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The catalytic properties of various solid bases for self-condensation
of n-butyraldehyde in liquid phase were studied to elucidate the
factors governing the activity and selectivity. For alkaline earth
oxide catalysts and y-alumina catalyst, aldol condensation oc-
curred, followed by Tishchenko-type cross-esterification of n-bu-
tyraldehyde with the dimer produced by the aldol condensation
to form trimeric glycol ester. Alkali ion-modified alumina catalysts
exhibited a high selectivity for the aldol condensation dimer, the
trimeric glycol ester being formed little. Both basic and acidic sites
on the surfaces of the alkaline earth oxides and y-alumina were
assumed to contribute to Tishchenko-type cross-esterification. The
suppression of Tishchenko-type cross-esterification for alkali ion-
modified alumina catalysts is due to the absence of acidic sites on
the surfaces. The catalytic performances of alumina-supported
magnesium oxide and alkali zeolite X were also examined. Alu-
mina-supported magnesium oxide exhibited lower activity but
higher selectivity to trimeric glycol ester than MgO. This catalytic
feature was caused by the lower basicity and higher acidity on the
surface of alumina-supported magnesium oxide as compared with
MgO. The activity of alkali ion-exchanged zeolites was lowest
among the catalysts examined in this study. The meodification
of zeolites with excess alkali ions improved the activity. o 199
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INTRODUCTION

In contrast to extensive studies of solid acid catalysts,
little attention has given to the studies of solid base cata-
lysts. Solid base catalysts have been applied to a limited
number of base-catalyzed reactions, although many base-
catalyzed reactions are known in a homogeneous system.

Recently, it has been revealed that not only single compo-
nent metal oxides but also alkali modified oxides, alkali
ion exchanged zeolites, and nonoxide catalysts exhibit
basic properties on the surfaces (1). In addition to being
an application of solid base to each base-catalyzed reac-
tion, the elucidation of functions of catalysts for each
reaction becomes more important to the design of ad-
vanced catalysts.

Aldol condensations of ketone and aldehyde are typical
base-catalyzed reactions and important reactions in the
petrochemical industry. In addition, the condensation re-
action forming a carbon-carbon bond is useful in the
synthesis of fine chemicals. Self- and cross aldol conden-
sations of ketones and aldehydes have been studied over
solid base catalysts (2-13). For aldol condensation of ace-
tone, it was reported (11-13) that the metal oxide catalysts
which have strongly basic property are effective, and that
the modification of basic sites by addition of alkali metals
or metal cations improves the activity. It was also sug-
gested that the rate determining step is the formation of
a new C-C bond between two acetone molecules, and
that the OH groups on the alkaline earth oxide surface
act as the active sites ([1).

For aldol condensation of n-butyraldehyde in vapor
phase, the studies on reduced Sn/SiO, catalyst (14),
Ta,0,/8i0, (15), Nb,0,/Si0, (15), WO,/Si0, (15), Fe,04
(16), Cr,0O; (16), and ALO; (16) were reported, although
these catalysts are not regarded as solid base catalysts.
The main product over these catalysts was 2-ethyl-2-hexe-
nal produced by dehydration of the aldol condensation
dimer(2-ethyl-3-hydroxyhexanal).
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Reichle reported (9) that the solid base catalyst pre-
pared from hydrotalcite as a precursor showed the activity
for aldo! condensation of n-butyraldehyde in a vapor
phase pulse reactor. The main product was 2-ethyl-2-hex-
enal, but the selectivities to other products were not suffi-
ciently mentioned. In our previous paper (17), it was re-
ported that alkaline earth oxide catalysts produced
trimeric condensed product in addition to the dimeric
product resulting from aldol condensation in a liquid
phase. The order of activity for the aldol condensation
per unit surface area was BaO > SrO > CaO > MgO,
which was in accordance with the basicity of the catalysts.
It was suggested that the rate determining step for aldol
condensation of n-butyraldehyde is a-hydrogen abstrac-
tion and that the active site is the surface O?". The rate
determining step and the active site for aldol condensation
of n-butyraldehyde are different from those for aldol con-
densation of acetone. These differences were considered
to be due to the differences in acidity of a-hydrogen be-
tween n-butyraldehyde and acetone.

In the present study, we wish to report the activity and
selectivity for self-condensation of n-butyraldehyde in a
liquid phase over various solid base catalysts such as
alkali-modified alumina catalysts, alkali ion-exchanged
zeolites, and alkaline earth oxide catalysts. We reveal
that the trimeric glycol ester is formed by Tishchenko-
type cross-esterification of n-butyraldehyde with the di-
mer produced by self-aldo] condensation of »#-butyralde-
hyde using MgO, CaO, and y-AL,O, as catalysts. On the
other hand, alkali ion-modified alumina catalysts exhib-
ited a high selectivity for aldol condensation dimer, the
formation of the trimeric glycol ester being quite small.
The factors governing the selectivities for the dimer and
trimer are discussed from the viewpoint of acid—base
properties of the catalysts.

EXPERIMENTAL METHODS

Materials

Magnesium oxide was prepared from commercial MgO
(Merck) as follows. The commercial MgO powder was
added to distilled water and stirred at room temperature
for 24 h, then dried in an oven at 373 K to form magnesium
hydroxide. Starting material for CaO was Ca(OH),(Kanto
chemicals). Calcium hydroxide was also treated in dis-
tilled water in the same way as MgO. Magnesium oxide
and calcium oxide were prepared by in sitt decomposition
of these hydroxides in a vacuum at elevated temperatures
before use for the reaction. The alumina (y-Al,O;, JRC-
AI.04) used for the catalyst and the support were supplied
by the Catalysis Society of Japan, which was prepared
by calcining boemite powders at 973 K. This alumina
contains sodium impurities of 0.01 wt% as Na,O.

