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a b s t r a c t

The catalytic activity of orthometallated complex [Ru(azb)(CO)2Cl]2 (Hazb = azobenzene) anchored to
macroporous polystyrene beads was investigated towards the reduction of organic nitrocompounds,
alkenes, alkynes, nitriles, Schiff bases, ketones and aldehydes under high pressure, high temperature
conditions in mild coordinating media. Comparative studies have been done with the corresponding
unsupported metal complexes. The polymer catalyst was found to be comparable to its homogeneous
eywords:
ydrogenation
olymer anchored
rthometallated ruthenium (II) complex
itroorganics
lkenes
itriles

counterpart in activity and product selectivity but superior in stability and reusability. A tentative reduc-
tion mechanism was proposed on the basis of kinetic studies and the isolation of reactive intermediates.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Various metal ions and their complexes have been used widely
n homogeneous catalyzed reactions but inherent disadvantages
ssociated with homogeneous catalysis were minimized by using
upported metal complexes, which sometime have shown high
atalytic activities in comparison to unsupported analogues [1–3].
he high chemoselectivity of supported catalysts was due to stere-
specific control of interactions of active sites with reactants in
omparison to free and unsupported complexes. The supported
atalysts are easily recovered without any substantial loss in their
atalytic activity [3–9] but homogeneous catalysts are not recov-
red easily.
Among the numerous homogeneous catalysts used for the
eduction of unsaturated organic compounds [10–15], only
ew are stable enough to reduce nitro-compounds, ketones
nd nitriles under high temperature, high pressure conditions
16–19].

∗ Corresponding author. Tel.: +91 33 2582 8750; fax: +91 33 2582 8282.
E-mail address: manir65@rediffmail.com (S.M. Islam).
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The polymer anchored metal complex catalysts which may be
eparated easily from the product mixture and reused are expected
o have higher chemical and thermal stabilities. These advantages

ake the polymer anchored catalysts more attractive than their
omogeneous counterpart [20]. The sterically hindered metal atom
ay favour product selectivity.
Among the immobilized complex catalysts used for this pur-

ose, the complexes of iron (III) [21], palladium (II) [22,23],
latinum (II) [24,25], rhodium (I) [26,27], ruthenium (III) [28,29],
anganese [30] and nickel (II) [31,32] and some others supported

n various polymers are worth being mentioned.
The excellent catalytic activities of some orthometallated transi-

ion metal complexes towards the reduction of unsaturated organic
ompounds in mild coordinating media [15,33] prompted us to
xtend our catalytic investigations to similar complexes anchored
o suitable polymers and to study the effect of anchoring on their
atalytic activities.

The objective of the present work is to investigate the catalytic
ctivity of orthometallated azobenzene complex of ruthenium
II) anchored to macroporous polystyrene beads towards the

eduction of various unsaturated organic substrates. Compara-
ive studies have been done with the corresponding unsupported

etal complexes to investigate the effect of anchoring of the
etal complexes on polymer supports toward their catalytic

ctivities.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:manir65@rediffmail.com
dx.doi.org/10.1016/j.molcata.2008.09.010
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. Experimental

.1. Materials

Analytical grade reagents and freshly distilled solvents, pure
nd dry hydrogen gas and predistilled solvents were used through-
ut the investigation. The liquid substrates were predistilled and
ried by appropriate molecular sieve and the solid substrates were
ecrystallized before use. The chemical analysis was done by the
sual procedure [34].

Macroporous polystyrene beads, crosslinked with 2% divinyl-
enzene (Art No. 22094-9) were supplied as hard, insoluble 20–25
esh spheres of average pore diameter 800 Å by Aldrich Chemical

ompany, USA. Ruthenium (III) chloride trihydrate (RuCl3·3H2O)
as purchased from Arora Matthey and was used as such without

urther purification.

