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Abstract

Synthesis of chemicals from the same starting material wherein more than one step involving complex reactions are
involved can be engineered to produce selectively the desired product by minimising both the by-product formation and
separation stages. Several products of industrial importance can be produced from the same starting material by choosing proper
conditions and nature and number of phases. The reduction ofp-chloronitrobenzene with sodium sulphide was investigated
in detail under different modes of phase transfer catalysis (PTC), such as liquid-liquid (L-L), liquid-solid (L-S reaction),
and liquid-liquid-liquid (L-L-L) processes. This selectivity engineered PTC reaction has been investigated from mechanistic
viewpoint and the rationale of selectivity is delineated.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In pharmaceutical and fine chemical industries, as
also specialty, dyestuff, agrochemical and fragrance
industries, multi-step and multi-phase batch reactions
are frequently encountered[1,2]. A challenging aspect
of multi-stage synthesis is that the complexity of the
process goes on increasing with each additional stage
thereby affecting the desired selectivity because as the
number of functional groups and the number of chem-
ically reactive centres in the molecule increase, steric
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hindrances increase and the thermal stability of com-
pounds decrease.

The basic building blocks in multi-step synthesis
are mostly aromatic compounds with incorporation
of such groups as halo, –NH2, –OH, –NO2, –SO3H,
alkyl, acyl, aryl, etc. which change the reactivity
of the cyclic compound and some times the colour
and odour of the final compound. Multi-step synthe-
sis is typically done via routes which do not take
into account the atom economy or the amount and
nature of co-products or by-products. Catalysis, if
any, is limited to homogeneous catalysis involving
highly corrosive substances posing disposal prob-
lems. Use of solvents is also very common. Some of
the important pre-cursors used in these industries are:
aniline, acetanilide, benzyl chloride, benzoic acid,

1381-1169/03/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00049-9



118 G.D. Yadav et al. / Journal of Molecular Catalysis A: Chemical 200 (2003) 117–129

monochlorobenzene, chloronitrobenzenes, cresols,
cresylic acid, cumene, cyclohexane, cyclohexanone,
dichlorobenzenes, dihydroxbenzenes, dimethyl sul-
fate, ethylbenzene, bisphenol-A,�-methyl-styrene,
nitrobenzene, nonylphenol, xylenes, phenol, phthalic
anhydride, pyridine, picolines, salicylic acid, etc.
[3]. From the process economics and environmental
viewpoints, the intensification of reaction rates and
enhancement of selectivities can be achieved through
selectivity engineering principle[3] which adopts the
following strategies:

(a) in a biphasic reaction, addition of a third solid
phase (porous or non-porous and/or catalytic or
non-catalytic), with particle size smaller than dif-
fusion film thickness. The triphasic system can
lead to an enhancement in rates by orders of mag-
nitude with reference to the original gas-liquid,
and liquid-liquid systems (micro-phase catalysis);

(b) converting a liquid-liquid reaction into liquid-
liquid-liquid or liquid-liquid-solid phase transfer
catalysis;

(c) heterogenising a homogeneous catalyst;
(d) cascade engineering or single pot synthesis;
(e) eclectically engineered composite catalysts;
(f) deliberate incorporation of mass transfer and/heat

transfer resistance;
(g) on a larger scale, integration of different plants on

the same site to achieve environmental goals.

Phase transfer catalysis (PTC) is now a mature
technique covering some 600 processes and majority
of these are conducted under liquid-liquid condi-
tions [4–6]. The intensification of L-L PTC reactions
and the selectivity can be greatly altered by con-
verting the same reaction as a solid-liquid reaction
where either of the phases could be organic or in-
organic. A small quantity of aqueous phase in a
solid (inorganic)–organic liquid phase leads to en-
hancements in reaction rates and this is termed as
the omega phase. A detailed mechanistic picture is
provided recently[7]. In liquid-liquid-liquid phase
transfer catalysis (L-L-L PTC), the third liquid phase
is the main reaction phase[8–13]. The advantages
of L-L-L PTC over normal PTC are: (i) increase in
reaction rates by orders of magnitude; (ii) easier cat-
alyst recovery and reuse; (iii) the catalyst need not be
bound to a solid support; (iv) better selectivity, hence
the attendant difficulties of reduced activity and me-