The alkali ion-modified alumina catalysts were prepared
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by wetness impregnation of y-Al,O, with aqueous solution
of alkali acetates. The samples were dried at 373 K for
12 h, followed by calcination at 773 K for S h in air. The
alumina catalysts modified with Na, K, and Rb ions were
prepared. The contents of alkali ions were 1.2 mmol - g~ "

Alkali ion-exchanged zeolites X and alkali ion-added
zeolites X (18, 19) were prepared. Alkali ion-exchanged
zeolites X were prepared by ion exchange of Linde 13X
with alkali acetates followed by washing with distilled
water. Alkali ion-added zeolites X were prepared by the
same procedures as those used for alkali ion-exchanged
zeolite except that the procedure of washing with distilled
water was omitted (19). The resulting zeolites were cal-
cined in O, at 673 K. The amounts of alkalis included
in the alkali ion-exchanged and ion-added zeolites were
determined by X-ray fluorescence analysis.

Two types of binary oxide catalysts containing magne-
sium and aluminum were prepared. One is alumina-sup-
ported magnesium oxide and the other is prepared by
thermal decomposition of hydrotalcite. The alumina-sup-
ported magnesium oxide catalyst was prepared by impreg-
nation of y-Al,O, with an aqueous solution of magnesium
nitrate followed by drying at 373 K for 12 h and calcining
at 773 K for 5 h in air. The loading amount of MgO was
3.6 mmot - g™'. Magnesium aluminum hydroxycarbonate
(hydrotalcite) with a 2:1 Mg: Al atomic ratio was pre-
pared from magnesium sulfate and aluminum sulfate by
coprecipitation in an aqueous solution of sodium carbon-
ate and hydroxide (20).

Reaction Procedures

Reaction was carried out in an H-shaped glass batch
reactor. The two branches were separated by a breakable
seal. The fine powdered catalyst was placed in one branch,
outgassed in a vacuum (ca. | x 107* Pa) at an elevated
temperature for 2 h, and sealed. The known amount of »-
butyraldehyde (Wako Pure Chemical) purified by passage
through 3A molecular sieves was stored in the other
branch until it was introduced through the breakable seal
by distillation into the branch containing the catalyst ther-
mostated at liquid nitrogen temperature. Reaction was
started by rapid melting of the reactant at the reaction
temperature followed by stirring at 600 rpm. After certain
reaction time, the products were separated from the cata-
lyst by filtering and then analyzed by GC with DEGS
column. The formation of the trimer was confirmed by
field desorption mass spectrometry. We referred to the
products for self-condensation of #-butyraldehyde by us-
ing magnesium ethoxide as a catalyst in the homogeneous
system (21) and identified the trimer by GC-MASS.

Temperature-Programmed Desorption Analysis

To examine the amount and strength of basic sites on
the surface of catalysts, temperature-programmed de-
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sorption (TPD) analysis for the adsorbed carbon dioxide
was carried out. A catalyst (0.05 g) evacuated at a certain
pretreatment temperature for 2 h was exposed to 1.3 kPa
of CO, at room temperature for 10 min followed by evacu-
ation at room temperature for 30 min. The TPD was run
at a heating rate of 10 K - min~! from room temperature
to 773 K. The desorbed gases were analyzed by mass
spectrometry. A quadrupole mass spectrometer
(ANELVA AQAI100R) was used. Peak intensities of the
desorbed gases were normalized to that of Ar which was
constantly introduced into the system as an internal stan-
dard. For examination of the acid sites, TPD analysis of
the adsorbed NH; was done in the same procedure.

RESULTS

Surface Area, Chemical Composition, and XRD
Analysis of the Catalysts

The specific surface areas determined by nitrogen ad-
sorption at liquid nitrogen temperature and the chemical
compositions of the catalysts are given in Table 1. It is
well known that the surface area of alkaline earth oxide
varies with the pretreatment temperature. The surface
areas of MgO and CaO prepared by in situ decomposition
of the hydroxides in a vacuum at 873 K were 172 m,-g™!
and 68 m?- g~', respectively.
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The specific surface areas of alkali ion-modified alumina
catalysts were practically the same as that of y-AL,O;. In
the XRD patterns of alkali ion-modified alumina, only the
v-Al,O, phase was appreciable. This suggests that the
alkali ion doping does not provoke any considerable
changes in the y-Al,O, texture.

For the alumina-supported magnesium oxide catalyst,
the specific surface area was practically the same as that
of y-Al,0,. This also indicates that the magnesium ion
doping does not provoke any considerable changes in the
v-AlLO; texture. In addition to the XRD pattern of -
Al,O;, the XRD pattern of MgO(200) appeared, although
the peaks were broad as compared with those of bulk
MgO.

Magnesia—-alumina catalysts prepared by decomposi-
tion of hydrotalcite at 773 K possess a surface area of
251 m?- g~!. Thermal treatment above 673 K decomposed
hydrotalcite to magnesia—alumina. The fine particles of
MgO were observed in XRD pattern for the sample pre-
treated above 673 K. The calculated content of MgO was
15.3 mmol - g~! for the resulting MgO-Al,O,.

The amounts of alkalis in the alkali ion-added zeolites
were larger than those of the alkali ion-exchanged zeolites
for all kinds of alkalis. The excess alkalis are supposed
to locate in the cavities of zeolites in the form of oxide.
Judging from the specific surface areas, the crystallinities

TABLE 1

Surface Area and Chemical Composition of the Catalysts

Loading

Surface % amounts XRD
Catalysts area(m’-g~') Exchange {mmol -g™") pattern
MgO* 1724+ — — Mg0Q’
CaO? 684 — — CaQ/
¥-ALO, 172¢% — — y-ALO,
Na/Al0, 163¢% — 1.2 y-ALO,
K/ALO, 147¢% — 1.2 y-ALO,
Rb/ALO; 132 — 1.2 ¥-ALO,
Mg/AlLO, 150/2 — 3.6 MgO + y-ALO;
MgO-ALO; 251°8 — 15.30 MgO’
NaX(13X) 780/ 100 — —
KX 690/ 99 — —
RbX 55074 76 — —_
Na/NaX 76014 110 0.40 —
K/KX 66074 112 0.59 —
Rb/RbX 42054 81 0.27 —_

“ Prepared by in situ decomposition of Mg(OH),.
® Prepared by in situ decomposition of Ca(OH),.
¢ Prepared by in situ decomposition of hydrotalcite(Mg: Al = 2:1).