.2. Hydrogenation procedure

In a typical experiment, DMF suspension of the required amount
f catalyst was taken in the glass-lined autoclave which was first
vacuated, flushed with dry and pure hydrogen and then allowed
o attain the temperature of the oil-bath. The substrates in DMF
olution were introduced in the autoclave which was quickly sub-
ected to the desired hydrogen pressure. The reaction mixture was

agnetically stirred during the reaction period and the experimen-
al parameter were suitably adjusted and kept constant during the
un. At the end, the reactor was quenched in ice–salt mixture and
he components in the product mixtures were identified and esti-

ated by GC using authentic samples as standard. The products
ere also identified by IR and NMR spectra whenever possible.

.3. Preparation of catalyst

The outline for the preparation of polystyrene anchored
rthometallated ruthenium (II) complex, P-[(azb)(CO)2Ru·Cl]2
P = polystyrene backbone and H-azb = azobenzene) is shown in
cheme 1. The complex was prepared by reacting polymer anchored
zobenzene ligand with (i) [Ru(CO)2Cl2S2] or (ii) RuCl3·3H2O
nder high PCO. Details procedures are given in the supporting

nformation (Section 1).
The species p-nitro polystyrene (1), polystyrene amino

ydrochloride (2), p-amino polystyrene (3), and polystyrene
nchored azobenzene ligand (4) required for the synthesis of the
resent catalyst, P-[(azb)(CO)2Ru·Cl]2 (5) were prepared according
o the literature methods [35–37].

.4. Characterization of the complexes

The characterizations of insoluble functionalized polymers
1–4) and their ruthenium (II) complexes, P-[(azb)(CO)2Ru·Cl]2 (5)
ere done according to the literature methods [34–40]. Details
rocedures are given in the supporting information (Section 2).

The species (5) is insoluble in all common solvents, thermally
table up to 200 ◦C and XRD pattern suggest its non-crystalline
ature. The chemical analysis suggests that nearly 60% of the lig-
nd moieties form complexes with the metal. Rigid structure of
he polymer matrix allows only suitably positioned azobenzene

oieties to form chloro or carbonyl bridged complexes.
. Results and discussion

The catalytic activities of the species are as 5 > 5′ > 6 ≈ 7. The
pecies (5) is effective for the hydrogenation of functional groups

C
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ike –NO2, >C C<, >C O, >C N–, –C≡C–, –C≡N only under relatively
igher pressure and temperature.

In order to study the effect of solvent, several solvents were
mployed in the hydrogenation of various organic substrates cat-
lyzed by the above catalyst. The highest activity of the catalyst was
bserved in DMF, followed by DMSO and the reaction rate consid-
rably slows down in stronger coordinated media like CH3CN, and
hCN. In the presence of very strong ligands like py, pic, dipy, PPh3
eaction occurred at a very slow rate. In non-coordinating media
ike C6H6, C6H5CH3, CHCl3, and CCl4 the reaction rate is too slow to

easure. Probably a moderately strong coordinating solvent capa-
le of stabilizing the catalytic intermediate is necessary for the
rogress of the reaction. In completely non-coordinating media,
he intermediates decompose so fast that the substrate do not get
hance to coordinate with the metal atom centre. In presence of
ery strong coordinating media or strong ligand, the substrate is
robably unable to replace these ligands from the metal atom cen-
re and thereby no reaction occurred.

The substrates containing the >C C< and –C≡C– groups were
ompletely reduced with highest rate at ∼70 ◦C under a hydrogen
ressure of 30.0 bar (Table 1). Based on initial reduction rates, the
ubstrates can be placed as

tyrene > isoprene > pent-1-ene > hex-1-ene > hept-1-ene

> cyclohexene > maleicacid > fumaricacid

Reduction of alk-1-enes produced only the corresponding alka-
es and no isomerized products. The steric crowding around the
etal atom in the polymer matrix may restrict the 1-alkene coor-

ination in a particular orientation leading to the formation of
lkanes only. Table 1 indicates easy reduction of alkenes with
elocalized �-electron system compared to those having substi-
ution or non-delocalized system. Probably both steric crowding
f the substituted groups and the electronic effects are responsi-
le for this difference. Non-substituted alkenes with delocalized
-electron system are expected to form stronger [metal–alkene]

omplex. Hence the concentration of the latter is increased at the
ntermediate stage.

