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Catalytic hydrodehalogenation of organic compounds
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Recent results on hydrodehalogenation (HDH) of alky! halides, freons, aryl halides,
polychlorinated derivatives of benzodioxines and biphenyls, and other compounds in the
presence of heterogeneous and homogeneous catalysts are generalized. Effective and selective
hydrodehalogenation proceeds vig anion or radical anion intermediates. Special attention is
given to the nature of the source of the hydrogen replacing the halogen.
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Hydrodehalogenation (HDH) of organic compounds
is a complex scientific problem combining fundamental
and applied aspects. The practical aspects of HDH have
recently become important, because the world commu-
nity is anxious about the increasing contamination of
the environment. Polychlorosubstituted organic com-
pounds (dioxines, polychlorinated biphenyls, and oth-
ers) are the most abundant and, at the same time, the
most dangerous by-products of several large-scale indus-
trial processes. Polyhaloalkanes (freons) are dangerous
for the ozone layer of the Earth. It is not a coincidence
that the predominant number of the recent works on this
subject has been devoted to the dehalogenation and
hydrogenolysis of just these compounds. Catalytic
hydrodehalogenation makes it possible to decompose
halogen-containing organic compounds and, in many
cases, to obtain useful products. Progress in the study of
catalytic hydrodehalogenation can be achieved when the
possible reaction mechanisms are clear.

Analysis of recently published works shows that cata-
lytic hydrodehalogenation is developing rapidly compared

to other fields of chemistry. A detailed review! published
in 1980 and devoted to hydrogenolysis of organic halides
gives a good view of the state of the problem to that date.
However, methodical approaches to this problem have
changed considerably in recent years. For example,
biodehalogenation is being rapidly developed, but it was
not even mentioned in the review.! The considerable
advances in biodehalogenation are associated with the
elucidation of the chemical nature of the active factors of
enzymes (dehalogenases) rather than of microorganisms,
which makes it possible to model the action of enzymes
by complex metal-containing catalysts. In the next cen-
tury, the development of chemical industry will be prob-
ably based on the combination of chemical catalysis and
biocatalysis in industrial fine organic synthesis and on the
use of synthetic enzymes.? Photocatalysis has also in-
tensely developed, and considerable success has been
achieved in the use of photo- and electrochemical meth-
ods for hydrogenolysis of C-halogen bonds. Recently
published patents are evidence that catalytic dehalogena-
tion is performed on both laboratory and industrial scales.
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Despite the progress achieved, many aspects of the
mechanisms of catalytic hydrodehalogenation are not
yet clear. Anion, radical, and radical anion mechanisms
of hydrodehalogenation have been suggested depending
on various conditions and catalysts. Taking into account
basic differences in reaction conditions (for example,
both gaseous hydrogen and organic hydrogen-containing
donor molecules can serve as a hydrogen source; the
presence or absence of electron transferring agents,
counterions in the case of complex catalysis, erc., in the
reaction system), mechanisms can also be different in
each particular case.

In this review, we have attempted to generalize the
results of the last decade of study of the conditions and
mechanisms of catalytic HDH of organic substances.

1. Hydrodehalogenation of aliphatic halides

Predominantly metal-containing, less frequently, non-
metallic catalysts as well as homogeneous and hetero-
genized metal complexes modeling enzyme action are
used for HDH of aliphatic halides.

1.1. Hydrodehalogenation in the presence of
heterogeneous catalysts based on group VIII metals

Group VIII metals are widely used for hydrodechlori-

nation (HDC) of alkyl halides. The methods of reduc-
tive HDC of organic halides in the presence of catalysts
of heterogeneous hydrogen transfer are patented.
Polychloromethanes dechlorinate in the presence of a
group VII or group IB metal supported by aluminum
oxide. The selectivity of the reaction can depend on the
dispersity of the support and the content of the active
component. For exampie, in the presence of the catalyst
0.5 % Pt/AlLO; on a support with a developed surface
(0-AlL,O5, specific surface 133 m? g7, the selectivity is
71 % with respect to CHCIy 3 (0-Al,05 is formed in the
calcination of o-Al,O5 at 800 to 900 °C from y- or
n-Al,O; and possesses a lower Lewis acidity). At the
same time, for a similar catalyst on a support with a less
developed surface (the surface of the a-Al,O5 support is
80 m2 g7, the conversion of CCly, is high and stable:
92.7 % after 118 h at a selectivity of 83 % with respect
to CHCIy. A higher selectivity with respect to chloro-
form is achieved for the modification of this catalyst
with a lanthanide group metal oxide. For example, in
the presence of Pt(0.25 %)LaO(5 %)/AlL,05 at a molar
ratio CCly : Hy = 0.1 and at a low temperature
(120 °C), and a high volume rate (3000 h™'), 88 %
CHCly is forimed for a selectivity of 92 %.4 When the
content of Pt in Pt/Al,O4 catalysts increases from 0.4 to
3 wt. %, the selectivity with respect to chloroform in-
creases from 40 to 85 % at a constant rate calculated per
Pt atom.’

The reduction of CCly is possible even in a mixture
with CO,. For example, at 160 °Ca H, : CO, : CCly =

2 : 1 1 mixture was passed over the Pd/C catalyst.
When the contact time was 20 s, a mixture of products
of complete and partial dechlorination was formed: 62 %
CHJC', 29 % CHzClz, and 9 % CH4.6

Hydrodechlorination of CCl, under the action of
hydrogen in the presence of Pd(OAc), in the liquid
phase (solutions in acetic acid) at 20 to 80 °C results in
the formation of methane.” In this case, the catalyst is
palladium black formed in the reduction of Pd(OAc),
with hydrogen under the reaction conditions. The au-
thors mention that the introduction of polar solvents
into the reaction medium results in an increase in the
HDC rate and a decrease in conversion. For example,
methane was the main product in the presence of DMFA,
dioxane, and benzyl alcohol; a mixture of chloroform
and chloromethane was the main product in the pres-
ence of isopropanol; while a mixture of chloroform,
chloromethane, and methane was formed in the pres-
ence of rerr-butanol. In the latter case, an unusual order
of the change in the selectivity of the reaction over time
is observed. The yield of CHy passes through a maxi-
mum (40 %, 60 min) and then decreases almost to zero
(3 to 4 h), and the yield of chloroform increases mono-
tonically to 75 % (4 h). A vyield of chloromethane
rapidly increases (to 25 %) for | h and then is stabi-
tized. The authors’ believe that this is related to the
existence of an initial period of formation of the cata-
lytically active complex. We believe than one should
speak more exactly about a change in the nature of the
catalytic systern rather than about its formation in the
initial period of the reaction. The mechanism suggested
by the authors includes a fast reversible reaction of the
catalytic active centers with CCl, followed by the slow
hydrogenolysis of the complex formed:

CCl
{Pd,,] + CCl, — (Pdml <Cl . h
CCl b
(Pd,,] <c1 3, H, —= [Pd,] + CHCl, + HCI | (2)

a, rapidly; b, slowly.

Other transformations leaving the chioromethyl group
bound to the catalyst can occur in parallel with hydro-
genolysis (2), and result in an increase in the depth of
HDC. However, the presence of the solvent is not taken
into account in this scheme, and alcohols, as will be
shown below, can participate directly in HDC, being
donors of hydrogen as well.