4 Pretreatment temperature = 873 K.
¢ Pretreatment temperature = 773 K.
f Pretreatment temperature = 673 K.

¢ Calculated by application of BET isotherm to nitrogen adsorption at 77 K.

* Calculated by application of Langmuir isotherm to nitrogen adsorption at 77 K.
' Mg content of gram MgO-Al,O, prepared from hydrotalcite(Mg: Al = 2:1).

7/ XRD measurement was performed after thermal pretreatment.
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of the zeolites are retained during ion exchange and oxide
formation processes.

Activity and Selectivity for Self-Condensation of n-
Butyraldehyde over Magnesium Oxide, Calcium
Oxide, and Alumina Cuatalysts

The activities and selectivities of MgO and CaO are
given in Table 2. The selectivity for each product was
expressed by the mol% of n-butyraldehyde converted to
each product in the total n-butyraldehyde converted. The
main products were 2-ethyl-3-hydroxyhexanal (ACD)
produced by aldol condensation, and 2-ethyl-2-hexenal
(2EHA) produced by dehydration of 2-ethyl-3-hydroxy-
hexanal, and the trimer(TGE), which is glycol ester(l)
formed by Tishchenko-type cross-esterification of n-bu-
tyraldehyde with the dimer produced by aldol condensa-
tion of n-butyraldehyde. The mole ratio of n-butyralde-
hyde converted to the aldol condensation dimer to the
trimeric glycol ester was taken as the ratio of the dimer
to the trimer, and is listed as ACD/TGE in Table 2. In
addition to these products, small amounts of n-butyl-n-
butyrate(Il) and butanol, which are tabulated as others,
were formed for all catalysts listed in Table 2.

C,H;
C,H,~-CH-CH-CH,-0-C-C;H,
o d

(1)
C,H,—CH,-0-C-C,H,

I
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Calcium oxide was slightly more active than MgQO, and
the conversion to the trimeric glycol ester was much
higher for CaO than for MgO at the reaction temperature
of 273 K. As the reaction temperature was raised, the
conversion became high and the ratio of the dimer to the
trimer decreased. The selectivity to 2-ethyl-2-hexenal also
increased as the reaction temperature was raised from
273 t0 323 K.

v-Alumina catalyst exhibited the activity, although the
activity was lower than those of MgO and CaO. A consid-
erable amount of trimeric glycol ester was formed. This
indicates that y-Al,O; catalyzes not only aldol condensa-
tion but also Tishchenko reaction of the aldol condensa-
tion dimer with a-butyraldehyde. The selectivities to 2-
ethyl-2-hexenal and n-butyl-n-butyrate were higher for -
Al,O, than for MgO and CaO.

The selectivities to n-butyl-n-butyrate and butanol were
less than 1% for all the catalysts examined. n-Butyl-n-
butyrate is considered to be formed by Tishchenko-type
self-esterification of n-butyraldehyde. The formation of a
small amount of n-butyl-a-butyrate indicates that the rate
of Tishchenko-type cross-esterification of the aldol con-
densation dimer with n-butyraldehyde is faster than that
of the self-esterification of n-butyraldehyde.

Variations of the Activity and Selectivity of MgO as a
Function of Pretreatment Temperature

The variations of the activity and selectivity of MgO
with the pretreatment temperature are shown in Fig. I.
Maximum total conversion appeared around the pretreat-
ment temperature of 873 K. The ratio of the aldol conden-
sation dimer to the trimeric glycol ester decreased mono-
tonically as the pretreatment temperature increased. The
amount of the trimeric glycol ester formed was larger for
the MgO pretreated at 1273 K than for the MgO pretreated
at 873 K.

TABLE 2

Activities of MgO, CaO, and y-Al,O, for Self-Condensation of n-Butyraldehyde

Selectivity? (%)

Catalyst Reaction Reaction Conv.
Catalyst weight (mg) temp. (K) time (h) (%) 2EHA ACD TGE Others ACD/TGE?
MgO¢ 10 323 1¢ 52 3.1 73.9 22.6 0.3 33
MgO¢ 50 273 V¥ 35 1.7 81.7 16.3 0.3 5.0
Ca0O¢ 50 273 4 2.8 39.8 56.9 0.5 0.7
v-Al204¢ 50 323 2¢ 33 19.4 58.8 20.9 0.9 2.8

¢ 2EHA, 2-ethyl-2-hexenal; ACD, aldol condensation dimer (2-ethyl-3-hydroxyhexanal); TGE, trimeric glycol

ester; others include n-butyl-n-butyrate and butanol.

b Mole ratio of n-butyraldehyde converted to each product.

¢ Pretreatment temperature = 873 K.
4 Pretreatment temperature = 773 K.
¢ 7 mmol of n-butyraldehyde.
/14 mmol of n-butyraldehyde.
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FIG. 1. Pretreatment temperature dependence of the conversion of
n-butyraldehyde and the ratio of dimer/trimer for MgO. The ratio ACD/
TGE is the ratio of n-butyraldehyde converted to aldol condensation
dimer/trimeric glycol ester. Reaction temperature, 273 K; reaction time,
0.5 h; 50 mg of catalyst; 14 mmol of n-butyraldehyde.

