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Study of the products of platinum-catalyzed hydrogenation of chlorinated
nitro and amino aromatic compounds at high degree of dehalogenation
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The kinetics of formation and consumption of the dehalogenation products during hydro-
genation of 3,4-dichloronitrobenzene under static and gradient-free flow conditions and hydro-
genation of p-chloroaniline under static conditions were studied in the presence of platinum
supported on active carbon. In the former case, p-chloroaniline and aniline are the primary
dehalogenation products; in the presence of the catalyst, they can react with each other giving
biphenyl derivatives, whose synthesis and accumulation in the reaction mixture occur with
a considerable delay and have not been investigated before.
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Liquid-phase hydrogenation of chlorinated aromatic
nitro compounds in the presence of heterogeneous cata-
lysts is used in industry to produce amino derivatives,!
being the most efficient method for their synthesis.
However, this catalytic hydrogenation process is compli-
cated by the side elimination of chloride ions, which occurs
to a higher or lower extent on all known hydrogenation
catalysts. Together with chloride ion elimination from the
obtained amino compounds, more extensive transforma-
tions of amines also take place and give additional side
products.2—3 Previously,%—? the kinetics of dehalogenation
of the chloroanilines formed was investigated by measur-
ing the initial rates of chloride ion accumulation, and the
process was shown to be retarded by the reaction products
and the solvent. No quantitative description of the stepwise
elimination of chloride ions from chloroanilines contain-
ing more than one Cl in the molecule is available from the
literature.

Most of the studies dealing with hydrogenation of
halogenated nitro compounds are aimed at increasing the
yield of halogenated amino compounds. Some recent
studies in heterogeneous catalysis are directed towards the
preparation of valuable products such as arylhydroxyl-
amines, !0 which are formed as intermediates of reduction
of substituted aromatic nitro compounds. A number of
publications are devoted to hydrodechlorination of chloro
amino compounds formed during hydrogenation.19—14 In
the published studies on hydrodechlorination, metals sup-
ported on new type materials, e.g., nanocarbon materials
or y-Fe,05 nanoparticles, have been recently used. The
extents of halogen elimination, in particular, on contact
with platinum, are, most often, moderate (not more than
3—5% and, only in rare cases, up to 10—12%). Under

these conditions, the composition of hydrodechlorination
products is quite predictable and virtually no other com-
pounds are formed.

This study is devoted to catalytic hydrodechlorination
of chloroanilines formed from the corresponding nitro
derivatives on a platinum catalyst supported on active
carbon, including identification of transformation steps of
the starting reactants and intermediates formed at higher
(more than 20—50%) degrees of chlorine elimination.

The present publication outlines the results of static
experiments on catalytic hydrogenation of the amino
compounds, 3,4-dichloroaniline (3,4-DCA) and p-chloro-
aniline (PCA), which are formed in situ upon 2.5%Pt/C-
catalyzed hydrogenation of chlorinated nitro compounds
(3,4-dichloronitrobenzene (3,4-DCNB) and p-chloro-
nitrobenzene (PCNB)) at high (more than 20—50%)
degrees of chlorine elimination. We expected that binuclear
derivatives of chlorinated aromatic amines will be detected
at these high degrees of chlorine elimination. However,
static experiments consider two processes that are assumed
to be independent of each other, namely, the initial
hydrogenation of the nitro compound and the intermediate
chlorinated N-arylhydroxylamine and the subsequent
transformation of the resulting amino compound.!® In
a real process, especially in hydrogenation in stirred reac-
tors, the above-indicated reactions occur simultane-
ously and affect each other. Therefore, hydrogenation of
3,4-DCNB and dehalogenation of 3,4-DCA were studied
also under gradient-free flow conditions, in which hydro-
genation of the nitro group and intermediates of its reduc-
tion proceed simultaneously with hydrodechlorination.
Thus, it was possible to evaluate the influence of the start-
ing nitro compound and intermediates on elimination of
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chloride-ions from the amino derivative and its further
conversion during the reaction