The relatively fast reductive dechlorination of CCly
and CHCl; in agueous solutions occurs in the presence
of finely dispersed metallic iron under anaerobic condi-
tions at room temperature.® The reaction occurs sequen-
tially, and the rate of HDC sharply decreases for each
succeeding stage. For example, CCl, is transformed
into CHCl; after 2 to 2.5 h, while the half-transfor-
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mation of CHC1; to CH,Cl, occurs only after 100 h.
Studying the kinetic regularities of this reaction, the
authors have shown that of three possible mechanisms
of HDC (direct transfer of an electron from Fe® to the
absorbed substrate, reduction by dissolved Fe?*, and
reduction by hydrogen formed due to the corrosion of
iron in the presence of iron as a catalyst), the first
mechanism is the one that occurs:

Fel + AX + H* ——s Fe2* + RH + X"

The reaction rate is limited by the diffusion of the
substrate to the iron surface. However, under anaerobic
conditions, these regularities can be distorted, and the
distortions can be very substantial in the purification of
sewage. :

Possible mechanisms of the reductive catalytic dechlo-
rination of polychlorinated ethanes (1,2-dichloroethane,
I,1,2-tetrachloroethane, and [,I,[-trichloroethane) in
the presence of palladium-supported catalysts (mainly,
industrial 0.5 % Pd/y-AL,O3) at 200 to 350 °C in a
hydrogen atmosphere have been discussed.? Ethane and
ethylene were the main products in almost the whole
temperature range, and the content of partially dechlori-
nated products (both saturated and unsaturated) turmed
out to be anomalously low. The authors believe that this
composition of products can be explained within the
framework of the suggested mechanism of HDC of-
vicinal di- and polychloroalkanes, according to which
the reaction begins with dechlorination to form an un-
saturated compound, which then can be rapidly hydro-
genated under the reaction conditions, for example, for
I,1-dichloroethane, according to the scheme:

CH,CI—CH,Cl +H, —» CH,=CH, + 2HCl,
CH,=CH, + H, —Le C,H,
i. Catalyst.

In fact, when the reaction temperature increases
from 250 to 300—350 °C, the yield of ethane decreases
from 90—100 to 75 %, and the vield of ethylene in-
creases due to a decrease in the rate of its hydrogena-
tion. In the transformation of 1,1,2-trichloroethylene
via this mechanism, vinyl chloride should be the first
product, however, its yield is insignificant {1—2 %) and
does not increase as the reaction temperature increases,
which is associated by the authors with fast hydrogena-
tion and HDC to ethyl chioride and ethylene, respec-
tively:

CH,CI—CHCI, + H, CH,=CHClI

/\:HC!

CH,CH,CI CH, =CH,

+ H, 1 -HCI ,+ Hy
C2H6

e — .
~2HCI

It is clear that HDC of geminal halogen-substituted
compounds, for example, 1,1,1-trichloroethane, should
occur via a different mechanism, probably with subse-
quent replacement of chlorine with hydrogen. In fact,
the composition of the products is different in this case
(mainly, ethane and 1,]-dichloroethane), and when the
reaction temperature increases from 200 to 350 °C the
yield of ethane decreases from 94 to 51 %, and the yield
of 1,1-dichloroethane increases from 4 to 26 %.

It has been established!? in a study of HDC of five
chlorinated ethylenes, including tetrachloroethylene and.
vinyl chloride, in the presence of 0.5 % Pd supported
by C or ALLO5 in an H; atmosphere (0.1 atm) at ~20 °C,
that ethane is the main product (the other products were
not identified). The yield of ethane with the use of
Pd/Al,O4 (85 %) is higher than that in the presence of
Pd/C (55 %). The reaction is first-order with respect to
both the substrate and the metal. The presence of oxy-
gen sharply decreases the efficiency of HDC; however,
the nature of this phenomenon was not studied in
Ref. 10.

The Pd/C catalyst has been used for dechlorination
of freon 1l14a (1,2,2,2-tetrafluoro-1,1-dichloroethane)
to freon 134a (1,2,2,2-tetrafluoroethane)!! and for
dehalogenation of other organic halides at 50 to 150 °C
and py; < 4 atm in the presence of alkali in an alcohol
solution.!? The palladium catalyst was also used for
selective removal of chlorine in the CF;CCIF, mole-
cule in the presence of other halohydrocarbons.
For example, in a mixture with a molar ratio
H, : CF;CCIF, : CH;CCIF; = 2 ¢ 1 : 0.3 at 250 °C,
CF;CCIF; transforms to CF3CHF; with a selectivity of
99.8 % at a conversion of 65 %.13

To change the activity and especially the selectivity
of palladium catalysts (whose selectivity is compara-
tively low), modifications with other metals are widely
used in HDC of freons. Modifying the palladium cata-
lyst with silver, as should be expected, decreases the
depth of dechlorination of CCLFCCIF, (R-113). At
275 °C in the presence of reduced Pd—Ag/C in a
hydrogen atmosphere, R-113 transforms in 30 min to
chlorotrifluoroethylene with a selectivity of 56 % at a
conversion of 49.5 %.14

Modifying a palladium or rhodium catalyst with
copper!S makes it possible to achieve high values of
selectivity of hydrodehalogenation. For example, chlo-
roform is formed from CCly in a yield of 52.8 % at
100 % conversion in the presence of a carbon-supported
catalyst containing 10 % copper, 0.044 % rhodium, and
6.5 % methyltriphenylphosphonium chloride.

Palladium catalysts supported by aluminum oxide
(5 % Pd/ALO,; and 0.5 % Pd/AL,0O5) were modified
with 26 metals with the purpose of enhancing their
selectivity 18 In choosing a modifying agent, the authors
of this work tried to suppress the further reduction of
double bonds and to obtain unsaturated compounds
(chlorotrifluoro- and trifluoroethylene) that can serve as
monomers in the production of Teflons. Trifluoroethylene
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Table 1. Effect of modification on the activity and selectivity
of 5 % Pd/Al,05 system in the hydrodechlorination of freon
R-113 by hydrogen!$

Modifying M/Pd T/K Conver- Selectivity (%)
agent (at) ston (%) 3FCI IFH
— 0 423 20 0 10
TINO; 2 473 13 100 0
| 473 34 98 2
0.5 473 60 I 72
SnCl, | 503 12 78 17
523 21 70 24
Cu(NO,), 2 473 45 37 43
InCly | 503 15 90 0
CdCl, 4* 473 3 64 10
523 21 54 27
AgNO, | 473 44 59 33
4+ 473 12 70 28
Pb(NO;), | 473 24 51 43
HgCl,y 2 473 31 17 80
BiCl, 473 2 - -
0.4 473 46 12 86

* 0.5 % Pd/ALO;.

is also an intermediate product in the synthesis of ozone-
safe freon R-134a, which is used as a cooling agent.-
Metals of groups IB—11IB (Ag, Bi, Cd, Cu, Hg, In, Pb,
Sn, and T1) exerted a positive effect on the selectivity
with respect to trifluorochloro- and trifluoroethylene.
The subsequent dechlorination of 1,1,2-trichlorotrifluoro-
ethane to trifluorochloro- and then trifluoroethylene
occurred on the obtained catalysts. As can be seen from
Table 1, the maximum selectivity according to the
amount of desirable products is achieved in the presence
of Bi—Pd/Si0; and TI—Pd/C, and changing the con-
tent of thallium in the catalyst results in a sharp pre-
domination of one of the products (from 100 %
chlorotriflucroethylene to 72 % trifluoniethylene). High
selectivity (about 80 %) is retained when the reaction
temperature and degree of conversion change.

To elucidate the nature of the modifying action, the
authors performed a thermodynamic analysis of the
catalytic cycle. All efficient promoters fall in the same
region in the plot of the dependence of the logarithm of
the equilibrium constant for the transformation of HCI
(3) on the logarithm of the equilibrium constant for the
decomposition of the corresponding metal chlonde (4).

