Bull. Chem. Soc. Jpn., 68, 373—377(1995) 373

Beckmann Rearrangement of Oximes Catalyzed
with Tetrabutylammonium Perrhenate
and Trifluoromethanesulfonic Acid

Hiroyuki Kusama, Yuko Yamashita, and Koichi Narasaka*

Department of Chemistry, Graduate School of Science, The University of Tokyo,

Hongo, Bunkyo-ku, Tokyo 113

(Received August 24, 1994)

The Beckmann rearrangement of oximes is catalyzed by a combined use of tetrabutylammonium per-
rhenate (BusINReO4) and trifluoromethanesulfonic acid in nitromethane under azeotropic conditions, giving
amides in high yield. By employing this catalytic system, amides can be prepared directly from ketones and

hydroxylamine hydrochloride.

The Beckmann rearrangement is often used to trans-
form oximes into amides or lactams in organic synthesis;
it is also applied to the production of e-caprolactam as
an industrial process.? This reaction generally requires
the use of excess amounts of strong Brgnsted acids, such
as concentrated sulfuric acid and polyphosphoric acid,
which cause serious problems, such as decomposition of
the products and formation of a large quantity of inor-
ganic salts by neutralization. It has been known that
the Beckmann rearrangement also proceeds by a treat-
ment of onium salts in a weakly basic media.? How-
ever, the reaction does not proceed catalytically under
both of acidic and basic conditions; it is strongly de-
sired to exploit a catalytic method of this rearrange-
ment. Although there have been reported various kinds
of heterogeneous catalysts for the vapor-phase process,®
only two catalytic methods have been developed in the
liquid-phase process by using O-alkyl- N, N-dimethyl-
formamidium salt¥ and antimony (V) salt.®)

In addition, a direct transformation of ketones into
amides has been investigated via a one-pot formation
of oximes and a successive Beckmann rearrangement.
However, in most cases, the use of large excess amounts
of strong Brgnsted acids is required, and there is only
one catalytic process through which the reaction pro-
ceeds with a catalytic amount of trifluoromethanesul-
fonic acid in formic acid.®

Recently, we have reported that a Beckmann rear-
rangement of oximes is catalyzed by tetrabutylammo-
nium perrhenate (BuyNReQy,) and trifluoromethanesul-
fonic acid (CF3SO3H) in refluxing nitromethane.” This
report describes a full account of the Beckmann re-
arrangement using BuyNReO, and CF3SO3zH as cat-
alysts, including a one-pot preparation of amides from
ketones and hydroxylamine hydrochloride.

Results and Discussion

Catalytic Beckmann Rearrangement of Ox-
imes. We have already reported on a 1,3-rear-
rangement of allylic and propargylic alcohols by a cat-
alytic use of BuyNReQ,4 and p-toluenesulfonic acid (p-
TsOH-H>0).® In these reactions, it was supposed that
perrhenic esters were formed at first from perrhenic acid
and alcohols; then, rearranged alcohols were produced
via the formation of allylic cations along with an elimi-
nation of perrhenic acid or via a [3.3] sigmatropic rear-
rangement of the perrhenic esters (Scheme 1).

This result suggested to us that a Beckmann rear-
rangement of oximes would proceed catalytically by em-
ploying BuyNReO4 and Brgnsted acid via the formation
of perrhenic ester of oximes, such as 2 (Scheme 2).

