
t

ous base–

er PhCl
on.
nd
phenyl

nation and

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Archivio istituzionale della ricerca - Università degli Studi di Venezia Ca' Foscari
Journal of Catalysis 226 (2004) 9–15
www.elsevier.com/locate/jca

Liquid-phase and multiphase hydrodehalogenation of halobenzenes
over Pd/C: Reaction selectivity and inhibition/promotion effects

by the quaternary salt

Sergei S. Zinovyeva, Alvise Perosaa,b, Pietro Tundob,∗

a Interuniversity Consortium “Chemistry for the Environment” (INCA), Dorsoduro 2137, 30123 Venezia, Italy
b Ca’ Foscari University of Venice, Dorsoduro 2137, 30123 Venezia, Italy

Received 22 December 2003; revised 28 April 2004; accepted 29 April 2004

Available online 5 June 2004

Abstract

Hydrodehalogenation of iodo-, bromo-, and chlorobenzene on 5% Pd/C is studied in an ethanolic base solution and in the aque
isooctane system at 50◦C and atmospheric pressure of hydrogen.Rates and selectivity of competitiveand separate reactions of different
halides and the effects due to the quaternary ammonium salt, Aliquat 336, are discussed. The reactivity of halides follows the ord≈
PhBr> PhI in the biphasic system. Aliquat 336 promotes hydrodechlorination, but inhibits hydrodebromination and hydrodeiodinati
The rate inhibition in the reaction of PhI is connected to formation of the iodide-substituted ammonium salt, which holds inside Pd/C a
reinforces poisoning by I−, while the presence of the excess of Aliquat 336 prevents inhibition. In competitive experiments, the
halides react selectively one after another according to the order of their adsorption on Pd: PhI, PhBr, PhCl, where hydrodechlori
hydrodebromination are slowed down by the iodide anion formed in hydrodeiodination.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic hydrodehalogenation of halogenated arom
compounds is a reaction of both practical and theore
importance. It has a wide use in organic synthesis, and
search on the transformation of halogenated aromatics
the corresponding hydrocarbons is also pursuing envi
mental goals, namely the conversion of toxic polychlo
nated and brominated substances into nontoxic prod
The basic issues, in this connection, refer to the developm
of new systems, catalysts, promoters, and hydrogen do
as well as to the investigation of the poisoning/deactiva
of the catalyst.

The use of the liquid-phase systems for hydrodehalog
tion, normally in ethanol, has recently received wide po

* Corresponding author. Dipartimento diScienze Ambientali, Università
Ca’ Foscari, Dorsoduro 2137, 30123 Venezia, Italy. Fax: +39 (041)
8620.

E-mail address: tundop@unive.it (P. Tundo).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.04.033
.
t
,

-

larity, because of the mild conditions involved and the h
selectivity achievable using hydrogen gas[1–5] or other hy-
drogen donors[2,6–8]. Typically, various Pd and Ni catalys
are considered the most active in this reaction.

We have previously reported on a number of applicati
of multiphase catalytic systems in the hydrodehalogena
with hydrogen on Pd/C[9–11] and Raney-Ni[11,12] of
various halobenzenes, including polyhalogenated and oth
substituted ones[13–15], as well as toxic chlorinated sub
stances, such as polychlorinated biphenyls[10] and diox-
ins [16]. The multiphase system operates at 50◦C and at-
mospheric pressure of hydrogen and consists of a biph
hydrocarbon/aqueous base medium, containing also a
ternary ammonium salt, e.g., Aliquat 336 (tricaprylmeth
lammonium chloride). The latter forms a separate liq
layer, coating the heterogeneous catalyst, and acts as
moter (in the hydrodechlorination reaction) or as a cataly
modifier which often allows changing the reaction chem
regio-, or enantioselectivity (in the reduction of other fun
tional groups and polyfunctional substrates)[17].

https://core.ac.uk/display/223140754?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/jcat
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In previous studies we have pointed out that Aliquat 3
(tricaprylmethylammonium chloride), as well as other q
ternary ammonium salts, significantly increase the
drodechlorination rate and selectivity under multiphase con
ditions. However, the reduction of aromatic iodine is,
stead, slowed down in the presence of Aliquat 336[10].
This phenomenon is ascribed to the substitution of iod
for chloride anion in the onium salt QCl. The resulting
is assumed to be adsorbed on the catalyst surface that
forces the poisoning effect of I− on Pd[10].