chanical strength associated with liquid-liquid-solid
(L-L-S) PTC can be avoided. However, the disadvan-
tages of L-L-L PTC are: (i) more amount of catalyst
is required, which is expensive; (ii) the method is not
applicable for systems where a very high temperature
is required to carry out the reaction. As the tem-
perature increases, the stability of third liquid phase
decreases. However, if the catalyst is stable, then by
lowering the temperature at the end of the reaction
it could be easily separated into a third phase for re-
covery and reuse. Synthesis ofp-nitroanisole (PNA),
p-nitro-phenetole (PNP) andp-butoxynitrobenzene
from p-chloronitrobenzene (PCNB), sodium hydrox-
ide and methanol, ethanol,n-butanol, respectively,
was found to be very selective and efficient with tetra-
butylammonium bromide (TBAB) as catalyst under
the L-L-L PTC systems[9,10] in comparison with
the liquid-liquid PTC. The nature and concentration
of catalyst and the amount of sodium hydroxide are
important factors which influence the formation of
the third liquid phase (catalyst-rich middle phase)
and distribution of catalyst. It was observed that the
third liquid phase was the main reaction phase but at
a certain critical concentration of the catalyst, sodium
hydroxide was formed as the third phase. The reuse
of the third phase is important from economical point
of view and it is found that the third phase can be
reused effectively.

1.1. Selectivity engineered phase transfer
catalysis (SEPTC)

The above mentioned selectivity engineered princi-
ples can be applied to PTC under L-L, L-S (reactant),
L-L-S (bound catalyst) and L-L-L phase transfer catal-
ysis for certain molecules such as chloronitrobenzenes
or benzyl chloride to produce a variety of chemicals
[14–16]. In order to study selectivity engineering
with phase transfer catalysis, chlorobenzenes could
be used as the starting materials. Both the chloro
and nitro groups could be manipulated to obtain a
variety of products, all having commercial values
(Fig. 1). The sulphide reduction of chloronitroben-
zenes could lead to chloroanilines, aminophenols,
aminothiophenols or substituted diphenyl sulphides
or polysulphides or mixture thereof in the presence of
Na2S under alkaline condition using a suitable PTC.
The PTC could be used under L-L, S-L, L-L-L and
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Fig. 1. Possible products of cascade engineered PTC reaction of chloronitrobenzene.

L-L-S (catalyst) and depending on the type of the
system used, the product selectivity could be varied.
Chloronitrobenzenes could be hydrolysed to form
nitrophenols, which may give dinitrophenylethers
by combining with either chloronitrobenzene or an-
other molecule of nitrophenol. Nitrophenols and the
corresponding ethers are important intermediates in
organic process industry. Chloronitrobenzene could
be reduced to form chloroaniline which could further
yield aminothiophenol, if sodium sulphide or bisul-
phide is used as the reducing agent. Aminophenol
is an important chemical used as photographic de-

veloper, intermediate in the manufacture of sulphur
and azo-dyes and in the dyeing of furs and feathers.
Aminothiophenol is mainly used as corrosion in-
hibitor in structural steels, copper and in preparation
of many intermediate chemicals.

During sulphide reduction some other products
are likely to be formed. These are the thioethers
or sulphides, such as dinitrodiphenyl sulphide or
polysulphides and diaminodiphenyl sulphide or its
polysulphides, from the corresponding thiols. Certain
other combinations are also possible, such as addition
of one aminothiophenol and one nitrothiophenol to
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yield aminonitro diphenyl sulphide or polysulphide.
These are useful as corrosion inhibitors.

