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INTRODUCTION

Presently, processes that occur on the surfaces of
various catalytic systems and combine a number of
reactions are of strong theoretical and practical interest.
In a number of cases, the use of highly selective cata-
lysts makes it possible either to avoid multistage proce-
dures for the synthesis of desired products or to elimi-
nate stages that result in great amounts of waste that is
difficult to utilize [1].

Catalytic dehydrogenation reactions of various ali-
cyclic systems are widely used for the production of
aromatic hydrocarbons, including compounds contain-
ing functional groups [2–7]. At the same time, reactions
in which amination processes are coupled with alicyclic
ring dehydrogenation have been almost not studied. In
the subsequent text, we used the term dehydroamina-
tion to denote the amination reactions of alicyclic oxy-
gen-containing compounds (alcohols and ketones) cou-
pled with dehydrogenation processes on heterogeneous
catalysts [8–11].

Other reactions can occur on the introduction of an
aminating agent (ammonia or an amine) into the reac-
tion system. It is difficult to couple two reactions—
dehydrogenation and amination—at the surface of a
catalyst. In this case, the catalyst is of crucial impor-
tance.

The aim of this work was to study the effects of cat-
alyst composition and reaction conditions on the yields
of desired products in the dehydroamination of cyclo-
hexanols substituted at the alicyclic ring. The reactions
were performed on Ni- and Pd-containing catalysts
supported on SiO

 

2

 

 and Al

 

2

 

O

 

3

 

.

EXPERIMENTAL

 

Preparation of 2–10% Pd/Al

 

2

 

O

 

3

 

 catalysts.

 

 Palla-
dium catalysts were prepared by the impregnation of
commercial A 1 

 

γ

 

-

 

Al

 

2

 

O

 

3

 

 with 5% PdCl

 

2

 

 solutions in a
10% hydrochloric acid solution. The aluminum oxide
precalcined at 

 

400°

 

C in air was impregnated with a

solution of the required concentration for 2 h. The solu-
tion was evaporated in an air bath with continuous stir-
ring. The catalyst was dried at 

 

120°

 

C

 

 

 

for 4 h and cal-
cined in a muffle furnace at 

 

400°

 

C for 4 h.

 

Preparation of a 15% Ni + 6% Cu + 1.5% Cr +
3% Na

 

2

 

SO

 

4

 

/SiO

 

2

 

 catalyst.

 

 Silica gel ShSM
(GOST 3956-54) was used as a catalyst support; it had the
following characteristics: 

 

V

 

s

 

 = 0.36 cm

 

3

 

/g, 

 

S

 

 = 580 m

 

2

 

/g,
and 

 

d

 

 = 16 

 

Å. To prepare the catalyst, the silica gel was
precalcined in air at 

 

400°

 

C

 

 

 

for 4 h. The support was
impregnated with metal salts as described below. A
weighed portion (74.0 g) of Ni

 

(

 

NO

 

3

 

)

 

2

 

 

 

· 

 

6

 

H

 

2

 

O was dis-
solved in 80 ml of distilled water. The support (74.5 g)
was gradually introduced into the nickel nitrate solu-
tion with continuous stirring. The duration of the
impregnation at room temperature was 0.5 h. After the
impregnation, the solution was evaporated and the sam-
ple was dried in air at 

 

120°

 

C for 6 h.

Copper acetate Cu

 

(

 

CH

 

3

 

COO

 

)

 

2

 

 

 

· H

 

2

 

O, 18.75 g was
dissolved in 200 ml of distilled water on heating
(

 

90°

 

C), and the sample after supporting nickel nitrate
was impregnated with the obtained solution with stir-
ring for 0.5 h. The sample was dried at 

 

120°

 

C

 

 

 

with stir-
ring for 6 h.

CrO

 

3

 

 (2.9 g) was dissolved in 70 ml of distilled
water, and the sample prepared at the previous stages
was impregnated with the resulting solution. The dura-
tion and temperature conditions of drying were the
same as in the preceding stage.

