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Abstract 

We report here that [ Rh( CO)4] _ (either as a K+ , Cs + or PPN+ salt, PPN ’ = ( PPh,) *N + ) is a very active catalyst for the 
reduction of nitrobenzene to aniline by CO/H,0 in water as solvent. No other ligand, except for CO itself, has fo be added. The 
addition of bases, both inorganic or organic, has a negative effect on the reaction. The experimental conditions have bran partly 
optimised. The reaction is selective for the nitro group. 
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The use of water as solvent for organic reactions 
has received an increasing attention during the last 
few years, mainly due to environmental problems 
and the need to reduce the toxicity of the solvents 
employed [ 1:. En a different perspective, the use 
of CO/H20 as a reducing agent in place of dihy- 
drogen has also attracted the industrial interest. 
The homogeneously catalysed reduction of 
nitroaromatic compounds to the corresponding 
anilines has already been ren~r& to be catalysed 
by several compounds, with ruthenium [ 21 and 
rhodium [3] complexes showing the highest 
activities. All of these systems, however, require 
the use of an organic solvent to dissolve the cat- 
alyst (or the catalyst precursor) and also usually 
need the presence of a chelating ligand or of a 
large excess of a basic solvent. Such ligands may 
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not be so easily separated from the products in 
large scale applications and their recovery and 
recycling constitutes a problem for industrial 
applications. The use of large amounts of basic 
solvents such as pyridine, on the other hand, raises 
substantial environmental concern. 

Rhodium clusters and some mononuclear rho- 
dium complexes have been known for some time 
to be efficient catalysts for reduction [3] and car- 
bonylation [4] reactions of nitroaromatic com- 
pounds, when activated by basic ligands, 
especially by chelating ones. In recent papers 
[ 5,6], we have reported that [ Rh( CO),] - shows 
a better activity with respect to other rhodium 
systems for the carbonylation of nitrobenzene to 
methyl phen amate in the presence of meth- 

anol and we shown that aniline is an inter- 

mediate in this reaction. The addition ating 

ligands was not necessary for this syst only 



Table I 
Reduction of nitrobenzene to aniline catalysed by [ Rh(CO).tl ’ 

-._ --~ 

Run Cation P,-Jatm PhNO,/hh Additives PhNOz PhNH: Azobeilzene Azoxybenzene 

mol ratio conversion % h selectivity B ’ selec!ivity %’ sclertivity % L 

I K+ 40 500 21.6 79.5 2.5 < 0.2 
2 K+ 60 500 [ EtJNCH,Ph]Cl (0.029 mmol) 46.6 80.9 1.5 -0.5 
3 K’ 60 500 [ Et,NCH,Ph] Cl ( 0.146 mmol ) 54.6 79.0 2.5 1.8 
4 :’ 60 500 NaCl ( 0.146 mmol ) 29.6 86.2 0.7 <0.2 
5” 60 500 IEt,NCH,Ph]CI (0.029 mn;ol) 58.0 64.1 12.7 7.6 
6 K+ 60 500 [ PPN] Cl ( 0.047 mmol ) 67.2 86.7 1.6 1.6 
7 PPN+ 60 500 lx) 84.2 <0.2 <0.2 
8 PPN’ 60 500 DMSO (0.35 ml) 87.7 94.4 -0.2 - 0.2 
9 PPN’- 40 1000 44.5 95.8 2.2 0 
10 PPN ’ 60 1000 79.2 94.5 CO.2 co.2 
II PPN+ 80 1000 99.9 95.2 0 0 
12 PPN+ 60 ICI00 pyridine ( 30.5 ~1) 79.1 90.7 0 - 0.4 
13 cs+ 80 1000 30.7 94.1 0 0 
14 cs+ 80 1000 pyridine ( IOU pl) 20.8 81.1 0,s 0 

’ [Rh(CO),] =O.O-i7 mmol, k&0=5 ml, T=2OO”C for 1.5 h. K[Rh(CO),] was added as a Me,SO solution (0.35 ml); Cs[ Rh(CO),] was 

added as a DMF solution (0.278 ml). 
‘Calculated with respec! ro the charged nitrobenzene. 
’ Calculated with respect to the converted nitrobenzene. The mass balance was always slightly lower than 100%. Since no other product could 
be detected by gas chromatography, the missing material is probably present in the form of polymeric compounds obtained by condensation - _ 
reactions of aniline under the reaction conditions. 
d NaHCO, 0.5 M in I-&O (5 ml) was used in place of H,O. 

