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Abstract 

Three nitroarenes were submitted to Ru,(CO),,-catalyzed reductive carbonylation in acetonitrile and in cis-cyclooctene. 

The main reaction products were the corresponding amines. ureas and six- or five-membered cyclization products. 
Optimization of the reaction varying the temperature, the CO pressure, the catalyst/substrate ratio and the reaction time and 
a statistical analysis of conversion and setectivity data allow to su,, *Oest a reaction mechanism in some reaction conditions. 

Krywrds: Carbon monoxide; Carbonylation: Nitroarenes; Ruthenium 

The reduction of arr\matic nitroderivatives 
with triethylphosphite and the thermal or photo- 
chemical decomposition tof aromatic azides are 
methods of choice for the preparation of a wide 
variety of heterocyclic compounds [l]. These 
reactions occur through the intermediate forma- 
tion of aryl nitrenes [2]. The organometallic 
analogue of this behavior is the reactivity of 
metal arylnitrene complexes [3]. 

The ruthenium(O)-catalyzed reductive car- 
bonylation of para-nitroarenes was used by us 
and others [4,5] for the synthesis of symmetrical 
ureas. Carbamates were obtained performing the 
reaction in alcohols. In low conversion condi- 
tions, i.e., in the reductive carbonylation of 

* Corresponding author. 

nitrobenzene, the bis-nitrene complex 

Ru,(CO),(NPh), was detected in solution and 

was suggested to be the intermediate in the 
formation of diphenylurea [5]. However, recent 
results seem to exclude the presence of nitrene- 
cluster species as intermediates in this reaction 
[6]. Cyclization to indoles [7], imidazoles [8], 
triazoles [9], carbazole [lo], and quinolones [ 1 l] 
was achieved by Ru(O)-catalyzed reductive car- 
bonylation of 2-nitrostilbenes, 2-nitrobenzyli- 
deneanilines, 2-nitrophenylazo compounds, 2- 
nitrobiphenyl, and 2-nitrochalcones, respec- 

tively. 
Co-catalysts may be used in this reaction. 

The use of alkali halides allowed to have higher 
cyclization yields of o-nitrobiphenyl to CZ- 
bazole [ 121. The formation of carbamates was 
obtained by the reductive carbonylation in the 
presence of montmorillonite-bipyridinyl-pal- 
ladium( II) acetate [ 131. 
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These reactions are generally more efficient 
than the deoxygenation with triethylphosphite 
[ 141. The intermediacy of a ruthenium-nitrene 
complex in the insertion into the aromatic car- 
bon-hydrogen bond was suggested by the isola- 
tion of Ru~(~~NC~W~-~-C,H~)~(C~))~ in the 
reductive carbonylation of orrho-nitrobiphenyl. 
This organoruthenium compound was shown to 
give carbazole on heating [lo]. Also force field 
calculations suggested that cyclization occurred 
if the nitrenic nitrogen and the aromatic car- 
bon-hydrogen bond were in spatial proximity 

M. 
In the aim of testing the general validity of 

the cyclization reaction [ 161 and to study the 
interactions between the nitro group to be re- 
duced and one adjacent group. we report here 
the results of the Ru,(CQ),,-catalyzed reductive 
carbonylation of o&o-nitrobiarenes and aro- 
matic carbonyl compounds in two different sol- 
vents: acetoniirile and cis-cyclooctene. 

The three compounds we submitted to rcac- 
tion were two o,?ho-substituted nitroderivatives: 

I ,2-dinitrobenzene ( ) and 2nitrobenzaldehyde 
(II) and one dinitrobiarene: 2.2’-dinitro- 
biphenyl (16). 

The interaction of the reductive carbonylation 
of a nitro group with an adjacent ni 
was tested using 1,2_dinitrobenzene 

substrate. The reaction was performed at 220°C 
for 5 h using a substrate to catalyst molar ratio 
of 50: 1 and a partial pressure of CO of 60 bar. 
Compound (1) gave in acetonitrile (reaction a) 
(Table 1) the diamine (2) as the main reaction 
product, deriving from the reduction of the two 
nitro groups. Several other reaction products 
derived from the insertion of acetonitrile and 
eventually of carbon monoxide to give 5- and 
6membered cyclization products. They were 
benzimidazole (3), 2-methylbenzimidazole (4). 
2-ethylbenzimidazole (9) and 2,3-dimethyl- 
quinoxaline (6) (Table I). In cis-cyclooctene 
(reaction b) the reductive carbonylation of COM- 
pound (1) gave essentially the diamine (21, and 
a small amount of the nitrosamme (7). 