Both maleic and fumaric acids are reduced at lowest rates. The
issociation of these acids produces H+ and RCOO−. The former
ecreases the concentration of the active species (8) as per Eq.
1) while the later blocks the active sites in (8) by coordination.
ombination of these factors leads to the lowest reduction rates

-[(azb)(CO)2 RuCl]2
5

DMF−→P-[(azb)(CO)2Ru · DMF · Cl]
6

H2�P-[(azb)(CO)2Ru · H · DMF] + HCl
8

(1)

Among the Schiff bases, only benzylidineaniline and N-
ethylbenzaldimine were reduced completely to the correspond-

ng amines without any side products. >C N– and >C C< groups
re reduced at comparable rates. The present catalyst system pro-
ides an easy approach to reduce the Schiff bases to pure secondary
mines.

The catalyst system is efficient for the reduction of various
itroaromatics at 80 ◦C under a hydrogen pressure of 40.0 bar. The
ono-nitroaromatics are reduced at higher rates than the dini-

roaromatics. The final products in all cases were the corresponding
nilines. The nitroaromatics may be placed in the following order
s per their reduction rates:
6H5NO2 > p-CH3C6H4NO2 > p-ClC6H4NO2

> m-ClC6H4NO2 > o-CH3C6H4NO2 > o-ClC6H4NO2

> p-HOC6H4NO2 > p-H2NC6H4NO2
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Table 1
Substrates and the corresponding products with catalyst P-[(azb)(CO)2 RuCl]2

.

Expt. no. Substrate Reaction time (h) Initial turnover no. (min−1) Product(s) % Yield

1. Styrenea 4.8 7.97 Ethylbenzene 97
2. Isoprenea 5.2 7.16 2-Methylbutane 96
3. 1-Pentenea 5.6 6.91 Pentane 94
4. 1-Hexenea 5.9 6.61 Hexane 94
5. 1-Heptenea 6.0 6.12 Heptane 92
6. Cyclohexenea 6.4 5.55 Cyclohexane 90
7. Maleic acida 7.2 4.38 Succinic acid 89
8. Fumaric acida 7.6 3.95 Succinic acid 88
9. Diphenylacetylenea 4.8 7.31 1,2-Diphenylethane 92
10. Phenylacetylenea 5.0 6.50 Ethylbenzene 92
11. N-Methylbenzaldimine 5.2 7.52 N-Methylbenzylamine 96
12. Benzylidineanilinea 4.8 7.96 N-Phenylbenzylamine 95
13. Nitrobenzeneb 5.6 7.38 Aniline 94
14. p-Nitrotolueneb 5.9 5.98 p-Toluidine 90
15. p-Chloronitrobenzeneb 6.2 5.62 p-Chloroaniline 92
16. o-Nitroanilineb 7.0 4.94 o-Phenelenediamine 88
17. o-Nitrotolueneb 7.3 4.50 o-Toluidine 90
18. 1-Nitronaphthaleneb 7.6 4.24 1-Aminonaphthalene 88
19. o-Chloronitrobenzeneb 7.8 4.01 o-Chloroaniline 87
20. p-Nitroanilineb 7.9 3.56 p-Phenelenediamine 88
21. p-Nitrophenolb 8.0 3.72 p-Aminophenol 86
22. p-Dinitrobenzenee 6.8 4.06 p-Phenelenediamine 89
23. m-Dinitrobenzenee 7.2 3.68 m-Phenelenediamine 86
24. Nitromethanec 5.6 7.08 Methylamine 94
25. Nitroethanec 5.8 6.15 Ethylamine 90
26. 1-Nitropropanec 6.0 5.76 1-Aminopropane 88
27. 2-Nitropropanec 6.4 5.30 2-Aminopropane 89
28. Nitrocyclohexanec 7.2 4.46 Aminocyclohexane 86
29. Benzaldehyded 4.8 5.52 Benzylalcohol 88
30. Benzophenoned 5.4 5.31 Diphenylmethanol 85
31. Acetophenoned 6.4 3.80 Phenylmethylmethanol 86
32. Benzoind 6.2 4.56 Dihydrobenzoin 86
33. Benzild 6.1 4.48 Dihydrobenzoin 84
34. Acetoned 6.6 3.65 2-Propanol 82
35. Benzonitrilee 7.5 3.42 Dibenzylamine 92

