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Abstract

This article reviews the Tishchenko reaction: 2 RCHO —
RCOOCH;R (R = hydrogen, alkyl, and aryl), describing the re-
action mechanisms, homogeneous and heterogeneous catalysts
developed for the reaction, a number of specific examples, and
the utility of the reaction in the industrially large-scale produc-
tion of ethyl acetate from acetaldehyde.

¢ Historical Background

The catalytic dimerization of aldehydes giving the corre-
sponding esters (Scheme 1) was first discovered by Claisen in
1887,! and is now well known as “Tishchenko reaction.” Clai-
sen’s method utilizing sodium alkoxides, however, was success-
fully applicable only to non-enolizable aldehydes like benzalde-
hyde, because sodium alkoxides that possess strong basicity cat-
alyze aldol reactions predominantly for enolizable aldehydes
with an « proton.
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Scheme 1. Tishchenko reaction.
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In 1906, a Russian chemist, Tischtschenko, reported that
aluminum alkoxides were superior to sodium alkoxides in the
reaction, because they were more Lewis acidic and less basic.?
The Lewis acidic AI** ion with an empty orbital can effectively
coordinate with a Lewis basic carbonyl oxygen atom of the reac-
tant aldehyde. And more importantly, the lower basicity of alu-
minum alkoxides can suppress the undesirable aldol reactions
and promote the Tishchenko reaction selectively. Taking advant-
age of these two features, aluminum alkoxides have been applied
to the dimerization of not only non-enolizable but enolizable
aldehydes to the corresponding esters with great success. Since
Tischtschenko’s method with aluminum alkoxides possesses
much wider applicability than Claisen’s method with sodium
alkoxides, the dimerization of aldehydes to the corresponding
esters has been named Tishchenko (Tischtschenko) reaction,
even though the first person who found this type of reaction
was Claisen.

Up to now, a number of homogeneous complex catalysts ex-
hibiting high catalytic performances for the Tishchenko reaction

have been elaborated to compensate for the shortcomings of the
classical aluminum alkoxide catalysts. Heterogeneous catalytic
Tishchenko reactions have been also achieved with activated
solid bases and an immobilized complex, though the reports
are few compared with those on homogeneous catalysis.

In view of synthetic organic chemistry, the Tishchenko
reaction is one of the most ideal methods for preparation of
esters and lactones, because the reaction requires no toxic
reagents, proceeding catalytically without producing any by-
products. Some esters that can be synthesized through the
Tishchenko reaction involve ethyl acetate from acetaldehyde
and benzyl benzoate from benzaldehyde, which are important
chemicals employed as a solvent and an artificial flavor.

In the present review, we focus on the traditional
Tishchenko reaction and introduce all aspects of the reaction,
including controversies on the reaction mechanism, both the
homogeneous and heterogeneous catalysts developed so far,
and its application to the industrially large-scale production of
ethyl acetate from acetaldehyde.

¢ Homogeneous Catalysis Mechanism

The mechanisms that have been proposed for the traditional
Tishchenko reaction catalyzed by metal alkoxides can be rough-
ly divided into two groups; (1) Luder—Zuffanti model and (2)
Ogata—Kawasaki model.

Luder and Zuffanti, in 1944, suggested a possible mecha-
nism for the Tishchenko reaction, which was based on the hy-
pothesis that aluminum alkoxide acts as an acid catalyst alone
(Scheme 2).> This mechanism, however, was simplistically
worked out according to the Lewis—Langmuir theory of valence,
and possessed no experimental supports.

In 1969, Ogata and Kawasaki proposed a more reliable
mechanism depicted in Scheme 3, in which [AlI]-OCH,R acts
as the catalytically active species, on the basis of the experimen-
tal evidence that the alkoxide transfer from a catalyst to a reac-
tant aldehyde is an indispensable step for the production of
esters.* They stressed that aluminum alkoxide is essentially
an alkoxide transfer agent to an aldehyde as well as a Lewis
acid, and concluded that the Luder—Zuffanti model is incorrect.
Since the Ogata—Kawasaki model is not a mere proposal but has
much experimental support, it has been recognized as a correct
mechanism of the Tishchenko reaction catalyzed by aluminum
alkoxides.
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Scheme 3. Ogata—Kawasaki model (M = AI’™).

