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Abstract—The titanium cation-exchanged montmorillonite efficiently catalyzed the selective acetalization of various carbonyl
compounds as a recyclable solid acid. This heterogeneous catalyst has an advantage of a strikingly simple workup procedure over
conventional homogeneous acids. © 2001 Elsevier Science Ltd. All rights reserved.

Acetalization is commonly utilized as a protecting
method for carbonyl functions because dimethyl acetals
and 1,3-dioxolanes are stable under neutral and basic
conditions.1 It has been usually performed in the pres-
ence of p-toluenesulfonic acid (PTSA), BF3–etherate,
FeCl3, or trimethylsilyl trifluoromethanesulfonate
(Me3SiOTf).2 These homogeneous acetalizations often
suffer from drawbacks such as troublesome isolation of

products and the production of large volumes of salt
wastes during neutralization of the acids. From the
standpoint of environmental demand for chemical pro-
cesses,3 much attention has been paid to development
of solid catalysts for the acetal formations.4,5 These
heterogeneous systems are, however, not applicable to a
wide range of carbonyl compounds. Recently, we have
reported a simple and clean synthesis of a dialkyl

Table 1. Acetalization of benzophenone with diols using various solid catalystsa

Entry Catalyst Diol Conv. of benzophenone (%)b Amount of adsorbed NH3 (mmol/g)c

Ti4+-mont 89 1.891 meso-2,3-Butanediol
Ti4+-mont 53 1.892 Propane-1,2-diol

1.8914Ethane-1,2-diol3 Ti4+-mont
Ti4+-mont 11 1.894 Catechol
Fe3+-mont meso-2,3-Butanediol5 69 0.95

0.7525meso-2,3-Butanediol6 Al3+-mont
Na+-mont meso-2,3-Butanediol7 9 0.17
Mont K-10 0 n.m.d8 meso-2,3-Butanediol
SO4

2−/ZrO2 meso-2,3-Butanediol9 11 0.44
H+-beta n.m.d10 8meso-2,3-Butanediol
H+-USYe 0.3611 0meso-2,3-Butanediol

0meso-2,3-ButanediolH+-mordenitee 0.2412

a All reactions were carried out under Dean–Stark conditions for 2 h: catalyst (0.15 g), benzophenone (3 mmol), diol (5 mmol), toluene (20 mL).
b Conversion of benzophenone was determined by GC using an internal standard method. In all cases, the corresponding acetals were exclusively

obtained.
c Acid amount was volumetrically measured. The value corresponded to the number of strongly adsorbed NH3. See Ref. 6.
d Not measured.
e Si/Al=10.
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fluorene derivative from the aromatic alkylation of
phenoxyethanol with fluoren-9-one using a titanium
cation-exchanged montmorillonite (Ti4+-mont) as a
strong solid acid catalyst.6 In the course of our studies
on its catalysis, we found that this Ti4+-mont catalyst
was also effective for the selective acetalization of a
variety of carbonyl compounds to the corresponding
1,3-dioxolanes. This montmorillonite catalyst system
does not require tedious neutralization during workup
procedures.

The Ti4+-mont catalyst was prepared as follows: 3.0 g
of Na+-montmorillonite (Kunipia F, Kunimine Indus-
try Co. Ltd.) was stirred in 100 mL of 1.8 M aqueous
TiCl4 solution at 50°C for 24 h. The obtained slurry
was filtered and washed with distilled water, then dried
at 110°C to afford 2.5 g of whitish gray powder (Ti

content: 3.25 wt%). Analyses using XRD, XPS and Ti
K-edge XAFS showed that the Ti4+-mont had a chain-
like structure of titanium oxides along anionic sheets of
the montmorillonite.6

Acetalizations of benzophenone with diols using vari-
ous types of heterogeneous catalysts were summarized
in Table 1.7 Among diols used, meso-2,3-butanediol
was the most suitable reagent for the acetalization of
benzophenone (entries 1–4).† It should be noted that
the metal cation-exchanged montmorillonites (Mn+-
monts) exhibited higher catalytic activity than conven-
tional solid acids such as sulfate ion-treated zirconium
oxide (SO4

2−/ZrO2), H+-beta, H+-USY and H+-morden-
ite. In the case of the Mn+-monts (entries 1 and 5–7),
the catalytic activities were increased with increasing
their acid amounts. It can be said that the preeminent

Table 2. Acetalization of various carbonyl compounds catalyzed by Ti4+-montmorillonitea

† Concerning a leaching of Ti4+ into the reaction mixture, we carried out the following experiment. To a reaction vessel with a Dean–Stark trap
and a reflux condenser were successively added the Ti4+-mont (0.15 g), toluene (30 mL), benzophenone (5 mmol) and meso-2,3-butanediol (15
mmol). After the resulting mixture was stirred under reflux for 2 h, the Ti4+-mont was removed by filtration (acetal yield: 54%). No acetalization
occurred while the colorless filtrate was further refluxed for 4 h. This result clearly shows that active titanium species did not leach from the
Ti4+-mont during the acetalization.
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catalysis of the Ti4+-mont arises from the strong acid
sites associated with TiO2 domains within an interlayer
space of the montmorillonite.8

Table 2 shows the acetalization of various carbonyl
compounds using the Ti4+-mont catalyst. Formyl func-
tions were converted into 1,3-dioxolanes in excellent
yields (entries 1–6). Moreover, this Ti4+-mont could
smoothly transform various kinds of cyclic, aliphatic
and aromatic ketones into the cyclic acetals (entries
7–14).‡ Remarkably, a bulky ketone of 1,3-diphenyl-2-
propanone gave a quantitative yield of the correspond-
ing acetal (entry 13), whereas some zeolite catalysts do
not efficiently promote the acetalization of this ketone
because small pores obstruct an access of the bulky
compound to their acid sites.5d,e The above prominent
catalysis of the Ti4+-mont can be ascribed to its strong
acidity and an expansion of the interlayer space under
reaction conditions.‡

The spent Ti4+-mont catalyst was readily separated
from the reaction mixture by a simple filtration. The
isolated Ti4+-mont could be reused without an appre-
ciable loss of its high catalytic activity and selectivity;
the yield of 2-phenyl-1,3-dioxolane in the acetalization
of benzaldehyde could be kept over 99% during recy-
cling experiments (entries 3 and 4 in Table 2).§ Addi-
tionally, hydrolysis of acetals to parent carbonyl
compounds was easily attained by the Ti4+-mont in the
presence of water.9

Chemoselective acetalizations are exemplified in
Scheme 1.¶ In the presence of the Ti4+-mont, the acetal-

ization of 4-oxo-4H-1-benzopyran-3-carboxaldehyde 1
occurred exclusively at a formyl group to give 2-(4-oxo-
4H-1-benzopyran-3-yl)-1,3-dioxolane 2, and also ethyl
2-oxocyclopentanecarboxylate 3 afforded an acetal 4
leaving an ester function intact in a high yield. An
unconjugated keto function of the Wieland–Miescher
ketone 5 was selectively protected to 3�,4�,8�,8�a-tetra-
hydro - 8�a - methylspiro[1,3 - dioxolane - 2,1�(2�H) - naph-
thalen]-6�(7�H)-one 6.10

In conclusion, the acetalization of various kinds of
carbonyl compounds sufficiently occurs in the presence
of the Ti4+-exchanged montmorillonite as a strong solid
acid catalyst. This heterogeneous montmorillonite cata-
lyst system has the following advantages: (1) high cata-
lytic activity and chemoselectivity, (2) wide applicability
even to bulky substrates, (3) simple workup procedures
and (4) non-polluting and recyclable catalyst.
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