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Abstract

Phosphorous pentaoxide (P,O) effectively catalyzed homogeneous liquid-phase Beckmann rearrangement of cyclohex-
anone oxime to e-caprolactam in N, N-dimethylformamide (DMF). The turn-over number (TON) of P,O5 was 20. The
catalytic activity was greatly increased by addition of a co-catalyst, trifluoromethane sulfonic acid, and the TON was
increased to 100. The catalyst system was successfully applied to other ketoximes such as acetone oxime, acetophenone
oxime, and cyclopentanone oxime. A strongly polarized pseudo-iminium cation was proposed as an active species. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic Beckmann rearrangement of cyclo-
hexanone oxime to e-caprolactam has long been
expected to be a clean process without by-pro-
duction of a large amount of ammonium sulfate
which inevitably accompanies the conventional
liquid-phase Beckmann rearrangement because
it requires as a catalyst a stoichiometric amount
of fuming acid comprising concentrated sulfuric
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acid and sulfur trioxide. For the vapor-phase
Beckmann rearrangement of cyclohexanone
oxime, too many heterogeneous catalysts have
been proposed to refer. Typical examples are
silica—alumina[1], supported boron oxide [2-5],
faujasite zeolite [6—8], pentasil zeolite [9-15],
Ca—A zeolite [16], titanosilicate [17,18], B-
zeolite [19], mesoporous MCM-41 [20], and
supported tantalum oxide [21]. In particular,
Sato et al. [10-14] have reported that pentasil
zeolites with no acidity, which are further treated
with trimethylsilyl chloride, affords a high cat-
alytic performance (conversion: 100%, lactam
selectivity: 95%). However, the vapor-phase re-
arrangement over solid acid catalysts needs such
a high reaction temperature as 250 to 350,
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thereby side-products which are difficult to be
purified tend to be formed, and rapid catalyst
deactivation is often caused due to carbon de-
posit.

Therefore, the homogeneous liquid-phase cat-
alytic rearrangement process under milder
reaction conditions appears to be preferable to
the vapor-phase process over heterogeneous cat-
alysts. Nevertheless, no efficient practical cata
lyst system has been developed for the homoge-
neous liquid-phase rearrangement of cyclohex-
anone oxime. For example, it has bee repor-
ted that a Vilsmeyer complex, [Me,N=
CHCI]*SO,H ™, which is obtained by the reac-
tion of N,N-dimethylformamide (DMF) with
chlorosulfonic acid, catalyzes the Beckmann re-
arrangement. However, equimolar amount of
the Vilsmeyer complex is required [22]. Re-
cently, it has been reported that a Lewis acid
system consisting of ShCl.—AgBF; catalyzes
the Beckmann rearrangement of oxime
trimethylsilyl ethers [23,24]. However, the sys-
tem is not effective for the rearrangement of
oxime itself. One of the authors, Sato, has re-
ported that a transition metal catalyst system
comprising tetrabutylammonium perrhenate and
trifluoromethane sulfonic acid catalyzes the
Beckmann rearrangement [25]. However, in this
case also, the TON of the catalyst is less than 5.
Furthermore, one of the authors, lzumi, has
reported that an alkoxymethylene—N, N-dimeth-
yliminium sat [Me,N=CH(OR)]" X~ effec-
tively catalyzes the Beckmann rearrangement in
a homogeneous liquid phase of DMF under
mild condition (50 to 60°C) [26]. The
alkoxymethylene—N, N-dimethyliminium salt is
prepared in situ by reacting DMF with
epichlorohydrin in the presence of a strong acid,
and the TON of the iminium salt catalyst de-
rived using heteropolyacid as a strong acid com-
ponent has reached 200.

In the preceding patent literature, we have
revedled a new and effective Beckmann re-
arrangement catalyst comprising phosphorous
pentaoxide (P,O) and trifluoromethane sulfonic
acid in a homogeneous liquid phase [27]. In this

paper, we will report a detailed scientific feature
of the new catalyst.