In many cases, catalyst precursors of the newly elaborated
catalysts have considerably different structures compared with
traditional aluminum alkoxides. However, almost all of them
as well as aluminum alkoxides are considered to be converted
into the active species of [M]-OCH;R (M = metal; R = R of
reactant aldehyde RCHO) through the initial reaction with
reactant aldehydes.

We may have to consider another kind of mechanism for
several transition-metal complex catalysts. There is a possibility
that these catalysts promote the Tishchenko reaction by the
mechanism involving oxidative addition, reductive elimination,
insertion, and/or B-elimination. In 1982, Ito et al. proposed
an interesting mechanism shown in Scheme 4 for the RuH,-
(PPhj3)4-catalyzed Tishchenko reaction.”® However, they could
not rule out the possibility that [Ru][-OCH,R species was
first formed and promoted the reaction via the Ogata—Kawasaki
mechanism. In addition, no strong evidences supporting
Scheme 4 have been obtained yet. Full elucidation of the transi-
tion metal-catalyzed Tishchenko reaction is one of the future
subjects to be explored.

¢ Heterogeneous Catalysis Mechanism

In 1974, Tanabe and Saito reported that alkaline earth oxides
activated by thermal treatment induce the Tishchenko reaction
of benzaldehyde, which is the first report of a heterogeneous cat-
alytic Tishchenko reaction.® They proposed the mechanism
shown in Scheme 5 for the Tishchenko reaction over MgO and
CaO. The initial Cannizzaro-type disproportionation takes place
between benzaldehyde adsorbed on an acid site and that on a
base site to give the reduced adsorbed species [A] and oxidized
one [B]. The former acts as a catalytically active species and pro-
motes the reaction by way of the Ogata—Kawasaki mechanism.
This mechanism was supported by the following results: (1)
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Scheme 5. Tanabe—Saito model (M = Mg?* or Ca’*).

the decrease in activity upon addition of acidic compounds
such as benzoic acid and phenol or basic pyridine indicates the
participation of both base sites (O%>7) and Lewis acidic sites
(Mg?* or Ca”*) in the reaction, (2) the existence of the oxidized
and reduced adsorbed species on MgO and CaO was confirmed
by infrared spectroscopy, and (3) the reaction over CaO had an
induction period, which was shortened remarkably by the addi-
tion of benzyl alcohol. This is strong evidence for the participa-
tion of the reduced adsorbed species, PhACH,O-M (M = Mg>*
or Ca?t), in the catalytic production of benzyl benzoate; the
abstraction of a proton in benzyl alcohol by a base site can yield
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Scheme 6. Tsuji-Baba model (A = Lewis acid site; B = base
site).

the same alkoxy species, which should take place much faster
than the Cannizzaro-type disproportionation.

Tsuji and co-workers have proposed another mechanism for
the Tishchenko reaction over activated metal oxides.” His recent
report suggested that the surface lattice oxide ions in MgO,
which act as active base sites, are incorporated into the product
ester during the Tishchenko reaction.”’ Baba and co-workers
have also proposed the similar mechanism for KF/Al,Os-cata-
lyzed Tishchenko reaction of benzaldehyde to benzyl benzoate,
although there have been no decisive data supporting the sugges-
tion (Scheme 6).2

¢ Homogeneous Catalyst Examples

The homogeneous catalysts developed so far for the
Tishchenko reaction are listed in Table 1. As already described,
the Tishchenko reaction was first performed by Claisen, using
sodium alkoxides as homogeneous catalysts (Entry 1).!

Stapp discovered that boric acid catalytically promotes the
Tishchenko reaction, although a very high reaction temperature
of 250°C is required to obtain the product esters in a synthetical-
ly satisfactory yield (Entry 2).° Formaldehyde and isobutyralde-
hyde were converted into the corresponding esters in moderate
yields in 6 h, but the reaction of benzaldehyde proceeded very
slowly. An easily enolizable aldehyde, n-butyraldehyde, also
underwent the Tishchenko reaction, although 2-ethyl-2-hexenal,
an aldol condensate, was a predominant product. The Luder—
Zuffanti mechanism (Scheme 2) was proposed for the reactions.

