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Abstract 

The addition of carboxylic acids such as benzoic acid derivatives as cocatalyst has been found to enhance the catalytic 
activity and selectivity of a Pd(phen),(OTf), catalyst system in the reductive carbonylation of aromatic nitro compounds. A 
strong dependency of the catalytic performance on the amount of cocatalyst in the reaction mixture was found, yet no 
influence of the pK,-value of the particular cocatalyst could be discovered. Though the accelerating influence of the acidic 
cocatalyst is mainly caused by the protons of the cocatalyst since proton transfer plays a crucial role in the catalytic cycle, 
the positive effects could not be achieved by the use of other carboxylic acids or sulphonic acids as cocatalyst. Buffered 
systems showed that traces of weakly coordinating anions should be present in order to stabilise various catalytic 
intermediates, whereas higher concentrations of anions result in a decrease of catalyst activity. The formation of 
azoxybenzene was suppressed under the influence of the protons of the aromatic carboxylic acid, leading to an improvement 
of the catalyst selectivity. Based on the results a schematic mechanism for the palladium-catalysed reductive carbonylation 
of aromatic nitro compounds is proposed. 
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1. Introduction 

Carbamates and 
important products 

The use of the extremely toxic phosgene as 

isocyanates are industrially 
well as the production of large quantities of HCl 

which are traditionally pre- 
as side product are two major disadvantages to 

pared through the so-called phosgene route. In 
this traditional route. The reductive carbonyla- 

this process, the nitro substrate is first catalyti- 
tion of aromatic nitro compounds under the 

tally hydrogenated into an amine. Subsequent 
influence of a catalyst has proven to be an 

reaction with phosgene yields the isocyanate 
attractive alternative process for the synthesis of 

which can react with an alcohol to form the 
carbamates and isocyanates. In this route the 

carbamate [l-3]. 
nitro function reacts directly with CO. If the 
reaction is performed in an alcohol the carba- 
mate is formed which can be thermally de- 

* Corresponding author. graded into the isocyanate (Scheme 1). 
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Scheme 1. General scheme for the reductive carbonylation of 
aromatic nitro compounds. 

The catalyst that is required for the reaction 
of the nitro substrate with CO is often based on 
a group 8-10 metal, though a lot of research 
has been done in the past on the use of sulphur, 
selenium, or tellurium as a catalyst [4]. Among 
the metal based catalyst systems especially the 
ruthenium ones are mechanistically well under- 
stood [5]. Catalyst systems based on palladium, 
however, have been found to give the highest 
activities and selectivities [6,7]. A palladium salt 
like PdCl, or Pdcacetate), is catalytically inac- 
tive itself but it becomes active on addition of a 
monodentate nitrogen-donor ligand [8]. The ac- 
tivity is strongly improved if the monodentate 
ligand is replaced by a bidentate ligand, espe- 
cially a rigid one like 1, IO-phenanthroline [9,10]. 
In 1983, a homogeneous catalyst system con- 
sisting of palladium and a bidentate nitrogen, 
phosphorus, arsenic, or antimony ligand for the 
reductive carbonylation of aromatic nitro com- 
pounds was patented [4]. 

The role of an acidic cocatalyst on the cat- 
alytic activity and selectivity has been recog- 
nised for several palladium catalyst systems, 
including both homogeneous and heterogeneous 
systems. For instance, 2,4,6_trimethylbenzoic 
acid has been successfully applied to improve 
the selectivity of a phenanthroline modified 
Pd/C catalyst system [6,11]. A much stronger 
acid like p-toluenesulfonic acid is needed if an 
in situ generated catalyst from Pdcacetate), and 
a bidentate nitrogen ligand is used [12,13]. The 

remarkably positive effect of a carboxylic acid 
function on the catalytic activity and selectivity 
of a Pd(phen),(OTf),/phen catalyst system, 
however, was only recently encountered for the 
first time in a study on the scope of the reduc- 
tive carbonylation of aromatic nitro compounds 
[14]. 4-Nitrobenzoic acid turned out to be com- 
pletely converted within 2 h of our standard 
reaction time with an extremely high selectivity 
towards the. desired carbamate (tof > 365 mol 
mol- ’ h- ‘; 94%). Following these results 4- 
chlorobenzoic acid has been used successfully 
as cocatalyst for the Pd(phen),(OTf), catalyst 
system in the reductive carbonylation of aro- 
matic dinitro compounds which are less reactive 
in the reductive carbonylation [15]. 

In this article a study on the influence of 
carboxylic acids as cocatalyst on the catalytic 
activity and selectivity of Pd(phen),(OTf), will 
be presented. Though nitrobenzene has been 
mostly applied as model substrate for the reduc- 
tive carbonylation of aromatic nitro compounds, 
the influence of the cocatalyst has also been 
studied in the conversion of two other, typical 
nitro substrates. Attention has been paid to the 
amount of cocatalyst that is required to obtain 
optimal activity and selectivity. The influence 
of the nature of the acidic cocatalyst as well as 
the effect of the anions which are introduced 
together with the acid have been studied. 

2. Results and discussion 

The influence of an acidic cocatalyst on the 
catalytic activity and selectivity of the 
Pd(phen),(OTf),/4 eq. of free phenanthroline 
catalyst system has mainly been studied in the 
conversion of nitrobenzene. Methyl-N-phenyl- 
carbamate was always the desired product as all 
tests were done in methanol. Next to this carba- 
mate the side products N,N’-diphenyl urea, ani- 
line, and azoxybenzene were expected to be 
formed, based on previous results with this cata- 
lyst system in the absence of any cocatalyst [9]. 

Apart from the experiments with nitroben- 
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zene, the effect of an acidic cocatalyst was also 
studied in the reductive carbonylation of 4-(tri- 
fluoromethyljnitrobenzene and 2-tert-butyl- 
nitrobenzene. Under the influence of the triflu- 
oromethyl substituent at the nitro substrate the 
production of the azoxybenzene derivative was 
found to increase (33%) [14]. With the addition 
of the cocatalyst it was now tried to enhance the 
selectivity towards the carbamate for this sub- 
strate. Using 2-tert-butylnitrobenzene it was 
found that introduction of large steric hindrance 
at the ortho position of the nitro substrate caused 
an interesting side reaction. Together with the 
conversion of the nitro function, a substitution 
reaction takes place in which a methoxy sub- 
stituent is introduced at the aryl ring of the 
reacting nitro substrate. Though this side reac- 
tion is catalysed by the Pd(phen),(OTf), cata- 
lyst system, it is believed that it might be 
acid-assisted [ 141. Therefore, it seemed interest- 
ing to study the influence of an acidic cocatalyst 
on this methoxylation side reaction. 

