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Abstract

Alkoxy-methylene-N, N-dimethyliminium salt, a kind of Meerwein salt, effectively catalyzed the liquid-phase Beckmann
rearrangement of cyclohexanone oxime to e-caprolactam under mild reaction conditions (50-60°C, atmospheric pressure).
The iminium salt was easily prepared in situ either by O-alkylation of N,N-dimethylformamide (DMF) with dimethyl
sulfate or by reacting DMF with epichlorohydrin in the presence of a strong acid. The product lactam poisoned the iminium
catalyst, though reversibly. In the reaction employing a low concentration of the oxime (0.29 M), turnover of the iminium
catalyst derived from heteropolyacid attained 200. A possible mechanism which involves intramolecular migration of the

hydroxy group of oxime was proposed.
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1. Introduction

Catalytic rearrangement of oximes into the
corresponding lactams. without use of stoichio-
metric amounts of acid promoters has long been
an important subject for catalyst researchers,
particularly with respect to the commercial pro-
duction of e-caprolactam in which sulfuric acid
is employed as catalyst producing a large amount
of ammonium sulfate as a by-product. A great
number of heterogeneous catalysts which in-
clude silica—alumina [1], supported boron oxide
[2-4], faujasite zeolites [5-7], pentasil zeolites
[8,9], titanosilicate [10},and supported tantalum
oxide [11] have been proposed for the vapor-
phase rearrangement of cyclohexanone oxime.

* Corresponding author.

The vapor-phase rearrangement over solid cata-
lysts, however, needs a reaction temperature as
high as between 250 and 350°C, thereby lactam
selectivity is not sufficiently high, and rapid
catalyst deactivation is often caused due to car-
bon deposit. A liquid-phase catalytic rearrange-
ment process under milder reaction conditions,
therefore, appears to be preferable to vapor-
phase process, since it not only affords higher
lactam selectivity, but it also saves much energy
in process operation. Nevertheless no efficient
practical catalyst systems for the liquid-phase
rearrangement of cyclohexanone oxime have
been developed.

One of the authors has previously reported in
a rapid communication [12] that the oximes of
cyclohexanone, acetaldehyde, and benzaldehyde
could be rearranged catalytically (turnover: 2.6—
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4.7) in an N,N-dimethylformamide (DMF) so-
lution in the presence of an O-alkylating agent
such as trimethyloxonium tetra-fluoroborate and
methyl trifluoromethanesulfonate at 48—65°C. A
methoxymethylene-N, N-dimethyliminium salt,
which can be readily formed from DMF and
trimethyloxonium salt [13}, was suggested to be
the real catalyst species. In addition, another
iminium catalyst prepared in situ from DMF,
epichlorohydrin, and heteropolyacid gave a high
turnover of 43 [12]. A Vilsmeyer complex of
[Me,N=CHCI]*SO,H™, which is another type
of iminium salt and obtainable by the reaction
of DMF with chlorosulfonic acid, has been re-
ported to be able to activate the Beckmann
rearrangement, but the equimolar amount of the
reagent was required [14]. Recently, a Lewis
acid system of SbCls—AgSBF; has been re-
ported to catalyze the rearrangement of trimeth-
ylsilyl ethers of oximes [15], but the system was
not effective for the rearrangement of the ordi-
nary oximes. A transition metal catalyst system
of tetrabutylammonium perrhenate(VII) and tri-
fluoromethanesulfonic acid catalyzed the rear-
rangement, but the turnover of the catalyst was
less than 5 [16]. Among these catalysts recently
proposed for the liquid-phase Beckmann rear-
rangement, the iminium salt appears to be the
simplest and the most active. The objective of
this work was to investigate molecular catalysis
of the iminium salt in the rearrangement of
cyclohexanone oxime in detail through the opti-
mization of catalyst preparation and reaction
conditions, and to propose a possible reaction
mechanism.

2. Experimental
2.1. Preparation of iminium salt catalyst

Alkoxy-methylene-N, N-dimethyliminium salt
(1) is formed by reacting N,N-dimethylfor-
mamide (DMF) with an O-alkylating agent such
as trialkyloxonium salts [13] and alkyl esters of
strong acids as shown in Scheme 1. Among
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Scheme 1. Formation of iminium salt and trialkyloxonium salt.

these alkylating agents, dimethyl sulfate handles
most easily. Alternatively, the iminium salt can
be obtained in situ by reacting DMF with epox-
ide in the presence of a strong acid such as
boron trifluoride etherate, because trialkyloxo-
nium cations (2 and 3) are formed from epoxide
and a strong acid [17,18]. In the present study,
the iminium salt catalyst was prepared in situ
according to these two methods.

