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ABSTRACT

The article describes some variants of mechanisms of nitro compounds reduction, offered by
authors in the scientific literature. The focus is on the description of the work of Kazakh and Russian
chemists working in the field of catalysis. In most of the works, the classical scheme of the mechanism
of the hydrogenation of Haber-Lukashevich nitrobenzene is confirmed and detailed by experimental
methods. One of the interesting aspect of the article is description the mechanism of Ya.A. Dorfman
which used the orbital theory of catalysis. The orbital approach of the Ya.A. Dorfman mechanism
is constructed in the light of modern orbital representations and is valid for the hydrogenation of
the nitro group on various catalysts. Among the discussed mechanisms are ideas of Haber, Debus,
Jungers, V.P. Shmonina, Lukashevich, M. Geirovsky, Yu. B. Vasilyev, M. V. Klyuev, E. F. Weinstein,

E. Gelder, Ya.A. Dorfman and others.
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INTRODUCTION

The kinetic studies of heterogeneous
catalytic reactions are very complex, which is
connected with the need to take into account,
besides the effect of temperature, the nature of
the reagents and solvent, such factors as the
nature of the catalyst, carrier, state of the surface
of the catalyst. It should also be borne in mind the
possibility of diffusion control of the reaction rate.

Therefore, the patterns of influence of conditions on
the course of the same reaction when it is carried
out on different catalysts can be very different.
Apparently, in this connection, the available kinetic
data are very contradictory. On their basis, it is
impossible to draw definitive conclusions about the
influence of the structure of nitroarenes on the rate
of their reduction. Itis well known that the regularities
of the reactions of hydrogenation of substituted nitro
compounds are directly related to the staging of the
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nitro group transformations. The complex study of
individual stages of the reaction makes it possible to
reveal the most probable mechanism of interactions,
to determine the reactivity parameters of the initial
and intermediate compounds, to form the basis for
the mathematical description of the process under
study. An important component of this approach is
the systematic study of the kinetics of the individual
stages of the transformation of the starting materials
and reaction intermediates. Obviously, that the use of a
systematic approach that includes, in addition to kinetic
studies, quantum-chemical modeling of reagents,
mechanisms and transition states of reactions, makes
it possible to understand the features of chemical
interaction at the molecular level.

In the literature, various options of
conversion schemes for substituted nitro compounds
are written. The aim of the article is to discuss
some variants of mechanisms of nitro compounds
reduction written in scientific literature. The focus is
on the description of the work of Kazakh and Russian
chemists working in the field of catalysis.

Experimental study of the mechanism of nitro
compounds reduction

Haber-Lukashevich’ mechanism. Ideas
of V. P. Shmonina. The first known mechanism
scheme of possible substances formation when
the electrochemical reduction of nitrobenzene in
the medium of strong bases (strong acids) and
in very weakly alkaline or slightly acidic mediums
was proposed by Haber in the late 19" century-
early 20" century'. Another scheme of the catalytic
reduction of nitrobenzene on Raney nickel was
offered by Debus and Jungers'2. They assumed that
azobenzene is formed because of nitrobenzene and
amine interaction.

V.P. Shmonina et al.,>* researched
reduction of nitrobenzene and different derivatives
of it over skeleton nickel and platinum and palladium
blacks. Processes were investigated at different
amounts of a catalyst, amounts of nitro compounds,
technological parameters (temperature, solvents,
mixing intensity). The scientists studied impact
of various substances in the reaction medium
(for example, nitrobenzene-aniline intermediates,
aniline or acid (alkali), pyridine) applying the way of

determination of catalyst potential developed by D.V.
Sokolsky, V. Drouz® and methods of a polarography4
and a conductometric titration. The transformation
scheme proposed by them is a development of
the well-known mechanism of Haber-Lukashevich,
which described the transformations of a nitro group
during its chemical and electrochemical reduction®.
The Shmonina’ mechanism shows transformation
of studied nitro compounds(1) to the corresponding
amines(4). On the basis of the expirements V.
P. Shmonina defined three directions of nitro
compounds reduction (Fig.1). This process proceeds
through the successive catalytic interaction of the
nitro group with three moles of hydrogen by means
of formation of intermediate nitro compounds(2)
and arylhydroxylamines(3). This first type of
conversion, “a so-called hydrogenation direction”, is
a sequential interaction of a nitro group with three
hydrogen molecules. Intermediates by the direction
are nitrosobenzene, phenylhydroxylamine, which
cannot be collected in the reaction medium, they
are immediately converted to aniline as they form.
By the second direction according to Shmonina’
mechanisms the interaction of nitrobenzene (NB)
with phenylhydroxylamine (PHA) and formation of
azoxybenzene proceeds, it is then transformed to
aniline through azo- and hydrazobenzene. By the
third direction PHA formed because of the reduction
of NB than transformed into hydrazobenzene.

So, according to the proposed scheme
(Fig.1), the hydrogenation of NB (1) proceeds
through a series of sequential and parallel stages.
The catalytic conversion of NB to aniline (A) (4)
occurs through the formation of nitrosobenzene
(NSB) (2) and PHA (3) to A (4) by successive
addition of three hydrogen molecules to the nitro
group. Such a mechanism of transformations is
called “hydrogenation”. At elevated temperatures
and elevated pressures of hydrogen, further
hydrogenation of A to cyclohexylamine(5) is possible.
A distinctive feature of the scheme V.P. Shmonina
from the staged transformations proposed by
Haber-Lukashevich, is the inclusion of reactions of
interaction of intermediate products. These reactions
proceed homogeneously in the volume of the
solution, according to the so-called “condensation
mechanism”.
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Fig.1. Mechanism proposed by Shmonina®': 1 - nitrobenzene;
2-nitrosobenzene; 3-phenylhydroxylamine; 4-aniline;
5-cyclohexylamine; 6-azoxybenzene; 7-azobenzene;
8-hydrazobenzene; 9-4-aminophenol;
10-4-hydroxyazobenzene; 11-benzidine
It should be emphasized that nitrosobenzene
in the reaction systems is most often not fixed,
and is introduced a priori into the schemes of
NB transformations as a product preceding the
formation of PHA10-18. Probably, the basis for the
inclusion of nitrosobenzene in the scheme of NB
transformations is the sequence of stages discussed

1

ArNO; + metal — oxidized metal

(dimeric or oligomeric intermediates)

in earlier papers®'®'° since direct evidence of the
presence of nitrosobenzene in the solution volume
was not given by the authors'?1%¢, In some works'82,
experiments showing formation of nitrosobenzene
as an intermediate product are described.