In this context, it would be worthwhile to review
the earlier work on related compounds. Hydrolysis
of p-chloronitrobenzenes with aqueous sodium hy-
droxide was studied at temperature of 100–160◦C
using cuprous oxide and manganese dioxide as the
catalyst to obtain more than 98% yield with complete
conversion[17]. Reuter et al.[18] prepared alkali
metal nitrophenolates from chloronitrobenzene us-
ing a vibrating tubular reactor.p-Aminothiophenol
was prepared by usingp-nitrochlorobenzene with
aqueous Na2S containing surfactant sodium dode-
cyl sulphate to give 95%p-aminothiophenol[19].
o-Aminothiophenol was prepared by alkali hydroly-
sis of 2-aminobenzothiazole in presence of ethylene
glycol to give 89.4% product[20]. Thioethers as bis
(p-nitrophenyl) sulphide was prepared in 42% yield by
heating a mixture ofp-chloronitrobenzene and aque-
ous Na2S solution using tricaprylyl methyl ammonium
chloride as PTC[21]. Bamfield and Sutcliffe[22] have
prepared a number of organic sulphides/disulphides
(formed in situ from Na2S and S) in the presence of
benzyltriethylammonium chloride as phase transfer
catalyst. Non-ionic and ionic surfactants have also
been used to catalyse the reaction of nitrochloroben-
zene with alkali disulphide to give dinitrodiphenyl
disulphide[23]. The reaction ofo-chloronitrobenzene
[24,25] and p-chloronitrobenzene[26] with sodium
sulphide/disulphide have been carried out using po-
lar solvents like dimethyl formamide andN-me-
thylpyrrolidone with good yields of corresponding
products. Reduction ofo-nitro andp-chloronitroben-
zene by sodium sulphide both in the absence and pres-
ence of TBAB is reported[27]. 2-2′,dinitrodiphenyl
disulphide was prepared in high yield and purity
from 2-chloronitrobenzene inN-methylpyrrolidone
and aqueous alkali metal disulphide (as sodium sul-
phide) in the presence of quaternary ammonium or
phosphonium phase transfer catalyst[28]. Pradhan
and Sharma[29] have reported the sulphide reduction
of p-chloronitrobenzene with TBAB under certain set
of conditions to getp-chloroaniline in the organic
phase.

The foregoing suggests that the reaction is really
a complex one and different products have been re-
ported. Thus, it was thought desirable to address this
problem and bring out the novelties of selectivity en-

gineered reduction ofp-chloronitrobenzene with Na2S
under different set of conditions.

2. Experimental

2.1. Chemicals

p-Chloronitrobenezene was procured from M/s
Aarti Industries Ltd., Mumbai, India. Toluene, sodium
hydroxide and sodium sulphide, all AR grade were
obtained from M/s s.d. Fine chemicals Ltd., Mum-
bai, India. Tetrabutylammonium bromide (TBAB)
of pure grade was obtained from M/s Spectrochem
Ltd., Mumbai, India and ethyltriphenylphosphonium
bromide was obtained from M/s Dishman Pharma-
ceuticals and Chemicals Ltd., Ahmedabad, India.

2.2. Set-up

The reactions were studied in a 5 cm internal diam-
eter, fully baffled mechanically agitated glass reactor
of 100 cm3 capacity which was equipped with a six
bladed-turbine impeller and a reflux condenser. The
reactor was kept in a thermostatic bath whose tem-
perature could be maintained within+/−1◦C of the
desired value.

2.3. Procedure

Since there was a possibility of a combination of
series and parallel or complex reactions occurring si-
multaneously under alkaline conditions, the following
three steps were studied independently:

(a) Hydrolysis ofp-chloronitrobenzene with aqueous
NaOH under L-L PTC.

(b) Hydrolysis ofp-chloronitrobenzene with aqueous
NaOH under L-L PTC as the first step, upon com-
pletion of which the reduction of the nitro group
with Na2S in the same reactor under L-L PTC.

(c) Concomitant hydrolysis and reduction ofp-chlo-
ronitrobenzene with aqueous alkaline Na2S in the
single pot under (i) L-L PTC, (ii) S-L PTC and
(iii) L-L-L PTC.

2.3.1. Hydrolysis of p-chloronitrobenzene (p-CNB)
Hydrolysis ofp-chloronitrobenzene was performed,

by using aqueous NaOH and tetrabutylammonium
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bromide as the catalyst. A standard experiment was
carried out with 0.0625 mol ofp-CNB in toluene
(25 cm3 organic phase) with 0.125 mol of NaOH in
water (25 cm3 aqueous phase) and 6.25×10−4 mol
of catalyst TBAB for 5 h. Both aqueous and or-
ganic phases were analysed by HPLC and GC,
respectively.

2.3.2. Reduction of p-nitrophenol
The aqueous phase from the above reaction was

separated and it was confirmed to be only the sodium
salt of p-nitrophenol. It was reacted with a satu-
rated solution of Na2S at 80◦C for 1 h in the same
reactor and the reaction medium was analysed by
HPLC.