Since some of these cyclization products 
could derive from acetamides formed by inser- 
tion of an intermediate into the carbon-nitrogen 
triple bond of acetonitrile [14]. also 2- 
aminoacetanilide (8) and diacetyl-o1-tlro-phenyl- 

Table I 

Reaction yields in the Ru(O)-cataly~cd rcducti\.c carhonylation ol’ aromk nitroderivativcs 

Reaction Suhstnltc Solvent Reduction Insertion Cyclizotion Other 

Amine Acctamide Carhoxamide S-Membered 6-Mernhered 
_- 

a 1 ACN 2:33 317 6:X 

4:X 

5:tr 
b I CYC 2:5? 73 
c 8 ACN 4:6S 9:3 

103 
d Y ACN 4:71) 
e 11 ACN 12:71 13:l 

14:l 
f 11 CYC 12:hO 1530 

g 16 ACN 17:h-i 1X:7 1917 2% I3 

21:X 
h 16 CYC 17:XY 20.5, 

221 

tr = traces. 

Reaction conditions: pco = 60 bar: T = 120°C: r = SO: t = 5 h. 



) were submitted to the Ru-cata- 
lyzed reductive carbonylation. That this was the 
case resulted from the fact that compound (8) 

itrile (reaction c) 2-methylbe- 
) in high yields. and small 

amounts of benzimidazol-2-one 1 and the 
diacetylderivative (9). Compound gave (re- 
action d) only 2-methylbenzimidazole (4) in 
high yields. 

The interaction of the intermediates in the 
reductive carbonylation of a nitro group with an 
adjacent carbonyl group was tested using 2- 
nitrobenzaldehyde (11) as the substrate. This 
compound gave in acetonitrile (reaction e) es- 
sentially 2-aminobenzaldehyde (12), deriving 
from the reduction of the nitro group. Also 
small amounts of compounds deriving from in- 
sertion into the triple bond of the acetonitrile 
molecule were formed. They were quinoline 

1. In cis-cyclooctene 
action f) 2-aminoben- 

zaldehyde (12) and the cyclooctanecarboxamidc 
(15). The latter derived from the insertion of an 
intermediate into the carbon-carbon double 
bond of cis-cyclooctene. 

The interaction of the reductive carbonylation 
of a nitro group with a proximal nitro group was 
tested using 2,2’-dinitrobiphenyl(B6) as the sub- 
strate. This compound had been also studied in 
preceding papers [ 11,14,16]. In acetonitrile (re- 
action g) the diamine (17) was the main reaction 

on monoxide insertion gave the 
) and insertion into acetonitrile 

gave the acetamide 19. Minor amounts of ben- 
) and carbazole (2 

found. In cis-cyclooctene (reaction h) the di- 
amine (17) was again formed, together with two 
cyclization products: benzocinnoline (2 
?he cyclic urea (22). 

In order to have a better insight into the 
reaction mechanism of the Ru(O)-catalyzed re- 
ductive carbonylation, the reaction with 2.2’-di- 
nitrobiphenyl (16) in cis-cyclooctene w-as opti- 
mized changing the reaction temperature (T, 
“C), the pressure of carbon monoxide ( pco. 

bar), the molar catalytic ratio (r). the reaction 

Table 2 

The influence of reaction temperature (T. ‘C). the pre~re of 

carbon monoxide ( pro. bar). the catalytic ratio ( r). the reaction 
time (1. s) on the conversion ot 7,?‘-dinitrohiphenyl (14) in rhe 
Ru(O)-catalyzed rcductivc carhonylation 