MF, + nHCl = MCI, + nHF, (3
MCl,, + n/2 Hp = M + nHCL (4)

The data presented are evidence that the modifying
agents act to suppress the hydrogenating activity of the
platinum group metal and its activity in hydrodefluorina-
tion. It is shown using several physicochemical methods
for studying catalysts that the activating action of a

metal-modifying agent is achieved by decomposition of
ensembles of palladium atoms. For example, in the
modification with thallium, the broad peak of palladium
in the X-ray photoelectron adsorption spectra of
TI—Pd/C shifts to lower 20 angles, which attests to
the formation of a thallium—palladium alloy or inter-
metallide.

Removal of iodine, bromine, and chlorine is possible
on a rhodium catalyst in a hydrogen atmosphere, and
only fluorine cannot be removed. When compounds of
general formula RCH,Cl Br ., (where R = C,F,,_,H,,
a=1—-4 b=0-4cde=0-3,n=0-2c+d+
+ e = 3 — n) are hydrogenated at a molar ratio hydro-
gen : substrate = 6 : | over Rh/Si0; and at tempera-
tures of 450 °C in the first reaction zone and 220 °C in
the second reaction zone, 97.3 % (CF3CH,), is formed. !’

In the presence of Pd/C and hydrogen at 350—
600 °C, fluorine as well as chlorine is replaced by
hydrogen: chloropentafluoroethane and 1,1,1,2-tetra-
fluoroethane (both individual and in a mixture) can be
reduced to the corresponding fluoroalkanes and (or)
hydrocarbons. ¥ Hydrogenation of decafluoro-2-pentene
with gaseous hydrogen in the presence of a platinum
catalyst at 300 °C gives octafluoropentane with a selec-
tivity of 90 %.!'% Catalytic hydrogenation of chlo-
roflucrocarbons at high pressure in the liquid phase also
gives good results. For example, in the presence of
ethanol, Pd/C, and hydrogen (10 kg cm™2) in an auto-
clave at 200 °C, 1,1,2-trichloro-1,2,2-trifluoroethane
dechlorinates to 1,2-dichloro-1,2,2-trifluoroethane. The
degree of conversion is 50—51 %, and remains almost
unchanged when the duration of the experiment in-
creases from 2 to 1000 h. At the same time, under
similar conditions in the gaseous phase, the degree of
conversion decreases from 70 to 30 % as the reaction
time increases from 2 to 20 h.20

Interesting results were obtained in a study of the
effects of 11 additives to the catalysts (0.5 and 5 %
Pd/ALO3) on HDC of 1.1,2-trifluoro-1,2,2-trichloro-
ethane (freon R-113) to trifluoroethylene.2! The maxi-
mum selectivity is observed in the presence of catalysts
modified by Bi and Tl (78 and 70 % at 200250 °C and
yields of products of 44 and 39 %). The catalysts ob-
tained by deposition of Pd—Bi on SiO, are more active
in HDC: when the content of Pd is 2 % and the ratio
Bi : Pd = 1 : 2, the selectivity is 90 % and the yield
of trifluorochloroethylene is 99 %.

HDC of R-113 over Ni/TiO,, MnTiO3, and Ni and
Co powders at 300 °C also results in the formation of
trifluorotrichloroethylene, while in the presence of
Pd/TiO; the main products are difluoroethylene and
trifluoroethane 22

At temperatures higher than 150 °C, the main prod-
uct of the transformation of R-113 in the presence of
Pd/TiO, is difluoroethylene, while in the presence of
Pd/C it is trifluoroethane (selectivity 85 %).23 The activ-
ity of rhodium and platinum catalysts is lower than that
of Pd/C. The authors of Ref. 23 found that the addition
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Table 2. Activities of silica gel-supported metals reduced at
450 °C in HDC of R-113 in a flow-type system at the ratio

Ar: H;  R-113 = 6 :6 : 1, | g of catalyst, flow rate
65 cm?d min~! 24

Composition  T50?/°C __ Selectivity (%)

(%) 3168 13167 1239 143¢

Pd (0.5) 317 0 0 17 80

Pt (5) 384 0 0 74 26

Ru (5) 408 7 8 3 3

Ni (10) 523 17 42 I 13

4 Temperature  corresponding to 50 % conversion.

b CF3yCCI,CCIL,CFy. © ¢is- and trans-CF,CClI=CCICF,.
4 CClHH~CFy. ¢ CFH,—CF,H. ‘

of up to 2 % water vapor to the reaction mixture
suppresses the hydrogenolysis to methane.

In several works, transformations of freon R-113 on
metal oxides and supported metallic catalysts were stud-
ied.2 [t was found that three chlorine atoms are succes-
sively replaced by hydrogen in the presence of catalysts
based on Pd, Pt, Rh, and Ni. Dimerization of the
partially dechlorinated molecules is possible along with
HDC on nickel and ruthenium catalysts. As can be seen
from Table 2, the maximum depth of dechlorination, as
in Ref. 23, is achieved in the presence of a low-percent--
age palladium catalyst (up to 80 % of the completely
dechlorinated product). In the presence of 5 % Pt/SiO,,
the depth of dechlorination is lower: 74 and 26 % of
dichlorotrifluoroethane and triflucroethane, respectively,
are formed in a flow-type system. Nickel and rhodium
catalysts give substantial amounts of dimerization prod-
ucts and chlorotrifluoroethane. According to the au-
thors’ opinion, the key step in the hydrodechlorination
of both chlorofluorohydrocarbons and chiorofluorocar-
bons not containing hydrogen is dissociative adsorption

followed by the formation of the radical XC—CF,

(X, Y = H, Cl, or F); however, no proofs of this mecha-
nism are presented in the work.

In the presence of Ni/TiO, prepared by decomposi-
tion of Ti—Ni—H hydride systems with mineral acids,
the main product of DHC of R-113 at 200—400 °C was
chlorotrifluoroethylene, and the activity and selectivity
of the catalysts strongly depended on the composition of
the initial hydride.?5 The catalysts containing 8.3 % Nji
prepared from hydride TiNiH, ¢ possess the maximum
activity: at 300—350 °C the degree of conversion was
98 % at a selectivity of 95 %. The substantial differ-
ences in the activity of the catalysts prepared from
mntermetallide hydrides with different Ti : Ni ratios are
explained by the authors by the existence of strong
metal—support interaction in the system, and this ap-
proach seems promising for explanaining the strong
effect of metal-modifying agents on the selectivity of
HDC in the presence of supported metal-containing
catalysts.

Catalysts prepared by impregnation and containing
5 % Pd on aluminum oxide, fluorinated aluminum ox-
ide, or AlF;, lead to hydrodechlorination of C,FCl to
C,FsH in a hydrogen atmosphere with high conversion
(100 %) and selectivity (97 %).26

Dehalogenation and even decomposition of halohy-
drocarbons occur on complex catalysts made up of a
stable (toward the action of hydrogen halides) support of
iron and (or) nickel alloys containing more than 15 %
chromium covered with a titanium dioxide layer and
impregnated with one or more of the following metals:
Pd, Pt, Ru and Os, Re, and .27

A study of the adsorption and decomposition of alkyl
iodides on the Ni(100) surface at temperatures below
150 K showed that free alkyl radicals form on the
surface, which then can desorb after destruction (at low
degrees of coverage),?® reduction, or by hydride dis-
placement (at high degrees of coverage). The final prod-
uct of this low-temperature reaction is a mixture of the
corresponding alkane and alkene. Probably a radical
mechanism is possible in this case due to the low energy
of the C—1 bond.