2.3.3. Concomitant hydrolysis and reduction of
p-chloronitrobenzene in a single pot

To study the hydrolysis and reduction reaction of
p-chloronitrobenzene under PTC, alkaline sodium sul-
phide was taken as the reducing agent in the aque-
ous phase. Typical runs were conducted by taking
7.5×10−3 mol of p-chloronitrobenzene in 25 cm3 so-
lution made in toluene and 7.5× 10−3 mol of sodium
hydroxide and 0.125 mol of sodium sulphide in 25 cm3

solution made in water. A known amount of catalyst
(TBAB) was used and the mixture stirred. The aqueous
phase was analysed by HPLC and the organic phase
by GC. There was a formation of a distinct solid crys-
talline precipitate, which was separated and analysed
by GC–MS.

In all above cases, a complete mass balance was
done.

2.4. Method of analysis

The samples of the organic phase were analysed
by gas chromatography on a Chemito 8510 model. A
2.0 m×3.2 mm, i.d. stainless steel column packed with
chromosorb WHP, which was impregnated with 10%
SE-30, was used for analysis. The aqueous samples
were analysed by HPLC on a Tosoh, UV-8010 model
coupled with a Tosoh UV detector set at 254 nm, and a
Merck 50983 column (stationary phase of Lichrospher
100 RP-18, particle size 5�m, prepacked on a 250×
4 mm, i.d.). Quantification of the data was done by
comparison with standard samples and their synthetic
mixtures.

3. Results and discussion

3.1. Hydrolysis of p-chloronitrobenzene

The hydrolysis of p-chloronitrobenzene was
found to give p-nitrophenol as the sole product,
which was extracted in to the aqueous phase as its
sodium salt. It was observed that the conversion of
p-chloronitrobenzene in 5 h was only 15.34%, thereby,
indicating that this reaction would be slower in a sin-
gle pot synthesis under reducing conditions. Further,
there was no formation of any dinitrodiphenyl ether.
Its absence was confirmed by the analysis of the or-
ganic phase by GC, GC–MS and NMR. It was indica-
tive of the fact that no such ether would be formed
under alkaline conditions in the presence of Na2S.

3.2. Reduction of p-nitrophenol

The reduction ofp-nitrophenol with Na2S showed
that the nitro and hydroxyl groups were reduced and
substituted, respectively, to produce the sodium salt of
p-aminothiophenol as product. There was no forma-
tion of any thioether orp-aminophenol. This would
mean that the hydroxyl group gets replaced by SH
group and the nitro group is reduced subsequently to
the amino group. The formation ofp-aminothiophenol
in the aqueous phase was confirmed by extraction into
an organic solvent followed by GC–MS analysis.

3.3. Improving selectivity of p-aminophenol

The single pot reaction was done to study the se-
lectivity to p-aminophenol andp-aminothiophenol
from p-chloronitrobenzene. It was confirmed that
p-aminophenol was not at all formed in the reaction
under alkaline conditions; instead only aminothiophe-
nol was formed and it was extracted as the sodium
salt in the aqueous phase. Different thioethers were
also formed as a separate third phase precipitate.

A strategy was therefore adopted to make the for-
mation of p-aminophenol possible and to avoid the
formation of aminothiophenol. The hydrolysis of
p-chloronitrobenzene was done as the first step under
L-L PTC with TBAB as the catalyst, under otherwise
similar conditions followed by the separation of or-
ganic and aqueous phases. The aqueous phase was
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neutralised with hydrochloric acid and treated with
sodium sulphide as the reducing agent. It was found
that although in this processp-aminophenol was ob-
tained in the aqueous phase as a sodium salt, the
formation ofp-aminothiophenol could not be avoided.
However, the amount ofp-aminothiophenol formed
had reduced drastically. Aminophenol and aminothio-
phenol get extracted into the aqueous phase as sodium
salts and could be separated upon acidification and
extraction into a suitable solvent.

3.4. Single pot reaction of p-chloronitrobenzene
with sodium sulphide under L-L PTC

The analysis of the aqueous and organic phases of
single pot synthesis by HPLC and GC, respectively,
and that of organic solids by GC–MS revealed that the
following products were formed (Fig. 2).

(i) p-Chloroaniline (p-CA)
(ii) p-Aminothiophenol (p-ATP)

(iii) p-p′-Dinitrodiphenyl thioether (DNDPTE)
(iv) p-p′-Diaminodiphenyl thioether (DADPTE).

p-Aminophenol (p-AP) and p-p′-diaminodiphenyl
ether (DADPE) were not formed in this reaction. It
should be mentioned here thatp-aminothiophenol was
found as the sodium salt in the aqueous phase. Prelim-
inary experiments had suggested that when stoichio-
metrically deficient amount of Na2S was used, then
onlyp-p′-dinitrodiphenyl thioether was formed instead
of p-p′-diaminodiphenyl thioether. These two ethers
were found to be insoluble in both the liquid phases
and were isolated as solids.

