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Abstract

Enantio-differentiating hydrogenation of methyl acetoacetate was carried out over supported nickel catalysts modirff)atdntaric
acid and NaBr. The types of support and the preparation methods affected the enantiomeric excess of the obtained produR);3methyl (
hydroxybutyrate. Nickel supported on aluminum oxide gave the best enantio-selectivity. Silica-supported catalysts showed lower selectivities.
In particular, precipitation deposition of nickel on silica forms nickel silicate, which was difficult to be reduced and constituted a lattice defect
of nickel surface. Even reduced nickel surface could be contaminated by silicon in nickel silicate. This defect and the surface contamination
may disrupt the arranged adsorption of tartaric acid and reduce the enantio-selectivity of the catalysts.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cation time, temperature, pH, the amounts of modifier and
co-modifier affected the optical yield of produjd0-13]
Supported nickel catalysts are very important in indus- Generally a large crystallite size of nickel shows a higher
trial processes. They are easy to handle, highly active, andoptical yield of producf14—-16] so the supported nickel cat-
economid1,2]. The general methods for the preparation of alysts for enantio-differentiating hydrogenation are prepared
supported nickel are impregnation, ion-exchange, and precip-with high loadings above 40 wt.% for the formation of large
itation deposition of nickel precursor on the oxide supports nickel crystallites on support. The interaction of nickel with
[3]. These methods produce different states of nickel on sup-support and the state of nickel on support depend very much
ports that lead to different activity, selectivity, and stability on support type and the method of nickel loadjh@d]. Thus
of catalysts. the optical yield of methylR)-3-hydroxybutyrate, a product
Tartaric acid-modified nickel is a peculiar heterogeneous of enantio-differentiating hydrogenation of methyl acetoac-
catalyst for the enantio-differentiating hydrogenationBef etate, could also be affected by the type of support and the
keto-ester such as methyl acetoacef@t®]. It was reported method of nickel loading.
that the dispersion of nickel was a very important factor in Catalysts for the enantio-differentiating hydrogenation
this reaction, and modification conditions such as modifi- of methyl acetoacetate have been prepared by the method
of homogeneous precipitation deposition in &3 or
mspondmg author. Tel. +82 54 279 2263/8272: NH;_;OH solution[18—23]and impregnation of su_pports with
fax: +82 54 279 5528, a nickel precursof24-27] The purpose of this research
E-mail addresskyunglee@postech.ac.kr (K.H. Lee). is to study the effects of preparation method of supported
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nickel on the activity and selectivity of the catalyst modified Nitrogen was introduced as a carrier gas and the oven temper-

by tartaric acid and sodium bromide solution in the enantio- ature was programmed from 45 to 28D with an initial du-

differentiating hydrogenation of methyl acetoacetate. ration of 15min. The enantiomeric separation was achieved

Impregnation and homogeneous precipitation deposition by Waters HPLC system equipped with a chiral column (Chi-

methods were applied to the preparation of supported nickel,ralpak AS, 0.46 cnmx 25 cm, Daicel Industries) and an UV

and aluminum oxide and silica were used as supports. detector £ = 210 nm). The enantiomeric excess (ee) was cal-
culated from the equation:

[R-MHB] — [S-MHB]

2. Experimental ee (%)= (RAMHB] + [SMHE]

x 100

2.1. Catalyst preparation where [R-MHB] and [S-MHB] denote the concentra-

tions of methyl R)-3-hydroxybutyrate and methylS)-3-

Supported nickel catalysts on aluminum oxide (activated, hydroxybutyrate, respectively.