About twenty years after Tischtschenko’s first report, Child
and Adkins published the detailed catalysis of aluminum alkox-
ides for the Tishchenko reaction.!? It was found that the catalytic
activity for the reaction of acetaldehyde to ethyl acetate in
xylene solvent at 25 °C increases in the order of Al(OEt); <«
Al(On-Bu); < Al(Oi-Pr); and that the AI(OEt);-catalyzed reac-
tion in CCly proceeds faster than those in heptane, xylene, ether,
benzene, and CHCl;. They also showed that the use of promoters
such as FeCl3 and ZnCl, accelerates the Al(OEt);-catalyzed
reaction of acetaldehyde in ether/butanol solvent at 25 °C.

Saegusa and Ueshima successfully performed the Tishchen-
ko reaction of trihaloacetaldehydes such as Cl;CCHO and
Br;CCHO, which had been reported to be very sluggish with
traditional aluminum alkoxide catalysts, using AI(OCH,CX3)3
(X = halogen) catalysts (Entry 4).!! Their strategy was based
on the previous NMR study, which had revealed that [AI(OCH,-
CX3)3], oligomers are easily dissociated into a monomeric
form in the presence of such a donor as a reactant aldehyde,
while the association of usual aluminum alkoxides such as
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Table 1. Homogeneous catalysts for the Tishchenko reaction

Entry Catalyst Ref(s)
|. Group(1A)
1 NaOCH, 1
I1. Group(3B)
2 B(OH); 9
3 Al(OEt)3, Al(Oi-Pr); 2,10
4 Al(OCH,CCl3)3, AI(OCH,CBI3)3 11
5 (FPrO)2Al  AI(OI-Pr) 12
0

Me Me
O
6 13
(o

\ )
Al-0i-Pr
N

7 (i-Bu),AlH (DIBAH) 14

I11. Group(3A)
8 Cp*,LaCH(SiMey),, 15

Cp* ,NdCH(SiMe3),

9 Y[N(SiMe3)2]s, La[N(SMey);]s, 16

Sm[N(SiMey);]5

IV. Group(4A)
10 CpoZrH,, Cp,HfH, 17

V. Group(8)
11 Na,Fe(CO), 18
12 K,Fe(CO),/18-crown-6 19
13 RuH,(PPhs)4 5
14 OsHg(Pi-Pr3),, OsH,(CO)o(Pi-Prs), 20
15 [Rh(diphosphine) (acetone),]* 21
16 22
I
HN O
Ph
Ph + i-PrOH + K,CO3

Al(OEt); and Al(Oi-Pr); is strong and is not broken even by
strong donors. They concluded that the smooth dissociation of
[AI(OCH,CX3)3], oligomers into the active Al(OCH,CX3)3
molecules brought about the remarkable acceleration of the
reactions.

Maruoka and co-workers designed a unique bis-aluminum
alkoxide depicted in Entry 5.!> The carbonyl group of an alde-
hyde is coordinated to the two aluminum center at the same time,
and thereby highly activated for the hydride transfer in the six-
membered transition state shown in Scheme 3. The reaction of
aliphatic aldehydes with the catalyst (0.2—1 mol %) usually pro-
ceeds very rapidly at 21 °C to yield the corresponding esters in
more than 90% yield within 0.25h. Aromatic aldehydes are
somewhat less reactive in the catalytic system. In their succeed-
ing work, they devised a novel catalyst shown in Entry 6, which
is highly effective especially for the Tishchenko reaction of
easily enolizable aldehydes.!? It is remarkable that 1 mol % of
the catalyst promoted the reaction of acetaldehyde quantitatively
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in 2h at room temperature, indicative of the potential for the
industrial production of ethyl acetate.

Hon and co-workers showed that a reducing agent, diisobu-
tylaluminum hydride (DIBAH) promotes the Tishchenko reac-
tion of aliphatic aldehydes at room temperature in several hours
(Entry 7). Unfortunately, aromatic aldehydes did not undergo
the Tishchenko reaction with DIBAH. The Ogata—Kawasaki
model was proposed as a reaction mechanism; the catalytically
active species of (i-Bu); AI-OCH;,R should be formed by the
initial reaction of DIBAH with an aldehyde RCHO.

