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Abstract

Oxidative carbonylation of aniline to N,N'dipheny!l urea was achieved at 100°C and atmospheric pressure conditions.
The screening of several homogeneous transition metal complexes was carried out. The best catalytic activity was shown by
[Ru(CO);1,INBu, catalyst. The effect of solvents, temperature, aniline and promoter concentration etc. on the activity and
selectivity of this catalyst was studied. The activation energy of the reaction is evaluated as 26.6 kcal/mol. A plausible
mechanistic pathway for oxidative carbonylation of aniline to diphenyl urea has also been proposed. © 1997 Published by

Elsevier Science B.V.
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1. Introduction

Catalytic carbonylation of aromatic amines to
diarylurea derivatives in presence of metal car-
bonyls is well known [1-3]. Generally severe
conditions are required to catalyze this reaction.
This is due to the fact that abstraction of hydro-
gen atom from amine is a highly energetic step

[4].
2RNH, + CO — (RNH),CO +H,
AGP298 = —17.5 kcal /mol

The presence of hydrogen acceptor compounds
such as sulphur in the system facilitates this
reaction and reaction proceeds under compara-
tively mild conditions [5,6]. Aromatic nitro
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compounds are often used as a hydrogen accep-
tor in carbonylation of aromatic amines to ureas
[7]. The use of dioxygen in the system as a
hydrogen acceptor greatly enhances the car-
bonylation rate and reaction proceeds under mild
conditions [8].

The use of Se, Te and Co as carbonylation
catalyst has also been demonstrated [9-11].
These catalysts convert aliphatic amines to, cor-
responding urea derivatives in high yields but
show poor activity for oxidative carbonylation
of aromatic amines [12].

Isocyanates are conventionally manufactured
by phosgenation route, but this route faces se-
vere corrosion problems. In recent years, an
alternate route has been developed via carbony-
lation of nitrocompounds. More than three
decades have passed since the feasibility of this
route was shown by Hardy and Bennet in 1966,
[13]. However, commercial production of iso-
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cyanates by this route has been delayed mainly
because of following reasons:

- The process utilizes three CO molecules
and unless CO is available at a negligible cost
(as a byproduct) the process is not going to be
economical.

- Utilizes precious metal catalyst (Pd, Rh,
Pt) the recycle and recovery of which is diffi-
cult.

- Isocyanates are highly reactive intermedi-
ates and hence their selectivity is sensitive to
process parameters.

Fukuoka et al. [14,15] have shown that oxida-
tive carbonylation of aniline in presence of
Pd°/Nal, produces phenylcarbamate in high
yield. Arylcarbarmates are commercially impor-
tant intermediates in pesticide and polymer in-
dustry. Decomposition of carbamates readily
gives isocyanates used in making monomeric
MDI (methylene diphenyl diisocyanate).

Oxidative carbonylation of various amines
has been studied in detail, however, in most of
the earlier reports, supported Pd catalysts have
been used [16] and there are very few reports on
the homogeneously catalyzed oxidative car-
bonylation of amines [17,18]. In this paper we
report the oxidative carbonylation of aniline
using homogeneous transition metal complexes
at atmospheric pressure. The stoichiometric re-
action can be described as:
2A1NH, + CO + 1/20,

— ArNH.CONH.Ar+H,0 (2)

N,N'—diphenylurea

The aim of the present work was to study
various homogeneous Pd, Rh, Ru metal cata-
lysts, effect of iodide containing promoters and
solvents on the conversion of aniline and selec-
tivity of N, N’diphenylurea.

2. Experimental

2.1. Materials

The transition metal salts such as PdCl,,
RuCl,-3H,0 and RhCl,-3H,0, were pro-

cured from Arora-Matthey; India and were used
as such. Aniline A.R. grade was freshly distilled
before use. Carbon monoxide having a purity
greater than 99.5% was used from the cylinder.
Oxygen was supplied by Indian Oxygen, Mum-
bai.

2.2. Experimental procedure

2.2.1. Catalytic reactions

The transition metal salts such as PdCl,,
RhCl, - 3H,0 and RuCl, - 3H,0 were procured
from Arora-Matthey and were used as such.
Aniline A.R. grade was freshly distilled before
use. Carbon monoxide gas was used from cylin-
ders, purity of which was found to be greater
than 99.5% by GC analysis. Infrared spectra
were recorded on a Perkin Elmer 283 B spectro-
photometer.