The reactivity order of phenyl halides under the mu
phase conditions, PhBr> PhCl> PhI, is also in agreemen
with the more recent results reported by Aramendía et al
the hydrodehalogenation of halobenzenes with hydroge
Pd in ethanol[2]. It has been suggested in[2] that the re-
activity of halobenzenes stems from the conjunction of b
the dissociation energy of the C–X bond (the weaker b
must induce faster reaction) and the adsorption streng
the reagent: the adsorption of PhI on Pd is considered a
cessive, which results in low activity. Wiener et al. have a
reported[7] that the adsorption of iodobenzene is so str
that it may render the catalyst surface inaccessible to the
drogen donor.

Interestingly, in the above-noted work of Aramendía e
the reactivity of halides decreases in the order PhI> PhBr>
PhCl if using 2-propanol as the hydrogen donor, wherea
the hydrodehalogenation with potassium formate, repo
by Wiener et al., chlorobenzene is more reactive than
mobenzene. According to the results of[18] the reactivity
of halides decreases in the order PhCl> PhBr> PhI, i.e.,
exactly opposite to that corresponding to the true react
order of C–X bonds. From the evidence, various factors
affect the reactivity of halides, among which could be s
vent effects, adsorption strength, inhibition phenomena,

It has been pointed out in several studies[2,7,18,19]that
the adsorption strength of phenyl halides in the hydrodeh
genation reaction plays an important role and can stro
affect the order of competitive reactions of different halid
or inhibit the reduction of other groups, either present in
ferent substrates or in the same molecule. The compe
reactions of halobenzene mixtures are consecutive, and
ally follow the order PhI, PhBr, PhCl, as was observed
der different reaction conditions and with different hydrog
sources (e.g., with hydrogen and 2-propanol)[2,9]. Particu-
lar attention is paid to the high “consecutive selectivity”
such reactions. For example, the reduction of aromatic
dine can be carried out very selectively with respect to the
duction of other groups, sensible to reduction. Faucher e
have recently demonstrated a practical advantage of thi
lectivity for the synthesis of tritium or deuterium-substitut
organic compounds[18]. Aromatic iodine is substituted wit
D2 or T2 over Pd/C with up to 98% selectivity, leaving oth
functionalities, such as doublebonds, carbonyl, benzyloxy
nitro-, and some other groups unreduced.

The present study is focused on the kinetics of hydro
halogenation of different halobenzenes with hydrogen
-

-

-

-

-

over Pd/C and is aimed at understanding the effect prod
by the nature of the halide anion on the reaction. The e
of halide species appears to be vital in determining the
alytic activity and selectivity of hydrodehalogenation in t
multiphase system, particularly because of the presenc
the quaternary salt QX, which can participate in the an
exchange. In fact, the presence of the QX in the imm
ate vicinity to the catalyst surface makes the anion influe
more pronounced. The multiphase system by its nature
mechanism of action is different from the classical hydro
halogenation systems (where alcohols are usually empl
as solvents). In this connection, this study draws a com
ison between ethanolic and multiphase systems. Both c
petitive and separate reactions of halobenzenes are co
ered.

2. Experimental

All reagents and solvents were used as purchased an
further purification was done. A 5% Pd/C was from Aldric
Art. No. 20,568-0. Aliquat 336 (tricaprylmethylammoniu
chloride) was from Aldrich, Art. No. 20,561-3. GC ana
ses were performed on a Varian 3400 using a fused-s
capillary column Chrompack CP-Sil 24 CB lowbleed/M
(30 m× 0.25 mm, film thickness 0.25 µm).