In the presence of Devard alloy in an aqueous-
alcohol alkali, chloroform is hydrodechlorinated to meth-
ane with a low conversion rate (8.1 %), but a high
selectivity (80 % with respect of methane).??

1.2. Hydrodehalogenation in the presence of
bimetallic and nonmetallic catalysts

Nickel-chromium catalysts, including those on oxide
supports, are used in oxidative dechlorination to form
less halogenated olefins from the corresponding halo-
substituted alkanes.!t30.31 However, in some cases, re-
duced catalysts can lead to reductive dechlorination. For
example, silica gel-supported iron, cobalt, nickel, and
chromium have been used3!3? as selective but low-
active catalysts to remove one chlorine atom from
1L L -trifluoro-2,2,2-trichloroethane. Only 3.5 %
1.1, 1-trifluoro-2,2-dichloroethane was obtained after 6 h
at 450 °C.

A convincing argument in favor of the acid-base
mechanism is the fact that reductive dehalogenation of
organic compounds can occur on nonmetallic catalysts.
For example, in the presence of active carbon in a
hydrogen atmosphere at 200—700 °C and 0.5—10 bar,
one or more chlorine or bromine atoms are removed
from various organic compounds, including alkanes,
cycloalkanes, alkenes, aromatic hydrocarbons, and
ethers. 33

HDC occurs better in the presence of carbon fiber
activated by hydrogen at high temperatures (450 °C);
such catalysts do not loose their activity and selectivity
for several hours* For example, at 350 °C in the
presence of the catalyst FE—300 (carbon fiber based on
polyacrylonitrile) pre-treated with hydrogen at 450 °C
to remove contaminants, and at a convey or rate of
0.21 g min~!, |,2-dichloroethane is transformed into
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chloroethyiene. After 6 h the conversion is 69.5 % at a
selectivity of 98.9 %, and after 23.5 h it is 70.1 at a
selectivity of 99.2 %.

Dechlorination of R-113 is observed in the presence
of hydrogen at a molar ratio hydrogen : substrate = 3
and temperature 500 °C on spherical silica gel with a
high specific surface (106 m? g7!) with considerable
conversion and high selectivity (65 and 94 %, respec-
tively).35

In the presence of zeolite catalysts, dechlorination of
alky!l chlorides usually occurs along with dehydrogena-
tion to form olefins or less chlorinated olefins. However,
modifying zeolite with a metal catalyst of hydrogenation
(for example, nickel), makes it possible to obtain hydro-
gen-saturated products as well. For example, Ref. 36
describes the complete HDC of haloderivatives of ali-
phatic hydrocarbons in a {low-type system in the pres-
ence of hydrogen and nickel-modified specifically selec-
tive zeolite (for example, Ni—ZSMS). This bifunctional
catalyst combines the ability of nickel to catalyze hydro-
genolysis of the C—Hal bond with the acidic and specifi-
cally selective properties of zeolite. The products con-
tain only hydrogen halide and hydrocarbons, and the
relative amounts of the obtained hydrocarbons of differ-
ent classes (paraffins, olefins, aromatics) strongly de-
pends on the gas : reactant ratio, volume rate, and
temperature.

1.3. Hydrodehalogenation in the presence of
complex catalysts. Modeling enzymatic dehalogenation

Triphenylphosphine and carboran rhodium com-
plexes, both homogeneous and heterogenized on poly-
mer supports, exhibit noticeable activity in HDC of
chlorocyclopropane derivatives.3” For example, in the
presence of RhCI(PPh;),, ethanol, and KOH, the initial
rate of HDC of 3,3,7,7-tetrachlorotricyclo[4.1.0.0%%}hep-
tane to 3-chlorotricyclo{4.1.0.024}heptane was
98 mol (L ming Rh)™!'. However, the complex rapidly
decomposes and loses its activity. The complex hetero-
genized on a polymer support is less active (the initial
rate of HDC is up to 24 mol (L ming Rh)™!), but its
action is stable.

Since the problem of the biological decomposition of
haloorganic compounds is especially important, much
attention has recently been given to modeling the action
of the dehalogenase enzymes responsible for biodehalo-
genation by microorganisms.3%3% Polychlorinated ethyl-
enes (as well as aromatic compounds such as benzenes)
undergo reductive dechlorination in the presence of
vitamin B;, coenzyme Fgy,, or hematin catalysts and a
strong reducing agent, for example, Ti'll citrate or
dithiothreitol. 49

In Ref 40, the complex Ni{tmtaa) (tmtaa is the
6,8, 15, 17-tetramethyl-5 14-dihydrodibenzo-
[6,i1(1,4,8,11)-tetraazacyclotetradecine dianion) is used as
a model of the active center of the Me-coenzyme of
M-reductase, factor F-430 (nickel complex of hydro-

genated porphyrin). This complex is similar to metal-
loporphyrins, but the metal can easily change its degree of
oxidation due to low conjugation. The authors consider
the key stage to be the Nill-»+Ni! reduction, and sodium
borohydride is the reducing agent in this case. By means
of this reductive system, iodine can be easily removed.
Removal of bromine is more difficult, and chlorine almost
cannot be removed in the corresponding halocyclo-
hexanes. For example, in a diglyme—ethanol mixture
at 30 °C at the ratio of Ni(tmtaa) : halocyclo-
hexane : NaBHy; = | : 50 : 100, the number of reac-
tion cycles (the alkane : catalyst ratio) after 3 and 6 h
was 0 and 0.01 for chlorocyclohexane, 11.3 and 17.9 for
bromocyclohexane, 22.0 and 30.9 for iodocyclohexane,
and 0.9 and 1.7 for I-bromoadamantane. The reaction
does not occur under the same conditions in the absence
of the complex. The potentials of the reduction half-
waves of |-bromoadamantane and bromocyclohexane
(—2.38 and —2.29) do not substantially differ; however,
the activity of bromoadamantane in dechlorination is
lower by one order of magnitude. In the authors’ opinion,
this testifies that the reaction mechanism is substantially
more complicated than a simple clectron transfer. It is
likely that the elementary stage includes the nucleophilic
replacement of halogen by a hydride ion similar to that in
the noncatalytic reduction of alkyl halides by sodium
borohydride. We drew similar conclusions in the study of
the reduction of gem-dihalocyclopropanes by supported
and complex rhodium catalysts.4! For example, it was
shown by the use of deuterosubstituted reagents that in
the presence of rhodium triphenylphosphine complexes
(homogeneous and heterogenized on silica gel modified
by y-aminopropyl groups) the replacement of halogen by a
hydrogen atom of the solvent, most probably, the hydro-
gen atom at the a-position of the isopropanol molecule, is
possible in gem-dichlorosubstituted derivatives of cyclo-
propanes.

The nucleophilic substitution mechanism was experi-
mentally confirmed by deuterium-hydrogen exchange.3’
When the reaction was performed with bromocyclohex-
ane in the presence of NaBH4 and C;Ds0D, a mixture
of CyH,; and C¢DH,, of composition 84 : 16 was
formed;, when C,HsOH and NaBD, were used, the
composition of the mixture was the same at a molar
ratio of 63 : 38. The following scheme was suggested on
the basis of these data:

{Nil(tmtaa)]”

R—Br o [R—Br]7 —
= Ni''{tmtaa) -Br
H " (from solvent)
R R’ —_— R, (5)
R—Br —2= RD + B (6)

According to this scheme, it is best to use a solvent
that facilitates the elimination of Br™, easily dissolves
sodium borohydride, is not coordinated by nickel, and
exhibits weak proton-donating properties, because the
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reduction of a proton to hydrogen is catalyzed by nickel
complexes. The best solvent is diglyme—35 % ethanol.