In a typical experiment, known quantities of
aniline, catalyst, promoter and solvent were
charged into the 75 cc glass reactor, and the
contents were flushed with nitrogen. The glass
reactor was heated to a desired temperature, and
then flushed with CO:0,, (2:1) and equalized to
atmospheric pressure. All the experiments were
carried out at atmospheric pressure using glass
reactor and absorption of CO + O, was mea-
sured using glass burette apparatus. The details
of experimental set-up are given elsewhere [19].
The reaction was carried out for five hours.
After five hours, the contents were cooled, the
liquid and gas samples were analyzed by GC
Urea analysis was carried out on HPLC using
Bondapak w-phenyl S.S. column.

3. Results and discussion

The aim of this work was to study the activ-
ity and selectivity of homogeneous transition
metal complex catalysts for the oxidative car-
bonylation of aniline. Several experiments were
carried out in which product concentration ver-
sus time profiles were observed. The activity
and selectivity for the fixed time duration were
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calculated. The material balance was calculated
by measuring the gas absorption as well as by
the GC and HPLC analysis of the liquid sam-
ples for concentration of reactants and products.
The material balance agreed to the extent of
95%, and there was no formation of CO, under
the conditions of present study. In order to
ensure that the catalyst activity remains constant
throughout the run, some experiments on the
reusability of the catalyst were also carried out.
For this purpose, the reaction solution contain-
ing [Ru(CO),1,IN(Bu), catalyst was reused with
fresh charge of aniline several times. Such ex-
periments were carried out at 100°C, it was
observed that even after five reuses, more than
95% of the catalyst activity was retained. The
results on screening of catalysts effect of pro-
moter and solvents are discussed in Section 3.1.

3.1. Screening of catalysts

Several Pd, Ru and Rh complex catalysts
were tested for their activity and selectivity for
oxidative carbonylation of aniline at 100°C and
atmospheric pressure (CO + O,). These experi-
ments were carried out using dimethyl for-
mamide (DMF) as a solvent. In all the cases
only N,N’diphenyl urea (DPU) was formed as a
product. Table 1 shows the activity and selectiv-

ity of several transition metal complexes used in
this work. It can be seen from the results (Table
1) that, the presence of iodine either as a pro-
moter or as a ligand is essential for catalytic
activity. The activity of catalysts containing Ru,
was higher than those catalysts containing other
noble metals like Pd and Rh. It was also ob-
served that the activity of catalysts without io-
dine was very low (5, 9, 10, 13 in Table 1) as
compared to the activity of catalyst systems
containing iodine. Also the catalytic activity
varies with variation in the ligand environment
around the central metal atom. The highest ac-
tivity was observed with [Ru(CO),1,INBu,
complex as a catalyst and therefore, further
studies were carried out using this catalyst. A
typical plot of aniline concentration—time pro-
file of aniline and urea along with the (CO + O,)
absorption is shown in Fig. 1. This figure indi-
cates 97.5% material balance of liquid phase
components and greater than 95% material bal-
ance of CO and O, consumed. This also con-
firms that no other side reaction occurs under
the conditions of this study.

3.2. Screening of promoters

Iodide containing promoters are believed to
play a key role in the mechanism of oxidative

Table 1

Screening of catalyst for oxidative carbonylation of aniline to N, N'-diphenylurea

No. Catalyst * Promoter CO + O, absorbed (cm*) Conversion of aniline (%) Selectivity (%)
1 Ru(CO),1, 18 crown 6 ether Nil 235 52 100
2 Ru(C0),Cl,(py), Nal 212 47 99
3 NBu,Ru(CO),1,4 Nil 267 59 99
4 Rh(CO),(acac) Nal 163 36 98
5 RhCOCKPPh,), Nit 45 10 98
6 RhCOCKPPh,), Nal 131 29 99
7 RhCl,(py), Nal 149 33 100
8 Pdl, Nil 118 26 99
9 Pd(C4H;NH,),Cl, Nil 72 16 99
10 PdC1,(PPh;), Nil — Nil —
11 PdCl,(PPh,), Nal 154 34 100
12 Pd(ppen, )Cl, Nal 149 33 98
13 Pd(SbPh,),Cl, Nil — Nil —

Conditions: Temperature = 100°C, concentration of aniline = 21.5 mmol, contact time = 5 h, CO + O, (atmospheric) = 2:1, concentration

of catalyst = 1.3 mmol, solvent = DMF and reaction volume = 37 cm?.