2.1.1. Catalyst from DMF and dimethyl sulfate

To a Pyrex flask (30 ml) was added by 31.5
mg (0.25 mmol) of dimethyl sulfate and 1.5 ml
of anhydrous DMF obtained through distillation
with calcium hydride. The reaction mixture was
stirred at 60°C for 1 h under a stream of nitro-
gen to give a DMF solution of iminium salt.
The formation of methoxy-methylene-N, N-di-
methyliminium salt was confirmed by IR and
'H NMR data: 1250 and 1060 cm™' (C-0O-C),
1710 em~! (C=N); CDCl,/TMS, §=13.73
(OCH,), 3.52 and 3.20 (C=N"*(CH,),). The
reaction between dimethyl sulfate and DMF to
form the iminium salt was estimated to be
equimolar, since the existence of the equimolar
amount of monomethyl sulfate anion was sug-
gested from '"H NMR data (CDCl,/TMS, &=
4.50 (CH,0S0,)).

2.1.2. Catalyst from DMF, epoxide and acid
To a Pyrex flask (30 ml) were added required

amounts of acid and epoxide, and 1.5-2.0 ml of

anhydrous DMF. The reaction mixture was
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stirred at 50°C for 2 h under a stream of nitro-
gen to give a DMF solution of iminium salt.

2.2. Rearrangement reaction

A DMF solution of cyclohexanone oxime
was prepared by adding 0.5 g (4.42 mmol) of
the oxime and 10 ml of benzene to 1.0-1.5 ml
of DMF in a Pyrex flask (30 ml), followed by
azeotropic distillation to remove the water re-
mained in the oxime. The substrate solution
thus obtained was mixed with a DMF solution
of the iminium salt catalyst, and stirred at 50—
60°C for 2 h. At the end of the reaction, the
reaction mixture turned yellow to orange. e-
Caprolactam produced was identified by IR and
*C NMR analyses (1660 cm™' (C=0), 3430
cm~ ' (NH); CDCl,/TMS, & = 23.9, 36.8, 42.3,
178), and determined by GLC using a Unisole
30T column (2 m). The selectivity to the lactam
was more than 99% on the basis of GLC mea-
surements; a trace amount of cyclohexanone
was detected.

2.3. Spectrometric observation of reaction pro-
cess

Methoxy-methylene-N, N-dimethyliminium
salt was obtained as a gel-like solid by reacting
DMF (1.5 ml) and dimethyl sulfate (1.2 mmol)
at 60°C for 5 h, followed by removal of excess
DMEF through distillation in vacuo. To the gel
was added 0.2 ml of choloform and 2.4 mmol of
cycohexanone oxime to make a sample solution
for IR measurement. The solution was sealed in
a flask, then left at room temperature to effect
the rearrangement slowly.

3. Results and discussion

3.1. N,N-Dimethylformamide—dimethyl sulfate
system

Dimethyl sulfate alone dissolved in benzene,
acetonitrile, or 1,2-dichloroethane was inactive

Table 1

Formamides for iminium salt formation ?

Amide Oxime conv. Turnover °
(%)

N,N-dimethylformamide 35 6.2

N,N-dimethylacetamide 13 23

N, N-diisopropylformamide 12 1.7

N-methylformamide 15 2.4

N, N-dimethylthioformamide 13 2.1

? Reaction conditions: dimethyl sulfate:oxime = 0.25:4.4 mmol,
amide = 3 ml, 60°C, 2 h.
® Tumnover number per mole of dimethyl sulfate.

for converting cyclohexanone oxime into e-
caprolactam. The iminium salt formed from
DMF and dimethyl sulfate was, therefore, re-
sponsible for the rearrangement. As shown in
Table 1, several amides other than DMF could
also be O-alkylated to form active iminium
salts, but not so effectively as DMF.

