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Abstract

The Beckmann rearrangement of cyclohexanone oxime was achieved by the combined use of co-
balt salt and Lewis acids co-catalysts (each 10 mol%). Various combinations of cobalt salts and
Lewis acids gave lactams in a satisfactory yield under mild conditions. This method makes it
possible to reduce undesirable byproducts.
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1. Introduction

The Beckmann rearrangement is commonly used in organic chemistry to transform ketoximes into amides
[1]-[9]. The reaction generally requires high reaction temperatures and strongly acids. Its reaction mechanism is
typically described as an acid-catalyzed reaction, but an excessive number of acids are used in a practical way,
and this reaction produces large numbers of byproducts [10]. It is generally said that 1.6 - 4.4 tons of ammonium
sulfate are formed to obtain one ton of e-caprolactam. In recent years, 2,4,6-trichloro-1,3,5-triazine (cyanuric
chloride) [11]-[13] and 1,3,5-triazo-2,4,6-triphosphorine-2,2,4,4,6,6-chloride (triphosphazene) [14] have been
reported as catalysts for sulfate-free Beckmann rearrangements. Unfortunately, those catalysts do not give satis-
factory results in the reaction of cyclohexanone oxime. One of the best ways to sulfate-free production of &-ca-
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prolactam can be vapor-phase methods using various zeolite catalysts [15], but a perceived disadvantage of this
route is to require a reaction temperature as high as 350°C. To overcome the energy cost explosion and reactor
heat deterioration problems, more economic and environmentally-friendly processes have been developed. We
report here that cobalt salts are highly effective catalysts for the Beckmann rearrangement of cyclohexanone
oxime under mild conditions.

2. Results and Discussion

The Beckmann rearrangement of cyclohexanone oxime (1) to e-caprolactam (2) was examined using Lewis ac-
ids (Scheme 1 and Table 1). Most metal salts (each 10 mol%) have no producing ability for the Beckmann
rearrangement of 1 in MeCN at 80°C for 2 h, several cobalt salts gave the corresponding lactam 2 with an unsa-
tisfactory yield. Cyclohexanone (3) is considered to be a byproduct produced by hydrolysis of cyclohexanone
oxime (1).

In order to clarify the catalytic ability of cobalt salts to the Beckmann rearrangement of oxime 1, we ex-
amined the effect of the amount of cobalt salts in this transformation (Table 2). As the amount of cobalt salts
increased, the ratio of lactam 2 to oxime 1 increased. However, these results might be suggested that it was quite
difficult to develop a “catalytic” process for a sulfate-free Beckmann rearrangement of oxime 1 using these co-
balt salts under these conditions.

The plausible reaction mechanism of acid-catalyzed Beckmann rearrangement [16] of cyclohexanone oxime
(1) to e-caprolactam (2) may be speculated, the N-protonated cyclohexanone oxime (4) may be more stable than
O-protonated cyclohexanone oxime (5) and the high energy transition state between 4 and 5 will make remarka-
bly difficult to complete the rearrangement (Figure 1) [17]. If the same phenomenon has happened in a metal
salt-catalyzed rearrangement, the nitrogen atom of the oxime 1 would have been protected against the added

Lewis acid for the rearrangement. We focused on a high nitrogen affinity of cobalt ions [18] to heighten the
interaction between the Lewis acid added in order to promote a rearrangement reaction and the oxygen atom of

the oxime 1.
CH,CN
80°C,2h

Scheme 1. Beckmann rearrangement of cyclohexanone oxime (1) to e-caprolactam (2).

Table 1. Lewis acid-catalyzed Beckmann rearrangement of 12,

Yield/% Selectivity
Entry Lewis acid
2 3 1 2/3/1
1 Yb(OTf); 4.8 0.0 79.1 5.7/0.0/94.3
2 Sm(OTH); 12 0.0 76.6 1.5/0.0/98.5
3 ZnCl, 0.0 4.9 59.2 0.0/7.6/92.4
4 MgBr, 0.0 0.0 59.9 0.0/0.0/100.0
5 NiBr, 3.1 0.0 394 7.3/0.0/92.7
6 Ni(acac); 0.0 0.0 86.6 0.0/0.0/100.0
7 Co(BF4)2:6H,0 10.3 0.0 32.0 24.3/0.0/75.7
8 CoCOs 0.0 18 81.4 0.0/2.2/97.8
9 Co(ClOy),6H,0 8.2 0.0 40.1 16.9/0.0/83.1
10 Co(NO3),6H,0 14 30.5 29.6 4.0/13.8/82.2

A mixture of cyclohexanone oxime (0.5 mmol) and Lewis acid (10 mol%) was stirred in MeCN (1.0 mL) at 80°C for 2 h.
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Figure 1. Protonation of cyclohexanone oxime (1).

Table 2. Effect of the amount of cobalt perchlorate and tetrafluoroborate®.

