1
The conversion and enantioselectivity of acetonphenone hydrogenation with
Ru/�-Al2O3 catalyst in the presence of different phosphine ligands

Phosphine ligand Conversion (%) ee (%)

– 99.3 6.5
TPPTSa 6.4 6.5
Tris(4-fluorophenyl)-phosphine 71.6 4.3
Tri-o-tolyl-phosphine 100 3.7
TPP 99.4 54.2

Reaction conditions: acetophenone/Ru/DPEN/phosphine ligang = 420/1/4/4;
a
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1,2-diphenylethylene-diamine (DPEN) to the reactant of
acetophenone (DPEN/substrate) showed a marked impact as
illustrated in Fig. 2. The conversion and ee increased with
increasing of the molar ratio of modifier/substrate at the con-
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ydrogenated to 1-phenylethanol selectively with a high enan-
ioselectivity.

. Experimental

5-wt.% Ru/�-Al2O3, 5-wt.% Ru/C catalysts were purchased
rom WAKO and used as received, 1-wt.% Ru/SiO2 was pre-
ared as described in the literature [26]. All the substrates
f trisodium tris(m-sulfonatophenyl)-phosphine (TPPTS) pur-
hased from Fluca; R,R-1,2-diphenylethylene-diamine ((R,R)-
PEN), acetophenone, KOC(CH3)3, triphenylphosphine (TPP),

ris(4-fluorophenyl)-phosphine and tri-o-tolyl-phosphine from
ldrich; KOH, triethylamine (Et3N) and all the solvents from
eijing Chemical Reagent Plant, are of analytical grade and
sed without further purification. Gases of N2 (99.9%) and H2
99.999%) were used as delivered.

The reaction was performed in a 50 ml stainless autoclave
eactor with a magnetic stirrer. A definite quantity of the catalyst,
R,R)-DPEN, TPP, KOC(CH3)3 and solvent were placed into
he reactor, then 0.85 mmol of the acetophenone was introduced
nder nitrogen atmosphere and the reaction was carried out
ith continuous stirring at the desired temperature and hydro-
en pressure. After reaction, selected samples were centrifuged
nd analyzed by gas chromatograph equipped with FID detector
Shimadzu GC-2010) with a chiral capillary column (�-DEX
rade Mark 120, 30 m × 0.25 m × 0.25 �m), and the products
ere identified by GC/MS. The enantiomeric excess was deter-
ined as ee (%) = 100 × |R − S|/(R + S), the reproducibility of

e was within ±0.5%. The filtrate was collected and analyzed
y GFAAS (PE AA800) for the leaching of Ru from supported
atalyst.

. Results and discussion

The enantioselective hydrogenation of acetophenone, a
on-activated aromatic ketone without electron-withdrawing
unctional groups in the aromatic ring or a functional group at
-position, was selected as the target reaction for investigating

he catalytic performance of (R,R)-DPEN-modified supported
uthenium catalysts. The activity of several catalysts of Ru sup-
orted on different supports like �-Al2O3, C and SiO2 have
een compared, Ru/�-Al2O3 was more effective than Ru/C
nd Ru/SiO2 catalysts for the acetophenone hydrogenation, the
ifference in activity of supports may be attributed to the interac-
ions among support, metal, and substrates [27,28]. In this work,
he (R,R)-DPEN-modified Ru/�-Al2O3 catalyst was selected for
he following studies.

