
S
h

T
a

b

a

A
R
R
1
A
A

K
E
2
T
C
H

1

s
a
p
s
e
t
c
f

s
t
i
d
2
8

n
t
t
m

1
d

Journal of Molecular Catalysis A: Chemical 302 (2009) 43–47

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

tudies of co-modifier and carboxylic acid for the enantio-differentiating
ydrogenation of 2-octanone over a tartaric acid in situ modified nickel catalyst

sutomu Osawaa,∗, Yuki Nakagawaa, Masashi Andoa, Tadao Haradab, Osamu Takayasua

Graduate School of Science and Engineering for Research, University of Toyama, Gofuku, Toyama 930-8555, Japan
Faculty of Science and Technology, Ryukoku University, Seta, Otsu 520-2194, Japan

r t i c l e i n f o

rticle history:
eceived 4 October 2008
eceived in revised form
0 November 2008
ccepted 24 November 2008

a b s t r a c t

The effects of a co-modifier and carboxylic acid on the hydrogenation rate and the enantio-differentiating
ability (e.d.a.) were studied for the hydrogenation of 2-octanone and methyl acetoacetate over a tartaric
acid modified reduced nickel catalyst. For the hydrogenation of 2-octanone, tartaric acid, pivalic acid, and
Na+ were necessary for the appearance of the predominant e.d.a. Sodium pivalate, instead of the typical
co-modifier, NaBr, was appropriate for the in situ modification of reduced nickel. The use of sodium
vailable online 28 November 2008
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pivalate resulted in a higher hydrogenation rate and e.d.a.
© 2008 Elsevier B.V. All rights reserved.
ydrogenation rate

. Introduction

Producing optically active compounds is a key step for synthe-
izing pharmaceuticals and agrochemicals. Many strategies, such
s enantio-selective homogeneous catalysts (organometallic com-
lexes, enzymes, or organocatalysts) [1–6] and enantio-selective
olid catalysts [7–12], have been used and widely studied. The
nantio-selective solid catalysts are some of the promising solu-
ions especially for saving energy and resources, because solid
atalysts have the advantages of easy preparation, easy separation
rom the reaction mixture, and easy reuse.

A tartaric acid–NaBr-modified nickel catalyst is one of the
uccessful enantio-differentiating solid catalysts for the hydrogena-
ion of �-ketoesters [13] and 2-alkanones [14,15]. This catalyst
s a unique solid catalyst for attaining up to an 85% enantio-
ifferentiating ability (e.d.a.) for the hydrogenation of various
-alkanones, for example, 80% for the hydrogenation of 2-octanone,
5% for 3,3-dimethyl-2-butanone, and 72% for 2-butanone [16,17].

The catalyst is prepared by the modification of an activated

ickel catalyst. The modification of the catalyst (adsorption of tar-
aric acid and co-modifier on nickel catalyst) can be performed by
wo methods, one is a pre-modification and the other is an in situ

odification. The pre-modified nickel catalyst is prepared in a dif-
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E-mail address: osawa@sci.u-toyama.ac.jp (T. Osawa).
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ferent vessel from the reactor before hydrogenation of the substrate.
An activated nickel catalyst is soaked in an aqueous solution of tar-
taric acid (modifier) and a co-modifier (typically NaBr) at pH 3.2
and 373 K [18]. The pH of the modification solution is adjusted with
NaOH solution before the modification. On the other hand, the in
situ modification is carried out in a reactor during the initial stage
of the hydrogenation [19–21]. Tartaric acid and the co-modifier are
added to the reaction media.

It was reported that the addition of a carboxylic acid, such as
pivalic acid, to the reaction media was required for attaining a high
e.d.a. for the enantio-differentiating hydrogenation of 2-alkanones
over a tartaric acid–NaBr-modified nickel catalyst [16]. During the
course of our studies on the role of the pivalic acid, we reported
the effect of the addition of pivalic acid on the e.d.a. and the hydro-
genation rate during the hydrogenation of 2-octanone over an in
situ modified catalyst. We proposed the following two points [22]:
(i) the pivalic acid increases the e.d.a. of the in situ modified nickel
catalyst not only by the specific acceleration of the hydrogenation
on the enantio-differentiating sites, but also by the improvement of
the intrinsic e.d.a. of the adsorbed tartaric acid, and (ii) the appear-
ance of the enantio-differentiating ability would need NaBr as a
co-modifier as well as tartaric acid (modifier) and pivalic acid (addi-

tive).