M. Geirovsky?2°, in the polarographic
reduction of nitrobenzene in aqueous,
aqueous-alcoholic and acidic media, found that
nitrobenzene joins 4 electrons and is reduced to
phenylhydroxylamine, which, further, attaching
two electrons at more negative potentials, turns
into aniline through azoxybenzene. In an alkaline
medium, nitrobenzene attaches 6 electrons at once
and, without leaving the cathode, turns into aniline.
In an alkaline medium, nitrobenzene attaches 6
electrons at once and, without leaving the cathode,
turns into aniline.

The reduction of aromatic nitrocompounds
on a supported 3% Pt/SiO,-AIPO, catalyst was
studied in2'22, The authors proposed a mechanism
for the hydrogenation of aliphatic and aromatic nitro
compounds on supported Pt catalysts (Figure 2).

ArNO;, |
surface  + ArN:(agc.) -  R-N-O-
2
H,

— R-NH> + metal + H,

Fig. 2. Mechanism of hydrogenation of aliphatic and aromatic nitro compounds on
supported Pt catalysts?'??

In this case, the presence of electron-
donating groups should slow down the first stage,
and, consequently, inhibit the formation of nitrene,
thus giving an increase in the lower conversion
than nitrobenzene. Conversely, the presence of
electron-accepting substituents should stabilize the
intermediate nitrene and the rate to stage (2) with
respect to nitrobenzene.

In studies?®24 upon reduction of
chloronitrobenzene to Ni-skeleton, 5% Ir/C,
the main intermediate of the reaction was
chlorophenylhydroxylamine. The adsorptive capacity
of the starting compound is higher than that
of chlorophenylhydroxylamine, so the authors
suggested that, while there is chloronitrobenzene
on the surface of the catalyst, phenylhydroxylamine
accumulates in the reaction mixture without further
conversion to chloroaniline. The authors found

that chloraniline forms in the entire range of the
investigated concentrations of chloronitrobenzene in
the reaction mixture. Based on the analysis of reaction
products and hydrogen balance from the gas phase,
it was assumed that, together with the hydrogenation
direction of reaction (Fig.3) there is a disproportionation
of phenylhydroxylamine on the nitroso- and amino
compound according to reaction (1):

2 ArNHOH <> ArNO + ArNO,, + H, (1)

The nature of the catalyst, the temperature
of the test, the pH of the medium have a
significant effect on the disproportionation rate of
phenylhydroxylamine. Catalysts on the activity in
this reaction form a series: Ni <Ir <Pd = Pt.

Yu. B. Vasilyev?®? proposed a mechanism
for the hydrogenation of nitro compounds on Pt,
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proceeding along the hydrogenation pathway. The
reaction can proceed via the O-Pt or N-Pt bond with
the desorption of products of incomplete reduction
of the NB into the volume (Figure 4).

H> H> H:
ArNO> — ArNO — ArNHOH — ArNH-»

Fig. 3. The hydrogenation direction of a reaction?*2
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Fig. 4. Hydrogenation scheme of nitrobenzene on platinum,
proposed by Yu.B. Vasilyev

M.V. Klyuev and E.F. Weinstein in a paper?
assumed that in a liquid-phase hydrogenation of
nitroarenes on palladium-polymer catalysts, the
substrate interacts with catalyst metal centers
containing activated hydrogen. The resulting adduct
“collects” the missing hydrogen from the surface of
the catalyst. Then hydrogen displaces the formed
amine into the solution.

It was found in the synthesis of anesthesin
by liquid phase hydrogenation of ethyl 4-nitrobenzoic
acid on palladium-based catalysts, for example Pd/C,
that the reaction proceeds without the formation of
intermediate products®, which corresponds to the
hydrogenation pathway in the Haber-Lukashevich
scheme. In the case of nitrobenzene hydrogenation
on a Pd/C catalyst in methanol and 2-propanol, only
NB and AN were detected in the reaction mixture.
The authors assume that in different solvents the
reaction takes place at various active centers of
the Pd surface, and as a result, the transition from
methanol to 2-propanol changes the limiting stage

from the hydrogenation of NB to the hydrogenation
of nitrosobenzene.

Extremely interesting are the data obtained
in studying the kinetics of the hydrogenation reactions
of isomers of halogen-substituted nitrobenzenes on
palladium supported on coal or functional polymers
in various solvents such as cyclohexane, methanol,
diethyl ether, dioxane and tetrahydrofuran®-°. Despite
the fact that the authors used various methods of
analytical control, in particular, gas chromatography
and NMR spectroscopy, condensation products:
azoxy, azo and hydrazo substituted - were not
detected by them. This fact can indirectly indicate
that an alternative way of obtaining an amine is
possible, which excludes the formation of such
intermediate compounds as nitrosobenzene and
phenylhydroxylamine.

E. Gelder’ scheme

E. Gelder scheme?®'® is shown on Fig.5.
The author rejects the traditional mechanism of
reaction offered by Haber and Lukashevich and offers
the alternative scheme which, according to them, is
fair for other metallic catalysts. According to this
scheme an intermediate product of transformation
of nitrogroup is the semi-hydrogenated form-
C,H,(OH) which participates in all subsequent
stages. Thus, during its catalytic interaction with
hydrogen azobenzene (AB) or phenylhydroxylamine
is formed (PHA), and during interaction of these
forms azoxybenzene (AOB) is appeared.