Time dependence of the rearrangement activ-
ity is depicted in Fig. 1 for the DMF-
(CH;0),S0, system. The reaction proceeded
rapidly within 45 min to give the maximum
turnover of 6 on the basis of moles of dimethyt
sulfate applied, then the turnover was leveled
due to deactivation of catalyst. The activation
energy of the reaction was estimated to be 11
kcal mol~' from the experiments performed
between 50 and 80°C. Fig. 2 shows first-order
dependence of the reaction rate on catalyst con-
centration. The deviation from the first-order

Turnover

a L L i

P T i
0 30 60 90 120

Reaction time (min)

Fig. 1. Time dependence of rearrangement activity (DMF-
(CH,0),80, system). Dimethyl sulfate:DMF:oxime =
0.25:40:4.4 mmol, 60°C.
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Fig. 2. First order dependence of reaction rate on catalyst concen-
tration (DMF—(CH ,0), SO, system). DMF:oxime = 40:4.4 mmol,
60°C.

dependence observed at lower catalyst concen-
trations was probably due to deactivation by a
trace amount of water remained in the DMF
solution or contaminated during the operations.
The iminium salt was very susceptible to such
basic substances as water, alcohol, and amine.
The catalyst deactivation observed in Fig. 1
was caused not by thermal deterioration of cata-
lyst, but essentially by poisoning with the prod-
uct e-caprolactam as depicted in Fig. 3. The
turnover was decreased with an increase in the
amount of the lactam charged before reaction.
The lactam reacted with the iminium salt to
form an inactive species, probably reversibly,
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Scheme 2. Formation of O-alkylating agents from epoxide and
acid.

because the reaction was not completely re-
tarded even when 2.2 mmol of the lactam was
added to 0.25 mmol of catalyst.

3.2. N,N-dimethylformamide-epoxide—acid sys-
tem

Active iminium salts other than that formed
in the DMF-(CH;0),SO, system could be
readily obtained in situ from DMF, epichlorohy-
drin, and BF; - Et,0 according to Scheme 1.
We confirmed that active iminium salts could
also be prepared when BF; - Et,O was replaced
by a strong protonic acid, such as trifluo-
romethanesulfonic acid or a Keggin-type het-
eropolyacid. In this case, O-alkylating agents of
4 and 5 were presumably formed according to
Scheme 2.

Quite the same tendency of catalyst deactiva-
tion in the course of the reaction as noticed in
the DMF-(CH,0),S0, system was also ob-
served in this DMF—epichlorohydrin—-acid sys-
tem.

Turnover
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Reaction time (min)

Fig. 3. Retardation of catalytic activity in the presence of lactam
(DMF-(CH,0),S0, system). Dimethyl sulfate:DMF = 0.25:40
mmol, 60°C.

Table 2

Acid for iminium salt formation

Acid Oxime conv. Tumover 2
(%)

BF,-Et,0° 81 7.1

CF,SO,H® 60 53

CF,CO,H ® 0 0

H,PW,,0, ¢ 78 51

H,SiW,0,, ¢ 85 58

® Tumover number per mole of acid.

® Acid:epichlorohydrin:DMF:CH ,CN:oxime = 0.5:2.5:5:57:4.4
mmol, 50°C, 2 h.

¢ Acid:epichlorohydrin:DMF:cyclohexanone oxime =
0.07:1.3:40:4.4 mmol, 50°C, 2 h.
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Table 2 summarizes the results obtained in
the DMF-epichlorohydrin—acid system. Inci-
dentally, acid alone without the epoxide did not
catalyze the rearrangement in DMF at all. The
strong acids effected high activity, but the
weaker acid trifluoroacetic acid did not form an
active catalyst. Interestingly the Keggin-type
heteropolyacid brought about the highest activ-
ity, even estimated on the molecular base, not
on the proton base. Such high activity of the
Keggin-type heteropolyacid is probably due to
the unique ability of the heteropoly anion to
stabilize a carbenium ion or oxonium ion [19].

Even a small amount of DMF corresponding
to only 6 to 10 times (molar basis) of the
amount of acid used was enough for adequate
formation of the iminium salt. Accordingly, a
major part of DMF employed could be replaced
by another solvent which dissolved both the
iminium salt and the oxime. The effect of sol-
vent on the catalytic efficiency in the DMF—epi-
chlorohydrin—-BF, - Et,O system is shown in
Table 3. Acetonitrile and 1,2-dichloroethane ap-
peared to be the preferred solvents in the pre-
sent rearrangement process. Table 4 lists the
effect of the sort of epoxide on the catalytic
efficiency in the DMF—epichlorohydrin-hetero-
polyacid system, where triphenyl borate was
added as a dehydrating agent to enhance cata-
lyst tumover. The epoxides having electron-
withdrawing groups appeared to be more effec-
tive.