3.5. Reduction of p-p′-dinitrodiphenyl thioether to
p-p′-diaminodiphenyl thioether

In order to devise the mechanism of the reac-
tion, separate experiments were conducted to study
the reduction of p-p′-dinitrodiphenyl thioether to
p-p′-diaminodiphenyl thioether. The formation of
both the ethers was confirmed by GC–MS. After
the reaction,p-p′-dinitrodiphenyl thioether was sep-
arated from the reaction mixture as solid and it was
heated at 60◦C with fresh saturated Na2S solution
(25 cm3) with TBAB (1.5 × 10−5 mol/cm3) for 1 h.
No sooner was the dinitrodiphenyl thioether added to
the saturated solution of Na2S, than the light yellow

coloured thioether was found to have changed to dark
brown coloured compound. After the reaction mix-
ture was refluxed for 1 h, it was fully converted to the
brown coloured compound. The GC–MS analysis of
the dark brown coloured compound showed it to be
p-p′-diaminodiphenyl thioether.

3.6. Effect of different parameters on selectivity of
products

Na2S under alkaline conditions leads to the forma-
tion of SH− anions which later combine with Q+ to
give the ion-pair Q+SH− for the reaction to proceed.
Hence, it was thought worthwhile to study the reduc-
tion of p-CNB under L-L PTC and find out the various
reaction products. The effect of various parameters on
the rates of reactions and the product profile was stud-
ied under L-L PTC.

3.7. Effect of speed of agitation

The effect of speed of agitation on the conversion
of p-chloronitrobenzene was studied under L-L PTC
at 900, 1500 and 1800 rpm under otherwise similar
conditions by using TBAB as catalyst (Fig. 3). It was
confirmed that the conversion remained practically the
same, which implied that there was no mass transfer
resistance over this range for transfer of the ion-pairs
across the liquid-liquid interface. All subsequent re-
actions were carried out at 1000 rpm.

3.8. Effect of p-chloronitrobenzene concentration

The effect ofp-CNB concentration on the rate of
reaction was studied in the range of 1× 10−3 to
2.5× 10−3 mol/cm3 organic phase with TBAB as the
catalyst. The conversion was found to have decreased
with an increase in the concentration ofp-CNB be-
cause stoichiometrically lesser amount of Na2S was
available under otherwise similar conditions. The se-
lectivities top-chloroaniline (p-CA) and thioethers had
increased with increasing concentration ofp-CNB, but
the selectivity ofp-aminothiophenol (p-ATP) had de-
creased (Table 1).

3.9. Effect of concentration of Na2S in L-L PTC

The effect of concentration of Na2S was studied
at 1.5 × 10−3, 2 × 10−3 and 2.5 × 10−3 mol/cm3 of
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Fig. 2. Products of cascade engineered L-L PTC reaction ofp-chloronitrobenzen with sodium sulphide.

Table 1
Effect of variation ofp-CNB concentration

p-CNB
concentrated
(mol/cm3)

Total
conversion
(%)

Yield (%)

p-CA p-ATP Thioethers

1 × 10−3 29.82 17.18 35.00 47.82
1.5 × 10−3 23.23 13.53 36.12 50.35
2.5 × 10−3 22.80 9.61 26.04 64.35

Na2S, 1.5×10−3 mol/cm3; TBAB, 0.375×10−3 mol; temperature,
80◦C; time, 2 h. Yields are based on converted reactant.

aqueous phase. It was seen that with an increase in
the concentration of Na2S, the total conversion had
increased because of more availability of the reducing
agent. Selectivities ofp-CA andp-ATP had decreased.
However, thioether formation had increased with in-
creasing Na2S concentration (Table 2).

3.10. Effect of different catalysts

Although tetrabutyl ammonium bromide (TBAB)
was found to be an efficient catalyst, a phosphonium
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Fig. 3. Effect of speed of agitation.p-CNB, 0.0375 gmol; Na2S,
0.0375 gmol; TBAB, 1.5× 10−5 gmol/cm3 of organic phase, tem-
perature, 80◦C.