CeHsNO, CeHsNO

™ / (I

CHNOH

1l ,
/H( )_HENC()HSNOH (I1I)

CH:N(OH)H CgHsN(0)=NC ¢Hs
(Iv) (VD)
| \
| 7 C‘eHsleHi CHsN=NCeH;
Yo Ix) " - (VID)
(6HSNH N Y
(V) (‘6H5NH-NHC6H5
(VIII)

Fig. 5. E. Gelder’ scheme
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The author assumed that on the surface
of the catalyst there is the general intermediate
compound of NB and a nitrozobenzene (lll) (Fig.5)
which in case of hydrogenation of NB reacts with
the adsorbed hydrogen, consistently turning into
PHA and AN through intermediate V. Hydrogenation
of a nitrozobenzene reacts with 2 molecules of
intermediate compound with removal of a molecule
of water and formation of azoxybenzene (AOB) which
then turns into AB, hydrazobenzene (HB) and AN.

Thus, in most works, the classical scheme
of the hydrogenation of nitrobenzene Haber-
Lukashevich is confirmed and detailed by various
experimental methods. However, there are alternative
judgments, as the E. Gelder scheme.

For example, in a case of Au/TiO, catalyst®
is suppressed an accumulation of condensation
products when hydrogenation of aromatic nitro
compounds. It was found that nitrosobenzene is
appeared in the reaction mixture in very small
amounts; hydroxylamine and nitrosobenzene interact
strongly with the catalyst surface. On the base of
numerous experiments the authors proposed a new
reaction mechanism for the reaction (Figure 6).

Ph—NQ ——» Ph—NHOH
o \
.// ]'lzf_lxﬁuf_??lf.y.ﬂz

| Auy Aun iy
. .\\ - r_-\_..)—f." . -"'.\.

Fig. 6. A new mechanism of aromatic nitro compounds
hydrogenation over Au/TiO, catalyst

The complexity of studying the mechanism
of this reaction can be explained by the multistage
nature of the reduction of the nitro group (Fig.5), as
well as the influence on the rate of hydrogenation of
a number of factors.

Most likely, analyzing the literature data
suggest that the hydrogenation of nitrobenzene
proceeds in accordance with the scheme of Haber-
Lukashevich, regardless of the nature of the catalyst,
solvent and nitro substituents in the molecule.
However, the change in catalyst and solvent

significantly affects the ratio of the rates of individual
heterogeneous catalytic and homogeneous stages,
changing their contribution to the overall reaction
rate. Therefore, the mechanism of hydrogenation
of nitro compounds on different catalysts requires
additional studies. In particular, for the classical
Pd/C hydrogenation catalyst, which can be used
in the hydrogenation acylation of nitroarenes, the
mechanism has not been specified®.

Ideas on the basis of experimental data and
quantum-chemical calculations

Analysis of experimental data and quantum-
chemical calculations in®2%-%7 shows that the addition
of H3- to the NB molecule reduces charges on
oxygen atoms and increases the charge on the
nitrogen atom. The charge on the nitrogen and
oxygen atoms of nitrosobenzene (H3-) is significantly
reduced in comparison with nitrosobenzene.

The charge on all the atoms of the reaction
center of the reaction product of PHA with Hs- is
substantially higher than that of the initial PHA; only
oxygen atom remains negatively charged. Azoxybenzene
(AOB) (H&-), in contrast to the AOB molecule, carries
a negative charge on both nitrogen atoms, and the
negative charge on the oxygen atom is somewhat
smaller in comparison with the AOB molecule.

Finally, the product of the interaction of the
AB molecule with the first hydrogen atom carries a
positive charge on both nitrogen atoms, unlike the AB
molecule, which has a negative charge on nitrogen
atoms. On the basis of the foregoing, the authors
proposed a mechanism for the hydrogenation of
NB on a Pd/C catalyst (Fig.7)*"*¢. The mechanism is
based on the results of quantum-chemical modeling
of nitrobenzene (NB) molecules, intermediates of its
reduction, and products of the addition of the first
hydrogen atom to these substrates, as well as the
following experimental facts:

1) athydrogenation of NB on the Pd/C catalystina
reaction mixture at any stage of transformation
nitrosobenzene, phenylhydroxylamine, AOB,
AB and a hydroxylamine are not found. In
solution there is only AN2%7,

2) at hydrogenation of nitroarenes and
intermediates of reduction of NB the kinetic
constants of reactions depend on a charge
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4)

5)

6)
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on the reactionary center?3%:%,

nitroarenes are hydrogenated by strongly
bound hydrogen®-38 at activation on palladium
clusters hydrogen can acquire both a positive
and a negative charge®-1.

nitroarenes displace hydrogen?%3° from the
surface of palladium;

nitroarenes are adsorbed on the catalyst
by nitrogen and oxygen atoms of the nitro
group®?742 and create a positive charge on
its surface®®“® palladium adsorbed on coal is
also positively charged®.

the process of catalytic hydrogenation of
nitroarenes is limited by a chemical act on

?
OJNKO

the catalyst surface, while the rate of the
determining step is the addition of the first
hydrogen atom?3,

Although the hydrogenation pathway for
the reduction of NB to Pd/C has been established
in®2%837 changing the conditions, for example, the
solvent, pH, or the addition of additives, for example
inorganic salts®>®, can lead to a change in the ratio
of the rates of the individual hydrogenation steps
and the realization condensation direction. In this
connection, both routes of reaction are considered
in the proposed mechanism.

—_—
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Fig. 7. The mechanism of hydrogenation of NB on a Pd/C catalyst based on experimental data and quantum chemical
calculations: a-hydrogenation direction, b-condensation direction?
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This mechanism is also applicable to the
related hydrogenation of ethyl 4-nitrobenzoic acid
ester used in the synthesis of anesthesin (Fig.8).
This reaction also proceeds in accordance with the
scheme of Haber-Lukashevich.