The reactions were run in a 25-mL three-necked rou
bottomed reactor with a water jacket, supplied with a t
for hydrogen supply, and a condenser, stirred magnetic
at 1000 rpm, and thermostated at 50± 1 ◦C. The reaction
was loaded with a 10-mL solution in isooctane (1:1 vo
or in absolute ethanol, of 0.7 mmol of a substrate (chlo
bromo-, or iodobenzene), or of a mixture of 0.7 mmol
each (in competitive experiments), of 0.059 g ofn-dodecane
(0.35 mmol) as the GC internal standard and, where i
cated, of 0.103 g (0.26 mmol) or more (see legends to
ures) of Aliquat 336, and contained also 0.0455 g of
Pd/C (0.02 mmol Pd). The amount of 5.7 mL of 10% aq
ous KOH was added therein if isooctane was the org
phase, or 0.01 mol of KOH was dissolved in ethanol, if
latter was the solvent. The reaction was bubbled with H2 at
atmospheric pressure at 10 mL/min.

The samples were collected from the organic phase
ing the reaction at time intervals. The first one was taken
after the reagents had been loaded and it was considered th
zero-time point. About 20 µL of the reaction mixture w
taken for each sample, which was then diluted up to 1–2
with ethyl ether or with ethanol, if the latter was the s
vent. To avoid GC column pollution/damage and to enha
the quality of analyses, the samples were shaken with s
to remove Aliquat 336 and/or filtered with glass wool to
move catalyst. The samples inethanol that contained KOH
were neutralized with aqueous HCl.

The quantitative analyses of the reaction mixture com
nents were performed using the GC internal standard t
nique, as described elsewhere[12]. Calibration coefficients
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for PhI, PhBr, PhCl, and benzene were determined to
0.072, 0.077, 0.078, and 0.076, respectively.

The fitting of experimental data (concentration vs tim
to calculate the rate constants was performed by mean
the Microcal Origin v. 6.0 software.

3. Results and discussion

3.1. Competitive reactions of phenyl halides

Hydrodehalogenationof a mixture of phenyl halides (P
PhBr, PhCl, and PhF) with hydrogen over 5% Pd/C has b
studied in different solvent systems (ethanol and the bip
sic isooctane/aqueous medium) with and without the cata
modifier, Aliquat 336. We have found that no halide in t
mixture reacted in the absence of base, in ethanol, o
isooctane, or in the biphasic isooctane/water system.

Reacting the mixture of halides under the same condit
in the ethanolic KOH solution or in the isooctane/aque
KOH system results in the exhaustive hydrodehalogena
of chloro-, bromo-, and iodobenzenes to benzene. F
robenzene does not react under the conditions studied
disappearance from the mixture is caused by its evapora
as was proven by setting an independent experiment
PhF (no benzene is formed). The other halides react
high rates and with a surprising “consecutive” selectiv
i.e., the reaction of iodobenzene selectively precedes th
bromobenzene, and the latter, in turn, is totally converte
benzene before chlorobenzene starts to react (the rea
profiles in isooctane-aqueous KOH are presented inFig. 1;
similar sequence of profiles was observed in the etha
KOH system). This phenomenon, which we have previou
described briefly elsewhere[9], is probably connected to
difference in the affinity of these substrates to the Pd ca
lyst surface[7].

In the system with isooctane and 10% aqueous KO
as well as in most other cases discussed below, the
tion profiles for all halobenzenes could be described we
by zero-order kinetics (Fig. 1). Even though the adsorp
tion strengths for different halides on the catalyst must
very different, the initial rates appeared quite similar (Fig. 1,
the corresponding zero-order rate constants are report
Table 1). In the case of iodobenzene, however, the rate
creases fourfold after reaching nearly half of conversion
The observed zero-order kinetics and the selective ord
f

,

f

n

-

Fig. 1. Hydrodehalogenation of a mixture of PhI (a), PhBr (Q), and PhCl
(") with H2 over 5% Pd/C in the isooctane/10% aqueous KOH system
the absence of Aliquat 336). Symbols and dashed lines refer to experiment
data and smoothing; solid lines, a linear approximation of the experim
tal data at given intervals of concentration (for rate constants see en
Table 1).