The redox processes in the system are clearly illus-
trated by ESR. In the presence of sodium borohydride,
the spectrufm of Ni(tmtaa) contains a singlet signal
characteristic of the Ni' species (g = 2.26, g, = 2.13),
which rapidly disappears due to the oxidation of the
nickel species when bromocyclohexane is added to the
system.

The reduction of Ni(tmtaa) by 2 % sodium amalgam
gives the complex Na*[Ni'(tmtaa)]~, whose ESR
spectrum contains a strong signal (g = 2.10, g, = 2.01)
substantially  different  from the signal of
Ni(tmtaa)/NaBH,. Therefore, an additional ligand is
coordinated with nickel in the latter complex, and
it is not BH,, because although the addition of BH,
in tetrahydrofuran changes the spectrum of
Na*[Ni'(tmtaa)]"‘ this new spectrum also differs from
that of Ni(tmtaa)/NaBH,. Therefore, it can be sug-
gested that the additional ligand can be either H™ or
BH,4~. These data confirm the suggested®! mechanism
involving a hydride ion.

The authors of a recently published work4? report for
the first time on the homogeneous reaction of or-
ganometallic compounds ot transition metals with substi-
tuted fluorocarbons. The organometallic anion
[C,Fe(CO),]™ leads the defluorination of perfluoro-

methylcyclohexane and perfluorodecalin at room or at’

lower temperatures in tetrahydrofuran. In the absence of
hydrogen in the gas phase, C|yF,g is formed, and at the
addition of 6 eq. C,Fe(CO);R the degree of conversion
is 90 % with respect to the substrate (R is the per-
fluorodecalin fragment).

Cytochrome P450cam, whose crystal structure and
oxidation cycle have been well studied,*? was used as a
catalyst for modeling processes occurring during the
biological reductive dehalogenation of organic halides.
Halosubstituted methanes or ethanes were used as sub-
strates. To reduce cytochrome, a system must certainly
contain electron donors, which can be organic or biologi-
cal electron donors, for example, proteins or NADH.
The products can be alkanes, alkenes, or carbenes,
depending on the type of mechanism that occurs in the
system: two-electron transfer followed by protonation,
B-elimination, or a-elimination.

Vitamin B,; and other corrinoids catalyze the an-
aerobic reductive dehalogenation of CCly and its lower
homologs by Tilll citrate to form methane.%® The au-
thors suggest that the reduction of Co!''B;,—R results in
the formation of an unstable radical anion intermediate
Co'"B|;—R™, and the C—Co bond breaks to form a
molecule of the dehalogenation product. It is notewor-
thy, however, that the potential of the one-electron
reduction of Co!''"B|,—CHj is very negative (approxi-
mately —1.3 V in a dimethylformamide—propanol-1
mixture).

By analogy, fermentative anaerobic HDH was per-
formed?s using the catalytic TiO;—CoTSP system (TSP

is tetrasulfophthalocyanine), a hybrid catalyst combining
a semiconductor and a macrocycle. Cobalt 44" 47" 4"~
tetrasulfophthalocyanine, which is structurally similar to
cyancobalamine (vitamin By,), has been studied consid-
erably less.

Under homogeneous conditions, the reactions
of Co!TSP with CCl;, CHBry, CHCIBr,,
CHClzBf,CH}Brz, CH2=CC12,CHC]=CC]2, C]H‘]BT,
CH,CH,Br, (CH;),CHBr, (CH;);CEBr, BrCH,CH,;Br,
CICH,CH,Cl, and CHsl in a 50 % propanol-2—water”’
mixture result in the formation of complexes of the
Co'"TSP—R type, where R is an alkyl group from the
corresponding halosubstituted derivative.

The successive debromination of bromoform result-
ing in the formation of CH;Br, as the main product
occurs both during noncatalytic photolysis and in the
presence of TiO,—CoTSP with silanized or nonmodified
TiO,. However, the reaction rate is significantly higher
in the presence of the CoTSP complex. At ~20 °C and
at concentrations of TiO;—CoTSP of | mg L™! and of
bromoform of 34 mmol L™!, the rates 20 min after the
beginning of the reaction were [.3, 2.8, and
14-10% mol min~! for silanized, nonmodified, and
modified TiO,—CoTSP, respectively. Only traces of
methane and bromomethane are present even after § h
of the reaction.

The suggested reaction mechanism is similar to that
described previously*! for HDH of polychlorosubstituted
derivatives of cyclopropane; the removal of the first
bromine atom is presented in the scheme, and the other
atoms are removed by repetition of the reaction cycle.
As can be seen from this scheme, the solvent serves as a
hydrogen donor:

Ti0,—Co'TSP + CHBr, —= Ti0,—CoTSP—CHBr, v
—= CHBr, + Ti0,—CoTSP,

CHBr, + (CH,),CHOH —= CH,Br, + (CH,),C=0.

Ni'l ions can be catalysts of the homogeneous reduc-
tion of bromo- and chloroorganic compounds by anthra-
cene radical anions® or by other organic radical an-
ions, 37 and the catalytic effect increases for less reactive
compounds. Chlorotoluene, bromopropane, bromo- and
chlorobenzenes, |-bromo-2-methyl-2-methoxycyclo-
propane, and 1, ,1-dichloro-2,2-diphenylcyclopropane
were reduced in such reactions. The authors mention
that under similar conditions Co!! ions can manifest
both catalytic and inhibition effects.

2. Hydrodehalogenation of aryl halides

HDH of aryl halides occurs in the presence of het-
erogeneous and homogeneous metal-containing cata-
lysts, in processes including phase-transfer catalysis.
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2.1. Hydrodehalogenation in the presence of
heterogeneous catalysts

Catalytic HDC of aryl halides is performed, as a
rule, in the presence of metallic catalysts based on
platinum or nickel group metals.

HDC of chlorobenzenes on the Pd/Al,O4 catalyst is
described in Ref. 48. Chlorinated benzenes and phenols
were hydrodechlorinated in the presence of 0.5 %
Pd/Al,04 reduced by hydrogen at 300 °C.4% The relative
reactivity depends on the position of the chlorine atom:
if it is at the orrho-position to the OH group or to
another chlorine atom, its elimination is difficult. Chlo-
rine atoms at the mera- and para-positions are removed
more easily. For example, HDC of 2,4-dichlorophenol
gives only one product, 2-chlorophenol. The authors
established the existence of two temperature regions of
the reaction, and in the low-temperature region the
existence of a substituent at the ortho-position to the
chlorine atom sharply decreased the rate of HDC.

Vapor-phase HDC of chlorbenzene occurs in the
presence of Pt/Al,O; or Pt/H—BEA zeolite.5® The ini-
tial activity of the zeolite-containing catalyst is high,
however, coking and oligomerization cause its deactiva-
tion. The stability of the catalyst increases when the
Bransted acidic centers are replaced with Na* ions.

As in the case of alkyl halides, HDH is efficient in

the presence ¢f Pd/C at low temperatures (5—150 °C)

and at pressures lower than 4 atm in the presence of
acceptors of HHal such as alkaline metal hydroxides in
alcohol solutions.i?

Transition metals (Pd and Ni) on Sibunit and CFC
carbon supports developed at the Institute of Catalysis of
the Siberian Branch of the RAS cause successive HDC
of 1,2,4,5-tetrachlorobenzene under relatively mild co-
nditions (20—70 °C).5! Complex hydrides were used as
the hydrogen source. In the presence of one of the
tested systems, 4 % Pd/CFC—NaH(LiAIH )y, HDC
occurs with the selective formation of 1,2,4-trichloro-
benzene. Using several physicochemical methods, the
authors showed that Pd particles more than 100 A in
size are inactive in HDC.