The nature and composition of the
solvent have a significant effect on the speed of all
stages of chemical transformations of functional
groups, changing the ratio of the contributions
of the hydrogenation direction and condensation
interactions to the overall reaction rate. Thus,
hydrogenation of nitrobenzene on platinum,
palladium and nickel in aqueous solutions of aliphatic
alcohols at atmospheric pressure of hydrogen takes
place selectively until the formation of aniline, the
condensation products of intermediate products in
the reaction medium are completely absent68:38,

Introduction to water-alcohol solutions of
20% by wt. pyridine having a high electron-donor
ability increases the yield of hydrazobenzene to values
close to quantitative*, and if the reaction is carried
out in the presence of additives of sodium hydroxide
on the supported catalyst, for example Pd/C, then the
yield of hydrazobenzene exceeds 80%*.

In connection with the wide practical
application of halogenoanilines, the mechanism of
liquid-phase hydrogenation of halogen-substituted
nitrobenzenes is of particular interest. Along with the

xI

COOC,H,

,

COOC,H; —

NH,

',
Ny

COOC,H;

VII

Haz. catalyst Vs
H: — COOC;Hs— |
-H,0 o

<~ Ha, catalyst =
[ ]47 COOCHs—

catalytic transformations of the nitro group, shown
by V.P. Shmonina in Fig.1, in most cases secondary
processes of dehalogenation occur?32:38:44,

The halogens are cleaved mainly from the
molecules of substituted aminobenzenes, interacting
with hydrogen by the catalytic mechanism*+4¢, and
the degree of dehalogenation essentially depends
on the nature of the catalyst?%2384446 Thus, the
rate of dechlorination during the hydrogenation of
2-nitrochlorobenzene on a skeletal nickel catalyst
in aqueous solutions is quite high. The yield of
2-aminochlorobenzene does not exceed 20%, and
when iridium catalysts are used, the degree of
dehalogenation is 0.05-0.10%*.

Thus, the optimum catalytic system for
liquid-phase hydrogenation reactions of halogen-
substituted nitrobenzenes should provide not only
a high degree of conversion of the nitro group, but
also a low degree of dehalogenation.

Data available in the literature on the
mechanism of catalytic conversions of azo group
are extremely limited. Most often during the
hydrogenation, substituted azobenzene, successively
adding two moles of hydrogen and then - are
converted into the corresponding amines2¢8:3,
In general, such a mechanism is consistent with
the chemical transformations of the intermediate
products - substituted azoxy- and azobenzenes,
shown in Figure 1.

Haz. catalyst
—_—
H0

I Vi

A

Fig. 8. The mechanism of hydrogenation of ethyl 4-nitrobenzoic acid??
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A certain analogy is noted in the kinetic
regularities of the reactions of liquid-phase
hydrogenation of the azogroup and the -C = C-bond
in the alkene derivatives?¢8:38,

Examples of the effect of the nature
and composition of the solvent on the rate and
selectivity of reactions involving not only substituted
nitrobenzenes but also azobenzenes are given in%,
4748 Chemical transformations in the reactions of
liquid-phase hydrogenation of compounds whose
molecules contain several functional groups
capable of participating in the catalytic process are
substantially complicated®¢838, Each of the groups,
having a different reactivity with respect to hydrogen,
makes an unequal contribution to the overall rate of
hydrogenation*®°,

As for the stoichiometric mechanism of
such reactions, most often it cannot be represented
as a simple set of stages of chemical transformations
of individual functional groups: there is the possibility
of steric hindrance, which reduces the rate of
their interaction with hydrogen, the probability
of side condensation of intermediate products,
intramolecular regrouping and cyclization, which
leads to the formation of various compounds®'-6°,

It can be assumed that the kinetic
parameters of the reactions of liquid-phase
hydrogenation of compounds with several reactive
groups, primarily selectivity, are most sensitive to the
properties of the catalytic system and to changes in
the conditions of the process.

The hydrogenation of one of the most well-
known classes of compounds with various reactive
groups - substituted 2-hydroxynitroazobenzenes
- was studied in%®', Fig. 9 shows the scheme of
chemical transformations of 2-nitro-2’-hydroxy-5’-
methylazobenzene during liquid-phase hydrogenation.
Substituted 2-hydroxynitroazobenzenes are the
starting materials for the preparation of compounds
of the class 2H-benzotriazoles, which are effective
photostabilizers of polymeric materials. The authors
have found that, regardless of the nature of the
catalyst and the solvent, in reaction with hydrogen
participate simultaneously both nitro and 2-substituted
azo hydroxynitroazobenzenes. At the initial stage of
the reaction, nitroso- and nitrohydrazo derivatives

(products 2, 5inthe scheme of Fig. 9) are formed. Further
hydrogenation of the substituted 2-nitrosoazobenzene
proceeds through the hydroxylamine derivative (3)
to form the aminoazo derivative (4), which then in
the presence of the catalyst is converted to
1,4-phenylenediamine and 2-hydroxy-5-methylaniline
(15), (16) via the amino hydrazo derivative (6). The
hydrazo group of substituted 2-nitrohydrazobenzene
(5) catalytically decomposes to form 4-nitroaniline
and 2-hydroxy-5-methylaniline (14), (16). Further,
4-nitroaniline, reacting with hydrogen, is converted to
1,4-phenylenediamine (15). Some intermediate products,
in particular, (2), (3) and (9), are localized only in the
surface layer of the catalyst, and their concentrations in
solution are either absent or very small.

The main feature of the hydrogenation
of substituted 2-hydroxynitroazobenzenes is
that the intermediate products of the nitro and
azo group conversions are capable of forming a
triazole ring, the rearrangement of the substituted
2-nitrosoazobenzene occurs in the surface layer
of the catalyst and 2-nitrohydrazobenzene is
homogeneous in the volume of the solution.
During the triazole rearrangement, the N-oxide
of substituted benzotriazole (7) is formed in the
reaction medium, which, catalytically reacting
with hydrogen, is converted to substituted 2H-
benzotriazole (8). When the reaction is carried out
at high hydrogen pressures, low concentrations
of 2-hydroxynitroazobenzene and a high catalyst
content, further hydrogenation of the -C=C- and
-C=N-bonds in the molecules of substituted
2H-benzotriazoles is possible with the formation of
di-, tetra-, hexa- and octahydrodroducts (products
(10), (11), (12) and (13).