Because the stable Pd(phen),(OTf), catalyst 
system has been applied during the complete 
study on the influence of the nature and amount 
of acidic cocatalyst, all experiments were highly 
reproducible. We could therefore restrict to ex- 
periments in duplicate, of which the average 
results will be reported. The influence of the 
cocatalyst on the activity of the Pd(phen),(OTf), 
system was measured by the conversion after 2 
h. All reactions could reach complete conver- 
sion at prolonged reaction times and it was 
already reported that the carbonylation of ni- 
trobenzene in the presence of the plain 
Pd(phen),(OTf), catalyst is approximately zero 
order in substrate concentration [9]. A product 
distribution will mostly be used to express the 
selectivity of the overall catalyst system, though 
the carbamate:urea ratio can also serve as a 
measure for the selectivity in the case of the 
reductive carbonylation of nitrobenzene. The 
selectivity proved relatively independent of the 
conversion. Only at very high conversion the 
selectivity changed because diphenylurea can 
also be converted into the carbamate. 

2.1. Influence of the amount of acidic cocatalyst 

As the remarkable positive effect of a car- 
boxylic acid function on the catalytic activity 
and selectivity of the Pd(phen),(OTf), catalyst 
system was first found in the conversion of 
4-nitrobenzoic acid (tof 2 365 mol mol-’ h-i, 
selectivity towards the corresponding carbamate 
of 94% [ 141) 2-chlorobenzoic acid was initially 
chosen as cocatalyst in the reductive carbonyla- 
tion of nitrobenzene. This cocatalyst is only 
slightly more acidic than 4-nitrobenzoic acid 
(pK, value of 4-nitrobenzoic acid = 3.41, pK, 
value of 2-chlorobenzoic acid = 2.92 [16]). In 
the reductive carbonylation of 4-nitrobenzoic 
acid the acid:Pd ratio equalled 730, due to the 
substrate:Pd ratio of 730. The first experiments 
on the reductive carbonylation of nitrobenzene 
with Pd(Phen),(OTf), in the presence of 2- 
chlorobenzoic acid were therefore also con- 
ducted at an acid:Pd ratio of 730. Under the 
influence of this cocatalyst the activity of the 
Pd(phen),(OTf), catalyst was indeed increased, 
as was the selectivity. Nitrobenzene was com- 
pletely converted within the 2 h of standard 
reaction time, resulting in a tof of more than 
365 mol mol- ’ h- ‘. This means that the addi- 
tion of 2-chlorobenzoic acid to the reaction 
mixture has enhanced the catalytic activity by at 
least a factor 1.5, as the conversion of nitroben- 
zene in the absence of a cocatalyst was 64%. 
The selectivity towards the carbamate (94%) 
was also improved by the presence of the large 
amount of cocatalyst, compared to the results 
obtained without a cocatalyst (selectivity to- 
wards carbamate = 84%). 

In view of the positive results obtained on 
addition of 730 eq. of 2-chlorobenzoic acid with 
respect to the Pd catalyst, the amount of cocata- 
lyst was gradually decreased. The results of 
these experiments are depicted in Fig. 1, which 
shows the relation between the catalytic activity 
and the acid:Pd ratio and also the effect of this 
ratio on the selectivity towards the carbamate. 

From the conversions it can be seen that the 
activity is clearly affected by the amount of acid 



26 P. Wehman et al./ Joumal of Molecular Catalysis A: Chemical 112 (1996) 23-36 

r + conversion (%) 

+selectivity (%) 1 

-100 
ti 
if 
B 

-95 $ 
B 
5 

-90 ii 
P 
s 
S 

-85 S 
m 

0 200 400 800 800 
P-chlorobenzoic acid:Pd ratio 

Fig. 1. The influence of the amount of 2-chlorobenzoic acid in the 
reaction mixture on the conversion and catalyst selectivity. 

present in the reaction mixture. Especially in the 
low concentration region, a sharp increase of 
the activity was observed with an increasing 
acid:Pd ratio. Finally complete conversion of 
the substrate within 2 h of reaction time was 
reached at 250 eq. of acid to Pd. 

The selectivity increased even more steeply 
with an increasing acid:Pd ratio. Already at 100 
eq. of 2-chlorobenzoic acid compared to Pd the 
maximum selectivity for this system of approxi- 
mately 94% of carbamate was obtained. This 
rapid increase in selectivity between 0 and 100 
eq. of acid is mainly caused by the strong 
decrease of the aniline and azoxybenzene pro- 
ductions. In the absence of a cocatalyst azoxy- 
benzene constituted 6.9% of the product distri- 
bution [9]. Only 10 eq. of the acidic cocatalyst 
to Pd were needed to reduce this percentage to 
almost zero. In the range of lo-730 for the 
acid:Pd ratio the amount of azoxybenzene did 
not significantly change, resulting in an average 
selectivity towards azoxybenzene of 0.35% in 
the presence of 2-chlorobenzoic acid. The for- 
mation of aniline was also strongly suppressed 
between 0 and 100 eq. of acid. Without cocata- 
lyst 2.5% of the product distribution consisted 
of aniline [9]. At an acid:Pd ratio of 100, how- 
ever, no aniline could be detected at all. Yet, 
above 100 eq. of 2-chlorobenzoic acid a re- 

newed production of aniline could be observed, 
yielding finally 3.7% of aniline at the ultimate 
acid:Pd ratio of 730. This secondary formation 
of aniline can be explained by degradation of 
the urea side product into carbamate and ani- 
line. Although N,N”-diphenyl urea can be ther- 
mally degraded into methyl N-phenylcarbamate 
and aniline, it has previously been shown that 
this methanolysis occurs more rapidly in the 
presence of a palladium catalyst [12]. With a 
Pd(acetate),/bpy/p-tsa catalyst system it was 
found that the catalytic degradation of the urea 
derivative already occurs when there is still 
nitrobenzene present, though the urea side prod- 
uct is converted much faster once full conver- 
sion of the nitro substrate is reached [12]. The 
degradation of the urea derivative was found to 
be indirectly influenced by the amount of 2- 
chlorobenzoic acid in the reaction mixture as 
well. In the acid:Pd range of 0 to 100 the 
strongly reduced aniline production caused a 
sharp decrease in the amount of urea derivative 
that was formed. Above 100 eq. of 2-chloroben- 
zoic acid with respect to Pd, however, a gradual 
further reduction of the amount of iV,N”-di- 
phenyl urea was observed whereas a renewed 
aniline production was measured concurrently. 
This is caused by the methanolysis of the urea 
side product. 