acidic, specific surface area 160.8/mm Aldrich) or silica
(fumed, specific surface area 204.2/g) Aldrich) were pre-
pared by the impregnation (Imp) and the precipitation deposi- 2.3. Catalyst characterization
tion (Pre) methods. The weight ratio of nickel to support was
2:3 (40 wt.% nickel loading). Impregnated samples were pre-  The specific BET surface areas, and pore size distributions
pared by the evaporation of water from an aqueous N{NO  were calculated from Nadsorption—desorption isotherms
(flake, Aldrich) solution containing support powders. Precip- obtained on a constant volume adsorption apparatus (ASAP
itated samples were prepared by the use of sodium carbon2010C, Micrometrics) at-196°C for samples degassed at
ate as precipitant at a temperature ofZ5 The precipitated  150°C for 10 h.
samples were filtered and washed three times with 500ml  The metal loading of prepared catalysts was determined
of warm distilled water. These impregnated and precipitated by inductively coupled plasma-atomic emission spectroscopy
samples were dried at 10Q for 12 h, calcined at 500C for (ICP-AES).
5h under static air atmosphere, and then finally reduced at The phase of supported nickel was determined by powder
500°C for 2 h in a hydrogen flow of 2.0 mmol/min. X-ray diffraction (XRD) on a MAC Science diffractometer
The reduced sample was modified by an aqueBR){ (Model M18XHF) operated at 40 kV and 200 mA with CaK
tartaric acid (99%, natural tartaric acid, Aldrich) and sodium radiation ofA = 0.154 nm. The XRD patterns were obtained
bromide solution. Under inert atmosphere, 6.7 mmol of with a scanning range from 1@ 90° and a scanning rate of
(RR)-tartaric acid was mixed with 100 ml distilled wa- 4.0°/min. To probe the electronic state of nickel, X-ray pho-
ter. The pH of modification solution was controlled to 2.5 toelectron spectroscopy (XPS) experiment was carried out
by adding a 1IN NaOH solution. With vigorous stirring, by using EscalLab 220-IXL with the source of MgxKhv
the modification solution was degassed under vacuum. The= 1253.6 eV). The calcined samples were uniformly ground
reduced catalyst was immersed in the modification solu- into fine powders together with gold powders and pressed
tion at 50°C for 40 min. The co-modifier, sodium bromide to pellets. The binding energy of nickel was referenced to
(48.6 mmol) was then added and the modification was con-the peak of Au metal (84.0eV for 4% core level). Then,
tinued at an increased temperature of 100for 20 min. the pellets of calcined samples without gold powders were
The modified catalyst was separated from the modifica- reduced at 500C under b stream, and analyzed by XPS.
tion solution by centrifuge and washed two times with Temperature-programmed reduction (TPR) was performed

methanol. with a reacting gas of 5% #balanced with He. Tempera-

ture was ramped from 100 to 90Q at a constant rate of
2.2. Enantio-differentiating hydrogenation of methyl 10°C/min. The BO content of effluent was detected by a
acetoacetate mass selective detector (HP MSD 5973).

The patrticle size and dispersion of nickel were estimated

A stainless steel autoclave (50 ml, Autoclave Engineers by CO chemisorption at room temperature, assuming
Inc.) with a magnetic stirrer was used for high pressure re- hemispherical Ni particles and an adsorption stoichiom-
actions. With 5 g of methanol solvent, 43.1 mmol of methyl etry (CO:surface Ni) of 1:2[21,22,27] The linear CO
acetoacetate (99%, Acros) was hydrogenated over 0.6 g ofchemisorption and physisorption isotherms were obtained
modified nickel catalyst at 10@. The pressure of hydrogen and the difference was extrapolated to zero pressure to
was initially 9.0 MPa and decreased as reaction progressed.calculate the amount of chemisorbed CO molecules.

In order to calculate the conversion of methyl acetoacetate Transmission electron microscope (TEM) images were
and enantiomeric excess (ee) of the product, the reaction mix-obtained on a Philips STEM CM 200 instrument operated
ture was analyzed by gas chromatography and liquid chro-at 200kV. The samples were ultrasonically dispersed in
matography. The gas chromatograph HP 5890 Series Il wasethanol in advance and loaded on a carbon-coated copper
equipped with a FID detector and a HP-5 capillary column. grid.
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Table 1

Effects of supports and catalysts preparation methods on the texture of cétalysts

Supports Supporting methods Ni content (%) BET areddin Mean particle size (nm) Notation
Al>,O3 Impregnation 40.5 78 298 Al>03-Imp
Al,03 Precipitation 38.9 102 260 Al>,O3-Pre
SiO, Impregnation 39.8 102 204 SiOy-Imp
SiO, Precipitation 38.5 338 9.2 SiO,-Pre

a Catalysts were calcined at 500 for 5 h, and reduced at 50 for 2 h under hydrogen stream. The BET areas of pristin®4klnd SiQ were 160.0,
and 204.2 ri/g, respectively.