reactivity of halides suggest that the catalyst surface is s
rated by the reacting species within the overall reaction ti
Hence, the substrate adsorption must not be rate limi
The reaction is probably limited by one of the processes
the surface that follow adsorption, e.g., reaction with hyd
gen, desorption of products, or neutralization of hydro
halide formed, which has an inhibition effect on the react
[20–22]. Some slowing down of the reaction of iodobenze
(Fig. 1) could be due to a poisoning of the catalyst by the
leased iodide anion[10], which competes with the substra
for the catalyst surface.

The same order of reactions of phenyl halides is obse
in the ethanol KOH solution (rate constants reported inTa-
ble 1). Both hydrodeiodination and hydrodebromination
actions exhibit very high and comparable rates, though
reaction of chlorobenzene proceeds with a rate one ord
magnitude slower than that of other halides, and also slo
than the rate of chlorobenzene reaction in the biphasic
tem. Nevertheless, the separate reaction of chloroben
in ethanol manifests a high rate, similar to those of ot
halides (entry 4,Table 1), which suggests that the presen
of KI and/or KBr, formed in the reactions of bromo- an
iodobenzenes, inhibits the reaction of chlorobenzene[10].
This inhibition seems to be more pronounced in the ethan
Table 1
Rate constants of the hydrodehalogenation with H2 over 5% Pd/C for competitive and separate reactions of halobenzenes in different systems

No. System Type Zero-order rate constant (mol L−1 min−1) × 103

PhI PhBr PhCl

1 i-Octane/10% aq KOH Competitive 4.05± 0.14 5.66± 0.23 5.54± 0.43
2 Ethanol, 1.0 M KOH Competitive 11.33± 0.45 8.82± 1.11 0.93± 0.06
3 i-Octane/10% aq KOH Separate 0.48± 0.02 22.71± 0.1 21.89± 0.38
4 Ethanol, 0.84 M KOH Separate – – 7.2± 0.01
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Table 2
Hydrodechlorination and hydrodebromination rate constants of differen
halogenated substrates in their reactions with H2 over Pd/C 5% in the
ethanolic base (KOH 0.84 M) solution

No. Substrate Zero-order rate constant

(mol L−1 min−1) × 103

Dechlorination Debromination

1 Chlorobenzenea 7.2± 0.01
2 Bromobenzeneb 8.8± 1.1
3 p-Chlorobromobenzene 8.0± 1.0c ∼8.0c

4 p-Bromo-tert-butylbenzene ∼5.0

a See alsoTable 1.
b SeeTable 1, entry 2.
c Consecutive stages (hydrodechlorination after hydrodebromination).

solution where iodide and bromide are more concentra
whereas in the biphasic system the major part of them s
dissolved in the aqueous phase.

The order of reactions of halobenzenes (PhI> PhBr>
PhCl) as noted above seems to be controlled by the ad
tion strengths of these substrates on Pd/C. In the reacti
p-chlorobromobenzene on Pd/C in ethanol, hydrodebro
nation and hydrodechlorinationsteps are consecutive, as
also observed in[23]; that is, the removal of bromine pre
cedes that of chlorine, giving rise to chlorobenzene as
only reaction intermediate. The observed dechlorination an
debromination rates are close (Table 2) and corresponden
to the values observed in the separate reaction of chloro
zene and both the competitive and the separate reacti
bromobenzene, respectively (Tables 1 and 2).