Experimental

3,4-Dichloroaniline (3,4-DCA) and p-chloroaniline (PCA)
were obtained in situ during hydrogenation of 3,4-DCNB and
PCNB conducted under static conditions in the presence of
a platinum catalyst in a temperature-controlled catalytic "duck”
(50£0.2 °C) in an aqueous solution of azeotropic 2-propanol.
The samples from the reaction mixture were analyzed for the
nitro compound, nitroso derivative, amino derivative, and the
intermediate arylhydroxylamine. Analysis was carried out by
voltammetry using a three-electrode circuit. During hydrogena-
tion, the amount of absorbed hydrogen was recorded. The pro-
cedure of liquid-phase hydrogenation under static conditions has
been described previously.5 After hydrogen absorption (3 moles
per mole of the starting nitro compound), the reaction mixture
was a solution of either 3,4-DCA or PCA. This mixture was used
to study hydrodechlorination of the chloro amino compound
formed. The content of chloride ions was determined by poten-
tiometric mercurometric titration. The contents of dehalogena-
tion products and side products were determined by chromatog-
raphy on a Khrom-4 instrument (FID, a 2.5 mx3 mm glass
column, 15% polyethylene glycol adipate on chromaton DMCS,
He as a carrier gas, ~140 °C). The samples were also analyzed on
a Clarus 500 GC/MS instrument (Perkin-Elmer). A 30 m capil-
lary column with 0.53 mm film thickness and with PE-5MS
nonpolar stationary phase (5% biphenyl, 95% methylpolysil-
oxane) was used; the temperature was 220 °C; helium served as
a carrier gas.

The procedure of liquid-phase catalytic hydrogenation under
gradient-free flow conditions was reported previously.13

Commercial nitro compounds (analytical grade) were distilled
twice and recrystallized twice (after purification, the content of
the major substance was 99.7—99.9%) from isopropyl alcohol
(chemically pure grade, TU-6-09402-75) of a nearly azeotropic
composition. The Pt/C catalyst (BPL-2,5, TU-602-7-99-78)
contained 2.24+0.2% platinum. The catalyst particle size was
80—200 um. The catalyst loading was 0.3—1.0 g, the solution
volume in the duck was 30—55 mL. Hydrogen (GOST 3022-80,
grade A) with a hydrogen content of at least 99.99% based on dry
gas was used as a reducing agent.

Results and Discussion

The results of stepwise 3,4-DCA hydrogenation ex-
periments carried out under static conditions at 50+0.2 °C
in the presence of the 2.5%Pt/C catalyst, which include
data on 3,4-DCA consumption and the curves of accu-
mulation of hydrogenation products with time, are shown
in Fig. 1. The 3,4-DCA hydrogenation is accompanied by
the formation and consumption of PCA (curve 2) and
aniline (3) and accumulation of the side products formed
(4). For conversion times less than ~125 min, PCA and
aniline are the major reaction products (the difference
between the substrate concentration and the total concen-
tration of the products does not exceed ~2%). After

C/Cy, [CI71/2[ Dy

1.0 5..*.
@
0.9 | \o\.\. . i
—
0.8 F ——
= o
0.2 5

100 200 300

t/min

Fig. 1. Hydrogenation of 3,4-DCA in a solution of 2-propanol
at 50£0.2 °C in the presence of the 2.5%Pt/C catalyst under
static conditions: consumption of 3,4-DCA ([/); formation of
p-chloroaniline (2), aniline (3), and side products (4); accumu-
lation of chloride ions ([CI7]/2[Dy]) (5), [Dy] is the initial
concentration of 3,4-DCA.

~125 min, the concentrations of the intermediate PCA
and aniline products reach the maximum values almost
synchronously and then slightly decrease. After that, the
formation of dehalogenation side products is significantly
enhanced. By this time, the hydrogen absorption rate
(Fig. 2) markedly decreases (~1.7-fold).

According to gas chromatography—mass spectrometry
data, 4-aminobiphenyl is the major dehalogenation side
product. MS (EI, 70 eV), m/z (I, (%)): 169 [M"] (34).