Table 2
Effect of concentration of Na2S

Na2S
concentrated
(mol/cm3)

Total
conversion
(%)

Yield (%)

p-CA p-ATP Thioethers

1.5 × 10−3 23.23 13.53 36.12 50.35
2 × 10−3 40.02 8.74 28.50 62.76
2.5 × 10−3 54.78 7.62 22.78 69.60

p-CNB, 1.5 × 10−3 mol/cm3; TBAB, 0.375× 10−3 mol; tempera-
ture, 80◦C; time, 2 h.

quaternary salt was also used for comparison. Ethylt-
riphenyl phosphonium bromide (ETPPB) was used as
a catalyst under otherwise similar conditions. It was
seen that total conversion in both the cases differed
marginally but the selectivity to thioether was more
with ETPPB. (Table 3).

Table 3
Effect of catalysts

Catalyst (mol) Total
conversion
(%)

Yield (%)

p-CA p-ATP Thioethers

TBAB 3.75 × 10−4 23.23 13.53 36.12 50.35
ETPPB 3.75× 10−4 21.45 6.23 25.70 68.07

p-CNB, 1.5 × 10−3 mol/cm3; Na2S, 1.5 × 10−3 mol/cm3; temper-
ature, 80◦C; time, 2 h.

Table 4
Effect of temperature

Temperature
(◦C)

Total
conversion
(%)

Yield (%)

p-CA p-ATP Thioethers

30 3.69 33.60 29.42 36.98
80 23.23 13.54 36.12 50.34

p-CNB, 1.5 × 10−3 mol/cm3; Na2S, 1.5 × 10−3 mol/cm3; TBAB,
0.375× 10−3 mol; time, 2 h.

3.11. Effect of temperature

Although the standard reaction was done at 80◦C,
it was verified if it could occur at room temperature
(30◦C). It was seen that as the temperature was in-
creased from 30 to 80◦C, the conversion had increased
almost four-fold which had resulted into the reduction
of yields of p-CA andp-ATP, which reacts in situ to
form the thioethers (Table 4).

3.12. Effect of type and number of phases

The effect of type and number of phases was also
studied. By using TBAB as the catalyst, the reduction
reaction was studied as a liquid-liquid-liquid (L-L-L)
PTC and solid-liquid (S-L) PTC in comparison with
liquid-liquid (L-L) PTC under otherwise similar con-
ditions. Blank experiments were also done without a
catalyst as a liquid-liquid reaction (Table 5).

3.13. Liquid-Liquid-Liquid PTC

Under L-L-L PTC, the reaction was done by em-
ploying 7.5 × 10−3 mol of TBAB, which resulted in
the formation of a third liquid phase. The creation of
a third liquid phase is discussed in our earlier work
[9,10]. Beyond a critical concentration of TBAB, cat-
alyst rich third phase separates out. Here the reac-
tants are transferred to the middle catalyst-rich phase
and hence almost complete conversion is obtained
(Table 5). The conversion was 97% in 30 min show-
ing intensification of reaction rate. In this case mostly
thioethers were formed in a greater yield. This is con-
sistent with the observations of Yadav and Reddy[9].

3.14. Solid-Liquid PTC

In this reactionp-CNB was taken as a solid. The
conversion was 83.43% after 2 h (Table 5). However,
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Table 5
Reaction under different PTC modes

Reaction type (reaction time) TBAB (mol) Total conversion (%) Yield (%)

p-CA p-ATP Thioethers

L-L-L PTC (0.5 h) 0.75× 10−2 97.00 7.3 8 84.7
S-L PTC PTC (2 h) 0.375× 10−3 83.43 6.28 23.26 70.45
L-L PTC (2 h) 0.375× 10−3 65.25 8.3 26.3 65.4
L-L without catalyst (2 h) 0 41.5 9.45 12.9 77.5

p-CNB, 1.5 × 10−3 mol/cm3; Na2S, 3.5 × 10−3 mol/cm3; temperature, 80◦C. In solid-liquid PTC,p-CNB was taken as a solid.

the selectivity ofp-ATH increased drastically com-
pared to that under L-L-L condition. The thioether
selectivity had also decreased butp-CA selectivity
almost remained the same as that of L-L-L PTC.

3.15. L-L reaction with and without PTC

The reaction was studied in L-L mode with as well
as without TBAB under otherwise similar conditions
(Table 5). It was seen that under otherwise similar
conditions, the conversion was more in the case of PTC
reaction compared to non-PTC reaction. The yields
of thioethers andp-CA had increased in non-catalytic
reaction, whereasp-ATP selectivity had decreased.