These data suggest that the adsorption of halobenz
involves the coordination of the carbon–halogen bond ra
than that of the aromatic ring. This is in contrast to the
pectations that could be derived from the HREELS stu
on benzene adsorption, which suggest a flat configura
of benzene adsorption on Pd {111}[24]. However, the re
cent XPS and NEXAFS data on benzene adsorption on P
{111} [25] suggest the possibility of a tilted geometry
benzene adsorption at higher surface coverage; i.e., th
coordination of aromatics on Pd surface may be not so
ical. The flat adsorption ofp-chlorobromobenzene via th
formation ofπ -complex with the aromatic ring or via th
coordination of both C–Cl and C–Br bonds seems to
unlikely, because both these bonds would be expose
the reaction with hydrogen; and a mixture of chloro- a
bromobenzenes would be formed. Our results are mo
agreement with the hypothesis of dissociative adsorptio
halobenzenes via theσ -complex of Ph–Hal with the ca
alyst active site, as reported in[26]. If the adsorption of
a halobenzene viaσ -complex is indeed dissociative, th
geometry of the aromatic ring adsorption might no lon
be important, because the dissociation of only one C–
bond appears possible at a time. However, the electron a
ity of Br is lower than that of Cl, which is thought i
[27] to be a reason for lower reactivity of PhBr relati
to PhCl in the gas-phase system on Ni/SiO2. In our case
the C–Cl bond inp-chlorobromobenzene is reduced on
-
f

s

-
f

s

t

-

after the C–Br one, which discards the possibility of d
sociative adsorption. Thus, we suppose that the adsor
of p-chlorobromobenzene on Pd in the liquid-phase sys
takes place exclusively via theσ -coordination of the C–B
bond, where the aromatic ringis possibly in tilted configu
ration, and that the adsorbed species occupy all the availab
active sites (the catalyst surface is saturated by such
sorbed species) so that only one reaction is possible at a
namely hydrodebromination the first and hydrodechlor
tion the second.

Another fact, suggesting that the adsorption of the
matic ring viaπ -complex is not critical, can be derived fro
the consideration ofp-bromo-tert-butylbenzene reaction un
der the same reaction conditions. The presence of a b
tert-butyl group on the aromatic ring, which is expected
restrict interaction of the aromatic ring with the catalyst s
does not produce much effect; the hydrodebromination
(Table 2) observed in this case is only slightly lower than t
in the reactions ofp-chlorobromobenzeneor bromobenze

3.2. Competitive hydrodehalogenation in the multiphase
system with Aliquat 336

By analogy, the reaction of a mixture of halides on Pd
has been carried out in the isooctane/aqueous KOH sy
in the presence of Aliquat 336 (taken at 37% amount w
respect to each substrate, or 0.026 mol/L). The sequenc
of the reactions of different halides remains the same
in the previously discussed case, i.e., from iodide to c
ride (Fig. 2). However, the reaction of iodobenzene, wh
proceeds rapidly in the beginning, is then strongly inhibited
after reaching nearly 30% conversion. A subsequent add
of KOH does not restore the initial rate. On the other ha
the addition of two more equivalents of Aliquat 336 resu
in a resumption of the original rate. The subsequent r
tions of bromo- and chlorobenzenes are characterized b

Fig. 2. Hydrodehalogenation of a mixture of PhI (a), PhBr (Q), and
PhCl (") with H2 over 5% Pd/C in the isooctane/10% aqueous KOH s
tem in the presence of Aliquat 336 (0.26 mmol, and then 0.5 mmol
added at a 130-min reaction time).
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lower rates than in the system without Aliquat 336 (comp
Figs. 1 and 2).

In our system the chloride counterion of Aliquat 3
(QCl) is easily substituted with the iodide anion, relea
during hydrodeiodination, to give tricaprylmethylamm
nium iodide (QI)[28]. Independent tests have shown tha
the isooctane/aqueous KOH system with QCl the forma
of a visually identified separate yellow layer between aq
ous and organic phases takes place upon addition of KI.
separate layer is mainly composed by QI, which is form
via the anion exchange of QCl with KI. It is also noticeab
that the QI phase, present at the interface in the biphasic
tem, is poorly dispersed upon stirring and tends to coat
particles of supported catalyst, thereby causing their ag
gation within its layer. Contrarily, QCl improves dispersi
of the catalyst particles. In the experiment reported inFig. 2,
the dispersion of catalyst was visually deteriorating after
time point corresponding to the beginning of rate inhi
tion, and right after a new portion of QCl had been add
(130 min inFig. 2) and the rate had been restored, the g
catalyst dispersion was attained again.