A minor amount of either 4-cyclohexylaniline or
4-phenylcyclohexylamine (up to ~2—3% relative to the
amount of 4-aminobiphenyl) is also formed. With increas-
ing conversion during further hydrogenation, the concen-
tration of 3,4-DCA decreases very slowly.
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Fig. 2. Variation of the H, absorption rate vs. time during hydro-
genation of 3,4-DCA (/) and PCA (2) under static conditions.
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Similar trends in the product distribution are observed
during PCA hydrogenation under static conditions. Figure 3
shows the curves of PCA consumption (/) and accumu-
lation of aniline (3), side products (4), and chloride
ions (2). The simultaneous variation of the hydrogen
absorption rate during the reaction is shown in Fig. 2.
The curve of accumulation of chloride ions up to the reac-
tion time of ~50—52 min (the PCA conversion is ~20%)
coincides almost exactly with the aniline accumula-
tion curve. After ~75—77 min, when the degree of PCA
conversion exceeds 30—32%, side products are found
in the solution, namely, 4-aminobiphenyl and a mi-
nor amount (up to ~2%) of either 4-cyclohexylaniline
or 4-phenylcyclohexylamine. 4-Aminobiphenyl is also
formed after a time delay (see Fig. 3). The content of
chloride ions corresponds to the overall accumulation of
all dehalogenation products. The rate of H, absorption
decreases almost 1.5-fold by the time the side reac-
tions become noticeable (~75—80 min) (see Fig. 2).
Previously, !0 only aniline and cyclohexylamine were de-
tected in approximately equal amounts at PCA conversions
of up to ~14%, with platinum supported on a nanocarbon
composite being used as the catalyst in ethyl acetate or
ethanol solvent.

It is known10—18 that biphenyl and its derivatives can
be formed upon catalytic dehalogenation of aryl halides
with molecular hydrogen in an alkaline medium in the
presence of a palladium catalyst. In our study, these prod-
ucts are formed with a platinum catalyst. Since this route
of platinum-catalyzed dehalogenation of chloroanilines
to give biphenyl derivatives is little studied, we will consider
it in more detail.

C/Cy, [CIT]/[Ey]
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Fig. 3. Hydrogenation of PCA in 2-propanol at 50+0.2 °C in the
presence of the 2.5%Pt/C catalyst under static conditions:
(1) consumption of PCA, (2) accumulation of chloride ions
([CI71/1Eg], [Eg] is the initial PCA concentration), (3) formation
of aniline, (4) formation of side products.
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The above experimental data obtained for a static
process of 3,4-DCA hydrogenation suggest the following
scheme for its dehalogenation and subsequent transforma-
tions of the products (Scheme 1).

Scheme 1

2 HCI

E+F
NH,CI

The following designations are used in Scheme 1: D is
3,4-DCA, E is PCA, F is aniline, G is 4-aminobiphenyl
(as a sum with 4-cyclohexylaniline), and k—k4 are the
corresponding rate constants. Then the content of chloride
ions during 3,4-DCA dehalogenation can be found using
the equation

[CI7] = [E] + 2 ([F] + [G]). (1)

The applicability of Eq. (1) is confirmed by the plot
for [CI7]/[E] versus ([F] + [G])/[E], which is shown in
Fig. 4. It can be seen that the data of static experiments
and some data of dynamic experiments presented below
fit satisfactorily in the straight line with expected para-
meters.

First, we will try to find out whether or not direct
formation of aniline occurs in parallel during dehalogena-
tion of 3,4-DCA. This question can be answered using the
following approach. When the 3,4-DCA conversion is low,
the E and F consumption for the formation of G can be
ignored; in this case, using Scheme 1,19 it is possible to
derive the following approximate expressions for subse-
quent analysis:

[CI71/[E]

12

10

y=a+bx=103+ 1.99x

1 2 3 4 (IF1 + [G])/IE]

Fig. 4. Dependence of [CI7]/[E] on ([F] + [G])/[E] under
static (/) and gradient-free flow conditions (2).
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[FI/IE] = k3/ky + (kp/k1)(be/bp)(IE]/[D), (2)
(Bl . k1 kkbg A _, AD] 3
A[D] ky+ky 2 (kl +k3)2bD [DO] ‘ [DO] ’ &
ﬂ: k3 +l kale M_b + A[D] (4)

AD] "k +ky 2 (ky + k3 )by [Dg -
where k| and k5 are the rate constants for the 3,4-DCA
consumption according to successive and parallel path-
ways, respectively; k, is the rate constant for PCA con-
sumption; bg, b are the adsorption constants of PCA and
3,4-DCA, respectively (as shown previously,4— the bg/bp
ratio is close to unity), [Dy] is the initial concentration of
3,4-DCA, and A[D] is the consumption of D (moles).

If F is formed only from E, then a = 0; if F is formed
only from D, then b, = b = 0. Provided that a # 0 and
b =0, Fisformed in both successive and parallel pathways.
Figure 5, a—c shows the graphical processing of Eqs (2)—(4),
respectively. The difference between expressions (3) and
(4) is plotted in Fig. 5, d. As can be seen from Fig. 5, the
equations are properly linearized, and aniline formation
during 3,4-DCA dehalogenation proceeds by both suc-
cessive (from PCA) and parallel (from the starting di-
chloroaniline) pathways, with the successive pathway
being more intense. This is an additional piece of evidence
supporting the proposed scheme of transformations (see
Scheme 1).