Activity and Selectivity for Self-Condensation of n-
Butyraldehyde over Alkali Ion-Modified Alumina
Catalysts

The activities and selectivities of alkali ion-modified
alumina catalysts are listed in Table 3. The activity for
aldol condensation of y-Al,O, was extensively enhanced
by the modification with alkali ion. The order of activity
was Rb/ALO; = K/ALLO,; > Na/Al,O;. The activities for
aldol condensation of n-butyraldehyde were higher for
Rb/AL,0; and K/Al, O, than for MgO.

A great difference between the alkali ion-modified alu-
mina catalysts and alkaline earth oxide catalysts was ob-
served in the formation of the trimeric glycol ester. For
the alkali ion-modified alumina catalysts, the formation
of the trimeric glycol ester was not significant. The ratios
of the aldol condensation dimer to the trimeric glycol ester
were more than 30, and increased in the order Na/Al, O,
< K/ALO,; < Rb/AlLO;. The ratio of 2-ethyl-2-hexenal
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to the aldol condensation dimer was low for alkali ion-
modified alumina catalysts, and the formations of n-butyl-
n-butyrate and butanol were scarcely observed.

Activity and Selectivity for Self-Condensation of n-
Butyraldehyde over Alumina-Supported Magnesium
Oxide Catalyst and Magnesia—-Alumina Catalyst
Prepared from Hydrotalcite

The activity and selectivity of the alumina-supported
magnesium oxide catalyst (MgO content 3.6 mmol-g™})
are given in Table 4. The total conversion of MgO/Al,O,
was slightly higher than that of y-Al,0,. The conversion
to trimeric glycol ester was high, whereas the conversion
to 2-ethyl-2-hexenal was low as compared with the rates
for y-Al,O,. The ratio of the aldol condensation dimer to
the trimeric glycol ester was smaller for MgO/Al, O, than
for MgO. it is suggested that the ratio of the rate of Tish-
chenko-type cross-esterification of the aldol condensation
dimer with n-butyraldehyde to the rate of self-aldol con-
densation of n-butyraldehyde is higher for MgO/ALOQ,
than for MgO, although the total conversion of n-butyral-
dehyde is higher for MgO than for MgO/ALQ;.

The results with the magnesia—alumina catalyst pre-
pared by in situ decomposition of hydrotalcite are given
in Table 4. The catalyst exhibited similar behavior as
alumina-supported magnesium oxide catalyst. The total
conversion of n-butyraldehyde was almost at the same
level as that of y-ALO, and lower than that of MgO. The
ratio of the rate of Tishchenko-type cross-esterification
to the rate of self-aldol condensation of n-butyraldehyde
was also higher for MgO-Al,O, than for MgO.

Activity and Selectivity for Self-Condensation of n-
Butyraldehyde over Alkali lon-Exchanged Zeolites
and Alkali Ion-Added Zeolites

The activities and selectivities of the zeolite catalysts
for self-condensation of n-butyraldehyde are given in Ta-

TABLE 3

Activities of Alkali Ion-Modified Alumina for Self-Condensation of n-Butyraldehyde

Selectivity® (%}

Catalyst Reaction Reaction Conv.

Catalyst weight (mg) temp. (K)  time (h) (%) 2EHA ACD TGE Others ACD/TGE®
Na/AlLO;° 10 323 0.5¢ 28 5.4 9.0 2.6 — 35
K/ALOs¢ 10 323 0.5¢ 50 39 93.8 22 — 43
Rb/ALO, 10 323 0.5¢ 53 3.3 95.7 1.0 — 96

a2EHA, 2-ethyl-2-hexenal; ACD, aldol condensation dimer (2-ethyl-3-hydroxyhexanal); TGE, trimeric glycol

ester; others include n-butyl-n-butyrate and butanol.

b Mole ratio of n-butyraldehyde converted to each product.

¢ Pretreatment temperature = 773 K.
47 mmol of n-butyraldehyde.
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TABLE 4

Activities of Alumina-Supported Magnesium Oxide and Magnesia—Alumina for Self-Condensation of
n-Butyraldehyde

Selectivity® (%2)

Catalyst Reaction  Reaction  Conv.
Catalyst weight (mg) temp. (K) time (h) (%) 2EHA ACD TGE Others ACD/TGE*
MgO/ALO 50 323 2¢ 37 98 587 308 0.8 1.9
MgO-ALO," 504 323 2¢ 3 11.0 60.5 28.1 0.3 2.2

4 2EHA, 2-ethyl-2-hexenal; ACD, aldol condensation dimer (2-ethyl-3-hydroxyhexanal); TGE, trimeric glycol

ester; others include n-butyl-n-butyrate and butanol.

 Mole ratio of n-butyraldehyde converted to each product.

¢ Pretreatment temperature = 773 K.

¢ 50 mg of hydrotalcite(Mg: Al = 2: 1) was used as catalyst precursor.

¢ 7 mmol of n-butyraldehyde.

ble 5. The total conversions per unit weight of alkali ion-
exchanged zeolites were much lower than those of MgO,
Ca0, y-Al,0,, and alkali ion-modified alumina. The activi-
ties of alkali ion-added zeolites were higher than those of
alkali ion-exchanged zeolites but still lower than those of
MgO, CaO, and alkali ion-modified alumina catalysts.

The considerable selectivity to the trimeric glycol ester
was observed for both alkali ion-exchanged zeolites and
alkali ion-added zeolites. The selectivity to 2-ethyl-2-hex-
enal was higher for the zeolite catalysts than for MgO,
CaO, and alkali ion-modified alumina catalysts.

Temperature-Programmed Desorption of Carbon
Dioxide and Ammonia

The TPD plots of carbon dioxide adsorbed on the cata-
lysts are shown in Fig. 2. In TPD of the adsorbed CO,,
the concentration of the basic sites is reflected in the peak
area of TPD plot, and in the strength of the basic sites in
the temperature at which CO, desorption peak appears.