2. Experimental

A typical example of the rearrangement reac-
tion is as follows: A 200 ml, round-bottomed
flask was purged with nitrogen and therein were
placed 45 ml of dried DMF and 0.35 g (2.5
mmol) of P,O;, after which the resulting mix-
ture was heated to 60 to 120°C. At this stage,
the mixture turned to be a clear homogeneous
solution. Subsequently, a solution of 8.0 g (70.7
mmol) of cyclohexanone oxime in 45 ml of
DMF was drop-wise added to the mixture at 60
to 120°C. The reaction was continued for 0.5 to
2 h. After completion of the reaction, a small
amount of alkali was added to the reaction
mixture to deactivate the catalyst. The reaction
mixture was then subjected to anaysis by gas
chromatography. The product e-caprolactam
was identified by IR and *C-NMR analyses as
follows: IR spectra: v(C=0) was observed at
1600 cm~ 1, and »(NH) was observed at 3430
cm~L; *C-NMR spectra (in CDCl,): chemical
shifts characteristic for e-caprolactam were ob-
served at 6= 23.9, 36.8, 42.3, and 178 ppm
from TMS.

3. Results and discussion
3.1. Influences of aprotic polar solvents

Considering that DMF is a key solvent for
the iminium salt-catalyzed rearrangement [26],
we have examined various acidic compounds in
DMF solvent for the catalytic rearrangement
reaction of cyclohexanone oxime, and have
found that P,O4 exhibits a catalytic cycle with a
TON of more than unity. The influences of
aprotic polar solvents on the rearrangement re-
action over P,O; catalyst are summarized in
Table 1. N,N-Diakyl formamide (DMF, N,N-
diethylformamide, N, N-diisopropylformamide),
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Table 1

Influences of aprotic polar solvents on the rearrangement reaction

Run no. Solvent Conversion of oxime (%) Selectivity of lactam (%) TON? (mol /mol)
1 N, N-Dimethylformamide 99.8 94.2 13.3
2 N, N-Diethyl formamide 66.5 81.2 7.6
3 N, N-Diisopropyl formamide 50.8 64.4 4.6
4 N, N-Dimethyl acetamide 62.3 74.3 6.5
5 N-Methyl-2-pyrrolidone 474 57.1 38
6 Dimethyl sulfoxide 61.4 61.5 53
7 Formamide 16.4 69.5 16
8 Tetramethyl urea 11.8 784 13
9 Hexamethylphosphorous triamide 16.3 74.3 17
cf. Chlorobenzene 8.2 78.0 0.9

Reaction conditions: cyclohexanone oxime/P,05 = 14.4/1 (molar ratio); [oxime/DMF] = 0.8 mmol /ml; reaction: 95°C, 2 h.

&TON: e-caprolactam (mol) /P,O5 (mol).

N-alkyl cyclic amide ( N-methyl-2-pyrrolidone),
and dimethylsulfoxide exhibit fairly good cat-
alytic performances. In particular, DMF shows
an excellent performance as follows. conversion
of cyclohexanone oxime: 99.8%; selectivity of-
caprolactam: 94.2%; TON: 13.3. Thus, in the
case of the P,O, catalyst also, DMF is the best
choice as a solvent as in the case of the
iminium-salt catalyst [26]. Therefore, in spite of
the obsceneness of the rearrangement mecha-
nism over P,O; catalyst, this result seems to
indicate some resemblance in the rearrangement
mechanism in both cases. Other solvents such
as formamide, tetramethylurea, hexamethyl-
phosphoroustriamide, and monochlorobenzene
give poor results (TON < 1.7).

3.2. Influences of the reaction temperature on
the catalytic performances of P,O; catalyst

With an increase of the reaction temperature
from 60 to 120°C, the catalytic activity gradu-
ally increases up to a maximum TON: 19.8 at
100°C, while the lactam selectivity dightly de-
creases from 91.0% (60°C) to 89.5% (120°C)
(Fig. 1). Therefore, the best catalytic perfor-
mance is obtained around 80 to 100°C. The
most appropriate temperature is alittle bit higher
compared with that (50 to 60°C) of the
iminium-salt catalyzed rearrangement reaction
[26].

3.3. Improvement of the catalytic activity of
PZOS

Among various acidic compounds examined
for the improvement of the catalytic activity of
P,O; (Table 2), zinc dichloride, trifluoroacetic
anhydride [(CF,CO,),Q], and trifluoromethane
sulfonic anhydride [(CF;SO,),0] increased the
TON of P,Og from 19.3 to 21.6, 22.5, and 24.6,
respectively. TONSs of lanthanum trioxide (16.8)
and methane sulfonic acid (18.2) are dightly
smaller than that of P,O.. Sulfur trioxide (TON:
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Fig. 1. Influences of the reaction temperature on the rearrange-
ment reaction (1): P,Oy catalyst in DMF. (O) Conversion of
oxime, () selectivity of lactam, () TON of P,Os.
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Table 2