In this sense, the rate inhibition of iodobenzene reductio
in the presence of Aliquat 336 can be ascribed to the p
catalyst dispersion, though this does not exclude a pos
poisoning of the catalyst surface by the iodide anion, wh
coats the catalyst, once coupled with the quaternary ca
In order to understand in more detail the nature of rate i
bition and the role of Aliquat 336 in this connection, a ser
of experiments has been conducted with iodobenzene a
only substrate.

3.3. Hydrodeiodination in the multiphase system—Effect of
Aliquat 336

Hydrodeiodination of iodobenzene in the isooctane/aq
ous KOH system on Pd/C in the presence of Aliquat 3
proceeds with a high rate up to a conversion which roug
corresponds to the concentration of Aliquat 336 pres
(0.26 mol/L) (Fig. 3). After that, as well as in the compet
tive experiment, the rate falls noticeably. We have found
in the “slow period” the reaction proceeds with a rate eq
to that of the reaction, which is started with tricaprylmeth
lammonium iodide instead of Aliquat 336 (the reaction
loaded with 1 eq of Aliquat 336 and a slight excess of
seeFig. 3). One can see fromFig. 3 that upon a threefold
increase of Aliquat 336 concentration in the system, a co
sponding increase of conversion is observed in the initial
period, and in the presence of 5 eq of Aliquat 336 (exce
the substrate amount) the reaction proceeds with no sig
inhibition and is considerably faster than in the absenc
Aliquat 336 (Fig. 4).

It must be noted that in the system without Aliquat 336
addition of KI to the reaction of iodobenzene (Fig. 4) does
not affect the rate, and that, in this case, the rate is hig
than in the experiment where Aliquat 336 and KI are pres
together, but lower than that of the initial period of reactio
-

e

f

Fig. 3. Reaction of iodobenzene with H2 over 5% Pd/C in the isooc
tane/10% aqueous KOH system in the presence of (") 1 eq of Aliquat 336
(0.26 mmol) and KI (0.35 mmol); (2) 1 eq of Aliquat 336; (P) 3 eq of
Aliquat 366; (!) 5 eq of Aliquat 336.

Fig. 4. Reaction of PhI with H2 over 5% Pd/C in the isooctane/10% aqu
ous KOH system in the absence of A336, with (2) and without (1) KI
(0.35 mmol).

in the presence of Aliquat 336 (Fig. 3). Therefore, we can
conclude that Aliquat 336 per se promotes the reactio
iodobenzene.

We have noted also that Aliquat 336 (QCl) is extrac
from its solution in isooctane by the QI layer. In this sen
the presence of QCl in the bulk of QI could eventually res
in one or more of the following: (1) competitive adsorpti
on the catalyst surface and, thereby, liberation of a portion
of surface, poisoned by I−; (2) anticoagulation effect, an
following from this, enhancement of mass transfer (in
presence of the QI–QCl phase a better catalyst dispe
was observed).

One can note that the rate of iodobenzene reaction (al
in isooctane/aqueous KOH without Aliquat 366 (Fig. 4) is
considerably lower than that in the competitive experim
with the other halides under the same conditions (Fig. 1).
The higher rate of iodobenzene reaction in the mixture seem
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to be due to the presence of bromobenzene, as has be
idenced by comparing the kinetic profiles of iodobenz
reaction in mixtures with chloro- and bromobenzene. T
reaction rate of iodobenzene in the mixture with chlorob
zene is slow and not different from that of the reaction
iodobenzene alone, while the reaction of iodobenzene in
mixture with bromobenzene proceeds rapidly and has th
same rate as in the competitive experiment (Fig. 1), even
though the content of PhBr is nearly 10-fold lower than t
of PhI (seeFig. 5).