Information on the study of the mechanism
of reduction of di- and poly-nitrocompounds is very
insignificant. For example, the hydrogenation of
di- and trinitrobenzanilides on a Pd/C catalyst in
dimethylformamide at 5. 0 MPa and 333 K was
studied in®®¢', It was shown that when hydrogenation
of 2, 4-dinitrobenzanilide of nitro group at position 2’,
and in 4, 4'-dinitrobenzanilide at position 4’ reduces
to form, respectively, 2’-amino-4-nitro and 4-amino-
4’-nitrobenzanilides.

Depending on the conversion in the catalyst,
the starting, intermediate and final products are
present. The reduction of 2’, 4, 4-trinitrobenzanilide
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was also studied. It was found that the most reactive
nitro groups are at positions 2’ and 4. In fact, in
the reduction of the 4’-nitro group, the assumption

was made of the preferential adsorption of 2’, 4’,
4-trinitrobenzanilide on the catalytic surface by 2’
and 4-nitro groups.

H
. A m s )] — }—.\ D D | o
G N N—N
4\\1\/.\ N CHy @;{ 3 CHy N J
\\.j/,’\;o- S X0, ('H’
© +Hy| -HO /E:O
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Y i 1 ey
\_J [ o
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~H; ~H, | HO} HO\
N . N
3 _ AN . { Ny T kY -"‘:..
Y Ny N \‘ // o
—x ) cn, s ~: Hy om CHy|
NHOH Jads / x 3_\
o = e S
-}I:\ -H0 11 & P\
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CH,
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4 S S on g 59
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NH; +3H |- 1H 0 16 % Ny
Hy q CH;
NH) + CHy 12 -,
HO- 2 Ly NH; HO
6 W — ) 8 \
/\/‘—‘A\/\(Hs N 1s /\V-“ =N\
5 13 b N R—

"\/\ NH;

Fig. 9. Chemical transformations of 2-nitro-2’-hydroxy-5’-methylazobenzene in liquid-phase hydrogenation: Ar=2’-hydroxy-
5’-methylazobenzene; Ar’'=2’-hydroxy-5’-methylhydrazobenzene; 1-2-nitro-Ar; 2-2-nitroso-Ar; 3- 2-hydroxylamine-Ar; 4-2-
amino-Ar; 5-2-nitro-Ar’; 6-2-amino-Ar’; 7-N-oxide-2’-hydroxy-5’-methylphenyl benzotriazole; 8-2’-hydroxy-5’-methylphenyl-
benzotriazole; 9 - transition state of the product 5; 10-13 di-, tetra, hexa, octahydro-derivatives of 2’-hydroxy-5’-
methylphenylbenzotriazole; 14 - 2-nitroaniline; 15-1, 4-phenylenediamine; 16-2-hydroxy-5-methylaniline.

In®'" the mechanism of liquid-phase
hydrogenation of aromatic nitrocompounds on
palladium-containing polymers is considered. The
author believes that the hydrogenation process
begins with the interaction of molecular hydrogen
with the catalyst metal centers, then the molecules
of the nitro compounds interact with metal centers
containing activated hydrogen. The resulting adduct
is reduced in turn by hydrogen adsorbed on the
surface of the catalyst, after which the resulting
amine is displaced into the solution by molecular
hydrogen (Fig.10). Based on the fact that the degree
of filling the “surface” of the catalyst with reagents
does not affect the process speed, because the
concentration of hydrogen and nitro compound
is many times greater than the concentration of
active sites, the author believes that the rate of
hydrogenation is determined by the “pushing” of the
amine molecule into the solution.

,,.HE*

Y

Pd(0)

1Pd(0)+Hy — #Pd(0)

CNHI &
1.

Fig.10. Mechanism of liquid-phase hydrogenation of
aromatic nitrocompounds on palladium-containing

N_

%
£

Hm\c’

The hydrogenation of more than 10 aromatic
mono- and dinitrocompounds on Al,O,-supported
catalysts based on platinum-group metals in various
solvents under increased hydrogen pressure was
studied in?3852536264 The effect of the structure and
position of substituents on the aromatic ring on the
kinetics and mechanism of reduction of aromatic



SASSYKOVA et al,, Orient. J. Chem., Vol. 35(1), (2019) 10

nitro compounds over 4% Pd/Al,O, was studied.
It is shown that the aromatic nitro compounds
studied are reduced in the hydrogenation direction
without accumulation of products of isomerization
and hydrogenolysis. Hydrogenated aromatic
nitrocompounds, by decreasing the rate of reduction,
form a series:

p-nitrophenol>o-nitrophenol> p-nitroaniline>
m-nitroaniline> o-nitroaniline>; 2,5-dinitrophenol>
2,4-dinitrophenol> 2,6-dinitrophenol (Figure 11).

A rectilinear relationship between the rate
constants and the constants of Hammett substituents
was revealed. The experiments confirmed that
electron-donor substituents reduce the rate of
reduction of nitro compounds.

V. em'H,
800
720
6407
560
480

400

204 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 Tmn

Fig. 11. Kinetic curves for the reduction of various nitro
compounds over 4% Pd/ Al,O, at PH2 = 1.0 MPa, T = 293 K,

1-nitrobenzene, 2 — 2,5-dinitrophenol, 3-p-
nitrophenol, 4-2,6-dinitrophenol, 5-o-nitrophenol,
6-p-nitroaniline, 7-2,4-dinitrophenol, 8- m-nitroaniline,
9- o-nitroaniline.

The reduction of twelve o-, m- and
p-substituted nitrobenzene derivatives at atmospheric
pressure and room temperature was studied in65,66.
As catalysts, the authors used Ni-skeleton and
Ni-skeleton, modified with Pt.