Based on the above-mentioned assumption, the
Beckmann rearrangement of cyclohexanone oxime (1)
was tried, and the treatment of 1 with a 0.2 molar
amount of BuyNReO, and an equimolar amount of
p-TsOH-H50 in refluxing 1,2-dichloroethane gave e-
caprolactam 3 in 42% yield (Eq. 1). In the absence of
BusNReOy, the reaction did not proceed at all. When
an O-acetyl derivative of the oxime 1 was employed in-
stead of the oxime, itself, the Beckmann rearrangement
hardly occurred with the catalysts under the same re-
action conditions. Hence, the reaction is considered to
proceed via the oxime perrhenate 2, as expected.
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Table 1. Screening of the Reaction Conditions in the Rearrangement of 1%
Entry (m](S)ll.? rNa,I:rfgét) Acid (molar amount) Solvent Time (t/h)  Yield of 3 (z/%)
1 0.2 p-TsOH-H,0  (1.0) CICH,CH:Cl 5.5 42
2 0.2 H.S0,  (L.0) CICH;CH,Cl 5.5 13
3 0.2 CF3SOsH  (0.4) CICH;CH,Cl 5 71
4 0.2 CFsSOsH  (0.2) CICH,CH,Cl 8 . 68
5 0.2 CF3S0sH  (0.2) CHsCN 7 44
6 0.2 CF3S0sH  (0.2) DMFE®) 5 10
7 0.2 CFsSOsH  (0.2) CH5NO» 1 85
8 0.15 CFsSOsH  (0.15) CH5NO; 2.5 75
9 0.1 CF3SOsH  (0.1) CH3NO, 45 62
10 0 CFsSOsH  (0.2) CH5NO, 1 <10
a) All reactions were carried out under reflux conditions. b) The reaction was carried out at 100 °C.
n-OH 4 (Eq. 2), which is easily hydrolyzed to afford e-capro-
lactam 3. When the reaction was carried out using a
o 0.15 or 0.1 molar amount of the catalyst (Entry 8,9),
I the yield of the lactam 3 was decreased. Also, tetrabu-
O—Re-O . ..
RSO tylammonium perrhenate was found to be indispensable
BusNReO, HReO4 . .
BuNOSO.R for the above reaction, because the yield of the product
3 was less than 10% when the reaction was examined
HaO‘ only with a 0.2 molar amount of CF3SO3H in nitro-
Q methane (Entry 10).
Scheme 2.

By screening the reaction conditions (Table 1) it was
revealed that e-caprolactam 3 could be obtained in good
yield by using only a catalytic amounts of BusyNReOy4
and CF3SO3H? instead of p-TsOH-H,0 (Entry 4). The
yield of the lactam 3 was considerably improved by
carrying out the reaction in nitromethane (Entry 7),
which was a polar solvent having a small donor num-
ber, as compared with acetonitrile (Entry 5) or N,N-
dimethylformamide (DMF) (Entry 6).!® Presumably,
nitromethane may capture the rearranged cationic in-
termediate effectively by forming an acénitro derivative
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Table 2. Effect of Hydroxylamine Hydrochloride

Time Yield (z/%)

Entry NH2;OH-HCI Condition
(¢/h) 6 7
1 None Reflux 1 79 16
2 0.5 molar amount  Reflux 2.5 91 0
3 0.5 molar amount Azeotropic 1 91 0

ime 1 was entirely consumed, the yield of 3 was less
than 90%. Since the hydrolysis of the oxime 1 to cyclo-
hexanone was supposed to proceed as a side reaction,
the reaction of 4-phenylcyclohexanone oxime (5) was
tried under the same reaction conditions to detect the
hydrolyzed product. In fact, the treatment of the oxime
5 with the catalysts in refluxing nitromethane afforded
4-phenylcyclohexanone (7) in 16% yield along with the
corresponding lactam 6 in 79% yield (Table 2, Entry
1).

The hydrolysis could not be suppressed by adding
dehydrating agents, such as sodium sulfate, magnesium
sulfate, acetic anhydride, trifluoroacetic anhydride, or
triethyl orthoformate. Expecting the in situ conversion
of the resulting ketone 7 to the oxime 5, the reaction
of 5 was tried in the presence of a 0.5 molar amount of
hydroxylamine hydrochloride (HoNOH-HCI). The yield
of the lactam 6 was increased to 91% and the ketone 7
was not detected (Table 2, Entry 2). Furthermore, the
reaction was found to be accelerated by an azeotropic
removal of water (Table 2, Entry 3).