In the present study, in order to investigate the role of the
co-modifier on the enantio-differentiating hydrogenation of 2-
octanone, the effect of the addition of a co-modifier on the e.d.a. and
the hydrogenation rate was investigated using an in situ modified

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:osawa@sci.u-toyama.ac.jp
dx.doi.org/10.1016/j.molcata.2008.11.027
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educed nickel catalyst. As the in situ modification does not need a
H adjustment of the modification solution with NaOH solution, it

s appropriate for investigating the effect of the co-modifier, such
s NaBr, on the hydrogenation rate and the e.d.a. For the activated
ickel catalyst, this study used a reduced nickel prepared by the
eduction of nickel oxide in a hydrogen stream, because reduced
ickel has little Na+ on its surface, while Raney nickel adsorbs lots
f Na+ on its surface during the development of the Ni–Al alloy using
NaOH solution.

. Experimental

All the chemicals, except sodium pivalate, were used as received.
odium pivalate was obtained by the neutralization of pivalic
cid with NaOH solution. The GLC measurements for determin-
ng the conversion and enantiomer excess (e.e.) were carried out
sing a Hitachi 263-30 gas chromatograph and a Shimadzu GC-18A
as chromatograph, respectively. The measurement of the optical
otation was done using a JASCO DIP-1000 polarimeter. The hydro-
enation was carried out in a stirred autoclave produced by OM
ab-Tech Co., Ltd. (Tochigi, Japan). In this study, two types of auto-
laves (No. 1 and No. 2) were used. The heating systems in these
utoclaves were different from each other.

.1. Reduced nickel catalyst

Nickel oxide (Wako Pure Chemical Industries, Ltd., lot CEL7157,
or the hydrogenation of 2-octanone) calcined at 1373 K for 6 h or
ickel oxide (Wako Pure Chemical Industries, Ltd., lot LDQ3413, for
he hydrogenation of methyl acetoacetate) was reduced at 623 K
n a hydrogen stream (40 cm3 min−1) for 1 h to produce a reduced
ickel catalyst.

.2. Enantio-differentiating hydrogenation of 2-octanone over a
educed nickel

2-Octanone (2.5 g) was hydrogenated using the reduced nickel
atalyst (2.0 g) in THF (10 cm3). The modification was carried out
sing an in situ-modification method [22]. (R,R)-Tartaric acid and
co-modifier, NaBr or sodium pivalate (the amounts are stated in

he text) were added to the reaction mixture. For the addition of
aBr, the NaBr was first dissolved in 25 mm3 of distilled water,
ecause the solubility of NaBr in the reaction mixture is low. The
ydrogenation was carried out in a stirred autoclave (No. 1) at the

nitial hydrogen pressure of 9 MPa and at 373 K with a stirring rate
f 1370 r.p.m. The hydrogen pressure in the reactor was recorded
y a PC every 1 min. The hydrogenation rate was expressed by
he amount of hydrogen consumption during the reaction after
he temperature of the autoclave reached the reaction temperature
373 K). After the reaction was completed, the reaction solution was
eparated by decantation from the catalyst, the hydrogenated prod-
ct was dissolved in ether, then washed with a saturated aqueous
olution of K2CO3. The ether solution was then dried over anhy-
rous Na2SO4 and concentrated in vacuo. A simple distillation was
arried out to obtain the hydrogenated product. The conversion was
etermined by GLC analyses (5% Thermon 1000 on Chromosorb W
t 383 K).

.3. Enantio-differentiating hydrogenation of methyl
cetoacetate over a reduced nickel
Methyl acetoacetate (5.0 g) was hydrogenated using the reduced
ickel catalyst (0.5 g) in THF (10 cm3) containing acetic acid (0.1 g).
R,R)-Tartaric acid and NaBr (the amounts are stated in the text)
ere then added to the reaction mixture. The hydrogenation was
Fig. 1. Enantio-differentiating hydrogenation of 2-octanone over a modified
reduced nickel catalyst in the absence of pivalic acid. (©) e.d.a., (�) hydrogenation
rate. Modifier: 1.3 mg of tartaric acid and NaBr.

carried out in a stirred autoclave (No. 1 or No. 2) at the initial hydro-
gen pressure of 9 MPa and at 373 K with a stirring rate of 1370 r.p.m.
A simple distillation was then carried out to obtain the hydro-
genated product. The conversion was determined by GLC analyses
(5% Thermon 1000 on Chromosorb W at 383 K).