Reductive debromination of p-bromotoluene was
studied in air in the presence of sodium borohydride and
isopropanol. The reaction was catalyzed by rhodium and
ruthenium complexes fixed on y-aminopropyl-contain-
ing silica gel.5? As should be expected, the activity and
stability of almost all studied complexes in the reaction
in air were lower than those for the reactions in hydro-
gen or in inert gas atmospheres. Only in the presence of
immobilized ruthenium tetraacetate does the activity
decrease less substantially (the initial reaction rates are
1.37 and 1.17 mol (min mol Ru)~! in an argon atmo-
sphere and in air, respectively); however, the activity of
this catalyst is almost 6 times lower than that of the
immobilized rhodium complex [Rhy(0;CMe) ], which
is considerably less stable in air. The halogen is re-
placed, in the opinion of the authors, by hydrogen from

the borohydride molecule, however, this conclusion
seems insufficiently substantiated. In the earlier works of
the same authors, the catalytic effect of complex cata-
lysts in reactions of hydrogen transfer from alcohols?
and, in particular, from the a-position of propanol-2, 54
to ketones was studied. As has been already mentioned,
the mechanism of the replacement of halogen by a
hydrogen of the solvent in the presence of rhodium
triphenylphosphine complexes was substantiated in
Ref. 37. A similar transfer can also occur in the reaction
described in Ref. 52

In a Hoehst Company patent, organic amines serve
as hydrogen donors in the removal of halogen atoms
(except fluorine) in halosubstituted |,3-difluorobenzenes
of general formula A (where R'—R* = H, Cl, or Br,
and more than one of the R'—R* substituents is Cl or
Br) under mild conditions (70—140 °C) in the presence
of a palladium catalyst (Pd/C). For example, 2,4-di-
fluorochlorobenzene is transformed into 1,3-difluoro-
benzene at 5—60 °C in the presence of tri-(p-do-
decyl)amine, catalyst, and hydrogen. 55

F
R4 R!
RS F
=4
A

Both homogeneous and heterogenized rhodium(i)
complexes can debrominate para-bromotoluene.5®

Catalysts with a high content of nickel (30—70 %)
on nickel aluminate with crystallites 50—150 A in size
exhibit high activity and selectivity (with minimum
hydrogenation of the aromatic ring) in reductive
dehalogenation, for example, in the dechlorination of
chlorobenzene.%7

The known method of dechlorination by zinc in an
alcohol alkali®® or by the nickel-zinc Urushibara cata-
Jyst5960 has been modified ! The reduction of aryl
halides to arenes occurs efficiently in ethanol in the
presence of zinc and catalytic amounts of nickel. For
example, the conversion of iodobenzene to benzene is
92 % after 24 h at 60 °C in ethanol in a nitrogen
atmosphere, while it is 98 % in dimethylformamide in a
hydrogen atmosphere. It is significant that under these
conditions halogen is replaced by hydrogen from the
solvent according to the scheme:

NiBr, +2Zn —= Ni®+ ZnBr,, (N
Ni® + EtOH — HNi(OEY), 8

2HN{(OEY) + Zn — H, + 2NP + Zn(OEW), | (9
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Ni0
ArX + H, ——= ArH + HX, (10)
2HX + Zn(OEt), —* ZnX, + 2EtOH. (D

The degrees of conversion of the other aryl halides
after the same length of time (24—48 h) are the follow-
ing: bromobenzene (36 h), 47 %; chlorobenzene (36 h,
added H,0), 72 %, and p-bromotoluene (48 h), 47 %.

Defluorination was unusually easily performed in
Ref. 62. The partial defluorination of fluoroalkylbenzenes
occurs under static conditions at low temperature (70 °C)
in the presence of a zinc-copper catalyst in dimethyl-
formamide. Compounds of general formula CgF(R
(R = CF5, CF,CF,CF3) lose one fluorine atom in the
benzene ring to form 4-H-C¢F4R. The authors®? suggest
a radical ion mechanism of hydrodefluorination by the
scheme:

F
R R F
Zn{Cu} H.,O
DMF + H,0, 70 °C
F H
lZn(Cu) F
F F F F ) F -
Zn(Cu)
R F —_—;' R + —» R —-

Carbon black (BP-2000) accelerated HDH reactions
of substituted polycyclic aromatic compounds in the
presence of an organic hydrogen donor by 4 times and
more.%3 Tetralin or 9,10-dihydrophenanthrene were used
as hydrogen donors, and the reaction did not occur in
their absence. At the ratio substrate : solvent : cata-
lyst = | : 4 : 0.1 and temperature 410 °C, HDH of
9-bromophenanthrene (thermal conversion 20 %, cata-
lytic conversion 46 %), and l-bromo- and {-chloro-
naphthalene (thermal conversion 17 and 13 %, catalytic
conversion 64 and 50 %, respectively) occurred readily,
and HDH of chlorobiphenyl occurred noticeably less
easily (thermal and catalytic conversions were 2 and
5 %, respectively). The partial hydrogenation of the
hydrocarbon fragment was observed in parallel with
HDH, for example, by the reaction:

The selectivities of the reactions of thermal and
catalytic dehalogenation of I-bromo- and I-chloro-
naphthalenes differ only slightly, which, in the authors’
opinion, attests to the similarity of the mechanisms of
thermal and catalytic reactions. The presented results
are of practical significance, because condensed aro-
matic compounds model the reactivity of coals and
petroleum residues under similar conditions.

High activity and selectivity in dehalogenation of
chlorobenzene with minimum hydrogenation of the aro- ’
matic ring was manifested by a catalyst with a high
content of nickel (30—70 %) with crystallites 50—150 A
in size and spinel-type nickel aluminate as the sup-
port.57

Haloaromatic compounds (halobenzenes, polychloro-
phenols) undergo HDH along with hydrogenation on a
NiO—clay catalyst at 150—220 °C and 14—38 kPa. %4
For example, when a 30 % solution of hexachloro-
benzene in methylene dichloride was conveyed to this
catalyst (activated with hydrogen for 10 min at 200 °C)
and was hydrogenated for [0 min at the same tempera-
ture, the conversion to cyclohexane was 100 %. Chlo-
robenzene and tetrachlorobenzene also form cyclohex-
ane under the same conditions, while condensed com-
pounds such as tetrachloronaphthalene and poly-
chlorobiphenyls additionally undergo hydrogenolysis of
the ring to form cyclohexane and methylcyclohexane. It
is clear from the data presented that this nonselective
process can be successfully used for treating toxic wastes.

Nickel-molybdenum catalysts are usually used for
HDH of aryl chlorides. For example, in several
works, 8566 the catalytic HDH of 1,2,3-trichlorobenzene
was studied using a Ni—Mo/Al,O5 catalyst in the pres-
ence of hydrogen at 200-—350 °C with nonpolar sol-
vents, decane or hexadecane, as the reaction medium.
The obtained®® time dependences of the concentrations
of the products and reagent are very important, because
polychlorobenzenes are used as models of various halo-
gen-containing organic compounds that are industrial
wastes.