The catalytic Beckmann rearrangement of several ox-
imes was investigated under the above-mentioned re-
action conditions; the results are summarized in Ta-
ble 3. In most cases, the reactions proceeded smoothly
under azeotropic conditions to give the corresponding
amides in high yield (Entries 1—6). An aldoxime and
an o-tertiary alkyl ketone oxime did not rearrange to
amides, and nitriles were obtained in moderate yield by
Beckmann fragmentation (Entries 7 and 8). The reac-
tion of a,B-unsaturated ketone oxime resulted a com-
plex mixture (Entry 9).

In the reactions of unsymmetrical ketone oximes,
such as acetophenone oxime and benzylacetone oxime,
the oximes having (£)-geometry were employed as the
starting materials, and each product comprised a sin-
gle amide (Table 3, Entries 4 and 6). When the re-
arrangement reaction of the (F)-oximes was stopped
after a short reaction time, the recovered oximes were
mixtures of the (E£)- and (Z)-isomers (acetophenone ox-
ime, F: Z=3:1 ; benzylacetone oxime, F: Z=4:1).'Y
In addition, the isomerization of benzylacetone oxime
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was observed by a treatment with trifluoromethanesul-
fonic acid in nitromethane at room temperature. These
results indicated that a substituent having a higher mi-
gration ability rearranges preferentially to the nitrogen
atom, regardless of the geometry of the starting oximes
(Scheme 3).

One-Pot Preparation of Amides from Ke-
tones and Hydroxylamine Hydrochloride. In
the above-mentioned catalytic Beckmann rearrange-
ment, the by-production of ketones was effectively sup-
pressed by carrying out the reaction in the presence of
H;NOH-HCIL. This result prompted us to examine the
one-pot preparation of amides from ketones and hy-
droxylamine hydrochloride via an in situ formation of
oximes. 4-Phenylcyclohexanone (7) was treated with a
0.2 molar amount of BuyINReO4 and a 0.2 molar amount
of CF3SO3H in the presence of a 1.2 molar amount of
H>;NOH-HCI in nitromethane under azeotropic condi-
tions. The reaction proceeded smoothly to give the lac-
tam 6 in 87% yield, as expected (Eq. 3). In the absence
of BusNReOy, the lactam 6 and the oxime 5 were ob-
tained in only 23 and 18 %, respectively, along with
recovery of the ketone 7 (Eq. 4); the yield of the lac-
tam 6 was not improved even after a prolonged reaction
time (4 h).

0 O
0.2 BusNReO,4 HN
0.2 CF3S03H
+ HoNOH-HCI = > 3)
CH3NO,, azeotropic, 2.5 h
Ph Ph 87%
7 6
0 O
HN
0.2 CF3SOzH
+ HaNOH-HCI 5% > (4)
CH3NO,, azeotropic, 2.5 h
Ph Ph 23%
7 6

A catalytic direct preparation of amides from several
acyclic ketones was examined to give the corresponding
amides in moderate-to-good yield, as shown in Table 4.
Although a small amount of the starting material was
recovered in every case, the yield of the amide was not
improved after a longer reaction time. Accordingly, the
formation of oximes seems to be the rate-determining
step in this method, and the rhenium catalyst is grad-
ually decomposed before completing the oximation of
ketones.
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Beckmann Rearrangement Catalyzed with Buy NReOy

Table 3. Beckmann Rearrangement of Oximes®

"NH>OH-HCI1 . .
Entry  Substrate (mola.zr amount) Time Product Yield (z/%)
~OH H
N
1 é 0.5 1h (_”j° 84
WO "
N0
2 ¢ 0.5 1h Q 91
Ph Ph
_OH
3 J’L 0.5 20 min p.rn\nf"" 98
PH” “Ph o
~OH R
4 h 0.2 1h P N Me 94
PhJLMe \g/
N’OH : Ph, ﬁ
5 on \)|\/Ph 0.2 40 min ~ ~g/\ph 88
N N _Me
6 0.2 2h PN 88
Pn’\)LMe :I)r
N
7 0 45 min AN 60
Ph/\)LH P
8 0 30 min >é/\c~ 69
N—OH
_OH
N

0
’ Ph’\)LMe

Complex mixture

a) All reactions were carried out using a 0.2 molar amount of BuyNReO4 and a 0.2 molar
amount of CF3SO3H in nitromethane under azeotropic conditions (MS4A).