Although TPD plots of adsorbed CO, are broad, we ob-
serve a correlation between the amount of basic sites and
the activity for self-condensation of n-butyraldehyde. For
alkali ion-exchanged zeolites and alkali ion-added zeo-
lites, TPD plots of adsorbed CO, have been reported (19).
Both the concentration and the strength of the basic sites
are higher for alkali ion-added zeolites than for alkali ion-
exchanged zeolites, but are much lower than for MgO
and Rb/ALQO;.

The TPD plot of adsorbed CO, for y-Al,O; also exhibits
a significant desorption peak. This indicates that y-Al, O,
possesses the basic sites though they are relatively weak.
For alkali ion-modified alumina catalysts, the amounts of
desorbed CO, were larger than for y-Al,O;. Furthermore,
the desorption occurred at higher temperatures for alkali
ion-modified alumina catalysts than for y-Al,O;. The mod-
ification of the y-Al,O, surface with alkali ions increased
both the amount and the strength of the basic sites. Addi-
tion of magnesium ions to y-Al,O; resulted in small in-
creases in both the amount and strength of the basic sites.

TABLE 5
Activities of Alkali lon-Exchanged and lon-Added Zeolites for Self-Condensation of n-Butyraldehyde

Selectivity* (%)

Catalyst Reaction  Reaction Conv.

Catalyst  weight (mg) temp. (K)  time (h) (%) 2EHA ACD TGE Others ACD/TGE’
NaX(13X)" 50 323 54 2 16.6 729 106 —_ 6.9
KX* 50 323 54 2 14.2 79.2 6.5 — 12
RbX¢ 50 323 54 4 6.8 86.8 6.3 — 14
Na/NaX* 50 323 5¢ 63 12.5 81.3 5.9 0.2 14
K/KX¢ 50 323 54 62 15.9 78.7 5.1 0.2 15
Rb/RbX¢ 50 323 54 53 13.3 81.8 4.6 0.2 18

9 2EHA, 2-ethyl-2-hexenal; ACD, aldol condensation dimer (2-ethyl-3-hydroxyhexanal); TGE, trimeric glycol

ester; others include n-butyl-n-butyrate and butanol.

b Mole ratio of n-butyraldehyde converted to each product.

¢ Pretreatment temperature = 773 K.
47 mmol of n-butyraldehyde.
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FIG. 2. TPD plots of the adsorbed CO,. Heating rate, 10 K - min~;
50 mg of sample. Pretreatment temperature of catalyst: 873 K for MgO,
773 K for others.

It is indicated that the modification with alkali ions is
more effective for the increase of both the amount and
the strength of the basic sites than the modification with
magnesium ions. The order of basicity estimated by TPD
plots of adsorbed CO, is as follows: MgO > alkali ion-
modified alumina > MgO/Al,0, = MgO-Al,0; > y-AlLO;.
The order of basicity, except the order of MgO and K
and Rb ion-modified aluminas, is in accordance with the
order of the total conversion for self-condensation of »-
butyraldehyde.

The TPD plots of adsorbed NH, are shown in Fig. 3.
Magnesium oxide also exhibited significant NH; desorp-
tion, although the amount of the desorbed NH; was
smaller than that for y-Al,O;. It was reported that ammo-
nia is adsorbed on MgO and undergoes heterolytic dissoci-
ation on Mg**-0?" ion-pair sites (22, 23). The Mg®" sites
act as acidic sites and adsorb NH;. The TPD plot of the
adsorbed NH, on CaO suggests that CaO also possesses
such acidic sites on the surface.

While the acidic sites exist on y-Al,O, surface, the de-
sorption of NH; was not significant for Rb/Al,O,. This

0.012
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FIG.3. TPD plots of the adsorbed NH;. Heating rate, 10 K - min™';

50 mg of sample. Pretreatment temperature of catalyst: 873 K for MgO
and CaQ, 773 K for others.
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indicates that the acidic sites of y-Al,O; surface are greatly
suppressed by modification with Rb™ ions. The amounts
of acidic sites on MgO/Al;0; and MgO-Al,O, were simi-
lar, and larger than those of MgO and y-Al,O;.

DISCUSSION

Surface Properties Governing the Selectivity for Self-
Condensation of n-Butyraldehyde

One of our findings is the formation of the trimeric
glycol ester by the Tishchenko-type cross-esterification
for alkaline earth oxide catalysts and y-alumina catalyst
in the liquid phase self-condensation of n-butyraldehyde.
This reaction was strongly suppressed for the alkali ion-
modified alumina catalysts, and, therefore, the products
resulting from aldol condensation can be selectively ob-
tained. In this section, we discuss the surface properties
which govern the product distribution, namely the active
sites for the Tishchenko-type cross-esterification.

The TPD plots of adsorbed CO, (Fig. 2) indicate that
all catalysts which are active for aldol condensation of s-
butyraldehyde possess basic sites on their surfaces. It is
suggested that the basic sites on these surfaces are active
sites for aldol condensation of n-butyraldehyde. Except
for MgO and K and Rb ion-modified aluminas, the order
of surface basicity is in agreement with the order of the
conversion for aldol condensation of n-butyraldehyde.
The reasons for the lower activity of MgO as compared
to K and Rb ion-modified aluminas are unclear. The for-
mation of the trimeric glycol ester was much larger for
MgO. The blocking of the active sites with the trimeric
glycol ester may retard the aldol condensation on MgO
surface.

It was reported that alumina is an effective catalyst for
base-catalyzed organic reactions such as aldol condensa-
tion of ketone (24, 25), Knoevenagel condensation (26),
and Michael addition (27) under a mild condition. We
confirmed the effectiveness of y-Al,054 for the self-con-
densation of n-butyraldehyde. The basic sites on y-Al,O,
seem to be relevant to the reaction.