* Catalysts were prepared by proceduredescribed elsewhere [27].
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Fig. 1. A typical concentration—time profile for oxidative carbony-
lation of aniline. Reaction conditions: [Ru(CO),1,INBu,, (1.3
mmol); CO+0,), (2:1); Pressure, (atmospheric); Temperature,
(100°C), Stirrer speed, (2000 rpm); Reaction volume, (37 ml);
Solvent, (DMF).

carbonylation reactions. Various iodine contain-
ing promoters were investigated with Rh com-
plex catalyst and the results are presented in
Table 2. It was found that the activity of the
catalyst system is directly proportional to the
ease with which an iodide containing promoter
can release its iodine to the system. I, probably
facilitates the formation of free anionic species
of the type [Pd(CO),I,]~ which is an active
catalytic intermediate in oxidative carbonylation
reaction. While in presence of cations such as
C,HZ, CHjor Na* the concentration of free
anion available for the reaction is decreased,
due to the varied degree of ion pairing in the
solution. Therefore lower reaction rates are ob-

Table 2

Oxidative carbonylation of aniline: Effect of iodide

Promoter Conversion of Yield of Selectivity
aniline (%) urea (mmol) (%)

I, 66 7.06 99

Nal 58 6.10 98

C,H,l 49 5.30 99

CH,I 45 4.86 98

KIO, 7 0.76 99

KI 5 0.54 98

Conditions: Aniline (21.5 mmol); Rh(CO)CI(PPh,), (1.3 mmol);
promoter (1.3 mmol); CO:0, (2:1, atmospheric); temperature
(100°C); solvent (DMF, 35 cc); contact time (5 h).
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Fig. 2. Effect of Nal/Pd mol ratio on initial rate of reaction.
Reaction conditions: Nal, (1.3 mmol); CO+ Oy, (2:1); Pressure,
(atmospheric); Temperature, (100 C); Reaction volume, (37 ml);
Solvent, (DMF).

served when cations with higher affinity for
anions are used indicating a strong ion pairing
effect. Thus promoters in decreasing order of
their activity can be given as follows I, >
Nal-C,H,I > CH,I > KIO,-KI.

Activity of the catalyst depends on the con-
centration of the iodide promoters. Effect of Nal
concentration on catalyst activity for Pd-Nal
catalyst system is studied (Fig. 2). The figure
shows that the optimum concentration of iodide
containing promoter is achieved at Nal /Pd mole
ratio of one and that this value is highly sensi-
tive to the iodide concentration. As can be seen
from this figure, conversion of aniline increases
sharply as the ratio approaches close to one and
then decreases with further increase in Nal /Pd
ratio. Thus higher concentration of the promoter
has a poisoning effect on catalyst. It is known
that ionic complexes exhibit different catalytic
activity and selectivity depending on the oxida-
tion state of the metal [20]. In the present
system increase in the concentration of iodide
increases the concentration of active complex,
probably by forming [Pd(CO),,I]~ from Pd
metal and CO. Further increase in the concen-
tration of I beyond the optimum value, converts
[PA(CO),1]~ into complexes having higher oxi-
dation states which are probably inactive. Thus
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Fig. 3. Arrhenius plot.

we get a maximum in conversion of aniline for
Nal /Pd ratio of one indicating that the active
catalytic complex probably contains only one
iodine per ligand in the complex.

3.3. Effect of solvents

Table 3 shows the conversion of aniline us-
ing different solvents. In non-polar solvents like
toluene, xylene etc. poor conversion of aniline
is obtained, while in polar solvents, e.g. DMF,
DMSO, high conversion of aniline is obtained.
Generally non polar solvents favor the forma-
tion of covalent species, while ionic species are
stabilized in polar solvents [21]. The results
obtained indicate that the formation of ionic
species is favored [22], thus activation of O, is
easily accomplished in polar solvents and there-
fore higher rates of oxidative carbonylation are
achieved in polar solvents. The solvent effect
can also be understood in terms of activity
enhancement via the formation of reactive

Table 3
Effect of solvent on oxidative carbonylation of aniline

”O
§ 4
°
E_ _
ns ’/"/EI
x_ 3
=
: o
g o2 - ’
21—
E -

0 Frn

0 10 20 30 40

4 3
Aniline,concentration X 10, mol/cm

Fig. 4. Effect of aniline concentration on initial rate of reaction.
Reaction conditions: Same as Fig. 1.

‘naked’ carbonyl anion in solvent that decreases
the tendency for ion pairing [23]. The solvent
effect on the activity of catalyst strongly support
the possibility of ion-pair effect, e.g. catalyst
activity is substantially increased when DMSO
is used as a solvent. The dielectric constant for
the solvents studied are also listed in Table 3.
The activity of the [Ru(CO),1;]N(Bu),, catalyst
increases with an increase in the dielectric con-
stant of solvent.

3.4. Effect of temperature

Effect of temperature on the initial rate of
reaction of aniline was studied using
[Ru(CO),I,]N(Bu), catalyst and DMF as a sol-
vent. For this purpose, experiments were carried
out at 80, 90 and 100°C. The results are pre-
sented in Fig. 3 as a plot of In R, versus 1/7,
from which the activation energy was calculated
as 26.6 kcal /mol.