.1. Phosphine ligand

Several phosphine ligands have been firstly checked as a
romoter for acetophenone hydrogenation with Ru/�-Al2O3 cat-
lyst as shown in Table 1. The results indicated that the ee

as only 6.5% in the absence of phosphine, and it was still

ower when TPPTS, tris(4-fluorophenyl)-phosphine or tri-o-
olylphosphine was used, however, a higher ee of 54.3% was
btained at a conversion of 99.4% in the case of using TPP,

F
t
t
0

cetophenone: 0.85 mmol; [KOC(CH3)3]: 0.18 mol/l; i-PrOH: 2.0 ml; PH2 :
MPa; T: 313 K; t: 16 h.
a Solvent: ethylene glycol 2.0 ml.

nd the concentration of TPP presented a large effect on the
nantioselectivity. The concentration of TPP was changed with
arying mole ratio of TPP/Ru at a constant concentration of
cetophenone/Ru/DPEN = 420/1/4, the results in Fig. 1 showed
hat a maximum ee presented at TPP/Ru = 4 and the conversion
f acetophenone was larger than 99%. It is worth noting that
henylethanol was formed as an isolated product with a selec-
ivity of 100% under all the reaction conditions. These results
uggested that phosphine ligands had a marked effect on the
onversion and enantioselectivity, which may be attribute to its
nfluence on the formation of chiral micro-circumstance through
he interaction with chiral modifier. Ru(II) complexes containing
chiral monodentate phosphine ligands and a chiral reagent of
,2-diphenylethylenediamine have been employed successfully
n the enantioselective hydrogenation of ketones, with which a
igher enantioselectivity was reported, and it was interpreted
y the synergistic effect of the phosphine and diamine ligands
29,30].

.2. Molar ratios of chiral modifier/substrate/catalyst

Varying the molar ratio of chiral modifier of R,R-
ig. 1. Effect of the concentration of triphenylphosphine on the enan-
ioselective hydrogenation of acetophenone. Reaction conditions: ace-
ophenone/Ru/DPEN = 420/1/4; acetophenone: 0.85 mmol; [KOC(CH3)3]:
.18 mol/l; i-PrOH: 2 ml; PH2 : 5 MPa; T: 313 K; t: 16 h.
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Fig. 2. Influence of modifier/substrate molar ratio on the enantiose-
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Fig. 3. Effect of temperature on the enantioselective hydrogenation of ace-
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ective hydrogenation of acetophenone. Reaction conditions: acetophe-
one/Ru/TPP = 1000/1/4; acetophenone: 0.85 mmol; [KOC(CH3)3]: 0.18 mol/l;
-PrOH: 2 ml; PH2 : 5 MPa; T: 313 K; t: 16 h.

tant concentration ratio of TPP and catalyst. The highest
onversion and ee were achieved at a DPEN/substrate ratio of
.4 mol%. With further increase in the concentration of DPEN,
he conversion decreased drastically, while the ee changed very
lightly. Which is similar to the literature for the hydrogena-
ion of 3, 5-bis(trifluoromethyl)acetophenone with Pt/Al2O3
atalyst modified by cinchonidine (CD) [21]. It was easy to
nderstand that the ee increased naturally with increasing chi-
al modifier of DPEN, but the excessive amount of DPEN
ould prohibit the adsorption of substrates on the surface of
etal catalyst, thus lowered the reaction conversion. The nature

f the active sites on supported catalysts modified with chi-
al reagents is still a concerning topic of ongoing debate and
nvestigation.

It suggested that the metal catalyst particles are not perfectly
ymmetric structures, they may contain the defects which are
hiral, but in which the amount of left- and right-handed sites
s equal, and such catalysts are racemic and do not yield enan-
iomeric excess in the absence of additional chiral modifier [31].

chiral modifier may interact differently with chiral metal sites
f opposite handedness resulting in one enantiomer of the site
an be selectively poisoned, leaving the other enantiomer pref-
rentially exposed and accessible for the reactant. If this chiral
ite is catalytically active, enantiomeric excess will be induced,
hich may be suitable to the present Ru/�-Al2O3-DPEN-TPP
ystem. From the results in Table 2, an increase in the amount
f catalyst at constant ratio of Ru/DPEN gave out the same ee
alues (entries 1 and 2) and an increase in conversion. However,
t constant ratio of substrate/DPEN the increase in the amount

able 2
he enantioselectivity and conversion of acetophenone hydrogenation with
u/�-Al2O3 catalyst

ntry Sub./Cata./TPP/DPEN Conversion (%) ee (%)

420/1/4/4 100 53.6
1000/1/4/4 84.7 53.1
420/4.2/4/4 100 37.0

eaction conditions: acetophenone: 0.85 mmol; [KOC(CH3)3]: 0.18 mol/l; i-
rOH: 2 ml; PH2 : 5 MPa; T: 313 K; t: 16 h.