As for the stability of the acidic cocatalyst it 
should be remarked that the ‘H-NMR spectra of 
the reaction mixtures containing a high concen- 
tration of 2-chlorobenzoic acid showed traces of 
esterified cocatalyst at the end of the catalytic 
runs. At 730 eq. of acid to Pd approximately 2% 
of the acidic cocatalyst was converted into its 
methyl ester during the 2 h of reaction time. 

2.2. Injluence of the nature of the acidic cocata- 
lyst 

From the results presented in Fig. 1 the 
amount of 25 eq. of acidic cocatalyst with re- 
spect to palladium was chosen to study the 
influence of the nature of the cocatalyst on the 



P. Wehman et al. /Journal of Molecular Catalysis A: Chemical 112 (1996) 23-36 21 

catalytic activity and selectivity of 

Pd(phen),(OTf), in the conversion of nitroben- 
zene. With the addition of 25 eq. of 2-chloro- 
benzoic acid the conversion had increased from 
64% to 85%. Also the selectivity towards the 
carbamate had increased but not yet reached 
100%. Therefore, it was possible to measure the 
differences that might be induced by the use of 
various cocatalysts of different nature at an 
acid:Pd ratio of 25. In Table 1 the conversions 
obtained by addition of various cocatalysts are 
listed together with pK, values of these acids. 
The product distributions that were found under 
the influence of the different cocatalysts are 
shown in Table 2. 

As the first positive effect of the presence of 
an carboxylic acid function was found for 4- 
nitrobenzoic acid a series of aromatic carboxylic 
acids was tested as cocatalysts in the reductive 
carbonylation of nitrobenzene. The benzoic acids 
cover a wide range of pK, values, from 1.75 
for pentafluorobenzoic acid to 4.43 for 3,5-di- 
methoxy-benzoic acid. From the conversions 
found with these aromatic carboxylic acids it is 
obvious that there is no correlation between the 
p K, value of the cocatalyst and the catalytic 

Table 1 
The pK, values a of various acidic cocatalysts and the conver- 
sions obtained on addition of these acids to the reductive carbony- 
lation of nitrobenzene with a Pd(phen),(OTf), catalyst b 

&catalyst pK, value conversion (%) 

none 64 
pentafluorobenzoic acid 1.75 89 
2,4,6-trichlorobenzoic acid ’ 98 
2chlorobenzoic acid 2.92 85 
2,4,6-trimethylbenzoic acid 3.45 61 
benzoic acid 4.19 96 
3.5dimethoxybenzoic acid 4.43 92 
acetic acid 4.16 78 
trimethylacetic acid 5.03 70 
picolinic acid 5.52 44 

a All pK, values were abstracted from Refs. [16] and [17]. All 
values mentioned were measured in water at room temperature, 
b See Experimental section for the precise conditions (acid:Pd 
ratio = 25). 
’ pK, value unknown. Based on the substituents the value should 
be in between those of pentafluorobenzoic acid and 2-chloroben- 
zoic acid. 

Table 2 
Product distributions obtained in the reductive carbonylation of 
nitrobenzene with a Pd(phen),(OTf), catalyst under the influence 
of various acidic cocatalysts a 

Cocatalyst Product distribution (%I b 

CA UR AN Azox 

None 83.5 1.2 2.5 6.9 
Pentafluorobenzoic acid 85.9 9.5 4.0 0.7 
2,4,6-Trichlorobenzoic acid 92.2 5.3 2.5 0.0 
2Chlorobenzoic acid 92.9 6.3 0.8 0.6 
2,4,6_Trimethylbenzoic acid 90.7 6.4 1.5 1.6 
Benzoic acid 86.7 9.0 4.3 0.0 
3$Dimethoxybenzoic acid 87.6 9.0 2.4 1.1 
Acetic acid 91.5 7.5 0.0 1.2 
Trimethylacetic acid 91.5 7.63 0.0 1.2 
Picolinic acid 89.4 7.3 0.0 3.2 

* See Experimental section for the precise conditions (acid:Pd 
ratio = 25). 
b CA = methyl N-phenylcarbamate; UR = N,N”-diphenyl urea; 
AN = aniline; AZOX = azoxybenzene. 