According to the results of TPD of adsorbed CO,, the
amount and the strength of basic sites are larger for alkali
ion-modified alumina catalysts than for ion-modified vy-
Al O;. Tishchenko-type esterification is closely related to
the Cannizzaro reaction, which is generally considered
to be a base-catalyzed reaction. However, the formation
of the trimeric glycol ester which is produced by the Tish-
chenko-type cross-esterification was completely sup-
pressed for alkali ion-modified alumina catalysts. There-
fore, the occurrence of the Tishchenko-type cross-
esterification cannot be explained only by the basic prop-
erty of catalysts. Indeed, the trimeric glycol ester was
formed for MgO, which exhibits the basicity in the same
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level as alkali ion-modified alumina catalysts as shown in
TPD plots of the adsorbed CO, (Fig. 2).

The TPD plots of the adsorbed NH; (Fig. 3) indicate
that y-Al, O, possesses acidic sites. Magnesium oxide also
exhibited significant NH; desorption in the TPD plot.
While the acidic sites exist on both MgO and vy-Al,O,
surfaces, the desorption of NH, was not significant for
Rb/Al,O5. This indicates that the acidic sites of y-Al,O,
surface are greatly suppressed by the modification with
Rb~ ions. We consider that such suppression of the acidic
sites results in the selective formation of the dimer by aldol
condensation for alkali ion-modified alumina catalysts. In
other words, the acidic sites on the catalysts participate
in the Tishchenko-type cross-esterification. The participa-
tion of the acidic sites in the Tishchenko-type cross-esteri-
fication is supported by the enhanced selectivity to the
trimeric glycol ester for MgO/Al,O; and Mgo-Al0;,
which possess a large amount of acidic sites as shown in
TPD plots of the adsorbed NH; (Fig. 3).

It is known that dehydration of alcohols is catalyzed
by acidic sites of catalysts. In the formation of 2-ethyl-2-
hexenal which is formed by the dehydration of the aldol
condensation dimer, the acidic sites are considered to be
involved. The catalysts which promoted the Tishchenko-
type cross-esterification also produced a significant
amount of 2-ethyl-2-hexenal. The low ratio of 2-ethyl-2-
hexenal to the aldol condensation dimer for the alkali ion-
modified alumina catalysts is also due to the neutralization
of the acidic sites on the y-Al,O, surface by the modifica-
tion with alkali ions. The neutralization of the acidic sites
is considered to be caused by an electronic effect of alka-
lis. The XPS study of sodium ion doped y-Al,O; showed
that the surface coverage of Na’ increase linearly with
the concentration of doped Na™* and suggested the forma-
tion of —Al-O-Na surface groups (28). The efficient sup-

Tishchenko reaction

H /

1
C3H;-CHO + C,H;-CH-CHO

n-butyraldehyde
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presion of the acidic sites on y-Al,O; must result from
the uniform dispersion of alkalis.

Mechanism of Tishchenko Reaction-Type Cross-
Esterification

Tanabe and Saito reported that alkaline earth oxides
proceed the Tishchenko reaction of benzaldehyde to form
benzylbenzoate (29). They also pointed out the participa-
tion of the acidic sites on the surface for Tishchenko
reaction, although the activity for the Tishchenko reaction
depends on basicity of the catalysts.

There is a great difference in the reaction pathway be-
tween benzaldehyde and n-butyraldehyde. Benzaldehyde
has no a-hydrogen, but n-butyraldehyde has. Therefore,
benzaldehyde cannot undergo aldol condensation. In the
present study, we reveal that n-butyraldehyde undergoes
both Tishchenko reaction and aldol condensation over
solid base catalysts. Tishchenko reaction competes with
aldol condensation for self-condensation of n-butyral-
dehyde.

The reaction scheme for self-condensation of n-butyral-
dehyde is shown in Fig. 4. The reaction pathway for the
catalysts such as MgO, CaO, and y-Al,O, is recognized
as aldol condensation of n-butyraldehyde followed by
Tishchenko-type cross-esterification of the aldol conden-
sation dimer with n-butyraldehyde. However, the reac-
tion rate of the Tishchenko-type self-esterification to n-
butyl-n-butyrate is much lower than those of the aldol
condensation of n-butyraldehyde and the Tishchenko-
type cross-esterification. The reason for the slow rate of
the self-esterification as compared with the cross-esterifi-
cation is not clear.

Arelation between the acid—base properties of catalysts
and product distribution in self-condensation of n-butyral-

C3H7-CH, -O-CI‘i-C 3H;
Q  nbutyl-n-butyrate

92“5 “H0 ?z”s
C;Hr(I:H-CH-CHO ~———3» C3H;-CH=CH-CHO
2-ethyl-3-hydroxyhexana 2-gthyl-2-hexenal
(I:zﬂs
C,H-,-(FH-CH-CH;-O-(&-CJ H,
OH

FIG. 4.

trimeric glycol ester

Reaction scheme for self-condensation of n-butyraldehyde over solid base catalysts.
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dehyde has been reported for metal alkoxide catalysts by
Villani and Nord (21). They showed that mildly basic
ethoxide catalysts such as Mg(OC,H;), and Ca(OC,Hs),
lead to the formation of the trimeric glycol ester in prefer-
ence to the simple ester, while the highly basic Na(OC,Hy)
produces only aldol condensation products. The acidic
ethoxide, AWOC,H;);, promotes the Tishchenko-type
self-esterification to produce the simple ester. Villani and
Nord suggested that the formation of the trimeric glycol
ester is attributed to a bifunctional action of the catalysts.
Namely, the aldol condensation is promoted by the basic
nature of the catalysts and then the Tishchenko-type
cross-esterification by the acidic nature. Villani and Nord
interpreted that the predominant occurrence of the aldol
condensation in the self-condensation of n-butyraldehyde
for mildly basic alkoxide catalysts is caused by the exis-
tence of a-hydrogen in n-butyraldehyde. However, the
existence or absence of a-hydrogen cannot explain the
preferential occurrence of the Tishchenko-type cross-es-
terification in the successive step, because aldol conden-
sation dimer(2-ethyl-3-hydroxyhexanal) has a-hydrogen.
We consider that there must be other reasons such as
steric and electronic effects resulting from the structure
of the aldol condensation dimer for the preferential occur-
rence of the Tishchenko-type cross-esterification in the
successive step.