It is established that the chemical nature
and position of the substituents on the aromatic
nucleus influence the kinetics of the process, the
hydrogenated compounds can be written down in
terms of the rate constants: p-CHO >m-Cl > 0-OH
> m-CHO > o-NH, > p-OC,H, > m-OH > m-CH >
H > m-NH, > p-CH, > p-OH.

The p- and m-substituents in this series,
with the exception of p-OC,H,, are located in the
series shown according to the values of the Hammett

substituent constants in decreasing order.

In%8, when the nitrobenzene, o-nitroanisole,
o-nitrophenol, dinitrotoluene, and p-nitrophenol
were reduced at atmospheric pressure, it was
found that the apparent activation energies are
very different and are in the range 20.1-36. 0 kJ/
mol. The highest adsorption capacity was observed
for o-nitrophenol. The authors believe that a rather
large spread in the values of apparent activation
energies is associated with the structure of nitro
compounds and the influence of substituents on
the electron density in the aromatic nucleus. The
reduction of nitroalkylphenols at room temperature
and atmospheric pressure was studied in®®, |t
is shown that the reduction rate decreases with
increasing size and complication of the structure of
the substituents, which is explained by the authors of
the presence of spatial difficulties. In the works?386569,
in the study of the hydrogenation of nitrobenzene,
p-nitrophenol, p-nitrotoluene, p-nitrochlorobenzene,
p-nitroaniline in various solvents on colloidal Rh and
Pd at atmospheric pressure, it is noted that the type
of substituent affects the reaction rate in those cases,
when the order of the reaction on the substrate is of
the first or fractional order. If, on the other hand, the
reaction order on the hydrogenated nitro compound
is zero, then the substituents do not influence the
reaction rates and the duration of the process.

In’® the hydrogenation of m- and
p-substituted nitrobenzenes in synthesized from
colloidal rhodium and palladium catalytic systems
supported on polyvinyl alcohol was investigated. The
process was studied at atmospheric pressure and
ambient temperature. It was found that the reaction
order for the nitro compound on both catalysts is
zero. The rate of reduction of para-derivatives is
reduced in the series.

NO,C,H,CN>NO,C H,CHO>(NO,),C H,>NO,C H,C

276 4 276 4

OOH>NO,C.H,I>NO,C.H,CI>NO,C.H,Br>C,H,NO,>

276 4

NO,C,H,0CH,> NO,C.H,NH, @)

For m-substituents authors observed an
other series of reducing reaction rate.

NO,C.H,CI>NO,C ,H,Br>NO,C_H,CHO>
C,H,NO,>NO,C.H,COOH> NO,C,H,NH, 3)
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The authors of the study showed an
increase in the reduction rate of compounds
having substituent groups attracting electrons and,
conversely, a decrease in the reaction rate in the
case of hydrogenation of nitro compounds with
electron-repelling substituents. Halogen-substituted
nitro compound with a m-position substituents is
reduced on a rhodium catalyst with the highest
speed. By the opinion of the authors, the rhodium
catalyst is the process due to the presence of ionized
hydrogen, and on the palladium catalyst - with
the participation of hydrogen atoms. The authors
provide a stepwise mechanism for the reduction
of nitrobenzene and support their conclusions with
data on the electronic configurations of Pd and Rh
atoms and the difference in the nature of hydrogen
adsorption with palladium and rhodium.

In the hydrogenation of various aromatic
nitrocompounds in ethanol at atmospheric pressure
in the presence of Ru-catalyst reaction rate
decreases in the order":

p-nitrobenzonitrile> p-nitrobenzoic acid>
p-nitrophenol> p-chloronitrobenzene> nitrobenzene,
p-nitroanisole, p-nitroaniline, p- nitrotoluene,
p-bromonitrobenzene (4)

The mechanism of catalytic reduction of aromatic
nitro compounds created by Ya.A. Dorfman

The orbital approach to the Ya.A. Dorfman
mechanism is constructed in the light of modern orbital
representations and is valid for the hydrogenation of
the nitro group on various catalysts.

The mechanism proposed by Ya.A.
Dorfman®, is considered using the orbital theory
of catalysis. The most important factors, according
to the author, are the electronic configurations
and energies of the free orbital and the occupied
orbitals of the ground state of the active catalyst, the
o- and n-acceptor and - and n-donor capacity of
substituents, the pH of the medium, which regulate
the direction of chemical transformations of nitro
compounds.

In accordance with the mechanism proposed
by Ya. A. Dorfman, the catalytic reduction cycle of nitro
compounds consists of the following stages:

- dissociation of hydrogen.
- hydrogenation - NO,, - NO-groups.
- hydrolysis of HO-NH.

Ya.A. Dorfman assumed that nitro
compounds attach three molecules along three main
routes. Nitro compounds and intermediates have
a polar bond of N-O and the effect of the catalyst
depends on the method of substrate coordination.
The first two routes (rn-route and o-route) differ in
the way of coordination of nitro compounds and
intermediates with the catalyst.

The first stage of hydrogenation is the
activation of hydrogen. The condition for the
activation of hydrogen is the ability of the metal to
form o-bonds with the hydrogen atom, since the latter
does not form other bonds. This condition is satisfied
both by copper and palladium.

The next stage is the activation of the
nitro group. Nitro compounds can be adsorbed and
hydrogenated on three routes:

- The 1t way is by means of n-bonds of the
nitro group,

- The 2" way is through the oxygen atom,

- 3path through the interaction of intermediates
with the formation of dimers - azo- and diazo-,
which occurs in alkaline media.

The first path (n-route) is characteristic
for contacts that activate nitro compounds and
intermediates by n-coordination.

The second mechanism (o-route)
hydrogenates nitro compounds and intermediates
on catalysts preferring o-coordination. The process
on both routes starts with the activation of hydrogen
and nitro compounds. The interaction between them
leads to the accumulation of nitrosobenzene which is
hydrogenated to phenylhydroxylamine and aniline.

The share of the third route, apparently,
grows in an alkaline environment. Hydroxyl ions
catalyze the reaction between intermediates
(nitrosobenzene) and aniline, leading to the
formation of azobenzene, which is then reduced to
hydrazobenzene and aniline.