Benzyl amine 3
36. Acetonitrilee 7.9 3.22 Diethylamine 81

Ethylamine 15

Reaction condition: [Sub] = 0.5 M; [Cat] = 2.0 × 10−4 mol l−1; medium = DMF; total volume = 10 ml; yield refers to G.C. analysis.
a PH2 = 30.0 bar; T = 70 ◦C.
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b PH2 = 40.0 bar; T = 80 ◦C.
c PH2 = 50.0 bar; T = 90 ◦C.
d PH2 = 60.0 bar, T = 105 ◦C.
e PH2 = 80.0 bar; T = 120 ◦C.

Preferential reductions are possible in case of mixture of
itrobenzene and o-nitrotoluene as substrates (Fig. 1). Both steric
nd electronic factors appear to be responsible for this preferential
eduction [33]. During the reduction of mono-nitroaromatics, cor-
esponding phenylhydroxylamines formed as intermediate (Fig. 1),
re reduced at faster rates than the corresponding nitroaromat-
cs. No other partially reduced nitroaromatics or coupled products
ould be detected at any stage. Attempts to selectively reduce
itrobenzene to corresponding phenylhydroxylamine by varying
xperimental parameters were unsuccessful.

Nitrobenzene and its p-substituted derivatives are reduced at
he highest rate followed by ortho- and meta-substituted nitroaro-

atics in order. The steric factor probably dominates over the
lectronic factor to control the reduction rate. 4-nitro-o-xylene was
educed at a very slow rate while the more sterically hindered 2-
itro-m-xylidine could not be reduced at all. The reduction rates
f p-NH2C6H4NO2 and p-HOC6H4NO2 are relatively low. Proba-
ly –NH2 and –OH groups decreases the available sites for NO2

oordination by partial blocking.

Reduction of dinitroaromatics to the corresponding diamines
equired higher temperature and pressure. Corresponding mono-
r dihydroxylamines could not be detected at any intermediate
tage. Sequential hydrogenation also occurred in this case (Fig. 2).

Fig. 1. Preferential hydrogenation of nitrobenzene in presence of o-
nitrotoluene with the catalyst P-[(azb)Ru(CO)2Cl]2. [Cat] = 2.0 × 10−3 mol l−1;
PH2 = 40.0 bar; medium = DMF; total volume = 10 ml; T = 80 ◦C; [PhNO2] = 0.5 M;
[o-CH3C6H4NO2] = 0.5 M; -�- = PhNO2; -�- = PhNH2; -�- = PhNHOH; -�- = o-
CH3C6H4NO2; -�- = o-CH3C6H4NH2; -�- = o-CH3C6H4NHOH.
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Table 2
Comparison of catalytic activities of [Ru(azb)(CO)2Cl]2 (I) with P-[(azb)Ru(CO)2Cl]2 (II).

Entry no. Substrate Catalyst- I (homogeneous) Catalyst-II (polymer anchored) Product(s)

Reaction time(h) Yield Reaction time(h) Yield

1. 1-Pentenea 5.0 96 5.2 94 Pentane
2. Phenylacetylenea 4.5 94 5.0 92 Ethylbenzene
3. o-Nitrotoluenea 6.5 92 7.3 90 p-Toluidine
4. Nitromethaneb 7.0 52c 7.0 94 Methylamine
5. Benzaldehydeb 7.0 59c 7.0 88 Benzylalcohol
6. Benzophenoneb 7.0 50c 7.0 85 Diphenylmethanol
7. Acetoneb 7.0 55c 7.0 82 2-Propanol
8. p-Dinitrobenzeneb 7.5 46c 7.5 89 p-Phenelenediamine
9. Benzonitrileb 7.5 41c 7.5 91 Dibenzylamine

Reaction condition: [Sub] = 0.5 M; [Cat] = 2.0 × 10−4 mol l−1; medium = DMF; total volume = 5 ml; yield refers to G.C. analysis.
a PH2 = 40.0 bar; T = 80 ◦C.
b PH2 = 150.0 bar; T = 200 ◦C.
c Catalyst decomposes.