2.4. Determination of e.d.a.

The e.d.a. of the modified catalyst was expressed using the opti-
cal purity of the hydrogenated product determined by polarimetry
or the enantiomer excess determined by GLC.

Optical purity (%) = [˛]20
D of the hydrogenated product

[˛]20
D of optically pure alcohol

× 100

The [˛]20
D of the hydrogenated product was calculated using the

following values. Specific gravity: 2-octanol; d20 = 0.8202, methyl
3-hydroxybuturate; d20 = 1.058. Specific optical rotation [˛]20

D of the
optically pure enantiomers: (S)-2-octanol; [˛]20

D = +9.76◦ (neat)
[23], (R)-methyl 3-hydroxybuturate; [˛]20

D = −22.95◦ (neat) [18].
When the purity of the product after distillation was less than 100%
(in the case of the low conversion), the e.d.a. was evaluated by
the e.e. determined by GLC. Acetylation of the sample was carried
out using acetyl chloride and pyridine. A portion of the acetylated
sample was subjected to the analysis using a chiral capillary gas
chromatograph (CP Chirasil DEX-CB (0.25 mm × 25 m) at 373 K). The
e.e. was calculated from the peak integration of the corresponding
enantiomers. In the present paper, for the results of the hydro-
genation of 2-octanone and methyl acetoacetate, the e.d.a. with a
positive sign indicates the (S)-isomer in excess in the product while
the negative sign indicates the (R)-isomer in excess.

3. Results and discussion

3.1. Effects of the addition of NaBr on the hydrogenation rate and
e.d.a.

Fig. 1 shows the effect of the amount of NaBr on the e.d.a. and the
hydrogenation rate without the addition of pivalic acid to the reac-
tion media. In the absence of pivalic acid, the hydrogenated product
of the (S)-isomer in excess (4% e.e.) was attained without the addi-
tion of NaBr. The production of the (R)-isomer was increased by the

addition of NaBr. The hydrogenation rate was also increased with
the increase in the amount of NaBr up to 2 mg. Fig. 2 shows the effect
of the amount of NaBr on the e.d.a. and the hydrogenation rate with
the addition of 5.1 g pivalic acid (50 mmol) to the reaction media.
In the presence of pivalic acid, no addition of NaBr produced the
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ig. 2. Enantio-differentiating hydrogenation of 2-octanone over a modified
educed nickel catalyst in the presence of pivalic acid. (©) e.d.a., (�) hydrogenation
ate. Modifier: 1.3 mg of tartaric acid and NaBr.

ow e.d.a. of 17%. However, the addition of 1 mg of NaBr resulted
n a significant increase in the e.d.a., while the further addition
f NaBr gradually decreased it. The preferential configuration of
he product was (S) irrespective of the amount of NaBr. Although
he hydrogenation was slow without NaBr, the hydrogenation rate
ncreased with the increase in the amount of NaBr up to 2 mg. The
ddition of more than 2 mg NaBr resulted in a decreased hydro-
enation rate. These results in Figs. 1 and 2 support our previous
roposal that for the hydrogenation of 2-octanone, the appearance
f the e.d.a. would require a “nickel catalyst modified with both tar-
aric acid and NaBr” and “pivalic acid in the reaction media” [22].
his study revealed that the combination of the appropriate amount
f tartaric acid, NaBr and pivalic acid increased the hydrogenation
ate. The results for the hydrogenation of 2-octanone were signifi-
antly different from the enantio-differentiating hydrogenation of
ethyl acetoacetate (Fig. 3(a) and (b)). That is, for the enantio-

ifferentiating hydrogenation of methyl acetoacetate over tartaric
cid in situ modified reduced nickel, even in the absence of the car-
oxylic acid, such as acetic acid in the reaction media (Fig. 3(a)),
moderate e.d.a. (54%, (R)-isomer in excess) was obtained with-

