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Titanium cation-exchanged montmorillonite acts as an efficient heterogeneous catalyst for the Beckmann
rearrangement of a wide range of ketoximes including aromatic, aliphatic, and alicyclic ketoximes under
mild reaction conditions. After the rearrangement reaction, titanium cation-exchanged montmorillonite
is easily separated by simple filtration, and can be reused with retention of high efficiency.

� 2012 Elsevier Ltd. All rights reserved.
Amides are vital synthetic intermediates and raw materials for
medicines, agrichemicals, fragrances, and polymers. Various
amides can be synthesized from ketoximes through the Beckmann
rearrangement under liquid-phase conditions.1,2 The Beckmann
rearrangement has often been conducted with the use of environ-
mentally harmful acids, for example concentrated sulfuric acid,
phosphorus pentachloride, and hydrogen chloride, resulting in the
production of large amounts of waste. To overcome this problem,
much effort has been devoted to the development of alternative
and more environmentally-friendly catalysts in the liquid-phase
Beckmann rearrangement.3,4 Heterogeneous catalysts have many
advantages over homogeneous ones due to their ease of recovery
and reuse. However, the heterogeneous catalysts reported to date
for the Beckmann rearrangement have suffered from a limited
substrate scope,4e and the requirement of high temperatures
(>130 �C),4f pre-treatment before reuse of the catalyst4d and micro-
wave-heating.4a,c Therefore, the development of highly efficient
heterogeneous catalysts for the liquid-phase Beckmann rearrange-
ments under mild reaction conditions is still a significant issue.

Montmorillonites of smectite clays are composed of negatively
charged layers and an interlayer containing cationic species. The
cationic species can be easily replaced by other metal polycations
and these ion-exchanged montmorillonites have great potential
as solid acid catalysts.5 In our continuing studies of metal-
exchanged montmorillonite, we found that two-dimensional
ll rights reserved.
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titanium oxide species sandwiched in the montmorillonite layers
were formed by treatment of sodium cation-montmorillonite with
TiCl4 aqueous solution. The titanium cation-exchanged montmoril-
lonite (Ti4+-mont) was found to act as an efficient solid acid cata-
lyst for many environmentally benign reactions such as the
aromatic alkylation6 and acetalization of carbonyl compounds,7

the deprotection of acetals,8 the esterification of carboxylic acids,9

and the etherification of alcohols10 in which the titanium oxide
species sandwiched in the layers exhibited high catalytic activities.
Herein, we found that Ti4+-mont efficiently promoted the Beck-
mann rearrangement of a wide range of ketoximes under mild
reaction conditions. The reaction proceeded more efficiently at
lower temperatures (<100 �C) than previously reported heteroge-
neous catalyst systems without any additives or microwave-heat-
ing. Moreover, Ti4+-mont showed good reusability.

Ti4+-mont was prepared according to our previous report.6 We
tested the catalytic activity of Ti4+-mont in the Beckmann rear-
rangement of cyclododecanone oxime (1) to x-laurolactam (2),
which is an important raw material of Nylon 12, as a model reaction
at 90 �C in benzonitrile solvent.11 Ti4+-mont showed high catalytic
activity for the rearrangement; 2 was quantitatively obtained as
the sole product after 3 h (Table 1, entry 2). The activities of various
solid catalysts were compared with that of Ti4+-mont under similar
reaction conditions (Table 1, entries 1 and 6–16). Other cation-ex-
changed montmorillonites such as Al3+-mont, Zr4+-mont, and
Sc3+-mont afforded good yields of 2 (entries 6–8).12 On the other
hand, the parent Na+-mont did not give any products (entry 11),
confirming that the active species are the exchanged cations in
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Table 2
Beckmann rearrangement of various ketoximes using Ti-monta

Entry Substrate Product

1c,d
NOH NH

O

2c,d

NOH H
N

O

3

NOH
NH

O

4

NOH H
N

O

5

NOH

HO

H
N

O
HO

6c

NOH

Br

H
N

O
Br

7

NOH H
N

O

N
H

O

Table 1
Beckmann rearrangement of 1 to 2 using various solid acid catalystsa

NOH
catalyst

1 2

NH
O

Entry Catalyst Time Conv.b (%) Yieldb (%)