Run T (“C) /I~,) (bar) f(S) r Con\erzion ((G ) 

i 200 30 )K77 1.25 82 
2 190 15 IX78 1.40 72 
3 200 15 I X80 1.25 97 

4 I90 15 1x93 1.15 X7 

5 190 1s IX83 I .25 S5 

6 210 IS 1882 1.25 SS 

7 200 I5 1881 I .40 53 

8 710 IS 1890 1.15 hl 

9 710 IS ! 892 I .A0 s-4 
I 0 100 !S I X79 I.15 53 

II IV0 30 18X8 I.25 49 

I2 IYO 30 1878 l.40 3-i 

13 190 so 188X I .75 50 

1-I 210 SO ! XX7 I.75 75 

time (t, s). The influence of changing these 
parameters on the conversion of compound ( 
is shown in Table 2. 

Also the selectivity in the main reaction 
products was determined, and is shown in Table 
3. 

Conversion ranged from 34% to 97%. Selec- 
tivity in the diamine (17) was in the range 8% 
to 818, in the formamide ( ) was l-28%; in 

Table 3 

The influence of reaction temperature (T. “C). the pressure of 

carbon monoxide ( [-‘co, bar). the catalytic ratio (I-). the reaction 

time (1. s) on the selectivity in product formation from 2.2’-di- 

nitrobiphenyl (16) in the Ru(O)-catalyzed reductive carhony!ation 

Run Diamine Formamide Benrocin- Carhuzole Urea 

(17) (18) noline (26) (21) (22) 

I 51 IO 10 4 
2 19 28 IO 5 

3 81 5 6 i I 

4 40 I4 7 I 21 
5 19 5 16 1 9 

6 X 10 is I7 

7 ‘5 8 IS 
8 IX I6 17 I 10 
0 .3? 6 1 3 I I 

10 12 4 Y I 16 

il 27 1 15 I 3 

I’ 10 I ‘I 

13 ih 6 2X 

14 46 7 71 



benzocinnoline (2 ) was 6-28%. Carbazole (2 
was only occasionally present, whereas the urea 
(22) was an important reaction product only in 
some cases. Thus, the fourteen runs were a 
representative panel of the influence of the vari- 
ables involved in the reaction mechanism. 

The compounds are shown in Schemes 1 and 
2. 

Nitroarenes react with Ru,(CO),~ to give 
nitrene complexes [ IO,1 61. presumably via the 
intermediate formation of the corresponding ni- 
troso compounds [3]. Literature data support the 
view that the catalytic deoxygenation of ni- 
trosoarenes by carbon monoxide is a fdster pro- 
cess [17]. The ruthenium nitrene complexes are 

a y 
R 

(1): R = R’ = NO2 

(2): R = R’= NH2 

(7): R = NH2 ; R’= $0 

(8): R = NH2 ; R’ = NHCOCH3 

(9): R = R’ = NHCOCH3 

ax ooR 
R 

(6): R = R’ = Me 

(11): R = NO2 

(12): R = NH2 

(15): NHCOC8H15 

Schcmr I 

0 0 $ R 

/i 

(3): R = H 

(4): R = Me 

(5): A = Et 

H 

a 0 )= 0 

‘H 

(10) 

m 00 
N 

(13) 

N m 
N 

(14) 

(16): R = R’= NO2 

(17): R = R’= NH2 

(18): R- NH2; R’ = NHCHO 

(19): R = NH2; R’ = NHCOCH3 

(21) 

Schemz 2. 

0 OQ 0 
NH{ 

0 

(22) 

key intermediates in the insertion into the aro- 
matic carbon-hydrogen bond [IO]. However, in 
the reaction conditions used in this paper the 
most important pathways are: 

(a) The reduction to an amine and carbonyla- 
tion and reduction to a formamide. Protonolysis 
of a ruthenium-nitrene intermediate could be 
the origin of the amine [18]. 