Search for promoters co-operative with P,Og (1): general screening

Run no. Additives Conversion of oxime (%) Selectivity of lactam (%) TON? (mol /mol)
1 none 77.0 87.3 19.3
2 ZnCl, 85.8 87.9 216
3 La,O4 64.3 90.0 16.8
4 (CF,C0O),0 875 89.9 225
5 CH;SO;H 70.5 89.8 18.2
6 (CF;S0,),0 94.4 90.8 24.6
7 SO, 12.8 17.2 22
8 LiClO, 232 100 84
9 Me, SO, 42.3 84.6 103

Reaction conditions: cyclohexanone oxime/P,05 = 70.7 /2.5 (mmol); additive/P,05; = 0.5 (molar ratio); [oxime/DMF] = 0.8 mmol /ml;

reaction: 120°C, 0.5 h.
&TON: e-caprolactam (mol) /P,O5 (mol).

2.2), lithium perchlorate (TON: 8.4), and
dimethylsulfate (TON: 10.3) suppressed the ac-
tivity of P,O;. These results indicate that fluo-
rine-containing strong acidic compounds tend to
accelerate the catalytic activity of P,Os.
Therefore, in order to make clear the effect of
these promoters, further detailed investigations
were carried out on organic acidic compounds
(Table 3) and inorganic acidic compounds (Ta-

ble 4). The ratio between substrate and catalyst
(S/C ratio) was increased from 28.3 (Table 2)
to 56.6 (Tables 3 and 4). Therefore, the attain-
able maximum TON would be 56.6 in the latter
cases. Among organic acidic compounds exam-
ined (Table 3; additive/P,O, molar ratio: 0.5),
CF;SO;H and its derivatives exhibited large to
moderate acceleration effects as follows: CF;-
SO,;H (TON: 30.1), (CF;S0,),0 (TON: 41.0),

Table 3

Search for promoters co-operative with P,Og (2): organic acidic compounds

Run no. Additives Conversion of oxime (%) Selectivity of lactam (%) TON? (mol /mol)
1 none 38.6 90.7 19.5
2 CF;SO;H 58.2 92.8 30.1
3 (CF;S0,),0 824 87.5 41.0
4 CF,S0,SiMe;, 47.8 92.8 24.7
5 CF;SO,4Et 426 924 220
6 (CF;S03),5n 448 926 231
7 (CF;,C0O),0 52.9 90.8 26.8
8 CeHs—SOzH 375 87.5 18.3
9 CF;CO,H 393 89.1 195
10 p-CH ;C¢H ,~SO;Me 406 87.2 19.7
11 m-NO,—CgH ,—SO;H 38.0 92.0 195
12 CCI;CO,H 189 67.1 7.1
13 (CH;CO),0 36.6 89.4 18.2
14 (CF;),CHOH 24.8 78.3 10.8
15 C4F;OH 314 84.4 14.8
of. CF,;SO,H" 5.0 40.2 1.1°

Reaction conditions: cyclohexanone oxime/P,05 = 70.7 /1.25 (mmol); additive/P,Og = 0.5 (molar ratio); [oxime/DMF] = 0.8 mmol /ml;

reaction: 120°C, 0.5 h.

4TON: e-caprolactam (mol) /P,05 (mol).
PCatalyst: CF,SO,H only (without P,O5).
“TON: e-caprolactam (mol) /CF,SO,H (moal).
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Table 4

Search for promoters co-operative with P,Og (3): inorganic acidic compounds

Run no. Additives Conversion of oxime (%) Selectivity of lactam (%) TON? (mol /mol)
1 none 38.6 90.7 19.5
2 BF,.OEt, 61.4 90.2 30.9
3 BF;MeOH 30.2 100 17.4
4 LiBF, 257 93.0 133
5 SO;-H,S0, 7.8 134 0.6
6 97% H,S0O, 7.0 134 0.6
7 SO; - Py 10.9 31.2 19
8 SO; - NMe, 15.0 70.8 5.9
9 FSO;H 7.0 134 0.6

Reaction conditions: cyclohexanone oxime,/P,05 = 70.7 /1.25 (mmol); additive/P,O5 = 0.5 (molar ratio); [oxime/DMF] = 0.8 mmol /ml;

reaction: 120°C, 0.5 h.
&TON: e-caprolactam (mol) /P,O5 (mol).