3.16. Selectivity patterns

With reference toFig. 2, the product profile can be
explained as follows:

1. Under L-L PTC conditions, the nitro group reduc-
tion is faster and occurs first and thusp-chloroani-
line is formed (path alongka1). The formation of
p-chloroaniline is faster than that ofp-nitrothiophe-
nol (path alongkba). p-Chloroaniline remains in
the organic phase whereasp-nitrothiophenol is ex-
tracted in to the aqueous phase as a sodium salt.
The rates of formation are in the following order

ra1 > rb1 (1)

where

ra1 = ka1[pC NB][Q+SH−] (2)

rb1 = kb1[pC NB][Q+SH−] (3)

2. Formation ofp-aminothiophenol takes place along
path ka2 because the displacement of Cl from
p-chloroaniline is easier under the PTC conditions.

p-Aminothiophenol formed goes in to the aqueous
phase. Rate of formation ofp-aminothiophenol
along pathkd1 is negligible since the formation of
p-nitrophenol along pathkc1 and its subsequent
conversion top-nitrothiophenol along pathkc2 is
also negligible because of the deficient quantities
of Na2S in the reaction mixture. In no experiment
p-nitrophenol or p-nitrothiophenol was detected
in the reaction mixture in any of the phases. This
may be so because, as soon asp-nitrothiophenol
is formed it immediately reacts withp-CNB along
path kb2 to form p-p′-dinitrodiphenyl thioether
under deficient quantities of Na2S. As stated ear-
lier, the independent experiment ofp-nitrophenol
reduction with excess Na2S had shown that only
p-aminothiophenol was formed.

Hence,ra2 > rd1 andrb2 > rd1.
Also rc1 andrc2 are very negligible.
Here,

ra2 = ka2[pC A][Q+SH−] (4)

rd1 = kd1[pN TP][Q+SH−] (5)

rc1 = kc1[pC NB][Q+SH−] (6)

rc2 = kc2[pN P][Q+SH−] (7)

rb2 = kb2[pC NB][ρ−NTP] (8)

3. p-p′-Dinitrodiphenyl thioether is formed as a sep-
arate solid phase. Its subsequent reduction top-
p′-diaminodiphenyl thioether along pathkb3 is
therefore more difficult, since this has to happen by
the S-L PTC mechanism under the depleted S−2

concentration. Formation ofp-p′-diaminodiphenyl
thioether takes place by the interfacial reaction be-
tween p-chloroaniline in the organic phase and
p-aminothiophenol in the aqueous phase along path
ka3. p-p′-Diaminodiphenyl thioether so formed
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is obtained as a separate solid alongwithp-p′-
dinitrodiphenyl thioether.

Therefore,ra3 � rb3

ra3 = ka3[pCA][p-ATP] (9)

rb3 = kb3[p-p′ − DNDPTE][Q+SH−] (10)

From the above discussion, it is evident that the
product formation due to the reactions along path
ka1 → ka2 → ka3 shown inFig. 2 is more prominent
than those along all other paths. The trend in concen-
tration profiles of reactants and products is shown in
Fig. 4.

Based on the above considerations, the observations
made while studying the effects of various parameters
could be explained as follows.

It is seen that with the increase inp-CNB con-
centration, under otherwise similar conditions, the
total conversion decreases because of the deficient
quantity of Na2S available for reduction. As the ni-
tro reduction occurs first,p-CA is formed which is
reduced further top-ATP. This accounts for the de-
crease inp-CA concentration. Under L-L PTC condi-
tions, p-ATP subsequently reacts withp-CA to form
p-p′-diaminodiphenyl thioether. And so the thioether
concentration goes on increasing with increasing
p-CNB concentration.

With increasing Na2S concentration, the total con-
version increases because more Na2S is available
for reduction. The selectivities ofp-CA, p-ATP and
thioethers show similar trend as found with increasing
p-CNB concentration.

Fig. 4. Concentration profile of reactant and products.

There is a marginal difference in the total conversion
with TBAB or ETPPB as catalysts but the selectivities
suggest that the reduction ofp-CA to p-ATP and their
subsequent conversion to thioethers is faster in the
case of ETPPB. This may be due to the unsymmetrical
nature of ETPPB as against the symmetrical TBAB,
which makes the former more reactive.

As the reaction temperature increases from 30 to
80◦C, the total conversion increases which is typical
of a PTC reaction. With the rise in temperature, more
of p-CA andp-ATP will react to form thioethers.