ut NaBr. In the presence of acetic acid (Fig. 3(b)), effects of the
mount of NaBr on the e.d.a. and the hydrogenation rate were sim-
lar to those in the absence of acetic acid. Concerning the role of
aBr in the hydrogenation of methyl acetoacetate in the absence of

cetic acid, we proposed that NaBr would have the following two
oles, i.e., Na+ activates the enantio-differentiating sites through
he interaction with tartaric acid, and Br− deactivates both the
nantio-differentiating sites and non-enantio-differentiating sites.
he e.d.a. values and the hydrogenation rate would be determined

ig. 3. Enantio-differentiating hydrogenation of methyl acetoacetate over a tartaric acid–N
o. 2 and (b): in the presence of acetic acid (0.1 g) using autoclave No. 1. (©) e.d.a., (�) h
nd NaBr.
Fig. 4. Enantio-differentiating hydrogenation of 2-octanone over a modified
reduced nickel catalyst in the absence of pivalic acid. (©) e.d.a., (�) hydrogenation
rate. Modifier: 1.3 mg of tartaric acid and sodium pivalate.

by the combination of these effects of Na+ and Br− [24]. It was
revealed that these effects were observed both in the hydrogena-
tion of methyl acetoacetate and 2-octanone, except that (S)-isomer
in excess was obtained for the hydrogenation of 2-octanone in the
presence of pivalic acid.

3.2. Effects of the addition of sodium pivalate on the
hydrogenation rate and e.d.a.

It was mentioned in Section 3.1 that NaBr, as well as pivalic
acid, were mandatory for the appearance of the predominant e.d.a.
for the hydrogenation of 2-octanone over the TA in situ modified
reduced nickel catalyst. In order to clarify the effects of the Na+ in
the reaction media on the e.d.a. and the hydrogenation rate, sodium
pivalate was employed instead of the NaBr for the investigation
of the effects of the amount of Na+ on the e.d.a. and the hydro-
genation rate. Fig. 4 shows the effects of the amount of sodium
pivalate on the e.d.a. and the hydrogenation rate in the absence of
pivalic acid. The e.d.a. was 4–9% ((S)-isomer in excess) irrespective
of the amount of sodium pivalate. The hydrogenation rate increased
with an increase in the amount of sodium pivalate. Fig. 5 shows the
effects of the amount of sodium pivalate on the e.d.a. and the hydro-
genation rate when 5.1 g (50 mmol) of pivalic acid was added to the
reaction media. The addition of 1.2 mg of sodium pivalate resulted

in a significant increase in the e.d.a. (62% at the hydrogenation tem-
perature of 373 K) and almost a constant e.d.a. with the further
addition of sodium pivalate. The hydrogenation rate increased as
well with an increase in the amount of sodium pivalate. As the
addition of sodium pivalate as the co-modifier resulted in a 60%

aBr-modified nickel catalyst: (a): in the absence of acetic acid [22] using autoclave
ydrogenation rate. Reduced nickel catalyst: 0.33 g, modifier: 2.5 mg of tartaric acid



46 T. Osawa et al. / Journal of Molecular Cata

F
r
g

e
f
t
r
t
d
t
p
o
s
n
d
t
n
B
a
r
s
d
g
s
t
1
2
v
p
c
i
a
5
a

F
r
g

ig. 5. Enantio-differentiating hydrogenation of 2-octanone over a modified
educed nickel catalyst in the presence of pivalic acid (5.1 g). (©) e.d.a., (�) hydro-
enation rate. Modifier: 1.3 mg of tartaric acid and sodium pivalate.