Na

 

2

 

SO

 

4

 

 (3 g) was dissolved in 70 ml of distilled
water, and the catalyst sample was impregnated with
the resulting solution for 0.5 h. After evaporating the
solution and drying, the catalyst was calcined in air at

 

400°

 

C for 4 h. The composition of the finished catalyst
(~100 g) was as follows (wt %): 15% Ni + 6% Cu +
1.5% Cr + 

 

3% 

 

Na

 

2

 

SO

 

4

 

/

 

SiO

 

2

 

. Catalysts with other quan-
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titative compositions were prepared by analogous pro-
cedures.

The preparation procedure for a 15% Ni + 6% Cu +
1.5% Cr + 

 

3% 

 

Na

 

2

 

SO

 

4

 

/

 

Al

 

2

 

O

 

3

 

 catalyst was similar to
that described above; however, A 1 aluminum oxide
was used as a support. Catalysts of different composi-
tions supported on SiO

 

2

 

 and Al

 

2

 

O

 

3

 

 were prepared by a
common procedure; the nickel contents of these cata-
lysts varied from 5 to 20 wt %.

The dehydroamination of cyclohexanols was stud-
ied in a quartz reactor (20 mm i.d.) on a fixed-bed cat-
alyst (particle size of 1.5–2.6 mm; volume of 50 cm

 

3

 

).
The reaction was performed at 

 

300–400°ë

 

 and a reac-
tant space velocity of 0.3–1.2 h

 

–1

 

 in a flow of ammonia
at cyclohexanol-to-ammonia molar ratios from 1 : 1 to
1 : 25.

Under optimum process conditions (temperature of

 

380°

 

C, cyclohexanol space velocity of 0.25 h

 

–1

 

, and
cyclohexanol-to-ammonia molar ratio of 1 : 5), the
yields of toluidines were 75–82%. The calculations
were performed based on reacted methylcyclohexanol
at 90–95% conversion.

The reaction products were analyzed and the course
of reaction was monitored by GLC using an LKhM-
8MD chromatograph (temperature programming from
90 to 

 

210°

 

C; column with 

 

l

 

 = 2 m and 

 

d

 

 = 5 mm packed
with Chromosorb W (60–80 mesh) modified with 5%
KOH and an Apieson K (12%) liquid phase) and a
Chrom 5 chromatograph with a glass column (

 

l

 

 = 2 m;

 

d

 

 = 2 mm) packed with Chromaton N-AW-DMCS
(0.16–0.20 mm) impregnated with 15% Apieson L.

RESULTS AND DISCUSSION

We used 2-, 3-, and 4-methylcyclohexanols as
model compounds for studying the effects of catalyst
composition and process conditions on the occurrence
of coupled amination and dehydrogenation reactions.
We found that in the dehydroamination of methylcyclo-
hexanols the corresponding toluidines were main reac-
tion products. Di(methylphenyl)amines, cresols, and
minor amounts of di(methylcyclohexyl)amines were
also detected in the reaction mixture. Nickel and palla-
dium catalysts that differed in composition were tested
in order to study the effect of the nature of catalysts on
the dehydroamination reactions of methylcyclohex-
anols.

We found that, in the dehydroamination of methyl-
cyclohexanols with ammonia in the presence of

 

2

 

−

 

10% 

 

Pd/Al

 

2

 

O

 

3

 

 catalysts, the dehydroxylation of
cyclohexanols and the formation of hydrocarbons were
observed along with the dehydroamination reaction.
Toluene, benzene, and methylcyclohexane were identi-
fied among the hydrocarbons. In this case, the yield of
toluidines was no higher than 25%.

Nickel-containing catalysts that differ in composi-
tion (5–20% Ni) supported on silicon and aluminum
oxides were studied. A comparison between the results
of the dehydroamination of methylcyclohexanols with
ammonia on these catalysts (Fig. 1) suggests that a
nickel-containing catalyst supported on silica exhibited
a lower activity in this reaction, and the highest yield of
toluidines was observed at a nickel content of 20%,
whereas the nickel content of an optimum catalyst sup-
ported on aluminum oxide was 15%.