(b) The formation of acetanilides deriving 
from nhe insertion of the ruthenium-bound ni- 
trene into the carbon-nitrogen triple bond of 
acetonitrile to give an imine and subsequent 
hydrolysis to an acetamide: 

Ar-N=RuLn + MeCN+ Ar-NH-&NH % 
-RuLn 

r(ne 

Ar-NH-C=0 + NH3 

be 

Acetanilides such as (8) and (9) cyclize to 
benzimidazole (31, 2-methylbenzimidazole (41, 
2-ethylbenzimidazole (5) and 2,3-dimethyl- 

) in a non-Ru-catalyzed reaction. 
(c> Insertion into the aromatic carbon-hydro- 

gen bond to give cyclization to five- and to 
six-membered heterocycles. 



Concerning the effect of substituents ortlzo to 
the nitto group, the pathway deriving from the 
reduction of only one nitro group is not impor- 
tant. This suggests that the reduction of the 
second nitro group is faster than that of the first 
nitro group. Moreover, the aldehydic group is 
involved in the reaction only in the formation of 
very low amounts of quinoline ( 3) and quinox- 

In the reductive carbonqlation of 2,2’-di- 
nitrobiphenyl ), together with reduction to 
the diamine ( and carbonylation and reduc- 
tion to the formamide (I$), also intramolecular 
cyclization to benzocinnoline (2QB), to carbazole 
(21) and to the cyclic urea (22) occurred. Yields 
in the urea ranged from 12% of the converted 
substrate (run 3) to 63% of the converted sub- 
strate (run 6). 

The optimization of the reductive carbonyla- 
tion of compound (1 ) was performed varying 
the temperature in th nge 190-22O”C, carbon 
monoxide pressure in the range 15-50 bar, the 
catalyst to substrate ratio in the range 1: 15- 1:40 
and observing the influence of these variables 
on the conversion and the selectivity in com- 

). Table 4 shows the 
correlation matrix thus obtained. The numbers 
shown in Table 4 indicate the degree of correla- 
tion between the evolution of a parameter (e.g. 
the conversion) and a given set of reaction 
conditions. The correlation per cent obtained 
may give information about some mechanistic 
details. 

Table 4 

Correlation matrix for the reductive ctlrbonylation of compound 16 

The conversion of compound ( 
correlation with the selectivity in the most im- 
portant reaction product: the diamine (17). This 
suggests the homogeneity of the data (no casual 
errors). 

The influence of the reaction conditions on 
the conversion of compound (1 ) showed corre- 
lationforruns 1,2,3, 11, 13 w h a I-‘% = 82.3 
and t-&% = 55.7 (CV = crossvalidated). Four 
of these runs (I, 3, I 1, 13) have in common the 
catalytic ratio Y = 1.25. The maximum range of 
pco C 15-50 bar) and T ( 190-2 10°C) is repre- 
sented in these runs. This suggests that these 
runs have a common mechanism where the 
catalytic ratio (r) plays an important role. 

Concerning the selectivity in the reaction 
products, the selectivity in the amine (87) corre- 
lates with the parameters of the reaction with 
I-&,% = 44.9 only for runs I, 2, 3, 1 I, 13. This 
value was not modified (I+&,% = 43.5) if the 
selectivity in compounds (18) and (20) was 
added to the co tion. suggests that 
compounds (17), and derive from a 
common intermediate. 

The selectivity in the formamide (I 
I-&,,% = 64.1 by correlation with the parameters 
of the reaction in runs 1, 2, 3, 11. 13. 
suggested that the selectivity in compound 
was essentially determined by the catalytic ratio 

( I-). 
No information could be ained from the 

selectivity in benzocinnoline 
These data allow to suggest a possible com- 

Cow. T I’m I I Sel. 17 Sel. 20 Sel. 18 

Conversion 1 0.121 -0.12 0.761 0.0 I2 0.873 0.319 -0.611 

T 0.171 I - 0.093 0.103 0.177 0.024 0.01 I - 0.036 

PC0 -0.11 - O.OY3 1 -0.15-l 0.118 - 0.01 I -0.3!2 0.725 

I 0.264 0.104 - 0. I.54 1 0.31 -0.123 0.082 - 0.257 

I O.Olr! 0. I77 0.1 Id 0.34 1 .- 0. ! ? ’ -0.016 0.701 

Sel. 17 0.874 0.071 -0.021 -0.113 -0.121 i 0.268 - 0536 

Sel. 20 0.319 0.011 -0.312 0.087 -0.016 O.?bS 1 -0.31 i 

Sd. 18 -0.61 1 - 0.036 0.725 - 0.252 0.201 - 0.563 -0.311 I 

Conversion: conversion of 2.7’-dinitrohiphenyl (16): T: temperature. “C: pc.o. CU pressure. bar; I-: catalyst: subs::atr ratio: f: time (5). 