activity of the Pd(phen),(OTf), catalyst system. 
Although there is a large scatter around the 
mean conversion of 87% (a = 13, n = 6) no 
trend could be observed connecting the conver- 
sion with the pK, value of the cocatalyst. It 
should be kept in mind, however, that the re- 
ported pK, values were all measured in water 
at room temperature whereas the catalytic ex- 
periments were conducted in methanol at 135°C. 
Drent and van Leeuwen [4] already claimed the 
positive effect of an acidic promoter in 1983. 
According to this patent acids with a pK, < 3.5 
are preferred if a bidentate nitrogen ligand like 
l,lO-phenanthroline is applied. This appears to 
be in contradiction with our results, but it should 
be kept in mind that the experiments by Drent 
and van Leeuwen were mainly performed with a 
palladium salt like Pd(OAc), in combination 
with the ligand and the acidic promoter. This 
means that the acid is especially needed to 
replace the coordinating acetate anions by non- 
coordinating anions to meet the required overall 
electrophilicity of the catalyst complex [9,13]. 
This can be achieved by adding a strong acid 
like p-toluenesulfonic acid in the range of 1 to 
50 eq. to palladium [4,13]. Addition of 50 eq. of 
p-tsa to the Pd(phen),(OTf), catalyst system, 
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however, led to complete decomposition of the 
catalyst into Pd black. No conversion at all was 
obtained. Apparently, in the absence of any 
stabilising anions like the coordinating acetate 
anions which are in equilibrium with the acidic 
cocatalyst, a strong acid like p-tsa is disastrous 
for the palladium complex. This effect was also 
observed by Cenini et al. [7]. With the addition 
of various benzoic acids as cocatalyst, on the 
other hand, no substantial amounts of Pd black 
were formed, not even with the relatively strong 
pentafluorobenzoic acid. Only in the case of 
2,4,6-trimethylbenzoic acid the degree of cata- 
lyst decomposition seemed a bit higher, based 
on the amount of Pd black formed at the end of 
the catalytic runs. This might account for the 
low activity that was found with this acid. A 
conversion of 61% was obtained, which was 
even lower than the conversion in the absence 
of an acidic cocatalyst (64%). 2,4,6-Trimethyl- 
benzoic acid is frequently applied as cocatalyst 
for supported phenanthroline modified Pd/C 
systems [6,11]. It is preferred to other weak 
organic acids such as acetic acid because it is 
not readily esterified due to the large steric 
hindrance caused by the ortho substituents. This 
indicates that the positive effect of the acidic 
cocatalyst partly stems from a slight stabilisa- 
tion of some of the catalytic intermediates by 
the weakly coordinating anions of the aromatic 
carboxylic acids. Steric hindrance on the anion 
hampers such a stabilising interaction with the 
palladium metal centre. 

The product distributions, listed in Table 2, 
show that the selectivity towards methyl N- 
phenylcarbamate is also independent of the pK, 
values of the benzoic acid derivatives used as 
cocatalysts. An average selectivity towards the 
carbamate of 89.3% was found, while the devia- 
tions from this mean value were only small 
((T = 3). In all cases the enhanced selectivity 
was particularly reached by suppression of the 
formation of azoxybenzene. In the experiments 
concerning the influence of the 2-chlorobenzoic 
acid:Pd ratio on both the activity and the selec- 
tivity it was observed that already at 10 eq. of 

acid the amount of azoxybenzene had decreased 
from 6.9% to almost zero. Obviously, this fea- 
ture is not influenced by the specific aromatic 
carboxylic acid that is used as only traces of 
azoxybenzene were detected throughout the 
complete series of benzoic acids. 

Whereas the production of aniline was found 
to be hampered by the presence of 2-chloroben- 
zoic acid this trend was not found for all’ben- 
zoic acids. Only addition of 2,4,6-trimethylben- 
zoic acid showed a comparable reduction of the 
amount of aniline, but in the presence of ben- 
zoic acid or pentafluorobenzoic acid even more 
aniline was formed than in the absence of any 
cocatalyst. Since it is known that water can be 
responsible for the production of aniline [ 121 the 
enhanced aniline production could be the result 
of the formation of water in the esterification of 
the acidic cocatalyst. A hindered acid such as 
2,4,6-trimethylbenzoic acid is less prone to es- 
terification, thus minimising the concentration 
of water in the reaction mixture [ 1 I]. The results 
obtained with 2,4,6-trimethylbenzoic acid in- 
deed support this hypothesis. However, the un- 
affected aniline production in the presence of 
another hindered acid as 2,4,6-trichlorobenzoic 
acid slightly enfeebles this explanation. 

Similar to the production of aniline the for- 
mation of the urea derivative was also decreased 
by several of the benzoic acids but increased by 
some of the other ones. Roughly speaking, we 
could say that the same trend was observed for 
the urea production under the influence of a 
specific benzoic acid as for the formation of 
aniline. This is in good agreement with the fact 
that aniline is needed for the formation of 
N,N’-diphenyl urea. 

Addition of an aliphatic carboxylic acid in- 
stead of an aromatic carboxylic acid as cocata- 
lyst turned out to have a less powerful effect on 
the catalytic activity (Table 1). The increase of 
the conversion under the influence of acetic acid 
or its more hindered derivative trimethylacetic 
acid is much smaller than found for the aro- 
matic carboxylic acids, though the activity is 
still somewhat enhanced compared to the activ- 
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ity found in the absence of a cocatalyst. The 
fact that the corresponding anions of the acetic 
acids are better coordinating anions than the 
benzoate anions could be responsible for this 
smaller increase in activity. Due to their coordi- 
nating properties the palladium centre will be 
better stabilised but also less readily available 
for the reacting substrates. 

The selectivity (Table 2) on the other hand 
was improved to more or less the same extent 
by the acetic acids as with the benzoic counter- 
parts. However, under the influence of the acetic 
acids not only the formation of azoxybenzene 
was strongly reduced but also the production of 
aniline was completely suppressed. This appears 
to be in contrast with the finding by Alessio and 
Mestroni who ascribed the higher aniline pro- 
duction when acetic acid was used to the rela- 
tively easy esterification of this acid compared 
to 2,4,6-trimethylbenzoic acid [ 1 I]. This could 
be due to the higher reaction temperature of 
185°C used by them. 

Addition of picolinic acid proved to decrease 
the catalytic activity. Due to the pyridine moiety 
this acid is also capable of coordinating to 
palladium as a bidentate ligand. It might there- 
fore partially replace the phenanthroline ligand, 
thus altering the catalytic behaviour by the lig- 
and effect. The selectivity towards the carba- 
mate, however, was still slightly improved by 
the presence of this (coordinating) acid and 
again the aniline production was completely 
suppressed. The amount of azoxybenzene, on 
the other hand, was reduced less than it was 
when an aromatic or an aliphatic carboxylic 
acid was added as cocatalyst. 