Onozawa et al. found that Cp*,LnCH(SiMe3), (Ln = Nd or
La) promotes the Tishchenko reaction of aromatic and heteroar-
omatic aldehydes, although the reaction is sluggish (Entry 8).'3
Usually operating the reaction at 60 °C for 3 days was required
with 1 mol % of the catalysts to give the ester products in
high yields. It was demonstrated that the reaction of Cp*,-
LaCH(SiMes;), with benzaldehyde yields PhCOCH(SiMes),,
PhCOCp*, and the [La]-OCH,Ph species that was suggested
to promote ester formation by the Ogata—Kawasaki mechanism.
Later, Roesky et al. reported that Ln[N(SiMe3),]s (Ln =Y, La,
or Sm) also promotes the Tishchenko reaction by a similar mech-
anism (Entry 9).!® The activity of La[N(SiMe;3),]3, however, is
much higher than those of Cp*,LnCH(SiMe3), catalysts.

Morita et al. found that a catalytic amount (5mol %) of
zirconocene and hafnocene complexes involving Cp,ZrH,
Cp2Zr(ChHH, Cp,HfH;, and Cp,Hf(Cl)H promote the Tishchen-
ko reaction of aliphatic aldehydes at 0—17 °C, giving the corre-
sponding esters in 42-92% yields within 0.5h (Entry 10).!”
The catalysts, however, exhibited a low activity for the reaction
of benzaldehyde. The 'HNMR spectra of a 1:1 mixture of
Cp2Zr(ChHH and 2-methylpropanal or benzaldehyde indicated
the formation of Cp,Zr(Cl)OCH,CH(CH3), or Cp,Zr(Cl)-
OCH,;Ph, respectively. The formation of these alkoxy species
during the Tishchenko reactions was also demonstrated by the
fact that when Cp,ZrH, or Cp,Zr(Cl)H was allowed to react
with 2 equiv. of 2-methylpropanal, the product ester was ob-
tained in O or 36% yield, respectively, while the same reaction
employing only 5mol % of the zirconium complexes yielded
much higher yields. On the basis of the above results, the
Ogata—Kawasaki model was proposed as a reaction path. They
also suggested the possibility that the reaction involves a
direct B-hydride elimination from the Cp,Zr(Cl)OCHROCH,R
intermediate to give the product ester of RCOOCH,R and
Cp2Zr(ChHH, which is a catalytically active species.

Yamashita et al. reported that the anionic complex,
Na,Fe(CO),4, which is known as the Collman reagent, promotes
the catalytic Tishchenko reaction of aromatic aldehydes smooth-
ly (Entry 11).'8 For instance, the treatment of 100 mmol of benz-
aldehyde with 3 mmol of the catalyst at 25°C for 40h in THF
solvent gave benzyl benzoate in 95% yield. Owing to the highly
basic nature of the catalyst, an easily enolizable aldehyde like
n-butyraldehyde did not undergo the selective Tishchenko
reaction, but afforded the corresponding aldol condensates.
The reaction mechanism similar to the Tsuji-Baba model was
proposed, where B is [Fe(-II)] in this case, but they did not
explain why a small amount of alcohol such as benzyl alcohol
(ca. 3%) formed in the Tishchenko reaction of benzaldehyde.
There is a possibility that [Fe]-OCH,Ph species, which is
formed by the initial reaction of Na,Fe(CO), with benzaldehyde,
promotes the reaction through the Ogata—Kawasaki mechanism.
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In a later work, Yamashita et al. attempted to enhance the reac-
tivity of K,Fe(CO)4 by adding 18-crown-6 that surrounds K+
ions. The naked Fe(CO),>~ with high nucleophilicity exhibited
a much higher activity than K,Fe(CO),4 alone (Entry 12)."°

Ito and co-workers used RuH,(PPh3)4 and other hydridoru-
thenium complexes as catalysts for the Tishchenko reaction.
These complexes were found to be active for aliphatic aldehydes
involving acetaldehyde at —30-110°C, but far less active for
benzaldehyde (Entry 13).°> The inhibitors and poisons for the
catalysts involve carboxylic acids, alcohols, PPhs, and pyridine.
As already described, an interesting mechanism shown in
Scheme 4 was proposed for the reaction catalyzed by RuH;-
(PPh3)4. Recently, Barrio et al. reported that hydridoosmium
complexes such as OsHg(Pi-Pr3),; and OsH,(CO),(Pi-Pr3), are
also usable for the Tishchenko reaction (Entry 14).2° The Tto—
Yamamoto model was suggested as a reaction mechanism.