trifluoromethane sulfonic acid trimethylsilyl-
ester (TON: 24.7), tin bis (trifluoromethane sul-
fonate) (TON: 23.1), trifluoromethane ethyl-es-
ter (TON: 22.0). Trifluoroacetic anhydride also
exhibited a moderate accelerating effect (TON:
26.8), but trifluoroacetic acid itself showed no
effect. Considering that the accelerating effect
of CF,SO;H itself is smaller than that of its
anhydride, the smaller effect of trifluoroacetic
acid itself than that of its anhydride can be
reasonably understood. That is, these acid anhy-
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Fig. 2. Influences of the amount of P,O5 on the rearrangement
reaction: P,0;—(CF;S0,),0 catalyst system in DMF at 120°C.
(O) Conversion of oxime, (2 ) selectivity of lactam, (00) TON of
P,Os. DMF:. 45 ml; cyclohexanone oxime: 70.7 mmol;
(CF;3S0,),0: 1.25 mmol.

drides seem to work as two molar equivalent to
the acids themselves. Benzene sulfonic acid,
p-toluene sulfonic acid methyl-ester, m-nitro-
benzene sulfonic acid, and acetic anhydride did
offer amost no effect. On the contrary, the
following compounds inhibited the catalytic ac-
tivity of phosphorous pentaoxide: trichloroacetic
acid (TON: 7.1), 1,1,1,3,3,3-hexafluoro-2-pro-
panol (TON: 10.8), and perfluorophenol (TON:
14.8). These results indicate that the strong
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Fig. 3. Influences of the amount of CF;SO3;H on the rearrange-
ment reaction: P,0;—CF;SO;H catalyst system in DMF at 120°C.
(O) Conversion of oxime, (2 ) selectivity of lactam, (0O0) TON of
P,Og, (&) TON of (P,Og +CF;SO;H), DMF: 45 ml; cyclohex-
anone oxime: 70.7 mmol; P,Og5: 1.25 mmol.
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Fig. 4. Influences of the temperature on the rearrangement reac-
tion: (O) yield of lactam, () selectivity of lactam, (0O0) TON of
P,05. DMF: 90 ml; cyclohexanone oxime: 141.4 mmol; P,Og: 2.5
mmol; (CF;S05),0: 2.5 mmol.

acidic character of additives containing CF,SO,-
or CF;CO,-group is necessary to accelerate the
catalytic activity of P,O;. It is noteworthy that,
in the absence of P,O;, CF,SO;H itself does
not show any catalytic activity for the rear-
rangement reaction even in DMF (a control
experiment in Table 3: the TON = 1.1 means a
stoichiometric reaction rather than a catalytic
reaction). Therefore, it is clear that P,O; is an
essential catalyst and CF;SO;H or its anhydride
is a promoter co-operating with it.

Among various inorganic acidic compounds
examined, only BF; - OEt, exhibited a high ac-
celerating effect (TON: 30.9) for P,O; as shown
in Table 4. Other strong acids such as fuming
acid comprising sulfur trioxide and sulfuric acid,
concentrated sulfuric acid, sulfur trioxide pyri-
dine complex, and fluorosulfuric acid retarded
the activity of P,Og.

3.4. Detailed study on the catalyst comprising
P,0; and CF,SO;H

Taking CF,SO;H as a representative acceler-
ator, the detailed feature of the catalyst compris-

ing P,Og and CF;SO;H was examined in the
following part. First of all, influences of the
amount of P,O; are shown in Fig. 2. With the
increase of the amount of P,Og, the yield of
lactam increases rapidly at the initial stage, then
the increase slows down after the amount of
P,O; exceeds 1 mmol. In accordance with these
changes, the TON of P,Og rapidly decreases
from the initial high value of 113.2 a P,Oq:
0.31 mmol to TON: 41.0 a P,O5: 1.25 mmol,
then the TON gradually decreases till 24.6 at
P,Og: 2.50 mmol. The reason is not clear now
why the yield of lactam gets saturated at the
high catalyst concentration region. The selectiv-
ity of lactam remains constant around 90%. The
influences of the amount of CF,SO4H are shown
in Fig. 3. In this case, both the lactam yield and
the TON of P,O4 increase almost proportionally
with the increase of the amount of CF;SO;H.
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Fig. 5. Proposed reaction mechanism for the rearrangement of
cyclohexanone oxime to e-caprolactam catalyzed by P,O5—
(CF;S0,),0.
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On the other hand, however, the TON of the
combined amount of P,O; and CF;SO;H de-
creases gradually with the increase of CF;SO5H.
Therefore, the accelerating effect of CF;SO,H
is not necessarily high enough. The influences
of the reaction temperature are illustrated in Fig.
4. Both the lactam yields and the TONs of P,Oq
are higher compared with those in Fig. 1 (P,Oq
catalyst without a promoter). However, the ten-
dency of the temperature effect is similar to that
in Fig. 1. That is, the most favorable reaction
temperature is around 80 to 100°C. A good
result was obtained at 80°C: the lactam yield
was 77.4%, and the TON of P,Og was 44.4.