2.3. Influence of the anion of the acidic cocata- 
lyst 

Though there was no trend found in relation 
with the pK, value of the applied aromatic 
carboxylic acid, the amount of acidic cocatalyst 
had a strong effect on both the catalytic activity 
and selectivity of the Pd(phen),(OTf), system. 
Therefore, the question arose whether the posi- 

tive influence of such a cocatalyst is purely an 
effect of protons. The negative effect of steric 
hindrance on the aromatic carboxylic acid like 
in 2,4,6-trimethylbenzoic acid, together with the 
fact that the influence of an aliphatic carboxylic 
acid on the turnover frequency was found to be 
much smaller than the influence of an aromatic 
carboxylic acid points to a contribution of the 
anions that are introduced together with the 
protons on the use of an acidic cocatalyst. To 
study the possible effects of the anions sodium 
benzoate was added as cocatalyst in the amount 
of 25 eq. with respect to palladium. In the 
presence of the alkaline benzoate anions the 
activity of the Pd(phen),(OTf), catalyst system 
was strongly reduced; the conversion decreased 
from 64% to 19%. This strongly hampering 
effect is probably caused by the presence of a 
relatively large amount of free benzoate anions 
when sodium benzoate is used as the cocatalyst. 
These weakly coordinating anions can more or 
less block the availability of the palladium cen- 
tre for the substrates thus hampering the cat- 
alytic activity. 

It was therefore decided to gradually reduce 
the amount of sodium benzoate that was added 
as cocatalyst. The results of these experiments 
are presented in Fig. 2. 

From this graph it becomes clear that the 

/+-selectivity towards carbamate (%) 

--e-selectivity towards azoxybenzene (%) 

b-conversion (%) i 
100 70 

20 

, I I I I10 
0 5 10 15 20 25 

sodium benzoate:Pd ratio 

Fig. 2. The influence of the amount of sodium benzoate in the 
reaction mixture on the conversion and the selectivity towards 
carbamate and azoxybenzene. 



30 P. Wehman et al. /Journal of Molecular Catalysis A: Chemical 112 (1996) 23-36 

addition of 5 eq. of sodium benzoate with re- 
spect to palladium already causes the sharp 
decrease in catalytic activity. Between 5 and 25 
eq. of the alkaline cocatalyst the conversion 
remained approximately equal within the nor- 
mal scatter. A mean value of 15% was obtained. 
Apparently, a benzoate:Pd ratio of 5 is suffi- 
cient to block the palladium centre to such an 
extent that the conversion of the nitro substrate 
is strongly inhibited. However, addition of up to 
5 times this amount of anions shows no further 
influence on the competition between the nitro 
substrate and the weakly coordinating anions for 
the Pd centre. Replacement of the 
Pd(phen),(OTf), catalyst system by a 
Pd(phen)(benzoate), complex in the absence of 
any cocatalyst yielded a conversion of 59%. 
This result showed that at low concentrations of 
the benzoate anion the retarding effect was less 
profound. 

The influence of sodium benzoate as cocata- 
lyst on the selectivity of the Pd(phen),(OTf), 
catalyst was also very large. In the presence of 
5 eq. of sodium benzoate a selectivity towards 
the carbamate of only 23.4% remained, while 
this value amounted to 83.5% in the absence of 
any cocatalyst. The product distributions ob- 
tained on addition of various amounts of sodium 
benzoate are listed in Table 3. The selectivities 
towards the carbamate and the azoxybenzene 
side product are visualised in Fig. 2 which 
makes clear that the sharp decrease of the selec- 
tivity towards the desired carbamate was mainly 

Table 3 
Product distributions obtained in the reductive carbonylation of 
nitrobenzene with a Pd(phen),(OTf), catalyst under the influence 
of various amounts of sodium benzoate a 

Sodium benzoate:Pd ratio Product distribution (%) b 

CA UR AN Azox 

0 83.5 1.2 2.5 6.9 
5 23.1 4.3 7.9 64.0 

12.5 22.1 0.7 5.4 72.5 
20 22.4 0.0 6.1 70.9 
25 25.3 2.1 8.5 64.0 

’ See Experimental section for the precise conditions. 
b CA = methyl N-phenylcarbamate; UR = MN”-diphenyl urea; 
AN = aniline; AZOX = azoxybenzene. 

caused by the strongly enhanced production of 
azoxybenzene. Together these products 
amounted to ca. 90% of the product distribution 
over the complete range of sodium benzoate 
that was added. Again only 5 eq. of sodium 
benzoate turned out to be sufficient to com- 
pletely alter the selectivity of the 
Pd(phen),(OTf), catalyst system, while roughly 
no changes occurred in the region of 5-25 eq. 
of sodium benzoate with respect to Pd. 

The formation of aniline or NJ”-diphenyl 
urea was less strongly influenced by the addi- 
tion of sodium benzoate compared to the pro- 
duction of carbamate or azoxybenzene. This is 
similar to the trend observed on addition of an 
acidic cocatalyst. However, the formation of 
aniline appeared to be slightly stimulated by the 
presence of sodium benzoate while it was inhib- 
ited on addition of an acidic cocatalyst. Yet, it 
should be remarked that this inhibiting effect 
was more pronounced in the study on the influ- 
ence of the 2-chlorobenzoic acid:Pd ratio than 
the effect of addition of 5-25 eq. of benzoic 
acid. At 25 eq. of benzoic acid the amount of 
aniline that was formed (4.3% of the product 
distribution) was even higher than in the ab- 
sence of any cocatalyst (2.5%). 

The amount of urea derivative was reduced 
by the presence of 5-25 eq. of sodium benzoate 
while it was quite unaffected by the presence of 
benzoic acid (5-25 eq.). For both the alkaline 
and the acidic cocatalyst the sum of the amounts 
of aniline and urea derivative turned out to be 
approximately constant in the range of 5-25 eq. 
of cocatalyst with respect to Pd. This might 
indicate that it is just the catalytic degradation 
reaction of the urea derivative into carbamate 
and aniline that is influenced by the specific 
type of cocatalyst that is used, instead of the 
formation of these two side products. 