3. Results and discussion 3.2. Effects of preparation methods on the phase of
nickel

3.1. Effects of supports and catalyst preparation

methods The XRD patterns of calcined and reduced samples are
listed in Fig. 3. In Fig. 3(a), four samples were calcined

Table 1shows the effects of supports and catalyst prepa- at 500°C for 5h. ALOs-Imp, AloOs3-Pre, and Si@Imp
ration methods on the texture and dispersion of catalysts. Forsamples have a phase of crystalline nickel oxide (NiO)
all four catalysts, the nickel content was almost the same atafter the calcination step. But in the Si®re sample, an
40 wt.% regardless of preparation methods and types of sup-amorphous phase of nickel silicate was detected while no
port. The BET areas of ADs3-Imp, and AbO3-Pre are 79.6  nickel oxide phase was observgd28-31] The phase of
and 101.4 /g, which are smaller than 160.Gfg of the nickel silicate (NiSiQ) was reported by CoendB2], who
pristine AbO3 support. Si@-Imp shows a BET area about
104.2 nt/g whichis ca. a half of Si@supportitself, but Sig- ' '
Pre has a BET area of 336.8/g which is larger than that of 2r 1
silica. The increased surface area suggests that the structure (@) Al,Oq 1
of SiO,; has been completely changed upon nickel loading
by precipitation, as discussed below. The pore size distribu-
tions of supports and calcined catalyst samples are listed in
Fig. 1 The pristine A}Os support shows pore sizes around
3—4 nm and AlO3-Pre, and AdO3-Imp have pore size distri-
bution peaks at 3and 4 nm, respectively. The catalyst samples
supported on AlO3 have smaller pore volumes than the sup-
port before metal loading. It appears that the pore ofAl
support is partially blocked by nickel during sample prepara- ot
tion. SiGx-Imp shows a similar trend; pore volume reduced . .
from that of SiQ itself, especially for small pores of less
than 30 nm. But Si@Pre shows a completely different pore Pore diameter /nm
size distribution with a high peak around 3.5 nm. This com- ' '
pletely reorganized pore structure may be responsible for the
increased surface area of this sample relative to that of SiO
alone.

The mean particle size of nickel was measured by CO
chemisorption. On AlO3 support, larger nickel particles are
formed probably due to the smaller specific surface areas.
The impregnated samples show larger mean particle sizes
of nickel than precipitated nickels on both supports. TEM
images of four reduced samples are showrkig. 2 The
nickel particle sizes of AlOs-Imp, Al,Os-Pre, and SiQ-

Imp samples which are calculated pyd;n;/> " n; agree with of
the values calculated from CO chemisorptioffable 1 But

in the TEM image of Si@-Pre sampleKig. 2d)), nickel
particles are highly dispersed on silica with the mean particle
size of nickel around 5nm, \_NhICh IS SUbStant,la”y smaller Fig. 1. Pore size distributions of calcined samples: (&) Al O3 support;
than the value of 9.2nm obtained by CO chemisorption. We () a,04-imp; () Al,05-Pre. (b) W) SiO, support; @) SiOa-Imp; (4)
will discuss this phenomenon Bection 3.2 SiO,-Pre samples.
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Fig. 2. TEM images of (a) AlOs-Imp, (b) Al,03-Pre, (c) SiQ-Imp, and (d) Si@-Pre samples reduced at 50D.