3

t
c
t
i
t
5
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a
t
t

ophenone. Reaction conditions: acetophenone/Ru/DPEN/TPP = 1000/1/4/4;
KOC(CH3)3]: 0.124 mol/l; acetophenone: 0.85 mmol; i-PrOH: 2.0 ml; PH2 :
MPa; T: 313 K; t: 16 h.

f metal catalyst led to a decrease of ee (entries 1 and 3), similar
o the increase of Ru/DPEN. Therefore, it was not the ratio of
ubstrate/DPEN but the ratio of Ru/DPEN was crucial for enan-
ioselectivity, namely the interaction and/or the adsorption of
PEN (chiral modifier) on the metal cites played an important

ole in the present catalytic system. While, it is worth indicat-
ng that 18.5% ee was achieved even in the absence of chiral
odifier in the present hydrogenation.

.3. Temperature

The effect of temperature is shown in Fig. 3. The conversion
ncreased sharply with increasing of temperature from 273 to
13 K, and then decreased slightly at 323 K. Enantioselectivity
ncreased with the increase of temperature from 273 to 313 K, the
e presented a maximum of 60.5% at 313 K, and then decreased
o 51.2% at 323K. The same result was also obtained in the lit-
rature [3,21,32], but no unambiguous explanation has yet been
rovided for this effect. A feasible interpretation has been given
or asymmetric hydrogenation of ethyl pyruvate with Rh/Al2O3
atalyst, that the substrate adsorption mode on rhodium surface
hanged and the energy difference between transition states of
wo enantiomers became smaller with increasing temperature
32].

.4. Pressure

The influence of hydrogen pressure on conversion and enan-
ioselectivity is shown in Fig. 4. Under the lower loading of
atalyst ((a) acetophenone/Ru/DPEN/TPP = 1000/1/4/4), both
he conversion and ee values increased initially with increas-
ng of the hydrogen pressure, then the conversion reduced but
he ee values changed very slightly at the pressures above
MPa. Under the higher concentration of catalyst ((b) acetophe-
one/Ru/DPEN/TPP = 420/1/4/4), both the conversion and ee

alues increased with hydrogen pressure and then changed less
fter 4 MPa. It is obviously that high pressure is corresponding
o high hydrogen concentration, which may directly influence
he adsorption of reactant or modifier and such a competition
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Fig. 4. Effect of hydrogen pressure on the enantioselective hydrogenation of ace-
tophenone. Reaction condition: acetophenone: 0.85 mmol; i-PrOH: 2.0 ml; T:
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Table 4
Changes of conversion and entioselectivity with reaction time in different
solvents

Solvent Time (h) Conversion (%) ee (%)

EtOHa 16 15.6 53.0
24 27.2 50.9
32 45.0 51.6

n-PrOHb 5 55.3 55.6
10 76.6 56.9
16 93.7 56.4

i-PrOHc 3 7.36 15.1
10 54.4 45.5
16 99.3 60.5

Reaction conditions: acetophenone: 0.85 mmol; T: 313 K; PH2 : 5 MPa; solvent:
2 ml.
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13 K; t: 16 h. (a) Acetophenone/Ru/DPEN/TPP = 1000/1/4/4; [KOC(CH3)3]:
.124 mol/l. (b) Acetophenone/Ru/DPEN/TPP = 420/1/6/6; [KOC(CH3)3]:
.18 mol/l.

mong them may be more severe under the lower concentration
f catalyst.

