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Abstract

The self-condensation of benzaldehyde to benzyl benzoate was carried out over KF-loaded alumina. The catalytic activity
strongly depends on the loading amount of KF. The pretreatment of the catalyst at high temperature under vacuum is

Ž .essential for the high catalytic activity. When KF 5 mmolrg-alumina loaded alumina was evacuated at 673 K, the catalyst
gave selectively benzyl benzoate, whose yield was 94.2% in 3 h at 323 K. q 1998 Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

It has been reported that KF-loaded alumina
Ž .KF–Al O shows an efficient solid base cata-2 3

lyst for promoting versatile chemical transfor-
w xmations 1–11 , such as the Michael addition

w x1–6 , C- , N- , O- and S-alkylation reactions
w x w x7,8 , the Knoevenagel condensation 2,9 , Wit-

w xtig–Horner reactions 10 and alkene isomeriza-
w xtion 11 .

It is known that the catalytic activity of KF–
Al O depends very much on the drying condi-2 3

tions of alumina after loading KF by impregna-
w xtion or loading amount of KF 3,12 . In general,

drying temperature is, at its highest, 473 K
under reduced pressure. Recently, Hattori and
coworkers reported that treating KF–Al O at2 3

) Corresponding author.

Ž .high temperature 573–673 K under high vac-
uum is essential for obtaining the high catalytic
activity for double-bond isomerization of 1-

w xpentene 13 .
In this work, we report the catalytic activities

of KF–Al O for the self-condensation of ben-2 3

zaldehyde into benzyl benzoate.

2PhCHO™PhCOOCH Ph2

It will be emphasized that the high temperature
pretreatment of the catalyst under vacuum is
indispensable for the condensation.

The catalytic self-condensation of aldehydes
to esters, catalyzed by aluminum alkoxide is

w xknown as Tishchenko-reaction 14 . The con-
densation of benzaldehyde to benzyl benzoate is

w xalso catalyzed by various homogeneous 15–19
w xand heterogeneous catalysts 20–22 . For exam-

ple, transition metal complexes such as di-
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Ž . w xsodium tetracarbonyl-ferrate II 15 are very
active. Solid base catalysts are also active for
the self-condensation. Thus, alkaline earth metal
oxides are reported to catalyze the condensa-
tion. The catalytic activity of CaO catalysts is

w xproportional to the number of basic sites 20 .
Here, KF–Al O is a highly active and selec-2 3

tive catalyst for the self-condensation of benzal-
dehyde to benzyl benzoate. The effects of the
reaction conditions and the pretreatment temper-
ature on the catalytic activities are studied. The
characterization of KF–Al O by XRD, IR and2 3
19F MAS NMR are also described.

2. Experimental

2.1. Catalyst preparation

The Alumina used had a surface area of 141
m2 gy1 and an average diameter of 15 nm. KF,
KOH and K CO loaded on alumina were pre-2 3

pared through an impregnation method of their
aqueous solutions then left to dry for 12 h at
393 K. Prior to the reaction, the catalyst was
evacuated under 10y3 Pa at a prescribed tem-
perature for 3 h.

KNH loaded on alumina was prepared by2

impregnation from its ammoniacal solution as
follows: alumina and a small amount of Fe O2 3
Ž y1.2 wt.% g-alumina was placed in a quartz
reactor and then heated under vacuum at 673 K
for 3 h. Fe O was a catalyst in converting K2 3

metal into KNH in liquid ammonia. A piece of2
Ž y1.K metal 2.6 mmol g-alumina was added

into the reactor under nitrogen. After the evacu-
ation, ammonia was liquefied to dissolved the K
metal. The blue color due to solvated electrons
disappeared in about 10 min, indicating the
formation of KNH . After 1 h, the reactor was2

warmed to room temperature removing most of
the ammonia and then heated under vacuum at
573 K for 1 h.

2.2. Reaction of benzaldehyde

Benzaldehyde purified by distillation was
placed into a glass tube, which was attached to

the side arm of the quartz reactor and degassed
through a freeze–thaw method. The reaction
started as benzaldehyde was transferred into the

Žreactor containing a catalyst prepared as de-
.scribed above without solvent. The products

were identified with 1H NMR and GS-MAS.
The conversion of benzaldehyde and the yields
of the products were determined by gas-chro-

Ž .matograph a OV 101 glass column using
toluene as an internal standard.

2.3. XRD and IR measurements

XRD spectra of KF–Al O were recorded on2 3

RIGAKU DENKI RINT2000 spectrometer after
exposing the sample to air.

IR spectra of KF–Al O were recorded on2 3

JEOL JIR-WINSPEC50 spectrometer at room
temperature by using the self supporting disk
Ž y1.10 mg g evacuated at an elevated tempera-
ture for 3 h.