0.2 Bu,NReO, H
0.2 CF4SOH

2
- Ay
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Table 4. One-Pot Preparation of Amides®

R! R? Time (t/h)  Yield (z/%)

Ph Ph 2 66

Ph Me 2 77
PhCH, PhCH, 2 58
Ph(CHz)2  Me 4 52

a) A small amount of ketone was recovered in every case.

Experimental

General. IR spectra were measured with a Horiba
FT-300S spectrometer. 'HNMR, 3CNMR spectra were
recorded on a Bruker AM500 spectrometer in CDCls us-
ing CHCl; (6=7.24) as an internal standard. Preparative
TLC was carried out on silica gel (Wakogel B-5F). Tetrabu-
tylammonium perrhenate (BusNReO4) was purchased from
Aldrich Chemical Co., Inc. and was purified by recrystalliza-
tion from methanol- ether. Trifluoromethanesulfonic acid

was used without purification. Hydroxylamine hydrochlo-
ride was recrystallized from water and dried under reduced
pressure. Nitromethane was distilled from CaHs and kept
under an argon atmosphere. :
General Procedure for the Beckmann Rearrange-
ment of Oximes. To a solution of dibenzyl ketone ox-
ime (225 mg, 1.00 mmol), BusNReO4 (99.5 mg, 0.20 mmol)
and trifluoromethanesulfonic acid (32.8 mg, 0.21 mmol) in
CH3NO; (6 ml) was added H,NOH-HCl (15.2 mg, 0.21
mmol) at room temperature. The mixture was refluxed
for 40 min under the azeotropic condition using Molecular
Sieves 4A as a dehydrating agent, and was quenched with
saturated aqueous sodium hydrogencarbonate. After the
mixture was extracted three times with dichloromethane,
the combined extracts were washed with brine and dried over
anhydrous sodium sulfate. The solvent was then removed
in vacuo, and the crude materials were purified by thin-
layer chromatography (silica gel, benzene : methanol=95:5)
to give N-(benzyl)phenylacetamide (198 mg, 88% yield).
General Procedure for the One-Pot Preparation
of Amides from Ketones and Hydroxylamine Hy-
drochloride. To a solution of 4-phenylcyclohexanone 7
(99.6 mg, 0.57 mmol), BusNReOy4 (56.3 mg, 0.12 mmol),
and trifluoromethanesulfonic acid (17.1 mg, 0.12 mmol) in
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CH3NO; (9 ml) was added HoNOH-HCl (45.1 mg, 0.65
mmol) at room temperature. The mixture was refluxed for
2.5 h under the azeotropic conditions using Molecular Sieves
4A as a dehydrating agent, and was then quenched with sat-
urated aqueous sodium hydrogencarbonate. After the mix-
ture was extracted three times with dichloromethane, the
combined extracts were washed with brine and dried over
anhydrous sodium sulfate. The solvent was then removed
in vacuo, and the crude materials were purified by thin-
layer chromatography (silica gel, benzene : methanol=95:5)
to give lactam 6 (93.8 mg, 87% yield).

Spectral Data.  All of the products are known com-
pounds, and their spectral data are in good agreement with
those of the literatures or the authentic samples.

Hexahydro-5-phenyl-2 H-azepin-2-one (6) :!? IR
(KBr) 1662 cm™'; '"HNMR 6=1.67—1.82 (2H, m), 1.96—
2.01 (2H, m), 2.52—2.64 (2H,m), 2.74 (1H, tt, J=3.4 and
12.1 Hz), 3.25—3.31 (1H, m), 3.37 (1H, ddd, J=4.7,11.0
and 15.2 Hz), 6.64 (1H, bs), 7.14—7.15 (3H, m), 7.26—7.27
(2H, m); *CNMR 6§=30.5, 35.6, 37.3, 42.1, 48.6, 126.5,
126.6. 128.6, 146.3, 178.5.