The studies of metal alkoxide catalysts for self-conden-
sation of aldehydes which have a-hydrogen did not point
out the role of the basic nature of catalysts in Tishchenko-
type self- and cross-esterification (21, 30-32). The study
on the Tishchenko reaction of benzaldehyde over alkaline
earth oxide catalysts showed that the activity of CaO is
higher than that of MgQO, and that this order is in
agreement with the basicity of the catalyst surface (29).
In the present study, the ratio of the aldo! condensation
dimer to the trimeric glycol ester is higher for CaO than
for MgO and y-AlL,O;. As estimated byTPD plot of the
adsorbed NH,, the amount of acidic sites on the CaO
surface is smaller than those on MgO and y-Al,0;. Thus,
it is suggested that basic sites also play a role in catalyzing
the Tishchenko reaction. We believe that MgO, CaO, and
y-ALO; catalyze Tishchenko-type cross-esterification in
such a bifunctional way that both basic and acidic sites
are involved.

We refer to the mechanisms of the Tishchenko reaction
proposed for metal alkoxide catalysts (31, 32); the mecha-
nisms of Tishchenko-type cross-esterification over the
catalysts such as MgO, CaO, and y-Al, O, are proposed
as illustrated in Fig. 5. The acid site on the surface(M)
interacts with the carbonyl oxygen of aldehyde to form
the intermediate(1I). Then, the carbonyl oxygen of the
other aldehyde adsorbed on basic site(O) (intermedi-
ate(11D) reacts with the carbonyl carbon of the intermedi-
ate(II) to form the intermediate(I1V). Finally, an intramo-
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FIG. 5. The proposed mechanism for Tishchenko-type cross-esteri-
fication over alkaline earth oxides. RCHO and R'CHO represent n-
butyraldehyde and 2-ethyl-3-hydroxyhexanal (aldol condensation di-
mer), respectively,

lecular hydride transfer occurs to form ester. It is plausible
for the basic sites to interact with the carbon of the car-
bonyl group (intermediate(111)) and enhance the reactivity
of the carbonyl oxygen to facilitate step(ii).

In the cross-esterification, two types of esters would
have been formed if the intermediate(Il) and interme-
diate(IlI) were formed equally from r-butyraldehyde
and 2-ethyl-3-hydroxyhexanal. In the present study, how-
ever, one type ester(R— = n - CH,., R'— =
CH,CH,CH,CH(OH)CH(C,Hs)—-) was  exclusively
formed. Exclusive formation of the ester was also ob-
served in metal alkoxide catalyst systems (21, 30-32).
This indicates the preferential formation of the intermedi-
ates (I) and (III) from n-butyraldehyde and 2-ethyl-3-hy-
droxyhexanal, respectively. The basic sites interact much
more easily with the carbonyl carbon of 2-ethyl-3-hydro-
xyhexanal than with that of n-butyraldehyde probably
because of the structural and electronic properties of 2-
ethyl-3-hydroxyhexanal. The preferential formation of the
intermediate(I1I) from 2-ethyl-3-hydroxyhexanal also ac-
counts for the higher rate of the cross-esterification as
compared with the self-esterification of n-butyraldehyde.

Acid Sites on the Surface of Magnesium Oxide

In the present study, we confirmed the existence of the
acidic sites on the surfaces of MgO and CaQ, although
alkaline earth oxides have been classified into strong solid
base catalysts. The surface structure and chemical proper-
ties of MgO have been studied in relation to coordinatively
unsaturated ion sites on the surface. On thoroughly de-
gassed MgO surface, coordinatively unsaturated Mg?*
cations are exposed and exhibit Lewis-acidic nature (33).
For the adsorption of ammonia (22, 23), hydrogen (34-37),
and hydrocarbons (38-40) with heterolytic dissociation,
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the acidic sites of coordinative unsaturated Mg?* cations
play an important role.

Although the surface of MgO sinters with increasing the
pretreatment temperature, the lower coordinated Mg?*
cation sites become exposed at a higher temperature, re-
sulting in desorption of adsorbate (41). As the coordina-
tion number of O*>~ to Mg?* decreases, LUMO level of
Mg?* sites becomes lower because of the decrease in
Madelung potential, and the reactivity of Mg?" sites is
enhanced (42). Molecular orbital calculation also pointed
out that the acidity of the Mg?* becomes stronger as the
coordination number of O*~ to Mg?* decreases (43). The
ratio of the aldol condensation dimer to the trimeric glycol
ester decreased monotonically as the pretreatment tem-
perature increased (Fig. 1). The observed tendency of
the formation of trimeric glycol ester as a function of
pretreatment temperature is in accordance with the man-
ner of exposure of lower coordinated Mg?* cations on the
MgO surface. Therefore, it is concluded that the coordina-
tively unsaturated Mg?* cations act as effective acidic
sites for the Tishchenko-type cross-esterification.

The total conversion reached the maximum at the pre-
treatment temperature of 873 K, and decreased as the
pretreatment temperature increased further. The decrease
in the total conversion was caused by the decrease in the
activity for aldol condensation of n-butyraldehyde. The
surface area decreased to 90 m?- g~! for MgO pretreated
at 1273 K, whereas the area for MgO pretreated at 873
K was 172 m?- g~!. Thus, the decrease of the activity of
MgO for aldot condensation is suggested to be due mainly
to the decrease in the surface area.