On the basis of the presented graphical data, it is pos-
sible to roughly estimate the ratio of the rate constants for

[F1/[E] a
0.30
0.25
0.002 0.004 0.006 [E]/[D]
[FI/(IE] + [F]) c
0.23 F
022 F
0.21 |
0.20 E
0.002 0.004 0.006 A[D]/[Dg]

the parallel and successive pathways of 3,4-DCA consump-
tion: ksy/k; = 0.24.

The ratio of the products of kinetic and adsorption
constants for dehalogenation of 3,4-DCA and PCA and
aniline can also be estimated by assuming that the forma-
tion and consumption of PCA and aniline occur in a nearly
quasi-steady-state mode (see Fig. 1). Indeed, starting from
the time period of ~200 min, the concentrations of PCA
and aniline become nearly constant, and approximate
differential equations for the mass balance can be written
as follows:

d[E]/df = kleD — kzeE — k46E6F = O,

d[F]/dt = k36D + k26E — k46E6F = 0, (5)

where k;—k,4 are kinetic constants (see Scheme 1); 6p,
0, and O are surface coverages by 3,4-DCA, PCA, and
aniline, respectively, under the quasi-steady-state condi-
tions. Solution of Eq. (5) gives

k_zb_E: [Dst] ky — k3 6)
k by [Ey 2k

k_4b_FeF _hiths b_D[DS[]’ @
ky bp 2k, bg [Ey

ky bpBp ki +ky

) 8
ky  bg ky — ks ®

[E1/([E] + [F]) b
0.80
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A[D]/[Dy]
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([E] — [FD/([E] + [F]) d
0.62 |
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Fig. 5. Graphical analysis of Eqs (2)—(4) describing the initial segments of kinetic curves for dehalogenation of 3,4-DCA under
static conditions: (a) Eq. (2), (b) Eq. (3), (¢) Eq. 4, (d) difference between equations (3) and (4).
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where [Dg] and [E] are the standard concentrations of
3,4-DCA and PCA, respectively.

By substituting the quasi-steady-state concentrations
into Eqgs (6)—(8), one can calculate the ratio of the prod-
ucts of the above-indicated kinetic constants by the ad-
sorption constants

(ky/k)(bg/bp) 9.14
ks/k, 0.24
(ky/k3)(bg/bp) 38.1

(k4/k1)(bg/bp) 14.9
(k4/ky)(bp/bp)Op 163

It is necessary to explain that some of the calculated
ratios are represented as the quotient obtained by dividing
the products of constants by adsorption coefficients. The
latter are in the 1.1—2.0 range.”—?

Similar k,/k and k4/k| ratios were also obtained for
hydrogenation of PCA. Note that, as we demonstrated
previously,15 the dehalogenation of 3,4-DCA and PCA
under static conditions proceeds in the kinetic region.

Consider the results of experiments on 3,4-DCA hy-
drogenation in the presence of the starting nitro com-
pound, 3,4-DCNB, obtained under gradient-free flow
conditions. Figure 6 depicts the distribution of product
concentrations in the hydrogenation of 3,4-DCNB cata-
lyzed by 2.5%Pt/C under gradient-free flow conditions as
a function of contact load (K is the weight of the nitro
compound (g) per h per g of the catalyst). It can be seen
that with decreasing contact load, the concentration of
the chloride ion in the solution increases, and the conver-
sion of the nitro compound and consumption of the in-
termediate dichlorophenylhydroxylamine (3,4-DCPHA)
simultaneously increase. Figure 7 shows experimental data
on the distribution of dehalogenation products. It can be
seen that at high (more than 12 g (g h)~!) contact loads,

Ci/1A]
1.0

0.8
0.6

0.4

5 10 15

20 K/g(gh)~!

Fig. 6. Distribution of the relative concentrations (C;/[Aq]) of
the products of 3,4-DCNB hydrogenation in the presence of the
2.5%Pt/C catalyst under gradient-free flow conditions as a func-
tion of contact load (K): (/) 3,4-DCNB, (2) 3,4-DCPHA, (3)
3,4-DCA, (4) chloride ions. Here and in Figs 7 and 9, [A] is the
initial concentration of 3,4-DCNB.