prepared a silica-supported catalyst with a nickel content above 450-650C [28]. Thus, the reduction peaks observed
of about 25% by hydrolysis of urea in the precipitation at350-450C for Al;Os-Imp, Al,O3-Pre, and Si@-Imp rep-
reaction. This phase of nickel silicate was difficult to be resent the reduction of supported nickel oxide with only a
reduced below 500C [1]. Fig. 3(b) shows the XRD patterns  weak interaction with the support, while the higher reduction
of samples reduced at 50C for 2 h under hydrogen stream. temperature above 60C for SiO,-Pre represents the reduc-
Like calcined samples, the crystalline phase of nickel metal tion of nickel silicate. In the reduction of ADs-Imp, a small
was observed in the reduced@3-Imp, Al,Os-Pre, and second reduction peak at 58D could be due to the lim-
SiOy-Imp samples, but not in the reduced %iPre sample ited formation of NiAbO4 phasg33] which comes from the
which is also amorphous. In reduced $iPre, the metallic  dissolution of AP+ ions during impregnation of the ADs
nickel phase is partially formed, but still the substantial por- support with Ni(NQ)2 solution. In the Si@-Pre sample, the
tion of the nickel silicate phase remains unreduced. Thus, atcomplete reduction of nickel was impossible at the reduction
the reduction temperature of 500, the precipitated nickel  temperature of 500C. Overall, the nickel in the Si©Pre
on silica could not be completely reduced to nickel metal. sample has a very different local environment from that of
The reducibility of each calcined sample was determined other samplef34].
by the temperature-programmed reduction (TPR), and the As shown inTable 1andFig. 2, the mean particle size of
results are shown iRig. 4 The majority of nickel in A}O3- nickel from CO chemisorption was larger than that estimated
Pre, SiQ-Imp, Al,Os-Imp, and SiQ-Pre are reduced with  fromthe TEM experiment atthe SycPre sample. The reason
the peak temperatures of 350, 400, 430, and°&30espec- for this inconsistency is now obvious, i.e. the difficulty of re-
tively. Especially, the Si@Pre sample shows a broad peak duction of nickel silicate. The nickel silicate of SiPre was
around 630C representing difficulty of reduction of nickel not completely reduced to nickel metal, and unreduced nickel
in this sample. Under the similar TPR conditions, the nickel remaining on the surface does not chemisorb CO, and thus
precipitate obtained in the absence of silica showed a peakthe particle size of nickel metal based on CO chemisorption
at 320°C, while the phase of 2:1 phyllosilicate was reduced was overestimated.
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‘ " m ‘ ‘ Fig. 4. HO release from the calcined samples by temperature-programmed
reduction (TPR) of supported nickel oxides. Sample = 10.0 mg; ramping rate
- =10°C/min; flow rate (5% H balanced with He) = 50 ml/min.
| ALOsImp of unreduced nickel remaining, which might be due to the
3 NiAl 204 phase present as a minor phase in these samples be-
> AlLO,-Pre fore the reduction. In Si@Imp, the majority of nickel oxide
@ has been reduced to nickel metal, with a small portion remain-
E SiO,-Imp ‘k ing in nickel silicate. In Si@-Pre, a small portion of nickel
A silicate is reduced to nickel metal, but the majority of the sur-
SiO,-Pre @) 0 face state remains unreduced. So it could be concluded that
' the surface of nickel in AlO3-Imp and AbOs-Pre is well-
crystallized nickel metal while in Si&lmp and SiG-Pre,
20 30 40 50 60 70 silicon from nickel silicate could contaminate the surface of
(b) 20 / degree nickel metal. Furthermore, the majority of nickel in Si®re

is nickel silicate, and even the reduced part of nickel surface
Fig. 3. XRD patterns of supported nickel after (a) calcination of ZDor would be contaminated by silicon.

5h, and (b) reduction at 50C for 2 h: @) NiO; (O) NiSiOs; (W) Ni.