The deactivation of catalyst was presumably

Table 3

Effect of solvent on catalytic activity *

Solvent Oxime conv. Tummover °
(%)

dimethylformamide 59 53

dimethyl sulfoxide 25 2.4

1,2-dichloroethane 70 6.5

acetonitrile 81 7.1

? BF, - Et,O:epichlorohydrin:DMF:oxime = 0.5:2.5:5:4.4 mmol,
solvent =3 ml, 50°C, 2 h.
® Tumover number per mole of BF;-Et,0.

Tabie 4

Epoxide for iminium salt formation ?

Epoxide Oxime conv. Tumover ®
(%)

none 0 0

epichlorohydrin 53 69

cyclohexene oxide 39 St

1,2-epoxyoctane 4?2 54

glycidyl phenyl ether 49 64

H;PW,,0,,:epoxide:DMF:oxime: (PhO),;B =
0.035:1.3:40:4.4:0.35 mmol, 50°C, 2 h.
® Turnover number per mole of acid.

due to reversible poisoning by the product lac-
tam as mentioned above. Accordingly, if the
oxime concentration is lowered, the catalyst
turnover must increase. Indeed, as shown in Fig.
4, the turnover attained as much as 200 when
the oxime concentration was reduced from 1.5
M (the standard condition) to 0.29 M in the
DMF-epichlorohydrin—heteropolyacid system.

3.3. Reaction mechanism

The mechanism of the rearrangement reac-
tion was examined with regard to the DMF-
(CH,0),S0, system through the observation of
spectral changes in IR absorption of the reaction
mixture being left at room temperature. The

200 -

Turnover

100

. L L 1 PR
(4] 0.5 1 1.5

Oxime concentration (M)

Fig. 4. Dependence of turnover on oxime concentration (DMF-
epichlorohydrin-heteropolyacid system). H;PW,,0,4:epichloro-
hydrin: DMF:oxime = 0.035:1.3:40:4.4 mmol, (PhO),B = 0.1 M,
50°C, 2 h.
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spectral changes with time course were illus-
trated in Fig. 5, together with the reference
spectra of the authentic cyclohexanone oxime
and e-caprolactam.

The absorption due to the OH group of the
oxime observed at 3600 cm ™' decreased as the
reaction proceeded. Concomitantly, the absorp-
tion at 3430 and 1660—1670 cm ™' due to the
NH and carbonyl groups of the lactam, respec-
tively, began to increase. In the course of the
reaction, the absorption at 1060 and 1250 cm ™!
due to the C—O-C bond of the iminium catalyst
remained almost unchanged. It should be noted
that the absorption at 1710 cm™! due to the
C=N bond of the iminium once decreased at

A
8
C
D
E %\
L 1 J 1 L
4000 3000 2000 1500 1000 cm"'

Fig. 5. IR spectral changes of reaction mixtre (DMF-
(CH,0),S0, system). A: cyclohexanone oxime, B: reaction mix-
ture after O h, C: after 8 h, D: after 24 h, E: e-caprolactam.
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Scheme 3. Possible catalytic cycle.

N/ CHs

the initial stage of the reaction forming a new
absorption band at 1730 cm ™' simultaneously.
Eventually this new band disappeared at the end
of the reaction. This adsorption observed at
1730 cm ™! during the reaction is likely related
to an intermediate catalyst species.

On the basis of these spectral changes, a
possible mechanism of the rearrangement can
be depicted as Scheme 3 which involves in-
tramolecular migration of the hydroxy group of
cyclohexanone oxime assisted by a powerful
electrophilic property of the iminium cation.

4. Conclusion

Alkoxy-methylene-N, N-dimethyliminium
salts, which were readily prepared in situ from
common reagents, showed effective molecular
catalysis for the liquid-phase Beckmann rear-
rangement of cyclohexanone oxime to e-capro-
lactam under mild reaction conditions. The re-
versible catalyst deactivation caused by poison-
ing with the product lactam could be suppressed
by the reduction of substrate concentration.
Since the iminium catalyst was very susceptible
to water, the design of hydrophobic heteroge-
neous catalyst systems immobilizing this kind
of iminium species will lead to the development
of a practical liquid-phase rearrangement pro-
cess in which the problem of catalyst deactiva-
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tion may be overcome, for example, by employ-
ing a continuous flow reactor.
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