0.07 |
0.06
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0.03
0.02 1
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Fig. 7. Distribution of the dehalogenation products during
hydrogenation of 3,4-DCNB in the presence of the 2.5%Pt/C
catalyst under gradient-free flow conditions as a function of the
contact load (K): (1) PCA, (2) aniline, (3) 4-aminodiphenyl.

only PCA and aniline are formed, while when the contact
load is below 10 g (g h)~!, the contents of aniline and
4-aminobiphenyl substantially increase, while building-up
of PCA concentration slows down.

Figure 8 presents the rates of consumption of 3,4-DCNB,
formation of 3,4-DCA, and accumulation of chloride ions
as functions of the contact load. It can be seen that the
consumption rate of the nitro compound reaches a limit-
ing value with increasing contact load; the rate of forma-
tion of the amino compound passes through a maximum,
and also tends to a constant value. The accumulation rate
of chloride ions increases with decreasing contact load,
passes through a maximum, and then decreases.

The mass balance equations for dehalogenation process
according to Scheme (1) proceeding during hydrogenation
carried out under gradient-free flow conditions can be
reduced to the following expressions:

k1Opfu — kyOpfa — k40pOp/y — WIEg] =0,
k30pfy T k2OpfH — k4OpOpfy — wlFgl =0,

k4Op0pf — wlGgl = 0, )

where k;—k,4 are the reaction rate constants along the
pathways of Scheme (1); w is the flow rate of the delivery
of initial mixture (L h=1); [Ey], [Fl, and [G] are PCA,
aniline, and 4-aminobiphenyl concentrations, respectively;
Of, OF are the surface coverages by PCA and aniline,
respectively; f is the efficiency factor for hydrogen.

Using these relations, the following ratios of the con-
stants were obtained for 3,4-DCNB hydrogenation ex-
periments under gradient-free flow conditions: k3/k; = 0.14,
kybg/k1bp = 9.2, k4bp/k br = 23.

Figure 9 shows the yields of 3,4-DCA upon the change
in the contact load for the process under gradient-free flow
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Fig. 8. Rates of 3,4-DCNB consumption (7), 3,4-DCA formation
(2) and chloride-ion accumulation (3) vs. contact load during
hydrogenation of 3,4-DCNB under gradient-free flow conditions
(a). Initial region of the curve of chloride-ion accumulation (b).

conditions. It can be seen that the yield reaches a maximum
when the contact load is in the range of 7.5—9.8 g (g h)~L.
When the contact load is more than 10 g (g h)~!, the yield
of the target amino compound decreases because of the
presence of unreacted starting nitro compound and inter-
mediate N-arylhydroxylamine derivative in the reaction
mixture. When the contact load is less than 8 g (g h)~!,
the yield decreases due to dehalogenation side reactions.
As can be seen, the highest yield of 3,4-DCA is about 90%;
therefore, for the use of platinum catalysts in the hydro-
genation of chlorinated aromatic compounds, it is neces-
sary to additionally modify the catalysts, or modify the
reaction medium by dechlorination inhibitors.5

Thus, it was shown that hydrogenation of 3,4-DCA in
the presence of a platinum catalyst up to 12%—14% con-
version of the starting 3,4-DCA gives PCA and aniline as
the reaction products; when the conversions are more than
15%, the rate of elimination of chloride ions markedly
decreases, the concentrations of the intermediate PCA

[D1/1Aq]

09 r

0.8

0.7

5 10 15 K/g (gh)~!

Fig. 9. Yield of 3,4-DCA vs. contact load during hydrogenation
of 3,4-DCNB under gradient-free flow conditions.

and aniline are nearly constant, and 4-aminobiphenyl and
minor amounts of 4-cyclohexylaniline appear in the de-
halogenation product mixture. The hydrodechlorination
of PCA also affords 4-aminobiphenyl. The kinetics of
stepwise elimination of chloride ions from 3,4-DCA under
static and gradient-free flow conditions was studied, and
kinetic constants and their ratios were determined. The
optimal conditions were identified, providing the highest
yield of the chloro amino compounds and minimizing the
formation of chloride ions in the catalytic hydrogenation
of chloro nitro compounds.

The authors are grateful to E. I. Knerel ' man and 1. G.
Shunina for conducting mass-spectrometric investigation
of samples from the reaction mixtures.
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