The first route, like the other two, originates
from the stage of hydrogen activation.
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Hydrogenation begins with the stage of
hydrogen activation, as a result, atomic hydrogen is
formed on the surface. To convert NO, to NH,, three
hydrogen molecules are needed.

The reduction of the nitro group proceeds
according to the scheme (Figure 12):

The orbital theory of catalysis introduces three
conditions to hydrogen activators

Oxidative addition of the hydrogen molecule
will easily proceed on catalysts with electronegativity
of 1.7-2.2, and low energy of promoting of the p,-
state. The third condition is the ability to form c-bonds

o
J o]
H 0 =N— M
el e o — ¥
M2 oy N0 oy g g
| | |
H_M M —H M
|
HO — NH HO
| ] ]
M — M ___a M

| I I
H H H
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with hydrogen atoms, because hydrogen does not
form other bonds. These conditions can withstand
mainly the elements of the VIlI-group of the Periodic
Table of D.I. Mendeleev.

On the first route the metals, activating
nitro compounds and products using the n-bonds,
are active to hydrogenate. The second route
(o-route) is realized on catalysts interacting with nitro
compounds and intermediates through an oxygen
atom. The third route can be in alkaline media on
low-activity catalysts. As a result, the intermediates
can react with each other, and the catalyst already
hydrogenates the condensation products.

0
[ |
HO — NH 0o=N 0— NH
| | I H,
M—H —w M—H—» M—H —2u
| HO0 | |
M —H M—H M
|
NH
! |
— M . M +NH,
| H,O |
H H

Fig.12. Mechanism of catalytic reduction of aromatic nitrocompounds by Dorfman

The next selection of catalysts is made
by the second stage, in which the nitro group is
activated. The order of the N-O bond and the O =N
= O bond angle depends on the way the nitro group
interacts with the catalyst.

An analysis of the electronic structure of the
nitro group shows that the nitro compounds can be
coordinated with the catalyst both with the help of
the n-bond and with the participation of the oxygen
atom. The largest negative charge is localized on
oxygen atoms. The method of coordination of the
nitro group is determined by the orbital energy
of the electrons of the catalyst. The oxygen atom
of the nitro group tends to participate in charge-
controlled interactions, and n-bond, on the contrary,
requires orbitally-controlled reactions. Therefore,
metals prone to charge-controlled reactions will be
coordinated with the nitro group through an oxygen
atom, and the metals forming orbital-controlled
bonds will be combined with the n-bonds of the nitro
group. The propensity to create charge-controlled
bonds usually changes antiballically to the oxidation-
reduction potential of the metal, and the efficiency
of orbitally controlled bonds increases with the
oxidation-reduction potential of the elements.

In the VIII group, the redox potentials have
the following values, eV.

Fe (-0. 44) < Co (-0. 28) < Ni (-0. 25) < Ru (0. 79) <
Os (0.87) < Rh (0. 87) <Pd (0. 89) < Ir (0. 93) < Pt
(0. 98) (5)

Consequently, the contribution of the
orbitally-controlled interaction in this series increases
from left to right, and the share of the charge-
controlled interaction increases from right to left.
So, on the n-route, the catalyst activates the nitro
compounds, reacting with the n-bonds of the nitro
group. Hence, such a path is chosen by catalysts
prone to the formation of n-bonds. In the Periodic Table
of D.I. Mendeleev ability to create n-bonds increases
from right to left and from top to bottom. If we take into
account the requirements of the first stage, then we
can assume that metals of the type Pt, Pd and Rh,
located at the bottom of the VIlI-group of the Periodic
Table of D.I. Mendeleev will choose the r-route.

Further selection of catalysts is done based
on the transition state of the next stage. A rough
estimate shows that the metals of the VIlI-group
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and the I-subgroup of the periodic table Mendeleyev
in the hydrogenation of nitro compounds have the
following configurations (Table 1). Hence it can be
assumed that Pd and Cu act by the free orbital with a
high s0 character, and the remaining metals react by
vacant orbitals with an increased d° contribution.
Table 1: Electronic configurations of metals of

VIl group and I-subgroup of the D.l. Mendeleyev
Periodic system

Metal Electronic configurations
Fe 3d%4s?
Co 3d74s?
Ni 3d®4s?
Cu 3d'%4s’
Ru 4d’5s’
Rh 4d85s!
Pd 4d'°
Os 5d°%6s?

Ir 5d76s?
Pt 5d%s’

The orbital diagram shows that the metals
acting by the free s orbit create a symmetry inhibition
at the stage of the reaction of the nitro compound
with the hydrogen atom. Metals that work with a
vacant d° orbit, on the contrary, help the reaction of
the nitro group with the hydrogen atom.

At the next stage of the =-route, the
hemihydrogenated form of the nitro compounds
adds the second hydrogen atom. Then there is a
non-catalytic reaction of the splitting of water from
the intermediate product molecule and the formation
of nitrosobenzene. After this stage nitrosobenzene
(R-N=0) enters the catalytic cycle of the n-route.
Nitrosobenzene is also a sulfficiently polar molecule
and can be coordinated through the n-bonds of N-O
and the oxygen atom. In the w-route, nitrosobenzene
is activated by the formation of n-bonds with the
catalyst. Nitrosobenzene joins the second hydrogen
molecule in the same orbital scheme as nitrobenzene.
Here, the lowest free d-orbitals of the working
catalysts also differ in favorable nodal symmetry.
Catalysts acting by their vacant orbitals with a high
s-character create a barrier to the hydrogenation
of nitrosobenzene to phenylhydroxylamine. After
the absorption of the second hydrogen molecule,
phenylhydroxylamine enters the reaction. Metals that
prefer charge-controlled coordination will interact
with phenylhydraxylamine through an oxygen atom.
The contribution of o-cordination will increase
with decreasing oxidation-reduction potential of

the complexing agent. Elements prone to orbitally
controlled binding will adsorb phenylhydroxylamine
through a nitrogen atom. And at these stages of the
n-route, the catalysts acting better with free orbitals
with increased d-contribution are better.