Table 3
Recycling of catalyst P-[(azb)(CO)2 Ru.Cl)]2 for hydrogenation of various organic substrates.

Expt. no. Substrate Product(s) 1st recycle 3rd recycle 5th recycle

Initial turnover
number (min−1)

% Yield Initial turnover
number (min−1)

% Yield Initial turnover
number (min−1)

% Yield

1. 1-Hexenea Hexane 6.61 94 6.45 92 6.32 90
2. Isoprenea 2-Methylbutane 7.16 96 7.04 94 6.85 93
3. Phenylacetylenea Ethylbenzene 6.50 92 6.32 90 6.12 88
4. Maleic acida Succinic acid 4.38 89 4.22 87 4.05 85
5. Nitrobenzeneb Aniline 7.38 94 7.16 92 7.01 90
6. p-Nitrotolueneb p-Toluidine 5.98 90 5.82 88 5.74 86
7. Nitromethanec Methylamine 7.08 94 6.88 91 6.75 89
8. 1-Nitropropanec 1-Aminopropane 5.76 88 5.62 87 5.49 86
9. Benzophenonec Diphenylmethanol 5.31 85 5.12 83 4.91 82
10. Acetoned 2-Propanol 3.65 82 3.52 79 3.36 78
11. Benzild Dihydrobenzoin 4.14 84 3.95 82 3.73 81
12. m-Dinitrobenzenee m-Phenelenediamine 3.68 86 3.51 84 3.40 83

Note: [sub] = 0.50 M; [Cat] ≈ 2.0 × 10−4 mol l−1 (fresh catalyst); medium = DMF; total volume = 10 ml; yields refer to G.C. analysis; [Cat] ≈ (1.90–1.98) × 10−4 mol l−1 (after 5th
recycle).

a PH2 = 30.0 bar; T = 70 ◦C.
b PH2 = 40.0 bar; T = 80 ◦C.
c PH2 = 50.0 bar; T = 90 ◦C.
d ◦

F
[
t
-

PH2 = 60.0 bar; T = 105 C.
e PH2 = 80.0 bar; T = 120 ◦C.

ig. 2. Sequential reduction of p-dinitrobenzene with the catalyst P-
(azb)Ru(CO)2Cl]2. [Cat] = 2.0 × 10−3 mol l−1; PH2 = 80 bar; medium = DMF;
otal volume = 10 ml; T = 120 ◦C; [p-NO2C6H4NO2] = 0.5 M; -�- = p-dinitrobenzene;
�- = p-nitroaniline; -�- = p-phenylenediamine.
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The reductions of nitroalkanes required relatively more strin-
ent conditions (T = ∼90 ◦C, PH2 = 50.0 bar). They may be arranged
n the following order on the basis of their reduction rates:

itromethane > nitroethane > 1-nitropropane

> 2-nitropropane > nitrocyclohexane

Steric factors appear to control the reduction rate. Both the
ncrease of chain length and branching lower the reduction rate.
ere also, only alkylhydroxylamines which are very first reduced

o the corresponding amines are formed as intermediate products.
The carbonyl compounds were reduced at ∼105 ◦C under the

ydrogen pressure of 60.0 bar to their corresponding alcohol. On
he basis of initial rates of reduction, they may be arranged as

enzaldehyde > benzophenone > benzoin ∼ benzil

> acetophenone > acetone
The higher reduction rates of benzaldehyde and benzophe-
one are due to their planarity while non-planar acetone

s reduced at the slowest rate. The diketo compound, ben-
il undergoes stepwise reduction, first to benzoin and then to
ihydrobenzoin.
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Fig. 4. Rate dependence on P for the reduction of 2-nitropropane under
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ig. 3. Rate dependence on catalyst concentration for the reduction of 2-
itropropane with P-[(azb)Ru(CO)2Cl]2 as catalyst under various hydrogen pressure.
2-nitropropane] = 0.5 M; medium = DMF; total volume = 10 ml; T = 80 ◦C, PH2 : -�-
40.0 bar; -�- = 60.0 bar; -�- = 80.0 bar; -�- = 100.0 bar.