3.4. Effects of preparation method on activity and

3.3. Effects of preparation method on the surface state enantio-selectivity of catalysts

of nickel In Table 2 the activity and enantio-selectivity of various

catalysts are compared. It should be noted that these catalysts
differ in preparation methods of supported nickel catalysts,
but have been modified witlR(R)-tartaric acid and NaBr so-
lution by the same procedure. The activity is represented in
the time required to reach the given conversions of methyl
acetoacetate. The catalyst prepared from,Si@p is more
active than the others in asymmetric hydrogenation of methyl
acetoacetate because of a better dispersion of nickel on silica
with a higher surface area than aluminum oxide. However,

The surface state of nickel on supports was examined by
X-ray photoelectron spectroscopy in both calcineig(a)
) and reduced sampléeBif. 5(b)). Among four calcined sam-
ples, the Si@-Pre sample shows the state of nickel silicate
(NiSiO3) [35,36] as a single phase, and the other samples
show the states of nickel oxide (Ni{85] or nickel trioxide
(Ni203) [37]. The SiQ-Imp sample also shows a shoulder
peak due to nickel silicate in a minor quantity. The nickel
surface of calcined ADs-Imp and AbO3-Pre are composed
only of nickel oxides, NiO and NiO3. The phase of NiAIO,4

T . Table 2
which is supposed to be presentin the®@¢-Imp sample due Activity and enantio-selectivity of catalysts
to the small TPR peak at 58 in Fig. 4is not clearly seen
in XPS experiments. This phase would have given a peak

Catalysts Conversion (%) ee (%)

at 857 eV if presenf38]. This peak appears to have been 2:283:';‘2 %Z"(‘J(é%?) %?
masked by strong peaks due to nickel oxides.'Upon rgduc-Siéz_Slmp 981 @h) 58
tion of these samples, the surface phases of nickel oxide orsjo,-pre 96.9 (300 h) a
nickel trioxide on AlgOg-Imp and AbOs-Pre samples have @ The supported nickel catalysts were modified Ry_j-tartaric acid and

been transformed to nickel metal. There are small portions Nagr.



204 D. Jo et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 199-205

. reduced to nickel metal, and in addition, the reduced nickel
NiSiO,(856.7eV)

surface should be contaminated by silicon, which may form
many lattice defects on ensembles for enantio-selective sites.
It was reported that the nickel surface with lattice defects de-
creased the enantio-selectivity of cataly4#4,42,43] Thus

the lattice defects on nickel surface of catalyst prepared from
SiOp-Pre may disrupt the arranged adsorption of tartaric
acid, and decrease the enantio-selectivity of the catalyst.
The catalyst prepared from Si@mp also contains a small
portion of nickel silicate, and thus the enantio-selectivity of
catalyst is less than that of AD3-Imp, and AbO»-Pre.

AlLO,-Imp

ALO.-Pre
Si0,-Imp
W

Ni,0,(856.0¢V)

Intensity / a.u.

P S e, R

NiO(854.3eV)

885 880 875 870 865 860 855 850

4. Conclusions
(a) Binding energy / eV

Supported nickel catalysts were prepared with aluminum
oxide and silica supports by the methods of impregnation
and precipitation deposition and modified b¥;R)-tartaric
acid and NaBr for the enantio-differentiating hydrogenation
of methyl acetoacetate. All aluminum oxide-supported cat-
alysts and the silica-supported catalyst prepared by impreg-
nation gave high enantio-selectivities. However, the precipi-
tated nickel on silica showed a low activity and a poor enantio-
selectivity. The precipitated nickel on silicaformed a very sta-
ble nickel silicate phase which was not fully reduced to nickel
metal at 500C, and unreduced nickel silicate remained on
the surface. Even the reduced nickel surface in this catalyst

, , , . , , could be contaminated by the silicon. These effects disrupted
880 875 870 865 860 855 850 the proper adsorption of tartaric acid on the nickel surface,
(b) Binding energy / eV and decreased the enantio-selectivity of catalyst.

Intensity / a.u.

NiSIO,(856.7€V)

Ni(852.7eV

Fig. 5. XPS spectra of the Ni 2p region for calcined (a) and reduced (b)
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