Benzanilide :> !NMR §=7.12—7.86 (10H, m), 7.80
(1H, bs).

Acetanilide :¥ 'HNMR §=2.15 (3H, s), 7.08 (2H, t,
J=7.4 Hz), 7.29 (2H, dd, J=7.9 and 7.4 Hz), 7.36 (1H,bs),
7.48 (1H, d, J=7.9 Hz).

' N-(Benzyl)phenylacetamide :* 'HNMR §=3.61
(2H, s), 4.39 (2H, d, J=5.8 Hz), 5.67 (1H, bs), 7.15—7.34
(10H, m).

N-Phenethylacetamide :!¥ 'HNMR §=1.91 (3H, s),
2.78 (2H, t, J=7.0 Hz), 3.50 (2H, dt, J=6.5 and 6.9 Hz),
5.44 (1H, bs), 7.17—7.31 (5H, m).

3-Phenylpropiononitrile :*> 'HNMR 6§=2.60 (2H,
t, J=8.5 Hz), 2.94 (2H, t, J=8.5 Hz), 7.20—7.35 (5H, m);
CNMR 6=19.3, 31.5, 119.1, 127.3, 128.3, 128.8, 138.0.

(2,3,3-Trimethylcyclopent-1-en-1-yl)acetonitrile :
IR (neat) 2249 cm™!; '"HNMR 6=0.95 (6H,s), 1.51 (3H,
s), 1.66 (2H, t, J=7.2 Hz), 2.32 (2H, bs), 3.05 (2H, s);
13CNMR 6=9.55, 17.32, 26.13, 26.13, 32.39, 38.26, 47.18,
117.76, 121.50, 144.67.

Bull. Chem. Soc. Jpn., 68, No. 1 (1995) 377

We thank Sumitomo Chemical Co., Ltd. for the kind
gift of tetrabutylammonium perrhenate.

References

1) R.E. Gawly, Org. React., 35,1 (1988), and references
cited therein.

2) M. Shiono, Y. Echigo, and T. Mukaiyama, Chem.
Lett., 1976, 1397.

3) Y. Izumi, S. Sato, and K. Urabe, Chem. Lett., 1983,
1649, and references cited therein.

4) Y. Izumi, Chem. Lett., 1990, 2171.

5) T. Mukaiyama and T. Harada, Chem. Lett., 1991,
1653; T. Harada, T. Ohno, S. Kobayashi, and T.
Mukaiyama, Synthesis, 1991, 1216.

6) I Ganboa and C. Palomo, Synth. Commun., 13, 941
(1983).

7) K. Narasaka, H. Kusama, Y. Yamashita, and H. Sato,
Chem. Lett., 1993, 489.

8) K. Narasaka, H. Kusama, and Y. Hayashi, Chem.
Lett., 1991, 1413; Tetrahedron, 48, 2059 (1992).

9) In the absence of BusNReOy, the reaction hardly pro-
ceeded even by the use of trifluoromethanesulfonic acid in
dichloroethane.

10) Donor number: CICH;CH2Cl 0, CH3NO, 2.7,
CH3CN 14.1, DMF 26.6. Concerning donor ability of sol-
vents, see : V. Gutmann, “The Donor—Acceptor Approach
to Molecular Interactions,” Plenum, New York (1978).

11) Geometry of the oximes and the ratio of F and Z
were determined by "HNMR, analysis. For assignment of
the geometry, see : E. Pretsch, T. Clerc, J. Seibl, and W.
Simon, “Tables of Spectral Data for Structure Determina-
tion of Organic Compounds,” 2nd ed, Springer-Verlag, New
York (1989).

12) J. Aube, Y. Wang, M. Hammond, M. Tanol, F.
Takusagawa, and D. V. Velde, J. Am. Chem. Soc., 112,
4879 (1990).

13) The spectral data were in good agreement with those
of the authentic sample.