.5. Solvent

The effect of different solvents was compared in Table 3. The
esults showed that protonic solvent was more effective than
protonic one. i-PrOH was most active for the present reaction.
he solvent polarity is characterized by the empirical solvent
arameter EN

T [33,34] and the relative permittivity (dialectric
onstant, εT). There is no clear correlation between ee and sol-
ent polarity, but higher ee could be achieved in protonic solvents
ith H-bond donors. This could be attributed to the molecular
nteractions among solvent with the reactant, modifier and metal
urface.

It was reported that the ee strongly depended on the con-
ersion in the enantioselective hydrogenation of ketones over

able 3
esults for enantioselective hydrogenation of acetophenone in different solvents

olvent EN
T εT Conversion (%) ee (%)

eOH 0.762 32.6 41.1 53.3
tOH 0.654 24.6 51.3 55.0
-PrOH 0.617 20.1 93.6 56.4
-BuOH 0.602 7.8 92.5 51.5
-PrOH 0.546 19.92 99.4 54.2
MF 0.404 36.71 2.3 4.1
tOAc 0.228 6.02 1.5 45.5
HF 0.207 7.58 0 –
oluene 0.099 2.38 3.4 4.2

eaction conditions: acetophenone/Ru/DPEN/TPP = 420/1/4/4; acetophenone:
.85 mmol; solvent: 2 ml; [KOC(CH3)3]: 0.18 mol/l; PH2 : 5 MPa; T: 313 K; t:
6 h.
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a Acetophenone/Ru/DPEN/TPP = 1000/1/4/4; [KOC(CH3)3]: 0.124 mol/l.
b Acetophenone/Ru/DPEN/TPP = 420/1/4/4; [KOC(CH3)3]: 0.18 mol/l.
c Acetophenone/Ru/DPEN/TPP = 1000/1/4/4; [KOC(CH3)3]: 0.124 mol/l.

t/Al2O3 catalyst modified by cinchona alkaloid due to the
ompeting hydrogenation of cinchonidine [14,35,36]. From our
esults as shown in Table 4, the enantioselectivity increased with
ncreasing of conversion in i-PrOH, however, it did not change
ith conversion in EtOH and n-PrOH.

.6. Base

The results in Table 5 indicate that the reaction proceeds
moothly in the presence of alkaline base such as KOH,
OC(CH3)3. However, the reaction could not proceed in the
bsence of base or in the case of using weak base (Et3N).
he effects of concentration of KOC(CH3)3 are shown in
ig. 5, with increasing of the concentration of KOC(CH3)3,

he conversion increased largely and then decreased quickly;
hile, the ee reached a maximum value and then changed

lightly. Base is important and indispensable in the present
ydrogenation, the role of it playing in the reaction has been
iscussed in several literature, but it is still a research point
or the enantioselective hydrogenation of ketones up to now.
he enantioselective hydrogenation of ketones using Noyori’s

rans-(bisphosphine)RuCl2(diamine) catalyst provided with an
xceptionally high turnover frequency and excellent enan-
ioselectivity for optically active secondary alcohols [37–40].

t was suggested that at least 2 equiv. of alkoxide base are
eeded to neutralize HCl formed in the catalyst activation,
nd a hydride complex is responsible for an unconventional
ransfer of dihydrogen from the hydride on ruthenium and

able 5
ffect of base on the enantioselective hydrogenation of acetophenone

ase Conversion (%) ee (%)

OC(CH3)3 40.2 31.8
OH 15.1 31.1
t3N 0 –

0 –

eaction conditions: acetophenone/Ru/DPEN/TPP = 420/1/4/4; acetophenone:
.85 mmol; [base]: 0.18 mol/l; i-PrOH: 2 ml; PH2 : 5 MPa; T: 313 K; t: 3 h.
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Fig. 5. Effect of the concentration of KOC(CH3)3 on the enantios-
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Table 6
Comparison of the entioselectivity of acetophenone hydrogenation with hetero-
geneous catalysts modified by chiral reagents

Catalyst ee (%) Reference

S-proline-modified Pd/C 22.5 [22]
Cinchona-modified Pt/C 20 [23]
Pt (−)-Men3SnMe 24 [24]
C
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lective hydrogenation of acetophenone. Reaction conditions: acetophe-
one/Ru/DPEN/TPP = 1000/1/4/4; acetophenone: 0.85 mmol; i-PrOH: 2.0 ml;
: 313 K; PH2 : 5 MPa; t: 16 h.

ydrogen on a diamine amino group to ketone to give alcohol
roduct [37].