2.4. Addition of a mixture of sodium benzoate 
and benzoic acid 

In view of the results obtained on addition of 
either a benzoic acid or its conjugate base as 
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---C selectivity towards carbamate (%) 
-R- selectivity towards azoxybenzene (%) 1 
--C conversion (%) 

r 100 
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sodium2b0enzoati?n coca!a?yst mixture (%) 
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Fig. 3. The influence of the percentage of sodium benzoate in the 
sodium benzoate/benzoic acid cocatalyst mixture on the conver- 
sion and the selectivity towards carbamate and azoxybcnzene. 

cocatalyst it would seem that the positive effect 
on both the activity and selectivity of the 
Pd(phen),(OTf), catalyst system is primarily 
caused by the protons, though the presence of 
traces of coordinating anions was shown to be 
important. As 5 eq. of sodium benzoate already 
turned out to be too much to study the subtle 
effect of the small amounts of anions introduced 
on addition of an acidic cocatalyst, mixtures of 
sodium benzoate and benzoic acid were applied 
as cocatalyst in the reductive carbonylation of 
nitrobenzene. The overall amount of cocatalyst 
was kept at 25 eq. with respect to the 
Pd(phen),(OTf), catalyst. The relative amount 
of sodium benzoate was varied from 0 to 100% 
of the cocatalyst mixture at the expense of the 
benzoic acid. Fig. 3 shows the effect of this 
variation on the catalytic activity. It also gives 
the correlation between the precise composition 
of the cocatalyst mixture and the amounts of 
carbamate and azoxybenzene which were 
formed as main products. 

With an increasing percentage of sodium 
benzoate a decreasing conversion was observed 
as was expected on the basis of the previous 
results. Especially in the first half of the graph a 
sharp drop of the catalytic activity was found, 

indicating that only a slight disturbance of the 
state of equilibrium is sufficient to create such 
an amount of free benzoate anions that their 
inhibiting properties cannot be compensated for 
by the accelerating effect of the protons. With 
even better coordinating anions like the acetate 
anions this point might already be reached at the 
state of equilibrium obtained on addition of just 
the acidic cocatalyst. 

The influence of a small percentage of sodium 
benzoate in the cocatalyst mixture on the selec- 
tivity was found to be less pronounced than the 
effect on the activity, as can be seen in Fig. 3 as 
well. An almost linear decrease of the selectiv- 
ity towards the carbamate was observed over 
the complete range of O-100% of sodium ben- 
zoate, while the formation of azoxybenzene in- 
creased according to a line which is approxi- 
mately the mirror image of the correlation found 
for the carbamate. Again, the total amount of 
carbamate and azoxybenzene accounts for 90- 
92% of the product distribution, irrespective of 
the composition of the cocatalyst mixture. With 
up to circa 65% of sodium benzoate in the 
cocatalyst mixture the carbamate remained the 
main product, but above this value the forma- 
tion of azoxybenzene became most favoured. 
The remaining 10% of the product distribution 
was formed by the aniline and urea derivative. 
In agreement with the results found upon addi- 
tion of only the acidic or the alkaline cocatalyst 
the amount of aniline slightly increased with the 
percentage of sodium benzoate in the cocatalyst 
mixture, while the amount of urea derivative 
decreased in the same direction. In the presence 
of the pure acidic cocatalyst the urea derivative 
was the most important product of this couple 
of aniline and urea derivatives, whereas the 
aniline became the most important one at a high 
percentage of sodium benzoate in the cocatalyst 
mixture. The point of inversion was reached at 
approximately 45% of sodium benzoate, which 
is a far lower value than the one found for the 
formation of carbamate and azoxybenzene 
(6.5%). This could confirm that the influence of 
an acidic or alkaline cocatalyst is indeed an 
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Scheme 2. Adjusted simplified reaction scheme for the 
palladium-catalysed reductive carbonylation of nitrobenzene. 

effect on the degradation reaction of the urea 
derivative. The formation of aniline, evidenced 
either as free aniline or in the form of the urea 
derivative, is relatively insensitive to the use of 
any type of cocatalyst. 

Based on the combined results on the addi- 
tion of an acidic or alkaline cocatalyst or a 
mixture of both a fifth reaction step has to be 
added to the reaction sequence proposed previ- 
ously [14]. The new sequence is drawn in 
Scheme 2. 

If a reaction like step V were to occur under 
the influence of an acidic cocatalyst this might 
happen at the expense of step IV, thus suppress- 
ing the formation of azoxybenzene. Step III 
would probably be less influenced due to the 
large excess of CO and methanol that is present 
with respect to the acidic cocatalyst. As a result 
of step V an enlarged aniline production would 
be expected, expressed either in a high concen- 
tration of free aniline or in the formation of a 
large amount of the urea derivative. The total 
amount of aniline and urea derivative, however, 
has been found to be rather constant with or 
without any cocatalyst. If, on the other hand, the 

palladium-catalysed reductive carbonylation of 
nitrobenzene would occur through a mechanism 
analogous to the one proposed by Gargulak et 
al. for the reaction under the influence of a 
Ru(dppe)(CO), catalyst this constant amount of 
aniline and urea derivative would be fairly rea- 
sonable [18]. This would also explain our earlier 
finding that aniline can act as substrate for the 
formation of a carbamate under the influence of 
the Pd(phen),(OTf), catalyst system [14]. Gar- 
gulak et al. [ 18,191 have shown that aniline 
might actually be an intermediate product in the 
ruthenium-catalysed conversion of nitrobenzene 
into a carbamate. The first deoxygenation of the 
n itro g ro u P yields a 
Ru(dppe>(CO),(ON(Ar)C(O)) species which is 
similar to the Pd(phen)(ON(Ar)C(O)) species 
suggested by Leconte et al. [20]. This reaction 
appears to proceed through a single-electron- 
transfer step followed by the formation of a 
nitroso intermediate [5,21]. Such an electron 
transfer process was observed by EPR in related 
rhodium complexes [22]. A Ru(dppe>(CO),(n2- 
ArNO) species has been isolated and struc- 
turally characterised [5]. The fact that the forma- 
tion of this intermediate is stimulated by elec- 
tron-withdrawing substituents at the nitro sub- 
strate [5] is in good agreement with the catalytic 
activities we have found for the conversion of 
various aromatic nitro compounds [14]. An X- 
ray structure of a related Pt(PPh,),(q2-ArNO) 
complex has also been determined [23]. There- 
fore the formation of a similar kind of Pd(q2- 
ArNO) intermediate seems feasible. The finally 
formed Ru(dppe)(CO),(ON(Ar)C(O)) species 
can react with methanol to give aniline and a 
new Ru(dppe)(CO),(C(O)OCH 3)2 species 
through a series of reactions [ 18,191. Amido and 
hydridoamido complexes of Ru are probably 
formed as intermediates in this conversion with 
methanol as proton donor [24]. In our case the 
form ation of aniline from the 
Pd(phen)(ON(Ar)C(O)) species could be accel- 
erated by the benzoic acid which is a better 
proton donor than methanol. This would thus 
explain the rate- and selectivity-enhancing ef- 
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S = CO or MeOH 

Scheme 3. Two possible carbomethoxy complexes formed in the 
production of aniline. 

feet of an acidic cocatalyst. The palladium 
species that eventually is formed next to the 
aniline should be either a bis(carbomethoxy)- 
palladium complex analogous to the Ru species, 
or a mono(carbomethoxy)palladium complex if 
the protons are considered as hydrogen source 
as well. Both species are visualised in Scheme 
I 

3. 