a very small amount of an organic base was found 
to be required to increase the catalytic activity. 
Given the strict similarity between the rhodium 
systems used f0r the carbonylation and reduction 
of nitrobenzene and the superior performances of 
[ Rh( CO),] - as catalyst for the first reaction, we 
decided to investigate if the high activity was also 
maintained in the synthesis of aniline. We report 
here that [ Rh( CO),] - is an excellent catalyst for 
the reduction of nitrobenzene to aniline, showing 
very high turnovers and allowing for the use of 
water as the e nly solvent, without the addition of 
any base or ligand (Eq. 1) : 

Iwco)41- 

PhN02 -+ PhNHz 
CO. solvent Hz0 

(1) 

The principal results we obtained are summar- 
ised in Table 1. Since alkaline metal salts of 
[Rh(CO),] - are water soluble, we started our 
investigatiron from K [ (CO),], which has the 
advantage of being easily prepared in one step and 
in virtually quantitative yields from C&. This 
complex shows some activity in the reduction of 

nitrob?nzene even alone ( run 1 ), but the conver- 
sion is markedly increased by the addition of 

,Ph]Cl as a phase-transfer agent (runs 
2 3). The increase in activity is not due to the 

loride anion, since the addition of NaCl has only 
a negligible effect on the conversion and a mod- 
erate effect on selectivity (run 4). This is in accord 
with the small effect of chloride anion on the 
[ PFN] [ Rb( CO),] catalysed carbonylation of 
nitrobenzene to methyl phenylcarbamate previ- 
ously reported by us [ 5). On the other hand, chlo- 
ride is known to be an active promoter for the 
Ru, (CO) 12 catalyzed reactions of nitroaromatic 
compounds [ 71. The addition of an inorganic base 
to the solution ( NaHC03 0.5 M) increases some- 
what the conversion, but lowers the selectivity, 
giving substantial amounts of azo- and azoxyben- 
zene (~-tin 5). We have also found that the use 0f 
even more basic media (NaOH 5 
lead to any further increase in 
increases the amount of the last two products. 

substantial corrclsion of the glass liner 
ese reaction was observed. Azo- and 
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azoxybenzene can be further reduced to aniline, 
but more slowly [ 21 (b), [5]. The addition of 
[ PPN] Cl gave better results (run 6) and the use 
of prefomed [ PPN ] [ Rh( CO),] turned out to be 
the best choice (run 7). Alkaline metal salts of 
[ Rh( CO),] - are not stable in the solid state and 
have to be added as Me*SO or BMF solutions. 
Since the first solvent was used for the synthesis 
of K[ Rh {CO)J , we wondered if the difference 
in activity between the K’ and PPN+ salts could 
be due to the presence of this solvent. Although 
Me,SO was indeed found to have some deacti- 
vating effect (runs 7, 8), this cannot be t 
reason for the difference observed (runs 6,7, see 
also later for further discussion) . 

Using [ PPN] [ Rh( CO j4] as catalyst, turnovers 
up to one thousand in 1.5 h could be easily 
obtained. The system has not been completely 
optimized, but it appears that higher pressures 
remarkably increase the rate (runs 9- 11) . Ar var- 
iance with all other reported rhodium-based cat- 
alytic systems for the present reaction, the addition 
of an organic base ( pyridine) , not only did not 
increase the rate, but even decreased the selectiv- 
ity (run 12). A more marked negative effect of 
pyridine, accompanied by a decrease in conver- 
sion, was observed for Cs[Rh(CO),] (runs 13, 
14). This last catalyst was 
tion, since we found that D 
reaction to any relevant extent. The cesium salt 
gave the worst results compared to those of the 
PPN. 