The nitriles were reduced under more severe conditions, i.e.
= 120 ◦C, PH2 = 80.0 bar. The major products were the correspond-

ng secondary amines. In case of CH3CN, final products contain
thylamine (∼15%) and diethylamine (∼80%) while in case of
6H5CN the product was mainly (C6H5CH2)2NH with very small
mount of primary amine C6H5CH2NH2 (<3%). The formation of
2NH (R = C2H5/C6H5CH2) and liberation of NH3 suggest the occur-
ence of some secondary reaction at intermediate stages. The
itriles, RCN (R = CH3, Ph) do not react with RCH2NH2 in pres-
nce of catalyst at 120 ◦C. The initial addition of RCH2NH2 (R = CH3,
6H5) during the reduction of RCN always increased the propor-
ion of corresponding (RCH2)2NH in the final product mixture.

hen ethylamine or benzylamine (in absence of corresponding
itriles) are subjected to catalytic hydrogenation under identical
xperimental condition, the final reaction mixture contained only
he unreacted substrates and no secondary amine. The secondary

mines are, therefore, not formed by catalytic dimerization of pri-
ary amines with liberation of NH3. The products may be formed

s per Scheme 2.
To understand the reaction mechanism, the reduction of C6H5CN

as carried out in presence of acetic anhydride and sodium acetate.

s
r
fi

s

Scheme 1
H2
arious catalyst concentrations with P-[(azb)Ru(CO)2Cl]2 as catalyst. [2-
itropropane] = 0.5 M; medium = DMF; T = 105 ◦C, [Cat]: -�- = 2.0 × 10−3 mol l−1;
�- = 4.0 × 10−3 mol l−1; -�- = 5.0 × 10−3 mol l−1; -�- = 6.0 × 10−3 mol l−1.

he objective was to trap the C6H5CH2NH2 if formed by converting
t to the corresponding acetylate. This will prevent C6H5CH2NH2 to
eact with the probable intermediate, C6H5CH NH and hence no
econdary amine would be formed. The product mixture in this case
ontained only C6H5CH2NHCOCH3 and no secondary amine. The
esult suggests the formation of intermediate imine which reacts
ith the primary amine and H2 to form the secondary amine and

mmonia. Catalytic hydrogenation of benzonitrile under the same
xperimental condition was also conducted in presence of excess
f ethylamine and the components detected in the product mixture
ere benzylamine (minor), N-ethylbenzylamine (major), dibenzy-

amine (trace) and ammonia.
Higher susceptibility of PhCH = NH to nucleophilic attack by

6H5CH2NH2 resulted in the formation of mainly (C6H5CH2)2NH
n case of PhCN reduction. In case of CH3CN reductions, lower
usceptibility of CH CH = NH to nucleophilic attack by C H NH is
3 2 5 2
esponsible for the presence of small amount of CH3CH2NH2 in the
nal product mixture.

The catalyst P-[Ru(azb)(CO)2Cl]2 is quite stable in dry atmo-
phere and can be repeatedly used for the reduction of the

.
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Scheme 2.

Scheme 3. Reduction of 2-nitropropane.
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ame or different substrates without loss of catalytic activity. The
olystyrene anchored catalyst is comparable to its homogeneous
ounterpart in activity and product selectivity (Table 2). The advan-
ages are that it can withstand more stringent reaction conditions
Table 2) and can be easily separated and recycled (Table 3).

