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Abstract The oxidative carbonylation of aniline to carbamate over Pd-based
catalyst was studied by using Nal and absolute ethanol as the promoter and
solvent, respectively. The optimum process conditions for this reaction were
investigated. At 170 °C, after 2 h of reaction, the Pd/C catalyst exhibited high
activity (97.49%) and high selectivity (85.26%). The promoter role of Nal

was discussed, and a mechanism for the title reaction was proposed.
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Introduction

The product of aniline oxidative carbonylation is diphenylurea or carbamate, both of
them can easily tumn into isocyanate, which is widely used to make artificial leather,
adhesive agent, elastic body, fabric and synthesis rubber. It is an important row material

for polyester industry!!). The stoichiometric equation is shown as below:

PhNH, + C;H;OH + CO + 1/20, = PANHCO,C,H; + H,0 (1)
(EPC)

There are some people studying this reaction, but they focused their attention on the

2~

selection of catalyst and reaction conditions!>™. A few paper reported the mechanism of
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this reaction!’>¢]_ but these mechanisms were very different in many aspects, especially,
the role of promoter Nal in this reaction has not been known so far. Most people used Pd
as the catalyst for this reaction, but none of them have compared the activity of various
Pd-based catalysts. In the present work, we found that all the Pd-based catalysts have the
same catalytic activity; moreover, the result of XPS showed that the active components
on these catalysts may tumn into a same species after reaction, which give us some clues
for the mechanism of aniline oxidative carbonylation. We also explained the promoter
role of Nal on the basis of experimental results.

Experimental

Into a 100 mL autoclave equipped with an clectric stirrer and an automatic
temperature controller were charged 50 mg of Pd/C (3 wt% of Pd on activated carbon),
20 mg sodium iodide, 40 mL absolute ethanol, 2.30 g aniline and 1.000 g diphenyl as
internal standard. After the air inside the autoclave was replaced with CO, CO was
pressurized into the autoclave to 6.0 MPa and then oxygen was pressurized, resulting in a
total pressure of 6.7 MPa. The reaction was carried out at 170°C~180°C for 2 h with

stirring, subsequently, the reaction mixture was cooled to room temperature, and then
analyzed by GC.

Results and discussion

Catalytic performance of Pd/C :atalyst
1. Reuse information of catalyst

We found that the Pd/C catalyst can still remain its catalytic activity after being used
ten times.

Table 1 Recuse information of catalyst

Expt. times 1 2 3 4 5 6 7 8 9 10
Conversion of aniline / % 88.5 950 876 915 952 96.0 965 898 967 92.1
Selectivity to carbamate /% 908 916 915 877 87.8 87.7 97.2 80.5 79.6 804

2. Effect of temperature on catalytic activity
Temperature has a great effect on aniline oxidative carbonylation. We have studied
the activity of catalyst at various temperatures. The results are listed in Table 2.
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Table 2 Effect of temperature on the activity of 5% Pd/C catalyst

Temperature/°C 100 140 150 160 170 177 185 200
Can/ % 62.13 8471 9525 9871 9749 9941 93.16 97.75
Sgpc/ % 0 70.40  79.87 79.85 8526 8291 8109 73.43
Yield / % 0 59.63 7608 78.82 83.12 8242 7554 71.78

Can/ % : conversion of aniline ; Sppc / % : selectivity to EPC
AN EPC

Reaction condition: reactive time, 2 h; dose of Nal, 40 mg; absolute ¢thanol, 40 mL;
Pcp=6.0 MPa,  Pg,=0.7 MPa

The results show that 170°C~180°C are the optimum temperatures for this reaction.
When the reaction temperature is lower than 100°C, the main product is diphenyl urea
(DPU); and high above 150°C, ethyl phenylcarbamate (EPC) is the main product. When
the temperature is between 100°C~150°C, EPC and DPU could be both detected, and
there is a conversion equilibrium between EPC and DPU.

C5H5NHCONHC6H5 + C2H5OH == CGHsNHCOOC2H5 + C6H5NH2 (2)
(DPU) (EPC)

This equilibrium tends to move to the left side, but when the temperature is high to

170°C and the solvent ethanol is excessive, EPC can become the main product.

Results of using other Pd-based catalyst
1. Activity of various Pd-based catalysts
It is well known that in the reductive carbonylation of aromatic nitro compound, only

PdCl, has catalytic activity and othcr Pd-based catalysts like Pd® or PdO has no

activity!”"*]. But in aniline oxidative carbonylation, we found that almost all the Pd-based
catalysts had the same activity (sce Table 3).