3.4. Hydrodechlorination and hydrodebromination
reactions

Contrary to iodobenzene, the separate reactions of chloro
and bromobenzene in isooctane/aqueous KOH without
quat 336 are very rapid (see entry 3 ofTable 1), and much
faster than in the analogous competitive experiment (Fig. 1
and entry 1 ofTable 1). This again stresses the idea that
iodide anionic species represent a poison not only for
hydrodeiodination reaction butalso for dechlorination an
debromination. The presence of Aliquat 336 along with
iodide anion, QI, seems to reinforce the poisoning by the
ter also for the reactions chloro- and bromobenzene (Fig. 2).

An inhibition effect similar to that of iodide, but less pr
nounced, can also be observed due to the release of bro
anion in the reaction of bromobenzene in isooctane/1
aqueous KOH (Fig. 6). In the presence of 1 eq of Aliquat 33
there is a rate decrease after acertain conversion (in the in
tial period the rate is the same as in the experiment with
Aliquat 336). In the presence of 3 eq of Aliquat 336, inste
the reaction speeds up and is almost complete in just 1
(Fig. 6).

In the separate reaction of chlorobenzene, there is no in
hibition at any concentration of Aliquat 336, but only a
celeration of the reaction. In fact, the cocatalytic effect
quaternary salts is more pronounced in the hydrodech
nation reaction, as our previous results have shown, par
larly for the polychlorinated substrates, which are someti
impossible to dechlorinate without Aliquat 336, e.g., in
reaction of di- and trichlorobenzenes over Raney-Ni in th
isooctane/aqueous KOH system[11,12].

4. Conclusions

(1) The reactions of a mixture of phenyl chloride, b
mide, and iodide over Pd/C proceed consecutively in the
defined order PhI, PhBr, PhCl, which is induced by the or
of the adsorption strength of these species on Pd. Seem
the adsorption of a halobenzene on Pd/C takes place vi
σ -coordination of the carbon–halogen bond and the cata
is saturated by the adsorbed halobenzene species durin
reaction.

(2) The quaternary ammonium salt, Aliquat 336, p
motes hydrodehalogenation in the isooctane/aqueous KO
v-

e

-

,
e

e

Fig. 5. Reactions of iodobenzene in the presence of chlorobenzen2,
iodobenzene;", chlorobenzene) and of bromobenzene (1, iodobenzene
P, bromobenzene) over 5% Pd/C in isooctane/10% aqueous KOH.

Fig. 6. Reaction of bromobenzene with H2 over 5% Pd/C in the isooc
tane/10% aqueous KOH system vs the amount of Aliquat 336: (1) without
Aliquat 336 (see also entry 3,Table 1), (2) 1 eq of Aliquat 336 (0.26 mmol)
(!) 3 eq of Aliquat 336.

system, where its maximum effect is felt on the hydrodec
rination reaction. However, for the hydrodebromination
hydrodeiodination reactions, the stoichiometric amount o
excess of Aliquat 336 is required, since the latter is requ
to overrun the rate inhibition, caused by the presence o
dide or bromide anions on the catalyst surface.

(3) In the hydrodehalogenation of bromobenzene
iodobenzene, especially in the case of the latter, the in
tion effect on the reaction is produced by the released hali
anion. In the reaction of iodobenzene such inhibition can
reinforced due to the presence of the iodide-substituted
quat 336. The latter, formed as a result of anion excha
of Aliquat 336 with KI, forms an immiscible liquid laye
between aqueous and organic phases and coats the Pd
lyst, thereby making it more accessible by the iodide anionic
species. Therefore, the role of the quaternary ammon
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salt, if taken in insufficient amount, may be negative, i
that of an “inhibition promoter.”

(4) The maximum inhibition is produced by the iodi
anion, because of its high affinity to Pd. This inhibition
fects also the reactions of bromo- and chlorobenzene in
mixture of halides.

The clarification of the above-noted effects sheds ligh
some peculiarities of the mechanism of hydrodehalog
tion in the multiphase systems, particularly on how the
ture of the halogen, coupled with the presence of quater
salt, can affect the reaction rate and behavior in both n
tive and positive ways.
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