Many chlorine-containing organic wastes contain sul-
fide admixtures. Several works have been devoted to the
study of the effects of these admixtures on the catalysts
and parameters of HDC reactions. For example, the
authors of Ref. 67 studied the effect of sulfidization on
HDC of o-dichlorobenzene in the gas phase at 300 °C
and 2 MPa over reduced and suifidized nickel, molybde-
num, and nickel-molybdenum catalysts supported by alu-
minum oxide. The reaction occurs successively with the
intermediate formation of chlorobenzene on all catalysts.
Sulfidization affects the activity of catalysts in different
ways. For Nl/AJzOJ, le)/A]zO}, and Ni—MO/Ale:;, the
relative activities of sulfidized and nonsulfidized forms are
0.3, 1.4, and 2.2, respectively. The selectivity with respect
to chlorobenzene decreases after preliminary sulfidization.
For example, the maximum conversion to chlorobenzene
is 40 % for sulfidized and 17 % for nonsulfidized nickel-
molybdenum catalysts.
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The authors found positive synergism in the action of
nickel and molybdenum in the nickel-molybdenum cata-
lyst: the activity of the latter is threefold higher than the
total activity of the separate nickel and molybdenum
catalysts. This effect is not manifested in the reduced
catalyst.

Changing the hydrogen pressure in the range from
3.5 to 10 MPa exerts almost no effect on the rate of
dehalogenation of 1,2,3-trichlorobenzene in the pres-
ence of these catalysts.%% Dehalogenation of 1,2- and
1,3-dichlorobenzenes on the nonsulfidized form of the
catalyst occurs in parallel, and they react with hydrogen
to form chlorobenzene and then benzene. The sulfidized
catalyst leads, in addition, to hydrocracking of benzene.
The authors believe that hydrogen undergocs dissocia-
tive Langmuir type adsorption, and the reaction on the
surface is the rate-limiting stage.

2.2. Hydrodehalogenation in the presence of
homogeneous catalysts

The homogeneous HDH of ary!l chlorides has been
recently performed using palladium complexes with che-
lated phosphine ligands in the presence of a base 58

Pd(OAc), + 2dippp
T .
NaOH, CH,OH

PhCl PhH

Only aryl bromides and iodides have been previously
reduced by such complexes due to the great ease of
oxidative addition of a metal to Ar—Br and Ar—I bonds.%°
The catalysts were prepared in situ in the reaction of
Pd(OAc); with two equivalents of dippp [dippp =
1,3-bis(diisopropylphosphino)propane]. Two reductive
systems were used in the work: NaOH in methanol (1)
and sodium formate in alcohol or dimethylformamide
(2). Chlorobenzene is completely transformed to ben-
zene after 20 h at 100 °C when NaOH : PhH = 2.

Selective HDH with other functional groups is possible
in the presence of this reductive system, which is a sub-
stantial advantage over heterogeneous catalytic reduction.

Noble metal salts catalyze the cleavage of C—Hal
bonds in aryl halides and the subsequent transfer of
hydrogen from organic solvents.’® Secondary cyclic
amines are good donors of hydrogen, and methanol, in
the authors’ opinion,”® serves as the best solvent. It is
noteworthy that methanol as other aliphatic alcohols
can participate in hydrogen transfer reactions as hydro-
gen donors. 7!

Another series of known dehalogenating agents, so-
dium borohydride and its derivatives, can also be modi-
fied by the addition of nickel salts.’? Borohydride
[NaBH(OCH - 2CH,0CH3)}, obtained in situ in the
reaction of NaBH, and 2-methoxyethane in THF is a
strong dehalogenating agent and transforms y-hexachloro-
cyclohexane to benzene at 68 °C after 0.5 h in 99 %
yield and a-chlorotoluene to toluene after 2 h in 91 %
yield. The addition of NiCl; resuilts in a noticeable
increase in the activity: y-hexachlorocyclohexane is com-

pletely transformed into benzene after 15 min, and
a-chlorotoluene is transformed into toluene after 1 h.

Simple Ni!! salts react with sodium borohydride to
yield a black precipitate of "nickel boride” that is active in
hydrogenation. By contrast, soluble compounds are
formed in the reactions of nickel complexes of some
porphyrins with NaBH,. Such complexes,’? exhibiting
noticeable catalytic activity in HDC reactions of polyha-
losubstituted derivatives of benzene and biphenyls, have
been obtained. For example, 1-bromonaphthalene is
transformed into naphthalene (99 %, 40 °C, 60 min),
2.6-dibromobiphenyl is transformed into biphenyl
(100 %, 25 °C, 60 min), and 1,3- and 1|.,4-dibromo-
benzenes are transformed into benzene (40 °C, 40 min),
in ethanol : acetonitrile mixtures in ratiosof 2 : 1,4 : |,
and 2 : 5, respectively. The degree of dechlorination of
polychlorobenzenes is substantially lower. For example,
the dechlorination (40 *C, 1.3 h, ethanol : acetonitri-
fe = 6 1) of 1,23 4-tetrachlorobenzene results in the
formation of a mixture of chlorobenzene (traces), dichlo-
robenzenes (15.2 % total), and 1,2,4- and 1,2,3-tri-
chlorobenzenes (73 and 10 %, respectively). Approxi-
mately the same composition of products is obtained in
the HDC of 1,2,4,5-tetrachlorobenzene. Chlorobenzene
(7 to 8 %) is formed from 1,2,3- and 1,2,4-trichloro-
benzenes at 30—45 °C; however, the total degree of
dechlorination of 1,2,3-trichlorobenzene is higher: after
20 min of the reaction, the overall degree of transforma-
tion is 77 %, while it is only 47 % in the case of
1,2,4-trichlorobenzene. It is very probable that this dif-
ference is explained by the use of solvents with different
polarity (in the first case, ethanol : water =4 : |, and in
the second case, ethanol : acetonitrile = 4 : 1).

The authors suggest several proofs for the radical
mechanism of hydrodechlorination. For example, it is
shown by the H—D-exchange method that halogen is
replaced by both the hydrogen atom of the CH group of
ethanol and the hydride hydrogen atom from borohy-
dride. The introduction of cumene, a good hydrogen
donor, into the reaction mixture, strongly decreases the
rate and degree of transformation, and bis-cumyl is
present in the products. Therefore, the following se-
quence of elementary stages was suggested:

LNil #+ RBX — (Nill + R+ X7, (12)
LNi' + RX —— LNl +RX, (13
RX"® —= R+ X", (14)
R+ BH;” ~——= RH + BHy ", (15)
LNi'l + BH,” — RH + LNil'H + [BH;], (16)
R* + LNi'"H — RH + LNil, (n
R + CH;CH,OH — RH + CH;CH OH, (18)

R" + CgHsCH(CHy), —= RH + CgHsC (CHg3)p,  (19)

and the cumyl radical rapidly dimerizes to form bis-
cumyl.
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According to this mechanism, high selectivity is
achieved for the reduction of substrates with nonequiva-
lent halogen atoms, which depends on stage (14), disso-
ciation of the radical anion.

A bifunctional homogeneous rhodium catalyst ob-
tained from [{MesCs)RhCl,); reduced in the presence
of isopropanol and excess triethylamine was used for
reductive dechlorination of substituted chlorobenzenes
and hydrogenation of double bonds.”* Excess base is
needed to neutralize the HCI formed in the reactions:

CsHscl + H2 ——— CGHG + HCI.

CSHS + 3H2 — CBHlZ\

HCl + NEt; ~—— [HNEt,]CI,

[HNEt;]Cl + NaOH — Et;N + NaCl + H,0.