.d.a., it would be concluded that not Br−, but Na+ was important
or the increased e.d.a. Comparing the effects of NaBr (Fig. 2) and
hose of sodium pivalate (Fig. 5), the addition of sodium pivalate
esulted in a higher e.d.a. and a higher hydrogenation rate than
hose of NaBr. Furthermore, the excess addition of sodium pivalate
id not lead to a decreased e.d.a. and hydrogenation rate. Based on
hese results, it was revealed that sodium pivalate is a more appro-
riate co-modifier than NaBr for the hydrogenation of 2-octanone
ver the tartaric acid-modified reduced nickel catalyst. Br− is con-
idered to produce an increase in the e.d.a. by deactivation of the
on-enantio-differentiating sites (where racemic products are pro-
uced) [25]. As the area of the non-enantio-differentiating sites of
he reduced nickel catalyst would be smaller than that of the Raney
ickel catalyst [25], the increase in the e.d.a. by the adsorption of
r− was low for the reduced nickel. Fig. 6 shows the effects of the
ddition of sodium pivalate on the e.d.a. and the hydrogenation
ate when 1.3 g (12.7 mmol) of pivalic acid was added. The e.d.a.
ignificantly increased with 1.2 mg of sodium pivalate and slightly
ecreased with the further addition of sodium pivalate. The hydro-
enation rate was significantly increased with the addition of 1.2 mg
odium pivalate, then gradually increased with the addition of more
han 1.2 mg. The hydrogenation rate values in Fig. 6 (pivalic acid:
.3 g) were greater than those in Fig. 5 (pivalic acid: 5.1 g). As the
-octanone would be competitively adsorbed on the nickel surface
ersus pivalic acid, the presence of a lower amount of pivalic acid
roduced a higher hydrogenation rate. The characteristics of the

hanges in the e.d.a. and the hydrogenation rate in Fig. 6 were sim-
lar to those in Fig. 5. However, the maximum e.d.a. of 42% was
ttained with 1.3 g of pivalic acid, while 62% with the addition of
.1 g of pivalic acid. The e.d.a. value depended significantly on the
mount of pivalic acid, not on the amount of sodium pivalate. The

ig. 6. Enantio-differentiating hydrogenation of 2-octanone over a modified
educed nickel catalyst in the presence of pivalic acid (1.3 g). (©) e.d.a., (�) hydro-
enation rate. Modifier: 1.3 mg of tartaric acid and sodium pivalate.
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amount of 1.2 mg (9.7 × 10−6 mol) of sodium pivalate and 1.3 mg
(8.7 × 10−6 mol) of tartaric acid are on the same order. As these val-
ues correspond to about 1/2000 of the amount of 2-octanone (2.5 g
(1.95 × 10−2 mol)) and to about 1/5000 of the amount of pivalic
acid (5.1 g (5.0 × 10−2 mol)), sodium pivalate added to the reac-
tion media would have an interaction with tartaric acid on the
surface. Based on the fact that the pKa1 of tartaric acid (2.93) is
smaller than that of pivalic acid (5.01), it would be reasonable to
assume that sodium ions from sodium pivalate formed the sodium
salt of tartaric acid. For the enantio-differentiating hydrogenation
of 2-octanone, the appearance of the predominant e.d.a. and the
increase in the hydrogenation rate would be realized by the inter-
action between “the complex of pivalic acid and 2-octanone” and
“the sodium salts of tartaric acid”. When tartaric acid does not
form its sodium salt, the interaction between the “tartaric acid”
and “2-octanone-pivalic acid complex” would not be appropriate
for the effective enantio-differentiation. Effective formation of “2-
octanone-pivalic acid complex” would be realized by the addition
of about twice the moles of pivalic acid to 2-octanone.

4. Conclusion

The effects of a co-modifier and carboxylic acid on the hydro-
genation rate and the enantio-differentiating ability were studied
for the hydrogenation of 2-octanone and methyl acetoacetate over
a tartaric acid modified reduced nickel catalyst. For the hydro-
genation of 2-octanone, tartaric acid, pivalic acid, and Na+ were
necessary for the appearance of the predominant e.d.a. The appear-
ance of the e.d.a. and the increase in the hydrogenation rate would
be realized by the interaction between “the complex of pivalic acid
and 2-octanone” and “the sodium salts of tartaric acid”. Sodium
pivalate, instead of the typical co-modifier, NaBr, was appropriate
for the in situ modification of reduced nickel. The use of sodium
pivalate resulted in a higher hydrogenation rate and e.d.a. than
the use of NaBr. The 62% e.d.a. attained by the hydrogenation
in the presence of sodium pivalate at 373 K was lower than 80%
e.d.a. attained by the hydrogenation at 323 K over the tartaric
acid–NaBr-pre-modified nickel [26]. The effects of the hydrogena-
tion temperature on the e.d.a. for the hydrogenation of 2-octanone
using sodium pivalate are under way.
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