2.4. Sample preparation for 19F MAS NMR
measurements

Ž .KF–Al O 0.30 g was packed in a glass2 3

tube with side arms; each connected to a glass
capsule used for 19F MAS NMR measurements.
KF loaded on alumina was heated under vac-
uum at an elevated temperature for 3 h. After
cooling the sample to room temperature, it was
transferred into a glass capsule under vacuum,
so as to fill the capsule completely and evenly.
The neck of the capsule was then sealed, while
the sample itself was maintained at 77 K.

2.5. 19F MAS NMR measurements

19F MAS NMR spectra were recorded on a
Chemagnetics CMX-Infinity spectrometer oper-
ating at 282.4 MHz. A sealed sample in a glass
tube was inserted into a zirconia rotor. The
spinning rate of the sample was 12 kHz. The
chemical shifts were referenced relative to ex-

Ž .ternal CFCl 0.0 ppm .3
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3. Results and discussion

3.1. Time course of the yield of benzyl benzoate

The reaction of benzaldehyde was carried out
Ž .with KF 5 mmolrg-alumina –Al O without2 3

using any solvent at 323 K. The catalyst weight
was 0.25 g and the amount of benzaldehyde was

Ž 3.29.5 mmol 3.0 cm . Fig. 1 shows the change
in the yield of benzyl benzoate with the reaction
time. The yield increased with the reaction time
and reached 94.2% in 180 min. When the reac-
tion was carried out for 20 h, the yield was
98%. The analysis of the time course led to the
second order kinetics with respect to the con-
centration of benzaldehyde.

KF–Al O is a very selective catalyst for the2 3

self-condensation of benzaldehyde. The selec-
tivity to benzyl benzoate was 100%, and the
other products such as benzyl alcohol and ben-
zoic acid, which are Cannizzaro reaction prod-
ucts, were not detected.

3.2. Catalytic actiÕities of Õarious solid bases

The reaction was carried out with various
solid base catalysts at 323 K for 3 h, and the
yield of benzyl benzoate are listed in Table 1.
KF–Al O showed the highest catalytic activ-2 3

ity. The activity of KNH loaded on alumina2

was lower than that of KF–Al O , though it is a2 3

Fig. 1. Time course of the yield of benzyl benzoate over KF–
Al O . KF–Al O : 0.25 g, reaction temperature: 323 K, benzal-2 3 2 3

dehyde: 29.5 mmol. The amount of KF was 5.0 mmolrg-alumina.
The catalyst was evacuated at 673 K for 3 h.

w xstrongly basic catalyst 23 . The activity of KF–
Al O was much higher than that of KCO –2 3 3

Al O of KOH–Al O . Thus, KF–Al O has2 3 2 3 2 3

seemingly, the highest activity among the base
catalysts reported so far.

Al O and KF, when separately used, showed2 3

no catalytic activity. Moreover, KF supported
on SiO , TiO , and activated carbon showed no2 2

catalytic activity. Thus, it is essential to support
KF on alumina to generate catalytic activity in
agreement with the results of a previous work
w x1 , indicating that the active sites are generated
by the reaction of KF with alumina.

3.3. Influence of the amount of KF supported on
alumina

The dependence of the amount of KF-loaded
alumina on the yield of benzyl benzoate was

Ž .examined at 273 K Fig. 2 . The yield increased
with increasing KF content, a maximum yield
of 46.4% was observed at 5 mmolrg-alumina,
corresponding to 0.5 mol KFrmol Al O . Fur-2 3

ther increase of the loading amount of KF be-
yond 5 mmolrg-alumina, led to the decrease of
the catalytic activity. The selectivity to benzyl
benzoate was always 100%, independent of the
loading amount of KF.

3.4. Influence of eÕacuation temperature

As described earlier, it has been reported that
the catalytic activity of KF–Al O depends very2 3

much on the drying conditions of alumina after
loading KF by impregnation or loading amount

w xof KF 3,12 . Recently, Hattori and coworkers
reported that treating KF–Al O at high tem-2 3

Ž .perature 573–673 K under high vacuum is
essential in obtaining the high catalytic activity

w xfor double-bond isomerization of 1-pentene 13 .
Therefore, we examined the dependence of the
catalytic activity of KF–Al O for self-con-2 3

densation of benzaldehyde on the heating tem-
perature of the catalyst under vacuum.