.7. The recycling of catalyst

For confirming which phase the reactions occur, is it per-
ormed heterogeneously on the surface of the supported catalyst
r homogeneously in the reaction solution? The recycling of cat-
lyst and leaching of Ru have been investigated. After the first
un, the reaction mixture was centrifuged, and then the catalyst
as separated from liquid mixture by decantation. The catalyst
as washed three times and then introduced into the reactor
ith solvent of i-PrOH, and fresh acetophenone, (R,R)-DPEN,
PP, and KOC(CH3)3 were charged into the reactor again for

ecycling runs. The catalyst could be reused four times without
oss of activity and enantioselectivity under the same reaction
onditions. It is worth noting that the modifer and ligand should
e added again with substrate together in the recycling because
hese reagents were left in the solution. By contrast, no reaction
ccurred when the filtrate liquid phase was mixed with equiv-
lent fresh acetophenone under the same reaction conditions.
he leaching of Ru from Ru/�-Al2O3 into solution has been
easured by using GFAAS (graphite furnace atomic absorp-

ion spectrophotometry), the result shows that only 6 ppm Ru
issolved into the liquid phase at 100% conversion, indicating
hat the reaction was really carried out heterogeneously on the
urface of catalyst, but not homogeneously in the liquid phase.
urthermore, the ee values obtained with the heterogeneous cat-
lyst of Ru/�-Al2O3 changed markedly with the variation of
eaction conditions as discussed above. It is absolutely different
o the result with homogeneous chiral complexes in i-PrOH that
he ee did not change with reaction conditions [37].

.8. Comparison with the other heterogeneous catalytic
ystems
The enantioselective hydrogenation of acetophenone with
upported metal catalysts modified with chiral reagent has
een reported in several literature and the results are compared
inchonidine-modified Pt/Al2O3 17 [20,21]
R,R)-DPEN-modified Ru/�-Al2O3 60.5 Present work

n Table 6. An ee of 22.5% was obtained over S-proline-
odified Pd/C catalyst [22], and 20% ee over cinchona-modified
t/C catalyst [23], which is similar to the results obtained
ver cinchona-modified Pt/Al2O3 catalyst [20,21]. It was also
eported that chiral organotin modified Pt- and Rh-based cata-
ysts were able to hydrogenate acetophenone to phenylethanol
ith a selectivity over 97%, but it gave a low ee of 20% [24]. As
ell as we known, the enantioselectivity of the hydrogenation
f acetophenone with supported transition metal catalysts mod-
fied with chiral modifiers is still low, with an ee value around
0%. However, in the present work with (R,R)-DPEN-modified
u/�-Al2O3 catalyst, the phenylethanol was formed as an iso-

ated product and a higher ee of 60.5% was obtained at the
onversion of acetophenone above 99%, it is about three times
igher compared with the results reported in the literature up
o now for the enantioselective hydrogenation of acetophenone
ith the supported transition metal catalysts modified with the

hiral modifiers.

. Conclusions

A new type of enantioselective catalyst of (R,R)-DPEN-
odified Ru/�-Al2O3 has been testified to be an effective

eterogeneous catalyst for enantioselective hydrogenation of a
on-activated ketone of acetophenone. The results demonstrated
hat the chiral modifier of (R,R)-DPEN was very important in
ontrolling the enantioselectivity through competing adsorption
o other substrates on the active metal species, and the phosphine
igand and base were also indispensable in the present reaction.
ome research topics such as the role of base playing in the
eaction and the catalytic mechanism are still faint in the enan-
ioselective hydrogenation of ketones, which is being studied in
ur further research work.
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