3.5. Estimation of the rearrangement mecha-
nism catalyzed by P,Og

Considering the above results, we propose
the following rearrangement mechanism (a
pseudo-iminium cation mechanism similar to
that proposed by one of authors in the preceding
paper [26]) (Fig. 5): P,O coordinates to DMF
and withdraws electron from it to form a par-
tially polarized pseudo-iminium cation 1 as a
rearrangement catalyst. This polarization is fur-
ther strengthened by coordination of strong
acidic additives such as CF,SO,H, (CF;SO,),0
or BF,OEt, to P,Os. Cyclohexanone oxime 2
then reacts with the catalyst 1 to form an inter-
mediate 3 where a polarized pseudo-cyclohe-
xyliminium cation coordinates to the catalyst.
This pseudo-cation then undergoes Beckmann
rearrangement to form an intermediate 4 where
a polarized pseudo-cycloheptyliminium cation

Table 5
Application to the Beckmann rearrangement of other ketoxime
(D): P,Oq catalyst

Run no. Starting oxime Amide product Yield (%)

1 Acetone oxime N-Methyl acetamide 5.6

2 syn-Acetophenone  Acetanilide 12.6
oxime

3 Cyclopentanone 2-Piperidone 10.9

oxime

Reaction conditions: ketoxime/P,O5 = 35.5/1.25 (mmol);
[oxime/DMF] = 0.8 mmol /ml; reaction: 120°C, 0.5 h.

Table 6
Application to the Beckmann rearrangement of other ketoxime
(2): (P,05 + CF;SO5H) catalyst

Runno. Starting oxime Amide product Yield (%)

1 Acetone oxime N-Methyl acetamide 100

2 syn-Acetophenone Acetanilide 224
oxime

3 Cyclopentanone 2-Piperidone 59.5

oxime

Reaction conditions: ketoxime/P,0g /CF;SO3zH = 35.5/
1.25/1.25 (mmol); [oxime/DMF]= 0.8 mmol/ml; reaction:
120°C, 0.5 h.

coordinates to the catalyst. The intermediate 4
then affords an intermediate 5 where cyclohep-
tyliminium alcohol coordinates to the catalyst.
The intermediate 5 then liberates e-caprolactam
6 and the initial catalyst 1. Thus, a catalytic
cycle is completed. Therefore, DMF works both
as a catalyst precursor and as a polar solvent to
dissolve the polarized catalyst.

3.6. Application to other ketone oximes

The Beckmann rearrangement catalyzed by
P,O; was applied to other ketoximes; acetone
oxime, syn-acetophenone oxime, and cyclopen-
tanone oxime. The results with these ketone
oximes are very poor (yields of amide products:
5.6%, 12.6%, and 10.9%, respectively) in com-
parison with that (yield of e-caprolactam:
67.5%) of cyclohexanone oxime as shown in
Table 5. However, by addition of CF;SO;H, the
results are greatly improved as shown in Table
6: yield of N-methyl acetamide: 100%, yield of
2-piperidone: 59.5%. Therefore, the accelerating
effect of CF,SO;H is clearly shown in these
cases. However, in the case of syn-aceto-
phenone oxime, the yield of acetanilide is as
low as 22.4%. The migration of phenyl group
might be retarded in the catalyst system by the
steric hindrance in the catalyst 1.

4, Conclusions

P,O; effectively catalyzed the homogeneous
liquid-phase Beckmann rearrangement of cyclo-
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hexanone oxime to e-caprolactam in DMF. The
turn-over number (TON) of P,O. was 20. The
catalytic activity was greatly increased by addi-
tion of fluorine-containing strong acids such as
CF,;SO;H, its derivatives, (CF,CO,),0, and
BF;—OEt,. In the case of the catalyst compris-
ing P,Og and CF,SO;H, the TON of P,O5 was
increased to 100. These catalysts were success-
fully applied to other ketoximes such as acetone
oxime and cyclopentanone oxime. The catalytic
intermediate proposed for the rearrangement re-
action is a strongly polarized pseudo-iminium
cation 1 coordinated by P,O; and fluorine-con-
taining strong electronegative group such as
trifluoro-methane sulfonyl (CF;SO;-).
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