( )H. Handa et al.rJournal of Molecular Catalysis A: Chemical 134 1998 171–177174

Table 1
Catalytic activities of various solid base catalysts for the self-condensation of benzaldehyde to benzyl benzoate

Ž . Ž .Catalyst Evacuation temperature K Yield of benzyl benzoate %
aKFrAl O 673 98.82 3

673 94.2
bKNH rAl O 573 75.52 2 3

K CO rAl O 673 22.62 3 2 3

KOHrAl O 673 1.42 3

Al O 673 02 3

Ž 3.Reaction temperature: 323 K, reaction time: 3 h, the amount of benzaldehyde: 29.5 mmol 3.0 cm , catalyst weight: 0.25 g, the amount of
base: 5.0 mmolrg-alumina.
aReaction time: 20 h.
bAmount of KNH : 2.6 mmolrg-alumina.2

Fig. 3 shows the influence of the evacuation
temperature on the catalytic activities of KF–
Al O at 273 K. The catalytic activity strongly2 3

depended on the evacuation temperature. The
yield of benzyl benzoate sharply increased with
increasing evacuation temperature and reached
around a maximum temperature of 670 K. At
higher evacuation temperature, the catalytic ac-
tivity declined and almost disappeared by evac-
uating the catalyst at 873 K. The product was
only benzyl benzoate, whose selectivity was
100%, independent of the evacuation tempera-
ture.

The influence of the evacuation temperature
on the catalytic activity for the isomerization of
2,3-dimethyl-1-butene was examined at 313 K
and is also shown in Fig. 3. The similar depen-
dence of the evacuation temperature on the
catalytic activity to that on the benzaldehyde

Fig. 2. Influence of the amount of KF-loaded alumina on the yield
of benzyl benzoate. Reaction temperature: 273 K, reaction time: 3
h, benzaldehyde: 29.5 mmol, catalyst weight: 0.25 g. The catalyst
was evacuated at 673 K for 3 h.

reaction was observed, though the temperature
giving the highest activity is slightly shifted.
The evacuation temperature dependence shown
in Fig. 3 is almost the same as the results
reported by Hattrori and co-workers for the

w xisomerization of 1-pentene 13 .
It should be noted that the high-temperature

pretreatment is indispensable for getting high
catalytic activity for both self condensation of
benzaldehyde and alkene isomerizations. No
catalytic activities were observed when the pre-
treatment temperature was below 473 K under
the reaction conditions.

The surface area of KF–Al O did not change2 3

much in the pretreatment temperature range of
Ž 2 .523 to 773 K, being constant ca. 90 m rg .

ŽFig. 3. Influence of evacuation temperature of KF 5 mmolrg-
. Ž .alumina –Al O on the yield of benzyl benzoate. ` : Self-con-2 3

densation of benzaldehyde. Reaction temperature: 273 K, reaction
Ž .time: 3 h, benzaldehyde: 29.5 mmol, catalyst weight: 0.25 g. I :

Isomerization of 2,3-dimethyl-1-butene. Reaction temperature: 313
K, reaction time: 20 h, 2,3-dimethyl-1-butene: 24 mmol, catalyst
weight: 0.25 g.
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This result indicated that the sharp decrease in
the activity of KF–Al O above 673 K is not2 3

caused by the decrease in the surface area, and
that the surface chemical state of the KF–Al O2 3

changes with thermal treatment. The same result
was also reported by Hattori and co-workers
w x13 .

3.5. Basic sites on KFrAl O2 3

As for the basic sites on KF–Al O , several2 3
w xproposals has been made 3,12,24 . It is known

that K AlF is formed by the reaction of aque-3 6

ous KF and alumina.

12KFqAl O q3H O™2K AlF q6KOH2 3 2 3 6

1Ž .

Weistock et al. also found the formation of
w xcarbonate ions by IR spectroscopy 24 . Based

on these results, they concluded that the high
reactivity of KF–Al O was a consequence of2 3

potassium hydroxide andror carbonate forma-
tion by the reaction of KF with Al O and that2 3

fluoride ion has little or no direct role in the
w xcatalytic activity of KF–Al O 24 . The car-2 3

bonate was supposed to be formed by the reac-
tion of carbon dioxide and KOH formed by

Ž .reaction 1 during the drying procedure. On the
other hand, Ando et al. stressed the importance
of coordinatively unsaturated Fy ions, though
they did not deny the participation of the hy-

w xdroxide species 3,12 .
We have examined the surface property of

KF–Al O . The formation of K AlF was con-2 3 3 6

firmed by XRD in the sample upon loading KF
on Al O by impregnation. K AlF still existed2 3 3 6

after heating the sample at 673 K. Fig. 4 shows
the 19F MAS NMR spectrum of KF–Al O2 3

evacuated at 673 K. The major band was ob-
served at y157 ppm, beside two bands at y135
ppm and y166 ppm. The major peak is as-
signed to K AlF because of the agreement of3 6

the chemical shift value with the authentic sam-
ple. This shows the most of fluorine atoms exist