Solvent Conversion of aniline (%) Selectivity of urea (%) Dielectric constant * (&, 20°) Protic Aprotic
p-xylene nil — 2.3 — I
Toluene nil — 24 —_ 4
DMF 59 98 36.7 — »
DMSO 65 96 46.7 — I

Conditions: Aniline (21.5 mmol); [Ru(CO);1;INBu, (1.3 mmol); CO:0, (2:1, atmospheric); temperature (100°C); contact time (5 h).
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3.5. Effect of aniline concentration

The effect of initial aniline concentration on
the activity of [Ru(CO),1,IN(Bu), catalyst was
studied at 100°C at atmospheric pressure using
DMEF as a solvent. The results are shown in Fig.
4 which indicates that the rate of oxidative
carbonylation of aniline increases with increase
in aniline concentration. '

4, Proposed mechanism

The mechanism of oxidative carbonylation of
aromatic amines to phenyl ureas is not clearly
understood. Fukuoka et al. 1984; [14,15] have
proposed a possible mechanism of oxidative
carbonylation reaction but in their work the,
role of iodide containing promoter was not ex-
plained. In order to understand the complete
reaction mechanism, it is important to know the
interaction of promoters with the catalyst. The
results obtained in the present study shed some
light on these aspects.

Certain Pd complexes are known to activate
aromatic amines in the presence of carbon
monoxide to give carbamoyl type of complexes
[24], which on further treatment with amine and
CO gives rise to diphenyl urea formation. The
mechanism of formation of urea by carbonyla-
tion of aromatic amine is fairly well understood.
The chloride ligands in the Pd complex acts as a
H atom acceptor [24].

Pd(pmp)(CONHC¢H,)C1 + CqH,NH,
NaOH
+ CO — Pd(pmp)(CO),

+(C4H,NH),CO + NaCl ~ (3)

These reactions are stoichiometric in nature and
not really catalytic. The problem was however
over come by the use of dioxygen as a source of
H atom acceptor. Thus in presence of oxygen
this reaction becomes catalytic in nature. A
speculative mechanism of oxidative carbonyla-
tion of aniline to N,N’-diphenyl urea catalyzed

[Rutcorg 15]
183 (1)

e _

[Rutco), 13]
168(11)

ArNH;  base HI

Ho  L(ArNH)Ru(CO), 1, ]
185 (1)

Y20,

[(ArNHZ)Ru(H)(CON 1, ] [carNH)Ru(CON 1]

188 (VID) i8é(1v)
Aryl migration

ArNH,

[HRu(COY212] [¢arNHCOIRu(CON, 1]

16&(V1) 16&(V)
Carbamoyl species

(ArNH); CO ArNHy

Fig. 5. A plausible reaction mechanism of oxidative carbonylation
of aniline.

by [Ru(CO),1;]N(Bu), catalyst has been pro-
posed (see Fig. 5). The formation of carbamoyl
species (V) is the key step in the proposed
mechanism. The catalyst precursor a d 18
electron complex [Ru(CO),1,]™ reacts dissocia-
tively with carbon monoxide to form a catalytic
intermediate (II). Species (II) reacts with aniline
to form species (I) and liberates HI, which is
stabilized by basic reaction media, Stoichiomet-
ric reactions of Ru complexes of this type were
earlier reported, and are assumed to be the
active catalytic intermediate in carbonylation
reaction [25,26]. Species (III) adds on to one
CO and is converted into species (IV). Aryl
migration at this stage gives a carbamoyl species
(V).

Addition of one molecule of aniline to species
(V), and subsequent product elimination gives
rise to hydrido carbonyl species (V). Species
(VD) add on to another aniline forming (VID),
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which upon interaction with O, eliminates a
molecule of water and active amino species (IIT)
is regenerated. This is a plausible reaction
mechanism and more work will have to be done
to arrive at a definitive reaction mechanism.

5. Conclusion

Several homogeneous transition metal com-
plex catalysts and iodine containing promoters
were investigated for oxidative carbonylation of
aniline to N,N’-diphenyl urea, at atmospheric
pressure. For a catalyst system containing Pd,
the optimum Nal /Pd ratio was found to be one.
It was observed that the best results (59% con-
version and 99% selectivity) were obtained with
[Ru(CO),I;IN(Bu), catalyst. Initial rate of reac-
tion was found to increase with increase in
aniline concentration and temperature. Activa-
tion energy evaluated from Arrhenius plot was
formed to be 26.6 kcal /mol. It was also found
that the polar solvents are suitable for this reac-
tion. A plausible reaction mechanism has been
discussed.
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