Yield/% Selectivity
Entry Cobalt salt (mol%)
2 1 2/1

1 Co(Cl0O,),6H,0 (10) 8.2 40.1 16.9/83.1
2 Co(Cl0,),6H,0 (25) 39.1 18.0 68.5/31.5
3 Co(Cl0O,),6H,0 (50) 524 7.8 87.0/13.0
4 Co(Cl0O4)2:6H,0 (75) 61.7 4.0 93.9/6.1
5 Co(ClO4),'6H,0 (100) 715 0.0 100.0/0.0
6 Co(BF,),6H,0 (10) 10.3 320 24.3/75.7
7 Co(BF),-6H,0 (25) 448 12.2 78.6/21.4
8 Co(BF4),6H,0 (50) 62.3 74 89.4/10.6
9 Co(BF4),6H,0 (75) 66.1 0.0 92.4/7.6
10 Co(BF,)-6H,0 (100) 75.8 0.0 100.0/0.0

A mixture of cyclohexanone oxime (0.5 mmol) and cobalt salt (10 mol%) was stirred in MeCN (1.0 mL) at 80°C for 2 h.

By combined use of a cobalt salt and a Lewis acid, it was found that the conversion rate was remarkably im-
proved (Table 3). The yield of 2 was better than the case of 25 mol% added cobalt salt shown in Table 2. The
Beckmann rearrangement is promoted by the cobalt salt coordinated to the nitrogen atom of the cyclohexanone
oxime (1).

In Table 4 summarizes the results of cobalt salt/Lewis acid-catalyzed reactions of cyclohexanone oxime (1) to
e-caprolactam (2). Individual uses of a catalytic amount of cobalt perchlorate and ytterbium trifluoromethane-
sulfonate are less effective in the Beckmann rearrangement of the oxime 1, as shown in Table 1. It is surprising
that the combined use of those salts provides a noted enhancement in their catalytic activity to give the lactam 2
in 74.1% yield. The combination of cobalt perchlorate and samarium trifluoromethanesulfonate gave the lactam
2 in 80.6% yield. Even a cobalt salt, such as cobalt carbonate, having no ability as a catalyst for the Beckmann
rearrangement, a combination with samarium trifluoromethanesulfonate or ytterbium trifluoromethanesulfonate
made it a valued catalyst to give the lactam 2. Cobalt chloride and nitrite were also efficient co-catalysts for this
reaction, and it was shown that the property for Lewis acid was not absolutely necessary for cobalt co-catalysts.

For liquid phase Beckmann rearrangement, cyclooctanone oxime (6) is a less reactive substrate in the pres-
ence of various organic catalysts [13] [19]. The combined use of cobalt salts and Lewis acids is quite effective
for the Beckmann rearrangement of the oxime 6 to 2-azacyclononanone (7) in the same case of cyclohexanone
oxime (1). Cobalt chloride has no ability as a catalyst for preparation of the lactam 7 from the oxime 6, as shown
in Table 5. A catalytic amount (10 mol%) of ytterbium trifluoromethanesulfonate gave 2-azacyclononanone (7)
in 36.9% vyield. The combined use of cobalt chloride and ytterbium trifluoromethanesulfonate provides a noted
enhancement in their catalytic activity to give the lactam 7 in 71.6% yield. Cobalt tetrafluoroborate is a best co-
catalyst for ytterbium trifluoromethanesulfonate. Although samarium trifluoromethanesulfonate itself is less ef-
fective as a Lewis acid catalyst for the oxime 6 than ytterbium trifluoromethanesulfonate, samarium trifluoro-
methanesulfonate/cobalt tetrafluoroborate gave the lactam 7 in a higher yield. After stirring with a catalytic
amount samarium trifluoromethanesulfonate/cobalt perchlorate for 2 hours at 80°C, the oxime 6 was not de-
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Table 3. Effect of catalyst (cobalt salt and Lewis acid)®.

Yield/% Selectivity
Entry Cobalt salt Lewis acid
2 1 2/1

1 Co(BF4),-6H,0 - 10.3 32.0 24.3/75.7
2 - Sm(OTf), 1.2 76.6 1.5/98.5
3 Co(BF4),-6H,0 Sm(OTf), 69.6 211 76.7/23.3
4 - Yb(OTf); 48 79.1 5.7/94.3
5 Co(BF4),-6H,0 Yb(OTf); 68.3 241 73.9/26.1

A mixture of cyclohexanone oxime (0.5 mmol), cobalt salt (10 mol%), and Lewis acid (10 mol%) was stirred in MeCN (1.0 mL) at 80°C for 2 h.

Table 4. Beckmann rearrangement of cyclohexanone oxime (1) by combined use of cobalt salts and Lewis acids®.