19 Ž .Fig. 4. F MAS NMR spectrum of KF 5 mmolrg-alumina –
Ž .Al O evacuated at 673 K for 3 h. ) : Spinning side bands.2 3

as K AlF . Duke and Miller have already re-3 6

ported that 19F MAS NMR of KF-loaded alu-
mina is observed at y155 ppm and assigned the

w xpeak to K AlF 25 .3 6

To check the catalytic activity of K AlF , the3 6

reaction was carried out by using neat K AlF3 6

and K AlF which had been loaded on Al O3 6 2 3

by impregnation and heated under vacuum at
673 K. Both catalysts showed no catalytic activ-
ity.

The XRD pattern due to K AlF was ob-3 6

served after pretreatment at 873 K, where the
catalytic activity of KF–Al O was completely2 3

lost. These results confirmed that K AlF is not3 6

a catalytically active species.
The small peak at y135 ppm is assigned to

Fy species on the surface. The intensity of this
band increases with evacuation temperature and
through a maximum at 673 K, it decreased. The
peak was not observed when the sample was
evacuated at 873 K. The intensity change with
evacuation temperature parallels with the change
in the catalytic activity for benzaldehyde self-
condensation. This indicates that the Fy species
giving this 19F NMR signal is directly related to
the catalytic activity.

The chemical shift values of alkaline metal
Ž .fluorides, MF MsLi, Na, K, Rb Cs ranges

w xfrom y130 ppm to y79 ppm 26 . The value
of y135 ppm for Fy species on the surface of
KF–Al O indicates that this Fy species is2 3

more electron-rich than Fy ions in solid MX.
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Ž . Ž .Fig. 5. IR spectrum of KF–Al O . a KF 5 mmolrg-alumina –2 3
Ž . Ž .Al O evacuated at 473 K for 3 h. b KF 5 mmolrg-alumina –2 3

Al O evacuated at 673 K for 3 h.2 3

This may account for the high activity of KF–
Al O treated at 673 K.2 3

3.6. Role of carbonate and hydroxide species

The IR spectra of KF–Al O evacuated at2 3

473 K showed two bands at 1557 and 1353
cmy1. These bands are assigned to bidentate-

2y w xtype CO 27 Fig. 5. When evacuated at 6733

K, the bands were observed at 1535, 1421, and
1398 cmy1, indicating that both bidentate- and
monodentate-type carbonate species exist on the
surface of KF–Al O . However, the catalytic2 3

activity of K CO –Al O for the self-con-2 3 2 3

densation of benzaldehyde was much lower than
KF–Al O , as shown in Table 1. Therefore, it2 3

is unlikely that the carbonate species is a cata-
lytically active species for this reaction.

Furthermore, the catalytic activity of KOH–
Ž .Al O was very low Table 1 , while the sur-2 3

face area of KOH–Al O was 121 m2rg, which2 3
Ž 2 .is larger than that of KF–Al O 92 m rg .2 3

These results indicated that the hydroxide is not
responsible for the catalytic activity.

We compared the catalytic activities of three
catalysts, KF–Al O , K CO –Al O , and2 3 2 3 2 3

KOH–Al O for isomerization of 2,3-dimethyl-2 3

but-2-ene to 2,3-dimethylbut-2-ene. Table 2
shows that the catalytic activity of KF–Al O is2 3

much lower than those of K CO –Al O and2 3 2 3

KOH–Al O . Thus, the order of the catalytic2 3

Table 2
Isomerization of 2,3-dimethylbut-1–ene to 2,3-dimethylbut-2-ene

Ž . Ž .Catalyst Evacuation temperature % Conversion %

K CO –Al O 673 892 3 2 3

KOH–Al O 673 862 3

KF–Al O 623 262 3

673 2

Reaction temperature: 313 K, catalyst: 0.25 g, reaction time: 20 h,
Ž 3.2,3-dimethylbut-1-ene: 24 mmol 3 cm , the amount of base: 5.0

mmolrg-alumina.

activity for benzaldehyde self-condensation is
different from that of alkene isomerization.

4. Conclusion

Ž .KF 5 mmolrg-alumina –Al O heated un-2 3

der vacuum at 673 K catalyzes highly efficient
self-condensation of benzaldehyde to benzyl
benzoate. It follows that the active sites on
KF–Al O is different from those of K CO –2 3 2 3

Al O and KOH–Al O . This again suggests2 3 2 3

that carbonate or hydroxide species is not re-
sponsible for the catalytic activity on KF–
Al O .2 3
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