We performed experiments with the addition of cop-
per and chromium as modifying elements to the dehy-
drogenation catalysts. We found that the addition of up
to 6% Cu to a catalyst improved its selectivity to aro-
matic amines and increased the yield of toluidines by
8–10%. The modification with chromium oxides (up to
5%) improved the stability of catalysts and the selectiv-
ity to primary aromatic amines. We also found that the
addition of up to 3% Na

 

2

 

SO

 

4

 

 increased the catalyst ser-
vice life from 50 to 100 h or longer. Thus, we experi-
mentally found that an optimum catalyst composition is
the following (wt %): Ni, 15; Cu, 6; Cr, 1.5; Na

 

2

 

SO

 

4

 

, 3;
and the balance is alumina. In accordance with experi-
mental data, the formation of toluidines can be
described by the following scheme:
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Fig. 1.

 

 Yields of (

 

1

 

)

 

 ortho

 

-toluidine, (

 

2

 

)

 

 meta

 

-toluidine, and
(

 

3

 

)

 

 para

 

-toluidine as functions of the nickel contents of
(a) Ni

 

/

 

Al

 

2

 

O

 

3

 

 and (b) Ni

 

/

 

SiO

 

2

 

 catalysts. 

 

T

 

 = 380°

 

C; methyl-
cyclohexanol : ammonia, 1 : 5; 

 

v

 

 = 0.25 h

 

–1

 

.



 

828

 

KINETICS AND CATALYSIS

 

      

 

Vol. 43

 

      

 

No. 6

 

      

 

2002

 

TARASEVICH, ZHAVRID

 

(I)

 

The reactions of the dehydrogenation of methylcyclohexanols to corresponding cresols

 

(II)

 

and the formation of di(methylphenyl)amines

 

(III)

 

occur simultaneously in the system.
Under the specified reaction conditions, the forma-

tion of a considerable amount of cresols 

 

VIII

 

 would be
expected as a result of the exhaustive dehydrogenation
of methylcyclohexanols 

 

I

 

. However, their actual con-
centration in the reaction products was no higher than
3–5%. This low concentration of cresols cannot result
from the direct amination of cresols to 

 

VI

 

. It is well
known [12–14] that the reaction of phenol amination is
an acid-catalyzed process in which solid acids are used
as catalysts. In our case, the use of a catalyst modified
with sodium sulfate almost excludes the occurrence of
the amination reaction by this mechanism. This was
supported experimentally: the amination of 

 

para-cresol
on the test catalysts almost did not occur at 350–400°ë.
At the same time, the addition of 4-methylcyclohexanol
in small amounts (5–10%) to the parent para-cresol
increased the conversion of para-cresol into the corre-
sponding para-toluidine up to 45%. In this case, the
reaction occurred according to a mechanism that
includes the formation of imine IV and the catalytic
redistribution of hydrogen with the formation of com-
pounds VI and VII. In this context, the above scheme
of the formation of VI from I with the participation of
dehydrogenating sites of the catalyst is most probable;

this scheme includes a step of imine formation. The
imine mechanism suggests the participation of methyl-
cyclohexanone III, which is a dehydrogenation product
of I, in the reaction. Methylcyclohexanone readily
reacts with ammonia to form imine IV, which is con-
verted into methylcyclohexylamine VII and toluidine
VI because of dehydrogenation and the catalytic redis-
tribution of hydrogen. Methylcyclohexylamine is dehy-
drogenated to toluidine. In our opinion, diphenyl-
amine XI is formed by analogous imine mechanism
(III) via the interaction of methylcyclohexanone with
methylcyclohexylamine or toluidine. Of the two
nucleophilic agents—methylcyclohexylamine and
toluidine—compound VII mainly participates in the
reaction because its nucleophilicity is higher. Along
with methylcyclohexanone III, imine IV can also par-
ticipate in the formation of di(methylphenyl)amine XI.