1 Ti4+-mont 1 81 81
2 Ti4+-mont 3 99 98
3c Ti4+-mont 3 99 98
4d Ti4+-mont 3 99 98
5e Ti4+-mont 3 99 97
6 Al3+-mont 1 75 74
7 Zr4+-mont 1 73 73
8 Sc3+-mont 1 62 60
9 V3+-mont 1 55 52
10 Hr4+-mont 1 35 34
11 Na+-mont 1 5 <1
12 Nafion-H NR50 1 35 32
13 Amberlyst-15 1 23 20
14 H-ZSM-5 (Si/Al=150) 1 15 15
15 H-USY (Si/Al=10) 1 13 12
16 H-mordenite (Si/Al=10) 1 3 3

a Reaction conditions: catalyst (0.1 g), substrate (1.0 mmol), benzonitrile (5 mL),
90 �C, Ar.

b Conversions and yields were determined by GC using an internal standard
technique.

c Reuse 1.
d Reuse 2.
e Reuse 3.
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the mont. The use of commercially available and strongly acidic
polymers such as Nafion and Amberlyst resulted in low yields of
2 (entries 12 and 13). Typical inorganic solid acids such as
H-ZSM-5, H-USY, and H-mordenite gave poor yields of 2 (entries
14–16). Ti4+-mont also had good durability; Ti4+-mont was simply
filtered after the reaction, and then reused under the same reaction
conditions without pre-treatment, affording quantitative yields of 2
with retention of the catalytic activity and selectivity (entries 3–5).

To investigate the scope of the Ti4+-mont-catalyzed Beckmann
rearrangement, various ketoximes were examined under similar
reaction conditions, as summarized in Table 2. It is noted that var-
ious sized cycloalkanone oximes were successfully converted into
the corresponding lactams in high yields (entries 1–3). In particu-
lar, Ti4+-mont was found to be active for the conversion of
cyclohexanone oxime to e-caprolactam (entry 1), which is an
important raw material for nylon-6,2c although some reported cat-
alysts failed to promote such a reaction under liquid-phase condi-
tions.3a,4a,13 Various aromatic and aliphatic ketoximes were also
allowed to react in the presence of Ti4+-mont, providing the corre-
sponding amides in excellent yields (entries 4–12). For example,
cyclization of 1-(2-hydroxyphenyl)ethan-1-one oxime occurred
via the Beckmann rearrangement to afford 2-methylbenzoxazole,
an important intermediate in a variety of drugs and bioactive
substances (entry 10).14

The present Ti4+-mont also worked well under the scale-up
reaction conditions; 4.9 g of 1 was transformed to 2 in 98% isolated
yield (Scheme 1). Moreover, Ti4+-mont was applicable to the one-
pot synthesis of lactams from ketones using hydroxylamine
through the Beckmann rearrangement; cyclododecanone was
Time (h) Conv.b (%) Yieldb (%)

20 96 74 (65)e
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3 99 98 (97)
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Scheme 2. One-pot synthesis of 2 from cyclododecanone with hydroxylamine
using Ti4+-mont.
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Scheme 1. Beckmann rearrangement of 1 using Ti4+-mont under scale-up reaction
conditions.

Table 2 (continued)

Entry Substrate Product Time (h) Conv.b (%) Yieldb (%)

8

NOH H
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O

16 99 97 (92)

9c
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O
16 99 94 (86)

10c,d

OH
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20 98 89 (77)
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10 99 97 (91)

12
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a Reaction conditions: Ti4+-mont (0.1 g), substrate (1.0 mmol), benzonitrile (5 mL), 90 �C, Ar.
b Conversions and yields were determined by GC using an internal standard technique. Isolated yields are shown in parentheses.
c Substrate (0.5 mmol).
d 110 �C.
e Cyclohexanone was formed as a by-product.
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directly converted into 2 in excellent yield in the presence of Ti4+-
mont and hydroxylamine (Scheme 2).

In conclusion, we demonstrated that Ti4+-mont acted as a highly
active heterogeneous catalyst for the liquid-phase Beckmann rear-
rangement under mild reaction conditions. Various ketoximes
including alicyclic, aromatic, and aliphatic ketoximes were suffi-
ciently converted into the corresponding lactams and amides in
high yields. The Ti4+-mont worked well under the scale-up reaction
conditions and the recovered Ti4+-mont was reusable with reten-
tion of its efficiency. Furthermore, the catalytic system using
Ti4+-mont was applicable to the one-pot synthesis of lactams from
ketones through the Beckmann rearrangement.
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