The n-route ends with the reaction of
hydrogenation of phenylhydroxylamine to aniline. It
can be expected that the proportion of the n-route will
increase with the increase in the acceptor properties
of the substituents of the nitro compounds.

Forecasts of the orbital theory of
catalysis agree well with experimental data on the
hydrogenation of nitro compounds on Pt, Pd, and
Rh-catalysts. In a water-alcoholic medium, nitro
compounds on such catalysts are hydrogenated to
zero order without the accumulation of intermediates,
and the reaction rate positively reacts to an increase in
the acceptor capacity of the substituents. For n-route,
the catalyst basicity condition is unfavorable.

For the o-route, on the contrary, the rate
increases with the enhancement of the basicity of
the catalyst. The o-route begins with the activation
of hydrogen. The o-route at this stage puts forward
the same orbital requirements as the =n-route.
However, already the second stage of the O-route
presents absolutely opposite requirements. For
o-coordination of nitrocompounds, nitroso compounds
and phenylhydroxylamine, metals preferring charge-
controlled interactions, i.e., having a low oxidation-
reduction potential are needed. Therefore, for the
o-route, catalysts from the upper part of the VIlI-group
of the Periodic Table of D.I. Mendeleev are needed.

In 3, 4 stages, nitrosobenzene is formed
by sequential addition of two atoms of coordinated
hydrogen from nitrobenzene. Orbital diagram shows
that on the o-route in a more favorable position are the
metals acting with free orbitals with a high s-character.

The reaction of hydrogenation of
nitrosobenzene to phenylhydroxylamine continues the
previous stage and presents similar requirements to
the catalyst. For the hydrogenation of nitrosobenzene,
catalysts that have in the coordinated state free
orbitals with a high s-contribution are needed.
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For the final stage of the o-route, in which
phenylhydroxylamine is converted to aniline,
catalysts that release the orbitals with increased
d-contribution under the influence of reagents
(and also solvent, carrier) are more suitable.

So, the o-route sets absolutely opposite
conditions for the catalysts than the n-route. In this
way, the reaction is carried out by catalysts preferring
a charge-controlled combination, necessary for
o-coordination, and acting by free orbitals with a high
s-character required to provide reactions between
hydrogen atoms and o-coordinated nitrobenzene
and nitrosobenzene.

The electronic structure of the nitro group
is as follows: thirteen valence electrons of the NO,
molecule form the following configuration: ¢2, Gzy,
nzy, 2p?, 2p?, nzy, o' . The first three orbitals: 6, Gzy,
nzy are binding, the other - 2p2?, 2p?, Tczy, c', remain
unbound. The total number of binding electrons is six,
which corresponds to an average bond order of 1.5.
The molecule has an angular shape with n-bonds.

At the stage of coordinating the oxygen
atom of the nitro group, nitrosobenzene is formed
by successive addition of two coordinated hydrogen
atoms from nitrobenzene. The orbital diagram shows
that in a more advantageous position, there are
metals acting by means of free orbitals with a high
s-character. The nodal symmetry of the d-orbitals
creates an energy barrier at the stage of addition
of the first hydrogen atom to the nitrogen atom of
nitrobenzene. Slightly in a better position than the
s-orbitals, there are d-orbitals during the addition of
the second hydrogen atom to the hemihydrogenated
form of nitrobenzene. On d-metals, the second
hydrogen atom attacks the bonded portion of the
oxygen atom, and on the s-metals it does not.
In the latter case, the reaction occurs due to the
presence of an unshared pair of oxygen atoms. A
busy, unshared oxygen orbit ensures the flow of
this stage and reduces the energy barrier. Thus,
the orbital consideration of the hydrogenation stage
of nitrobenzene to nitrosobenzene shows that the
activation energy of the reaction is less for metals
operating with free orbitals with a high s-character.
Such a mechanism is quite the opposite of the
n-coordination of the nitro group on Pd.

The next stage of hydrogenation of
nitrosobenzene to phenylhydroxylamine is similar to
the previous one. On the orbital diagram, to prove this
conclusion, the operating orbitals of nitrosobenzene,
hydrogen and the catalyst are shown at the stage of
addition of the first hydrogen atom to nitrosobenzene
and operating orbitals at the stage of addition of the
second hydrogen atom to the hemihydrogenated
form of nitro-zobenzene. At this stage nitrosobenzene
passes into phenylhydroxylamine.

Hydrogenation of the coordinated
phenylhydroxylamine consists in the hydrogenolysis
of the O-N bond to form an amine and a hydroxyl
group. Then the hydroxyl group attaches the
second hydrogen atom and turns into water. Orbital
consideration also satisfactorily explains this stage
of the process.

Thus, the mechanism proposed by Y.A.
Dorfman, based on orbital modeling, helps to
understand the complex nature of the action of
catalysts in the hydrogenation of nitrobenzene and
its derivatives and can be used in predicting the
properties of catalysts and developing selective
catalytic systems.

CONCLUSION

The classical scheme of the mechanism of
hydrogenation of Haber-Lukashevich, specified and
updated by V.P. Shmonina, was recognized by most
authors. In most of the works, the classical scheme
of the mechanism of the hydrogenation of Haber-
Lukashevich nitrobenzene is confirmed and detailed by
experimental methods. However, there are alternative
judgments, as an opinion of E. Gelder et al.,

According to the mechanism of Ya.A.
Dorfman, the most important factors are the
electronic configurations and energies of the free
orbital and the occupied orbitals of the ground state
of the active catalyst, the - and rw-acceptor and o-
and n-donor capacity of substituents, the pH of the
medium, which regulate the direction of chemical
transformations of nitro compounds.

The complexity of studying the mechanism
of nitro compounds reduction can be explained by the
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multistage nature of the reduction of the nitro group,
as well as the effect on the rate of hydrogenation of
many factors.

The described schemes of the mechanism
for the reduction of aromatic nitro compounds allow
us to consider the process from various sides, and,
not contradicting each other, supplement the overall
picture.
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