.1. Reaction kinetics and mechanism

The kinetic studies were made with the present catalyst (5)
-[Ru(azb)(CO)2Cl]2 in DMF medium for the reduction of 2-
itropropane under high pressure, high temperature conditions.
he rate was determined by GC estimation of reaction mix-
ure at 15 min intervals and the initial rate was calculated by
raphical extrapolation of the rate curve to zero time. For the
eduction of 2-nitropropane, the initial rate was found to follow
rst order dependence on Ru content of the catalyst in the range
f (1.0–6.0) × 10−3 mol l−1 (Fig. 3), second order dependence on
ydrogen pressure in the range of 40–100 bar (Fig. 4) and inde-
endent of substrate concentration in the range of 0.5–3.0 M.

From the kinetic data, the rate equation can be expressed as

ate = k[cat][PH2 ]2 (2)

Details derivation of rate equation (Eq. (2)) is given in supporting
nformation (Section 3). The rate constant was calculated from the
lopes of the curves in Fig. 3.

lope = Rate
[cat]

, k = Slope

[PH2 ]2

he k values lie between 1.40 × 10−6 and 1.56 × 10−6 s−1 bar−2 in
he range of hydrogen pressure of 40–100 bar.

The rate constant was also calculated from the slopes of the
urves in Fig. 4.

From Fig. 4

lope = Rate

[PH2 ]2
, k = Slope

[cat]

he k values lie between 1.50 × 10−6 and 1.60 × 10−6 s−1 bar−2 in the
atalyst concentration range from 2.0 × 10−3 to 6.0 × 10−3 mol l−1.

The almost constant values of k in both the cases indicates the
orrectness of Eq. (2).

The following tentative mechanism was suggested on the basis
f experimental findings.

According to Scheme 3

ate = k6[10][H2]2

Cat]T = [6] + [7] + [8] + [9] + [10] + [11]

Putting the value of [6], [7], [8], [9], and [11] in terms of 10, we
ave
Cat]T = K3[10][H2]2

[RNO2]
+ K2[10][H2]2

[DMF]
+ K1[10][H2]2 + K7[10][H2]2

[DMF]

+ [10] + K4[10][H2]2[RNHOH]
[RNO2][DMF]

10] = [Cat]T [RNO2][DMF]

[RNO2][DMF] + [H2]2{[DMF]K3 + K2[RNO2]
+K1[DMF][RNO2] + K7[RNO2] + K4[RNHOH]}

[
[
[

lysis A: Chemical 297 (2009) 18–25

ate = k6[10][H2]2 = k6[Cat]T [RNO2][DMF][H2]2

[RNO2][DMF] + [H2]2{[DMF]K3 + K2[RNO2]
+K[DMF][RNO2] + K7[RNO2] + K4[RNHOH]}

he concentration of [H2] is of the order of 10−2 M and hence
H2]2 ≈ 10−4 M while [RNO2] ≈ 1 M and DMF ≈ 10.0 M. Hence the
quation reduces to

ate = k6[Cat]T [RNO2][DMF][H2]2

[RNO2][DMF]
= k6[Cat]T [H2]2

ate = k[Cat]P2
H2

. Conclusions

The polymer-based orthometallated catalyst, P-[Ru(azb)
CO)2Cl]2, used in the present investigation is comparable to its
omogeneous counterpart in activity and product selectivity but
uperior to the latter as (i) same specimen of the catalyst can be
sed repeatedly for the reduction of substrates of different nature
ithout suffering any appreciable loss of activity, (ii) isolation

f the used catalyst from the product mixture encounters no
ifficulty, (iii) catalyst can withstand more stringent reaction
onditions and (iv) catalyst can be recycled several times and the
resh or used catalysts can be stored under a dry condition for a
ong time without any appreciable loss of its catalytic activities.
ence the present system may find wide applications in the

ynthesis of fine organic chemicals either in the laboratory or on
n industrial scale.

The magnitude of the value of rate constant k indicates high
ctivity of the catalyst and its constancy over a range of PH2 and
atalyst concentration confirms the rate equation.
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