At the end of the catalytic reactions, the catalyst 
is dissolved partly in the water and partly in the 
organic phase. This does not represent a problem 
in the present case, even from an industrial point 
of view, since aniline may be separated by steam 
distillation. All rhodium compounds possibly 
obtained under the reaction conditions are ionic 
and there is no ligand or cocatalyst which may 
distill together with aniline. The higher activity of 
[ PPN] [ Rh( CO),] (which is only slightly solu- 
ble in water) with respect to the corresponding 
potassium and cesium salts suggests that the reac- 
tion is actually occurring in the organic phase, 
though other reasons may also be responsible for 

the different reactivity. In revious papers [ $1, we 

have shown that the reactivity of 
[Cat! [M(CO),] (M=Rh, lr) t 

halides is quite different if Cat + 
The activity of the catalytic 

here is very high. Although corn 
data collected in different laboratories should be 
made with caution, it appears that 

[PPNI UWCW,l is the most active homoge- 
neous catalyst ever reported for the reduction of 
nitrobenzene to aniline ‘. In the present paper, we 

ave used forcing conditions, i order to reach the 
ighest turnover fre owever, we have 

observed in model studies that nitroarenes reduc- 
tion to anilines with this catalyst can occur even 
at room temperature and atmospheric CQ pres- 
sure. So the reaction appears to be very versatile 
and easily tunable depending on the activities 

e apparatus available. 
r rhodium-based catalytic systems 

require the presence either of a basic solvent or a 
chelating ligand whereas our does not is not obvi- 
ous at this point. It has been proposed that chelat- 
ing ligands favour the fragmentation of rhodium 
clusters and stabilise the 20 formed mononuclear 
species and compounds of the type 
[ Rh ( CO) ?( chel ) ] + have been proposed to be the 
active catalysts [3] (a). However, a different 
explanation can be given. It has been known for 
sometime that basic solvents promote the reduc- 
tion of several rhodium compounds, including all 
of the ones commonly employed as catalyst pre- 
cursors for the reaction discussed in this paper, to 
[Rh(CO),] - and [Rh,(CO),,] - under CO/& 
pressure [9]. More recently [ IO], it has been 
shown that dissolution of Rh,( CO) I? in 
pyridine affords [Rh(CO),(py)J + and 
[ RhS( CO) 13(py)Z] -. Bn the presence of water 

’ In a rt:ent paper [ 21 (a . we reported that Ru3( CO) ,:. when 
activated by chelating Schifi’ bases. is a more active catalyst than 

[ PPN] [ Rh( CO),] for the :,:duction of nitrobenzene to aniline by 

C(3 in ethanol/water. However the exprnmental conditions used in 

this paper had been optimized on the ru\nenium system. When the 

two systems are compared each wder its idea/ condiriom. the rho- 

dium catalyst turns out to be more active. Ref. [ 21 (a) also contains 

a comptistin of some different catalytic systems run with the same 

apparatus. 
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and CO, the first compound is easily reduced to 

the second. Chelating bases were found to pro- 

mote a similar reaction, even at lower concentra- 
tion of base. In our laboratories, -we had 
independently found that bipyri 

similar reaction of (CO) ,* in THF under CO, 

at concentrations a ich the addition of pyridine 
is completely ineffective [ 1 I J . The easy reduction 
of complexes of the kind [ Rh( CO)2Lz] f (were 
IL* may also be a chelating ligand) indicates that 
they are very unlikely to be present in any relevant 
amount under common catalytic conditions and to 
be relevant species in the catalytic cycle. We have 
also shown that bipyridine does not bind to 
[Rh(CO),] ~ to any detectable extent [6]. Thus 
we propose that the only function of the base in 
all other rhodium-based catalytic systems for the 

enzene to aniline is simply to 

M-7 with chelating bases 
being rnil:_lch more effective than non-chelating 
ones. Once this last complex has been generated, 

the base in useless and may even have a negative 
effect on the reaction. This explains why, when 

[Wh( CO),] _ is used as catalyst, higher activities 
are obtained and no base is required. 

Most of the previously reported catalytic sys- 
tems for the reduction of nitroaromatic com- 

pounds by CO&O show a remarkable selectivity 
for the reduction of the nitro group in competition 
to keto or olefinic groups. In the present case, we 

have tested that [ PPN] [ (CO),] does not 

reduce to any detectable nt acetone, under 

conditions in which nitrobenzene is completely 
hydrogenated. 

In summary, we have reported for the first time 
a system which is very active and selective for the 

reduction of nitrobenzene to aniline and uses OI$ 

water as solvent. The system is very simple and 
does not need the addition of any ligand, cocata- 

lyst or base. The system is in rinciple applicable 

to any nitrocompound whose melting point is 

lower than 200°C. We are currently exploring the 
scope and limits of this catalytic system. 
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