Sel : selectivity. 



mon reaction mechanism for runs 1. 2. 3. I 1. 

13. 
The reductive carbonylation consists in se\- 

era1 steps: 
(a) A coordinatively unsaturated ruthenium 

cluster is formed: 

Ru,(C% = Ru,(CO),, + co 

This reaction is favored by the temperature. 
disfavored by lzcO, depends from the concentra- 
tion of the catalyst, but not from the concentra- 
tion of substrate. 

(b) The decomposition of the ruthenium clus- 
ter: 

Ru,(CO),, + 3co = 3Ru(CO), 

This reaction is disfavored by the tempera- 
ture, favored by pco depends on the concentra- 

tion of the catalyst, but not on the concentration 
of the substrate. 

(c) The formation of a coordinatively unsatu- 
rated mononuclear ruthenium species: 

Ru(C% = Ru(CO), -t- CO 

This reaction is favored by the temperature, 
disfavored by /let,, depends from the concentra- 
tion of the catalyst, but not from the concentra- 
tion of substrate. 

(d) The oxidative addition of the nitroderiva- 
tive on one of these coordinatively unsaturated 
species [19] to give a five-membered metallacy- 
cle which loses CO, and forms a coordinated 
nitroso compound: 

L$hl + 
-co:, 

b- L"RU(r;l 
0 

T’nis reaction depends from the concentration 
of both the cluster and the substrate. 

C rsion and selectivity in compounds ( 
and correlate for different values of T, pco 
and t for a given value of I-. This suggests that 
P is not important in the correlation. Hence. the 

concentration of reactants (which constitutes r) 
is not important in the correlation. Hence, the 
generation of a reactive species could be rate 
determining for runs 1, 2, 3, 1 I, 13. The conclu- 
sion is that these reaction could occur in a 
region of reactivity dominated by the equilibria 
which generate the reactive species Ru,(CO),, 
and Ru(CO),. This point have been shown to 
occur also in the reductive carbonylation of 
2-nitrostilbene [20]. 

Cis-cyclooctene. acetonitrile, and Ru,(CO),~ 
were Merck reagents. Carbon monoxide was a 
SbO product high purity grade. GLC-MS was 
performed with a Hewlett Packard Mass Selec- 
tive Detector 5890 instrument equipped with a 
SPB-5 30 m column (0.32 mm ID). The sam- 
ples were injected in split-splitless mode. After 
2 min at 40°C a IO”C/min linear gradient was 
programmed to reach 250°C. The column was 
kept at 250°C for 23 min. Mass spectra were 
measured in positive ions electron impact and in 
positive ions chemical ionization (reactant gas 
isobutane) mode. Reverse Phase HPLC analyses 
were performed using a RP-Cl8 Lichrosorb 
Merck column (250 x 4 mm), 5 Frn particle 
size and eluting with a 20 min linear gradient 
from 50% aqueous acetonitrile to 100% aceto- 
nitrile (flow rate 0.8 mI/min). The reactions 
were performed putting the solutions lo-’ M in 
the substrate and containing the appropriate 
amount of catalyst in a 100 ml glass liner. This 
was placed inside a 250 ml stainless steel auto- 
clave. The air in the autoclave was replaced 
with dinitrogen by three freeze-pump-thaw cy- 
cles before introducing the appropriate amount 
of carbon monoxide. The autoclave was heater! 
at the required temperature with a thermnregtr 
Iated oil bath and magnetic stirring was applied. 
After 5 h, the autoclave was rapidly cooled in 
an ice bath and blown off. Silica gel chromatog- 
raphy was performed using silica gel Merck 



0.05-0.2 mm (R = 100) eluting with CH2C12. 
and CH ,Cl ?--ethyl acetate mixtures. 
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