Table 3 Activities of various Pd-based catalysts

Catalyst Catalyst dose / mg Can/% Sgpc / %o
PdCl, 2.9 97.59 82.31
PdO 482 99.45 87.31
0.75%PdCl,/Silicon 245.1 95131 81.69
3%Pd/C 53.1 97.49 85.10

Reaction condition: temperature, 177°C~180°C: Pn=6.0 MPa: P, =0.7 MPa

reaction time, 2 h~2.5 h; Nal=35 mg; aniline=2.3 g
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This result implies that the activity of Pd-based catalysts does not rely on its initiative
configuration. We can infer that the active components on these Pd-based catalysts may
transform into an identical species in the reaction and then enter the catalytic cycle.

We regard that this identical species is a mixture of Pd and PdO. If PdCl, is the
catalyst used, it will oxidize aniline at first and will be reduced to Pd’, then Pd is
oxidized to PdO by oxygen. In fact, at the early stage, it was PdCl, but not oxygen that

oxidized aniline to carbamate!®!%. The reaction equation is shown as below:
PdCl, +C¢HsNH, + CO + C,HsOH = Pd + CgHsNHCOOC,H; + 2HCI 3)

This reaction equation shows that even though the Pd*" is used, it will soon become
Pd’. Due to the existence of oxygen, Pd® will transform into PdO inevitably, then go into
the catalytic cycle. But oxygen in this reaction will be used up (though oxygen is
excessive, ethanol and carbon monoxide are both excessive too, they can consume
oxygen), so it is certain that some of Pd® will turn into PdO and the other will not.
Therefore, the catalyst obtained after reaction always contains Pd® and PdO (see 3).

2. Promoter role of iodide

Iodide as promoter is necessary for aniline oxidative carbonylation, but catalytic
dosage of iodide is enough. We also found that Pdl; had the identical catalytic activity as
Pd+Nal, which implies that iodide might play its role by affecting catalyst but not
reagents or products. So far no other substances have been found which can replace
iodide to promote oxidative carbonylation of aniline. The promoter role of iodide in this
reaction is still unknown, even though there is few publication involving this problem.
We found that when iodide is absent, the oxidation of aniline can occur but the
carbonlyation can not, thus the coordination of I' may increase the electron density of Pd
and let CO gain more feedback clectrons. Pd?* is a kind of soft acid and I" is soft base, so
I' can be easily coordinated to Pd**; at the same time, not only I' has plenty of 5p
electrons which are well matched with 4d electrons of Pd?* in energy, but also it is not -
acid, so it will not share clectrons feedback from Pd with CO.

3. Results of XPS

The XPS experiments of three kinds of catalysts were carried out. The results show
that no matter what Pd-based catalysts are used, they all have the same binding energy
after reaction; so the active components on these catalysts might have turned into the
same species, which might be a mixture of Pd and PdO.
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Table 4 Results of XPS
Binding energy of 3d3,, / eV*

Catalyst

Before reaction* After reaction
PdO 336.8 3353
3%Pd/C 334.6 335.0
0.75%FdCl,/Silicon 336.2 3352

*: C 15 (284.7 eV) was used as the standard of binding energy.
At last, we propose the mechanism of aniline oxidative carbonylation as follows:

PhNHCO2R+H,0 P+l
120,

PhNHCO Pd 0o

Pd
B
PhNH,
PhNH

|'
Fig.1 Propcsed mechanism of aniline oxidative carbonylation

Conclusions

1. Pd/C catalyst exhibits high activity (97.49%) and high selectivity (85.26%) in
aniline oxidative carbonylation. This catalyst also has high stability, it can remain its
catalytic activity after being used ten times.

2. The proper reaction temperature is between 170°C~180°C. Only at or above this
temperature, the equilibrium between byproduct (DPU) and main product (EPC) can
move to EPC. However, if the temperature is too high (>180°C), deep oxidation may
occur.

3. All the Pd-based catalysts have the same catalytic activity, which implies that these
catalysts may transform into an identical species in reaction and then enter the catalytic
cycle.

4. Aniline oxidative carbonylation can not proceed without I", moreover, no other
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promoter can replace I” to promote this reaction. We propose that the coordination of I" to
Pd?" increases the electron density of Pd?*, enables Pd?*" to have enough electron to
feedback to CO, which makes carbonylaton proceed easily.
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