The reaction under different PTC condition shows
that the total conversion decreases in the following or-
der L-L-L PTC > S-L PTC > L-L PTC> uncatalysed
reaction. This is typical of PTC reactions, since in a
triphasic reaction, the creation of a third liquid phase,
which is the main reaction phase, enhances the rate of
the reaction. We have reported this already for alkoxy-
lation reactions[14]. In the case of S-L PTC the reac-
tion occurs due to the homogeneous solubilisation of
solid p-CNB followed by its reduction.

3.17. Mechanism of reaction

With reference toFig. 2, a mechanism was proposed
as depicted inFig. 5.

From the model of the reaction, it is seen that the
quaternary ion of PTC, Q+ takes up different anions
for its reaction with the substrate. S is a multivalent
species and thus different mono-valent anions, such
as HS−, HSO−, HSO2

− and HSO3
−, can be formed

sequentially which are capable of producing ion-pairs
with single quaternary cations more readily than those
multi-valent anions which require ion-pairing with
multiple quaternary cations. In the aqueous phase S2−
reacts with H2O to from HS− which further reacts
with the quaternary salt Q+X− to form Q+HS−. The
Q+HS−, which is then transferred to the organic phase
undergoes a series of reactions withp-CNB, p-CA
and p-ATP forming different ion-pairs mono-valent
S− anions in combination with the cation Q+ of
quaternary salt.

In the case of S-L PTC, the following mechanism
is proposed. The quaternary salt Q+SH− diffuses
to the solid particle ofp-CNB. The solid particle is
surrounded by a thin film of aqueous phase, through
which Q+SH− diffuses to the exterior surface of the
particles ofp-CNB where the reaction takes place due
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Fig. 5. Mechanism of reduction reaction ofp-CNB with Na2S.

to solubilisation of the nitroaromatic followed by the
subsequent reduction. In this reaction, the formation
of p-aminothiophenol takes place immediately which
is subsequently converted top-p′diaminodiphenyl
thioether. This reaction happens in the vicinity of the
solid p-CNB particle. Therefore, the selectivity to the
thioether increases.

In the case of L-L-L PTC, all the reactants and
catalyst were available in the catalyst-rich third phase

and therefore the formation ofp-p′diaminodiphenyl
thioether was very high and so its selectivity was also
high.

4. Conclusions

The reduction ofp-chloronitrobenzene with sodium
sulphide is a reaction of great industrial relevance,
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which could lead to different products of commer-
cial value. This reaction was investigated in detail
under different modes of PTC, such as liquid-liquid,
solid-liquid and liquid-liquid-liquid and also without
PTC. The concept of selectivity engineered PTC has
been well developed to effect different product selec-
tivities. A systematic study was undertaken to under-
stand the reaction mechanism.

The hydrolysis ofp-chloronitrobenzene with aque-
ous sodium hydroxide under L-L PTC yieldsp-
nitrophenol as the sole product, which is instantly
extracted into the aqueous phase as a sodium salt. No
p-p′-dinitrodiphenyl ether is formed. Whenp-nitro-
phenol is reduced by aqueous sodium sulphide, it
gives p-aminothiophenol as the only product, no
formation of p-aminophenol is detected. For produ-
cingp-aminophenol, the reaction should be conducted
starting fromp-nitrophenol or fromp-chloronitorben-
zene, which is converted, top-nitrophenol in situ under
L-L PTC, followed by neutralisation of the aqueous
phase and subsequent reduction with sodium sulphide
under L-L PTC. Bothp-aminophenol andp-amino-
thiophenol are formed as sodium salts, which could
be separated from the reaction mixture by dissociation
extraction because their pKa values are different.

The liquid-liquid PTC reaction was studied in detail
and the effects of different parameters were studied
on the product profile and thereafter a mechanism
was developed.p-Chloronitrobenzene was reduced
with sodium sulphide to givep-chloroaniline in the
organic phase,p-aminothiophenol in the aqueous
phase.p-p′ Dinitrodiphenyl thioether orp-p′ diamin-
odiphenyl thioether or their mixture was obtained as
solid precipitate depending on the stoichiometric ra-
tio of p-chloronitrobenzene and sodium sulphide. A
mechanistic model was also proposed which shows
how the reaction proceeds in phase transfer catalysis
to yield various products in this reaction. In the case
of S-L PTC and L-L-L PTC, the thioethers were the
main products. The results are novel.
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