Catalytic Action of Alumina-Supported Magnesium
Oxide and Magnesia—Alumina Catalyst Prepared
from Hydrotalcite

The alumina-supported magnesium oxide catalyst
(MgO 3.6 mmol - g~!) pretreated at 773 K exhibited the
characteristic feature in the sense that the trimeric glycol
ester was formed in a high selectivity. The catalytic per-
formance of the supported magnesium oxide is different
from that of the bulk magnesium oxide. The difference is
considered to result from the change in the acid-base
property.

The TPD plots of the adsorbed NH; showed that the
amount of acidic sites on the MgO/Al,O; surface pre-
treated at 773 K is larger than that of MgO pretreated at
873 K. The enhanced acidity of MgO/AL, O, can be re-
garded as one of the factors to increase the selectivity to
the trimeric glycol ester. The lower basicity on MgO/
AlLO, surface as compared with MgO was shown by TPD
analysis of the adsorbed CO, (Fig. 2). It is considered
that the lower basicity results in the low activity of MgO/
Al,O; for aldol condensation, and also leads to the high
selectivity for the trimeric glycol ester.
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The enhancement of acidity of MgO/Al,04 as compared
with MgO may be simply explained by the increase in the
concentration of coordinatively unsaturated Mg?* cation
sites which act as acidic sites. Because the particle size
of MgO is small as determined by XRD, the MgO on -
Al O, should have large numbers of coordinatively unsat-
urated Mg?* cation sites on the surface. It is also suggested
that the dispersed small particle MgO and/or the interac-
tion with oxide support form the intrinsic surface elec-
tronic structures and generate the new acid sites (44).

The product distribution was similar for the magne-
sia~alumina catalyst prepared from hydrotalcite and for
alumina-supported magnesium oxide. The thermal treat-
ment of hydrotalcite results in the formation of small MgO
particles incorporating A’* cations and having high sur-
face area (20, 45, 46). The basic property of this high
surface area MgO prepared from hydrotalcite has been
studied by McKenzie ef al. (46). They reported that the
incorporation of aluminum into MgO suppresses the for-
mation of strongly basic sites which are normally present
on the surface of bulk MgO. In the present study, the
TPD plots of adsorbed CO, also indicate that the amount
of strongly basic sites is smaller for MgO-Al,O, than for
MgO. The decrease in the number of the strongly basic
sites on the surface results in the low activity for aldol
condensation and, consequently, attains the high selectiv-
ity for the trimeric glycol ester.

The suppression of the strongly basic sites on MgO
surface by the incorporation of aluminum into MgO may
be applicable to the case of alumina-supported magnesium
oxide. Nevertheless, the recent study of the surface
acid-base properties of nanoscale ultrafine magnesium
oxide showed intrinsic effects caused by the particle size
on the surface basic properties (47). It was proposed that
basic character depends more on domains and is enhanced
in a large particle. The lower basic properties on the MgO/
AL O; and MgO-AlLO; prepared from hydrotalcite sur-
faces seems to be rationalized by smaller particle size
of MgO.

Catalytic Actions of Alkali lon-Exchanged Zeolites and
Alkali Ion-Added Zeolites

The results listed in Table § indicate that alkali ion-
exchanged zeolites exhibited low activities for the self-
condensation of n-butyraldehyde. The low activities are
explained by a relatively weak basicity of the alkali ion-
exchanged zeolites as demonstrated in a previous study
dealing with TPD of adsorbed CO, on alkali ion-ex-
changed and ion-added zeolites (19). The weakly basic
property is considered to be due to the basic sites of the
framework oxygen which has strongly covalent in nature
(48, 49). Corma and co-workers have applied solid base
catalysts to Knoevenagel condensation under mild condi-
tions (50, 51). They reported that alkali ion-exchanged
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zeolites exhibit a high selectivity for Knoevenagel con-
densation but cannot catalyze self-aldol condensation on
ketonic group of a molecule containing activated methyl-
ene groups. They suggested that aldol condensation re-
quires relatively strong basic sites, and, therefore, the
reaction does not take place over alkali ion-exchanged
zeolites with a weak basicity.

The formation of the trimeric glycol ester was obsrved
for the alkali ion-exchanged zeolites. The ratios of the
aldol condensation dimer to the trimeric glycol ester were
higher for alkali ion-exchanged zeolites than for MgO
and CaO, and lower than for alkali ion-modified alumina
catalysts. In addition, the alkali ion-exchanged zeolites
exhibited a high selectivity for 2-ethyl-2-hexenal. These
results indicate that the acidic sites remain on the alkali
ion-exchanged zeolites. Although a complete exchange
of the protons by alkali ions is expected to result in neu-
tralization of the acidic sites on zeolites, the existence of
the acidic sites on the alkali ion-exchanged zeolites (52)
and the important role of the acidic sites for base-cata-
lyzed reactions were reported (53, 54). One might expect
the high selectivity for n-butyl-n-butyrate produced by
the Tishchenko-type self-esterification because the alkali
ion-exchanged zeolites possess the acidic sites and the
weakly basic sites. However, no conversion to n-butyl-
n-butyrate for alkali ion-exchanged zeolites was observed
in the present study.

High activities observed for the alkali ion-added zeo-
lites are caused by the generation of strong basic sites on
alkali ion-added zeolites (18, 19, 55). The formations of
the trimeric glycol ester and 2-ethyl-2-hexenal were not
suppressed for the alkali ion-added zeolites, which is in
contrast to a complete suppression of the formation of
the trimeric glycol ester observed for alkali ion-modified
alumina catalysts. This shows that the modification with
excess alkali ions improves the activity of zeolites not
only for aldol condensation but also for Tishchenko-type
cross-esterification. It is suggested that the modification
with alkali ions is different for zeolite and for y-Al,O;.
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