Bergens et al. found that 1 mol % of a rhodium complex
in the form of [Rh(diphosphine)(acetone),]™ catalyzes the intra-
molecular Tishchenko reaction of both aromatic and aliphatic
1,4-dialdehydes at 34 °C to give the corresponding five-mem-
bered lactones (Entry 15).2! The diphosphine ligands used
were thPCHzCHzpphz and (CéH]1)2PCH2CH2P(C6H11)2.
They proposed the Ito—Yamamoto model as a mechanism for
the reactions.

Quite recently, Suzuki et al. developed an amino alcohol-
based iridium bifunctional catalyst for the Tishchenko reaction
(Entry 16).22 The Tishchenko reaction of both enolizable ali-
phatic aldehydes and aromatic aldehydes proceeded smoothly
in acetonitrile at room temperature with 1 mol % of the iridium
catalyst and 20-30 mol % of K,COs. The active species is con-
sidered to be the hydridoiridium complex formed by the reaction
between the iridium complex depicted in Entry 16 and i-PrOH.

Coupled with an aldol reaction, a Tishchenko-like reaction
of aromatic aldehyde has become a powerful tool for asymmetric
synthesis of hydroxy esters with high optical purity. For exam-
ple, the catalytic systems of La(OTf);—(R)-BINOL-BuLi*} and
Ti(Ot-Bu)s—cinchonine?* have been applied to the synthesis.

4 Heterogeneous Catalyst Examples

Table 2 gives the heterogeneous catalysts developed so far
for the Tishchenko reaction. The single component metal oxides
and KF supported on alumina (KF/Al,O3) are solid base cata-
lysts, and must be pre-activated by severe pretreatment at a high
temperature (e.g., 773 K) under a high vacuum to generate strong
basic surfaces with highly unsaturated metal-oxide or metal—

Table 2. Heterogeneous catalysts for the Tishchenko reaction

Entry Catalyst Ref(s)
I. Single component metal oxides
1 Alkaline earth oxides 6,7,25
3 Mesoporous-Al, O3 26
4 Sulfated mesoporous-Al, O3 26
I1. KF supported on alumina
5 KF/Al,0O4 27
II1. Immobilized complex
6 Sm[N(SiMes);]s supported on 28

mesoporous silicate SBA-15
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Figure 1. Surface model of the activated MgO (Ref. 30).

3 Mg,

fluoride ion pairs that are the active sites for the Tishchenko
reaction.”” As a typical example of metal oxide catalysts, in
Figure 1 is shown a surface model of the activated MgO that pro-
motes the Tishchenko reaction.® The unsaturated Mg—-O ion
pairs appear by the high-temperature pretreatment under a high
vacuum with the removal of H,O, CO,, and O, that are adsorbed
on MgO in air at room temperature. The correlation between the
coordination number of Mg—O ion pair and the activity of the ion
pair for the Tishchenko reaction has not been elucidated yet.

Only benzaldehyde was used for the Tishchenko reaction
in the first report on the use of alkaline earth oxides by Tanabe
and Saito.° In succeeding works, activated alkaline earth oxides
were also successfully applicable to the mixed Tishchenko
reaction,”> the Tishchenko reaction of furfural that is difficult
with homogeneous complex catalysts,”>* and the intramolecular
Tishchenko reaction of aromatic 1,2—dicarbaldehydes.25"'25‘1

Handa et al. first used KF/Al,O; as a solid base catalyst in
the Tishchenko reaction.?’® The KF was loaded on Al,O5 by an
impregnation method from the aqueous solution, followed by
drying at 393K for 12h. Treatment of benzaldehyde with the
KF/Al,03; (KF content: 5mmol g-alumina~') that had been
pre-activated at 673K under a vacuum (1073 Pa) selectively
gave the corresponding ester, benzyl benzoate, in 94% yield in
3h at 323 K. It was revealed that the activity of KF/Al,O; de-
pends strongly upon the pretreatment temperature. Thus, careful
setting of the pretreatment condition is required to achieve the
highest catalytic performance. The active sites on KF/Al,O3
for base-catalyzed reactions including the Tishchenko reaction
are still unknown, but the following reaction is considered to
take place during the preparation of KF/Al,03:

12KF + Al 03 + 3H,0 — 2K3AlFs 4+ 6KOH, (1)

where IR, XRD, and 'FMAS NMR studies have revealed the
formation of K3AlFg species on the surface.>! Ando and co-
workers concluded that there exist three kinds of basic sites on
KF/Al,03; (i) well-dispersed and incompletely coordinated F~
ions, (ii) [A1-O~] ions which give OH™ ions in the presence
of H,O, and (iii) [AI-OH] of which base strength is enhanced
by the interaction of an adjacent F~ ion with the AI** as shown
in Figure 2.32 If this suggestion is correct, one or more than one
of the base sites promote the Tishchenko reaction.

Chen et al. prepared an immobilized samarium catalyst
through the reaction of Sm[N(SiMe3),]; with mesoporous sili-
cate SBA-15 (Entry 6, Figure 3).22 The immobilization renders
work-up procedures quite easy, improving the reusability and
the stability toward oxygen. The immobilized catalyst is usable
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Figure 2. Cooperative basicity of F~ and alumina. HX is a
Brgnsted acidic molecule.
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Figure 3. Surface model of the immobilized catalyst (Ref. 28).
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Scheme 7. Intramolecular Tishchenko reaction in scCO, using
sulfated mesoporous alumina (mesoAl,03/S04%7) as a solid
strong base catalyst.

for aromatic aldehydes, giving the corresponding esters in mod-
erate to high yields, although the activity was somewhat lower
than that of the parent Sm[N(SiMes);]s catalyst.

The Tishchenko reaction in supercritical CO, (scCO,),
which is an ideal reaction medium in view of green chemistry,*
has been also achieved with heterogeneous catalysts. We have
recently found that activated alumina and mesoporous alumina,
especially those modified with sulfate ions, show high activities
for the intramolecular Tishchenko reaction of phthalaldehyde
to phthalide in scCO, (Scheme 7).2° It was demonstrated that
active strong base sites on the catalysts are not neutralized even
in the Lewis acidic scCO, medium and effectively promote the
reaction.

¢ Tishchenko Reaction in Industry

Transformation of acetaldehyde into ethyl acetate is the sole
practical application of the Tishchenko reaction to large-scale
production of bulk chemicals in the chemical industry.

A catalyst of AI(OEt);>* and a co-catalyst of ZnCl, are
mixed with acetaldehyde in ethyl acetate solvent at 0-5°C in a
tubular reactor to produce ethyl acetate in 95-97% yield and
over 99.5% s.electivity.34b Since the reaction is exothermic,
maintaining the low reaction temperature is required to suppress
a side reaction like the aldol condensation of acetaldehyde.>* In
countries where cheap ethanol is available, the ester formation
from acetic acid and ethanol is advantageous. However, in
Germany and Japan where an ample supply of acetaldehyde is
available and/or the price of ethanol is expensive owing to her
taxation policy, the performance of the Tishchenko reaction
becomes predominant in the formation of ethyl acetate. In
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2005, 1.5 million tons of ethyl acetate was produced worldwide,
and approximately one third of the production was dependent on
the Tishchenko route. A global demand for ethyl acetate is
currently increasing as an alternative solvent to aromatics like
toluene.

¢ Summary

As mentioned earlier, the Tishchenko reaction was discov-
ered more than one hundred years ago. Up to now, a variety of
types of catalysts have been developed in light of homogeneous
and heterogeneous catalysis. It should be underscored that the
catalytic cycle of the Tishchenko reaction includes mild oxida-
tion-reduction processes, and the formation of an ester from
two molecules of aldehyde is a 100% atom economy reaction.

It is also amazing to see that the Tishchenko reaction of
acetaldehyde to ethyl acetate is selectively performed in the
chemical industry, while suppressing the competitive aldol
condensation of such an easily enolizable aliphatic aldehyde
with o hydrogens.
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