Yield/% Selectivity
Entry Cobalt salt Lewis acid
2 1 2/1

1 CoCOs Sm(OTf); 9.7 81.0 10.7/89.3
2 Co(NO3)6H,0 Sm(OTf); 4738 423 53.0/47.0
3 CoCl, Sm(OTf); 55.0 35.8 60.6/39.4
4 Co(BF4),:6H,0 Sm(OTf), 69.6 211 76.7/23.3
5 Co(Cl04),-6H,0 Sm(OTH); 80.6 5.6 93.5/6.5
6 CoCO4 Yh(OTf); 14.7 75.6 16.3/83.7
7 Co(NO3),-6H,0 Yb(OTf), 52.1 376 58.7/41.3
8 CoCl, Yh(OTf); 73.1 16.8 81.3/18.7
9 Co(BF4),:6H,0 Yb(OTf), 68.3 24.1 73.9/26.1
10 Co(Cl04),-6H,0 Yh(OTf); 74.1 19.0 79.5/20.5

A mixture of cyclohexanone oxime (0.5 mmol), cobalt salt (10 mol%), and Lewis acid (10 mol%) was stirred in MeCN (1.0 mL) at 80°C for 2 h.

tected in the reaction mixture and the isolated yield of the lactame 7 attained as high as 96.6%.

The possible reaction mechanism will be speculated, the Beckmann rearrangement will have been accelerated
by a cobalt salt is coordinated on the nitrogen atom, and a Lewis acid coordinated on the oxygen will be pre-
dicted from this result (Figure 2).

3. Conclusion

The combination of a variety of cobalt salts and Lewis acids serves as an efficient catalyst for the Beckmann
rearrangement of cycloalkanone oximes to the corresponding lactams, which was not fully succeeded by cya-
nuric chloride and triphosphazene due to the low reactivity of the oximes. Cobalt salts blocked the coordination
of the oxime to the Lewis acid through the nitrogen atom, and made a firm coordination between the Lewis acid
and the oxygen atom in the cyclohexanone oxime. Choosing cobalt salt to make a combined catalyst with a
higher efficiency is very important for this reaction. Although a common work-up with aqueous base was also
favorable for our catalytic rearrangement reaction to dissociate the lactams from the catalysts, it made it possible
to reduce the production of undesirable byproducts. The present method provides a low environmental load
process to the lactams while avoiding the energy cost explosion.

4. Experimental
4.1. General
NMR spectra were recorded on a JEOL JNM-GSX500 spectrometer. The NMR studies were carried out using
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Figure 2. Protonation of cyclohexanone oxime (1).

Table 5. Beckmann rearrangement of cyclooctanone oxime (6) by combined use of cobalt salts and Lewis acids®.

Yield/% Selectivity
Entry Cobalt salt Lewis acid
7 6 716

1 Co(NO3),-6H,0 - 0.0 98.0 0.0/100.0
2 CoCl, - 0.0 78.9 0.0/100.0
3 Co(BF,),'6H,0 - 5.8 81.4 6.7/93.3
4 Co(ClOy),6H,0 - 1.1 95.9 1.1/98.9
5 - Sm(OTH); 8.4 89.9 8.6/91.4
6 Co(NO3)6H,0 Sm(OTf); 11.1 86.5 11.4/88.6
7 CoCl, Sm(OTf); 47.0 319 59.5/40.5
8 Co(BF,),6H,0 Sm(OTf); 89.0 8.5 91.2/8.8
9 Co(Cl0,),:6H,0 Sm(OTf), 96.6 0.0 100.0/0.0
10 - Yb(OTf), 36.9 62.1 37.2/62.8
11 Co(NO3),6H,0 Yb(OTf)3 57.4 28.4 66.9/33.1
12 CoCl, Yh(OTf); 716 26.0 73.4/26.6
13 Co(BF,),-6H,0 Yb(OTf)s 76.8 15.7 83.1/16.9
14 Co(Cl04),-6H,0 Yh(OTf); 63.1 229 73.4/26.6

®A mixture of cyclooctanone oxime (0.5 mmol), cobalt salt (10 mol%), and Lewis acid (10 mol%) was stirred in MeCN (1.0 mL) at 80°C for 2 h.
CDCl; as solvent and tetramethylsilane was used as internal reference.

4.2. Beckmann Rearrangement

The general procedure for the Beckmann rearrangements of a cycloalkanone oxime to the corresponding lactam
is as follows: a mixture of cycloalkanone oxime (55.6 mg, 0.5 mmol) and the catalysts in acetonitrile (1 mL)
was stirred for 2 h at 80°C under N,. The mixture was diluted with ethyl acetate (10 mL), added NaCl-saturated
0.4 mol/dm*® NaOH (2 mL), and evaporated under reduced pressure to dryness. The residue was washed with
dichloromethane (50 mL x 2) and the mixture was evaporated under reduced pressure. The produced products
were determined by the comparison with the commercially available chemicals. e-Caprolactam (2): *H NMR
(CDCl3) 6 1.62 - 1.80 (m, 6H), 2.44 - 2.49 (m, 2H), 3.18-3.24 (m, 2H), 5.49 (br, 1H). 2-Azacyclononanone (7):
'H NMR (CDCls) d 1.43 - 1.88 (m, 10H), 2.40 - 2.46 (m, 2H), 3.33-3.39 (m, 2H), 5.73 (br, 1H).
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