A bis(carbomethoxy)Pd(bpy) complex has 
been synthesized and structurally characterised 
by Smith et al. [25] while the 
mono(carbomethoxy) species has been sug- 
gested as the active species in the palladium- 
catalysed reductive carbonylation of nitroben- 
zene by Bontempi et al. [lo]. A related 
Pd(PPh,>,Cl(C(O)OCH,> complex has been 
synthesized from a Pd(0) compound by oxida- 
tive addition of methyl chloroformate [26] while 
Pt(dppe)(OCH ,)(C(O>OCH 3) and 
Pt(dppeXC(O)OCH,), species were found in 
the carbonylation of Pt(dppe)(OCH,), [27]. 

In the last step of this mechanism the aniline 
that is formed as intermediate product reacts 
with the carbomethoxy complex yielding the 
desired carbamate, a proton or methanol, and a 
Pd(0) species, as was shown by Gargulak et al. 
for the Ru catalyst [ 181. The reoxidation of this 
Pd(0) species to the original Pd(I1) complex by 
the substrate might also be proton assisted. The 
presence of protons has been shown to facilitate 
the oxidation of Pd(0) to Pd(I1) before, espe- 
cially in the case of heterogeneous Pd/C cata- 
lyst systems [lO,lll. Initially, this Pd(0) species 
has to be generated from the Pd(I1) starting 
complex. Under the reaction conditions used 
this would be no problem, as CO is known to 

readily reduce Pd(I1) to Pd(0) in protic media 
[28]. The complete reaction cycle as suggested 
above has been summarised in Scheme 4. This 
might partly be an alternative to Scheme 2 as 
well as to the mechanism proposed by Leconte 
et al. [20]. 

The hampering effect of the addition of 
sodium benzoate can also be explained by way 
of this reaction scheme. Apart from the possible 
coordination of the benzoate anions to the palla- 
dium centre in various stages of the cycle that 
has a positive effect if only traces of the anions 
are present but which will certainly become 
inhibiting at large amounts of the anions, the 
alkaline anions can also reduce the availability 
of the protons needed for the formation of the 
amido complex. Due to the low reaction rate 
caused by these inhibiting effects the concentra- 
tion of the Pd-nitroso intermediate will increase 
and therefore enhance the rate of reaction with a 
kind of Pd-imido species as was suggested pre- 
viously in step II of Scheme 2. The reaction 
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Scheme 4. Proposed catalytic cycle for the palladium-catalysed 
reductive carbonylation of aromatic nitro compounds (S = MeOH, 
CO). 
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between the Pd-nitroso and Pd-imido intermedi- 
ates in step IV then results in the formation of 
the large amount of azoxybenzene. 

2.5. Influence of an acidic cocatalyst on the 
conversion of other nitro substrates 

The reductive carbonylation of 4-(trifluoro- 
methylhkobenzene under the influence of the 
Pd(phen),(OTf), has previously been found to 
proceed with a rather high activity (tof = 241 
mol mol- ’ h- ‘, 66% conversion) but with a 
poor selectivity [14]. A selectivity towards the 
corresponding carbamate of only 59% has been 
found due to the fact that a large part of the 
products consisted of azoxybenzene (33%) and 
azobenzene (6%) derivatives. These side prod- 
ucts were formed in such high amounts because 
the nitro substrate is readily reduced to a Pd- 
nitroso species under the influence of the 
strongly electron-withdrawing trifluoromethyl 
substituent which increases the oxidising capac- 
ity of the substrate. Accumulation of the nitroso 
and imido intermediates finally results in the 
formation of the azoxy and azobenzene deriva- 
tives [14]. As the selectivity enhancement for 
the conversion of nitrobenzene in the presence 
of an acidic cocatalyst was found to occur 
mainly at the expense of the azoxybenzene side 
product, 4-chlorobenzoic acid (730 eq.> was 
added as cocatalyst to the reaction mixture con- 
taining 4-(trifluoromethyl)nitrobenzene as sub- 
strate. Complete conversion of the substrate 
within 2 h was observed (tof > 365 mol mol- ’ 
h- ‘> as was expected with such a large amount 
of cocatalyst present. Moreover, the desired in- 
crease in selectivity was indeed obtained since 
now as much as 92% of the product consisted of 
the corresponding carbamate. Only a small 
amount of the azoxybenzene derivative (4%) 
was found whereas only traces of the azoben- 
zene derivative could be detected under the 
influence of the acidic cocatalyst. The formation 
of the corresponding aniline, on the other hand, 
seemed rather unaffected with respect to the 
results obtained in the absence of any cocata- 

lyst. This confirms the proposed reaction se- 
quence expressed in Scheme 4 which shows the 
influence of an acidic cocatalyst in the conver- 
sion of nitrobenzene. The reaction steps follow- 
ing the formation of a nitroso intermediate are 
apparently accelerated to such an extent that 
even under the influence of the trifluoromethyl 
substituent accumulation of nitroso and imido 
intermediates no longer takes place, thereby 
suppressing the formation of the azoxybenzene 
derivative. 

The turnover frequency for the conversion of 
2-tert-butylnitrobenzene in the presence of 4- 
chlorobenzoic acid (100 or 730 eq.) was only 
slightly influenced with respect to the results 
obtained in the absence of the cocatalyst, which 
is in good agreement with the fact that only 
traces of the azoxybenzene derivative could be 
observed without the cocatalyst [14]. 