The above reaction scheme was also indirectly sup-
ported by an increase in the yield of para-toluidine
(88%) with a simultaneous decrease in the yield of
para-cresol in the dehydroamination of 4-methylcyclo-
hexanone, as compared with the dehydroamination of
4-methylcyclohexanol (83%). The reaction tempera-
ture was 390°C.

OH OH O
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NH3

NH NH2 NH2 NH2+
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Tables 1–3 summarize the yields of toluidines VI and
dimethyldiphenylamines XI depending on temperature,
the molar ratio between methylcyclohexanol and ammo-
nia, and the space velocity of the methylcyclohexanol.

The position of an alkyl substituent at the cyclohex-
ane ring noticeably affects the reactivity of cyclohex-
anols and, consequently, the yield of toluidines. A com-
parison between the yields of ortho-, meta-, and para-
toluidines and the yields of 2,2'-, 3,3'-, and 4,4'-dimeth-
yldiphenylamines indicates that the lowest yield of
amines was found in the dehydroamination of 2-meth-
ylcyclohexanol, whereas the effects of methyl groups at
the 3- and 4-positions of the cyclohexane ring were not
so significant.

Thus, we experimentally found that the dehydroamina-
tion of alkylcyclohexanols with ammonia affords aromatic
amines containing an alkyl (methyl in the case under con-
sideration) substituent at the aromatic ring in good yields.
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Table 2.  Yields of ortho-toluidine (VIa), meta-toluidine
(VIb), para-toluidine (VIc), 2,2'-dimethyldiphenylamine
(XIa), 3,3'-dimethyldiphenylamine (XIb), and 4,4'-dimeth-
yldiphenylamine (XIc) at different molar ratios I : NH3

I : NH3

Yield, wt %

VIa VIb VIc XIa XIb XIc

1 : 1 57 64 68 10 18 21

1 : 3 70 74 75 5 9 10

1 : 5 75 80 82 3 5 5

1 : 10 77 81 83 2 3 3

1 : 25 80 86 87 1 2 2

Note: Catalyst, 15% Ni + 6% Cu + 1.5% Cr + 3% Na2SO4/Al2O3;
T = 380°C; v  = 0.25 h–1.

Table 3.  Yields of ortho-toluidine (VIa), meta-toluidine
(VIb), para-toluidine (VIc), 2,2'-dimethyldiphenylamine
(XIa), 3,3'-dimethyldiphenylamine (XIb), and 4,4'-dimeth-
yldiphenylamine (XIc) at different cyclohexanol space ve-
locities

ν, h–1
Yield, wt %

VIa VIb VIc XIa XIb XIc

0.1 71 74 75 5 7 9

0.2 74 80 81 4 6 6

0.25 75 80 82 3 5 5

0.3 72 77 80 3 6 5

0.4 67 72 73 4 7 7

Note: Catalyst, 15% Ni + 6% Cu + 1.5% Cr + 3% Na2SO4/Al2O3;
T = 380°C; methylcyclohexanol : ammonia, 1 : 5.

Table 1.  Yields of ortho-toluidine (VIa), meta-toluidine
(VIb), para-toluidine (VIc), 2,2'-dimethyldiphenylamine
(XIa), 3,3'-dimethyldiphenylamine (XIb), and 4,4'-dimeth-
yldiphenylamine (XIc) at different temperatures

T, °C
Yield, wt %

VIa VIb VIc XIa XIb XIc

360 67 75 76 5 6 7

370 72 78 80 4 6 6

380 75 80 82 3 5 5

390 74 79 83 4 5 4

400 70 75 80 6 8 7

Note: Catalyst, 15% Ni + 6% Cu + 1.5% Cr + 3% Na2SO4/Al2O3;
methylcyclohexanol : ammonia, 1 : 5; v  = 0.25 h–1.