3. Conclusions 

It has been demonstrated that the use of an 
aromatic carboxylic acid as cocatalyst in the 
reductive carbonylation of aromatic nitro com- 
pounds has a positive effect on both the activity 
and selectivity of a Pd(phen),(OTf), catalyst 
system. Though the increase of the activity and 
selectivity depends on the amount of acidic 
cocatalyst present no correlation could be found 
with the pK, value of the acid. 

The promoting effect of the cocatalyst is 
mainly caused by the protons that are intro- 
duced with the acidic cocatalyst. Proton transfer 
appears to play a crucial role in the catalytic 
cycle. The anions of the acidic cocatalyst, how- 
ever, are also of importance, because benzoate 
anions are capable of slightly stabilising various 
palladium intermediates owing to their weakly 
coordinating properties. On the other hand, if 
the amount of anions becomes too large or their 
coordinating properties too strong they have a 
severe negative effect on the catalytic activity as 
they strongly reduce the availability of the pal- 
ladium centre. 
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The selectivity towards the desired carbamate 
is improved under the influence of the acidic 
cocatalyst at the expense of azoxybenzene. This 
is also the result of the accelerating effect of the 
protons which prevents the accumulation of 
Pd-nitroso and Pd-imido intermediates that are 
required for the formation of azoxybenzene. In 
some cases considerable improvements have 
been observed. 

The production of the urea derivative and 
aniline appears to be less influenced by the 
acidic cocatalyst, though a slight increase can 
be observed if an acid is used that is readily 
esterified. The relative amounts of these two 
side products is influenced, however, by the 
specific type of cocatalyst that is applied as a 
result of the degradation reaction of the urea 
derivative into aniline and carbamate. 

steel (SS 316) 50 ml autoclave, equipped with a 
glass liner, a gas inlet, a thermocouple, and a 
magnetic stirrer. The results of the experiments 
in which nitrobenzene was used as the substrate 
were analysed by HPLC on a Gilson HPLC 
apparatus. An eluent gradient of 45% of water 
in methanol to 100% methanol in 20 min was 
applied on a Dynamax Cl8 column. The results 
for the other nitro substrates were analysed by 
‘H-NMR ([D,]DMSO) on a Bruker AMX 300 
instrument, using TMS as reference with CDCl, 
as internal standard. 

4.2. Synthesis 

4.2.1. Pd(l,lO-phenanthroline)(benzoate), 

4. Experimental section 

4. I. Materials and analyses 

Pdcacetate), and PdCl, were purchased from 
Degussa and used as received. All other chemi- 
cals were purchased from Aldrich and Janssen. 
CO 3.0 was purchased from Praxair and used as 
purchased. The solvents were purified prior to 
use. Methanol was distilled from &I-I, (5 g/l) 
and benzene and toluene were distilled from 
sodium/benzophenone. Nitrobenzene was used 
as received, while 4-(trifluoromethyl)- 
nitrobenzene was distilled in vacua prior to use. 

The Pd( 1, IO-phenanthroline)(OTf), catalyst 
complex was prepared from freshly synthesised 
Pd(CH ,CN),(OTf), , as was described before 
[91. 

The Pd( 1 ,lO-phenanthroline)(benzoate), 
complex was prepared according to a method 
described by Stephenson et al. for the synthesis 
of related complexes [29]. Nitration of tert- 
butylbenzene yielded the desired 2-tert-butyl- 
nitrobenzene [ 141. 

Pdtacetate), (112 mg, 0.5 mmol) and 183 mg 
of benzoic acid (1.5 mmol) were dissolved in 25 
ml of benzene. The solution was refluxed under 
N, for 35 min after which the solvent was 
evaporated. The resulting sticky compound was 
washed with diethyl ether, yielding a yellowish 
brown powder. Evaporation of the ether gave 
the second batch of brown powder. The com- 
bined powders were azeotropically distilled with 
3 X 5 ml of toluene and dried under vacuum. 
The crude Pdtbenzoate), product was dissolved 
again in 10 ml of benzene. l,lO-Phenanthroline 
(99 mg, 0.55 mmol) was also dissolved in 10 ml 
of benzene and added dropwise to the Pd solu- 
tion. The reaction mixture was stirred under N, 
for 20 h. The solvent was decanted and the 
precipitate was washed with 3 X 10 ml of 
toluene and 3 X 10 ml of diethyl ether. The 
product was dried under vacuum, resulting in 
Pd(phen)(OBz), as yellow powder (241 mg, 
92% with respect to Pd(OAc),); v,,/cm-’ 
1622s (C=O), 1330s (C=O); m/z 407 (M+ 
benzoate), 286 (M+ 2-benzoate), 181 (phen + 
H), 107 (Pd). Owing to the low solubility of the 
complex in all convenient organic solvents no 
proper ‘H-NMR spectrum could be obtained. 

4.3. Catalysis 

The reductive carbonylation of the aromatic In a standard experiment using the 
nitro compounds was preformed in a stainless Pd(phen),(OTf),/phen/cocatalyst system the 
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autoclave was charged with 10 ml of methanol 
and 14.6 mm01 of nitrobenzene, 4-(trifluoro- 
methylhritrobenzene, or 2-tert-butylnitroben- 
zene. 15.3 mg of Pd(phen),(OTf), (0.02 mmol) 
and 14.4 mg of phen (0.08 mmol) were dis- 
solved in this mixture. Subsequently, a cocata- 
lyst was added: 

(I) 0.5 mmol of a benzoic or an acetic acid 
(25 eq. to Pd). 

(II) a certain amount of 2-chlorobenzoic acid 
in the range of 0.2-14.6 mm01 (lo-730 eq. to 
Pd). 

(III) a mixture of benzoic acid and sodium 
benzoate, together amounting to 0.5 mmol (25 
eq. to Pd). 

The autoclave was pressurised with 60 bar of 
CO and heated to 135°C within 35 min. The 
initial working pressure at 135°C was approxi- 
mately 80 bar. After 2 h the autoclave was 
cooled down rapidly and the pressure was re- 
leased. 
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