The reaction was performed in a steel autoclave
under hydrogen pressure at 75 °C. Under these condi-
tions, first chlorobenzene, then 1,2,4-trichlorobenzene
and |-chloronaphthalene consecutively split off chlorine
atoms and only then are hydrogenated. For example,
60 min after the beginning of the experiment, chloroben-
zene forms a mixture of 14.4 % benzene and 17.9 %
cyclohexane, and in 240 min 100 % cyclohexane is
formed. Similarly, after 60 min of HDC of 1,2,4-trichlor-
.benzene, the reaction mixture contains 12 %- dichlo--
robenzene and | % chlorobenzene, and after 360 min,
it contains 100 % cyclohexane. Completely deuterated
benzene is formed as an intermediate in the HDC of
completely deuterated chlorobenzene. Therefore, the
gas phase hydrogen does not participate in HDC. The
dechlorination rate is almost independent of the amount
of triethylamine; hence, the authors believe that its only
role is to bind HCI. The data presented make it possible
to conclude that the solvent is a hydrogen donor in this
reaction as well.74

The reductive dechlorination of chlorophenols by
vitamin B, is described in Ref. 75.

2.3, Hydrodehalogenation under conditions
of phase-transfer catalysis

Fast and efficient replacement of halogen by hydrogen
is possible under phase-transfer catalysis conditions. For
example, fast reactions of triethylammonium ethoxide
with polychloroalkanes in ethanol at —20 °C with forma-
tion of chloroalkanes have been described.’® The fast
replacement of halogen by hydrogen in polyhaloben-
zenes,”” ¢-, m-, and p-bromotoluenes, and 2-chloro-
m-xylenes™ occurs in the presence of a multiphase sys-
tem consisting of a hydrocarbon solvent, a solution of a
strong alkali, quaternary onium salt, and a Pt/C catalyst.
1,2,4,5-Tetrachlorobenzene reduces to benzene after
30 min at 50 °C at the molar ratio Pd: Cl = 1 :130. In
the authors’ opinion, the onium sait forms the third
liquid phase on the catalyst surface, the reaction occurs in

this phase, and the halosubstituted derivatives are dis-
tributed between the hydrocarbon phase and the phase of
the interphase carrier. The addition of inorganic salts,
especially with bulky ligands (I7), decreases the rate and
selectivity of hydrodehalogenation, because the inorganic
anions occupy the sites of the substrate molecules in the
adsorption layer.

The reduction rates of the three isomeric chlorotolu-
enes differ both in the presence and in the absence of.
onium salts. For some alkylbenzenes, the change in the
rate in the presence of onium salts is especially substantial.
Isomeric chloroethylbenzenes can be reduced 50 times
more rapidly in the presence of Aliquat 336, This method
makes it possible to reduce 2-chlorotoluene, which is very
difficult to reduce by other methods. However, in some
cases (for example, in a nonpolar solvent), the presence of
an onium salt can decrease the reaction rate.

The presence of onium salts can also change the
selectivity of the reduction of isomeric aryl halides: in
the presence of Aliquat 336 in diethyl ether at 20 °C,
p-dichlorobenzene reacts five times more slowly than
the o-isomer, while in the absence of the onium salt, the
rates of their reduction are equal.”® The most interesting
case is the reduction of a mixture of polychlorobiphenyls
{(Arochlor 1254) to biphenyl in 99 % yield (H,, isooc-
tane, 50 °C, 3 h) performed by the same authors. In this
case, the degree of transformation was only 54 % for the
same time in the absence of the onium salt.

The same system with the addition of sodium hypo-
phosphite as a hydrogen source was used for HDC of
1,2,4,5-tetrachlorobenzene.”® The dechlorination occurs
sequentially to form 1,2,4-trichlorobenzene, a mixture
of 0o-, m~, and p-dichlorobenzenes, chlorobenzene, and
benzene. In the presence of Pd/C, a 50 % aqueous
solution of KOH, Aliquat 336 as a phase-transfer cata-
lyst (PTC), and sodium hypophosphite (molar ratio
tetrachlorobenzene : Pd : NaH;PO4H,0 : PTC =
1 :0.03: 28 : 04)at50 °C, tetrachlorobenzene disap-
pears from the reaction mixture after 2 h of the reac-
tion, and almost guantitative transformation to benzene
occurs after 2.5 h. Under similar conditions, after 20 min
of the reaction the degrees of transformation of chloro-
and bromobenzene to benzene were 97 and 100 %, and
those of p-chloro- and p-bromoanisole to anisole were
90 and 100 %, respectively.

For monohalobenzenes, tle rate of halogen replace-
ment decreases in the normal order: 1 > Br> Cl > F. It is
noteworthy that the maximum rate of dechlorination of
tetrachlorobenzene occurs when methanol and isooctane
are used as solvents, however, the solubility of the sub-
strate in methanol is very low, and, in addition, nonpolar
solvents increase the degree of dechlorination. The au-
thors do not understand the reasons for this phenomenon.
They believe that in the presence of carbon-supported
palladium, HDC occurs via the dissociative adsorption of
molecules on the surface followed by the addition of
hydrogen,8® because this explanation accounts for the
important role of surface phenomena. In addition, the
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substantial effect of KOH can be explained within the
framework of this mechanism: the HCI formed blocks the
catalyst surface, but cannot rapidly be removed in the
presence of a strong base, and the phase-transfer catalysts
promote this process by transporting hydroxide anions
from the aqueous phase to the catalyst surface. The
Langmuir dependences of the kinetic constants on the
amount of the onium salt prove that onium salts are also
adsorbed on the catalyst surface.’®

An efficient method for reduction of aryl chlorides
using a two-phase system in the presence of a phase-
transfer catalyst and Rh!!! complex has been described. 81

Thus, many catalysts containing group VI metals are
active in HDC of halogen-containing aromatic com-
pounds, and the halogen atoms can be replaced by hydro-
gen atoms originated either from the gas phase or from an
organic donor.

3. Hydrodechlorination of halosubstituted
derivatives of dioxines, polychlorobiphenyls,
and halogen-containing industrial wastes

Many of the studies of HDC considered in the previ-
ous section, for example, HDC of polychlorinated ben-
zenes, were carried out to model reactions that occur
during HDC of more complex molecules, including poly-
chlorinated dibenzofurans, dibenzodioxines, efc., since
muiticomponent mixtures of similar products of variable
composition exist under real conditions. Therefore, here
we present only data obtained using polychlorinated bi-
phenyls (PCBP), polychlorodioxines, and real industrial
wastes. As a rule, PCBP are deactivated in industry by
burning, including burning in plasma when dioxines can
be present in the burning products, or by oxidation or
reduction in the presence of alkali, which usually requires
an inert atmosphere. Therefore, the development and
utilization of catalytic methods for decomposing PCBP
are very urgent problems. The methods described below
using complex hydrides in the presence of nickel com-
pounds are similar to catalytic methods.

A reductive system containing derivatives of sodium
borohydride along with nickel salts was used for HDC of
both haloaromatic derivatives’? and a mixture of poly-
chlorobiphenyls (Arochlor 1016).82 Sodium borohydride
and lithium aluminum hydride are not very active in
dehalogenation of haloaromatic hydrocarbons, but can
reduce nickel to Ni® when its salts are added to the
reaction system. Thus, metallic nickel in staru nascendi
is in fact the catalyst. The 100 % dechlorination of
tetrachlorobiphenyl to biphenyl occurs with the reduc-
tive system NaBH,;(OCH,CH,0OCH,); : NiCl, : THF
(6 : 2.5 : 70) at 68 °C after 1.5 h. The same system at
the ratio of reagents (6 : 0.75 : 20) is active in the
dechlorination of Arochlor 1016; however, the degree of
dechlorination is lower in this case. After 36 h the
conversion of the initial mixture is 90 %, and the reac-
tion products contain 3.2 % mono- and 3.1 % dichloro-
biphenyls along with biphenyl. The authors mention
that the catalytic system is deactivated during HDC.

Several individual polychlorinated biphenyls have
been hydrochlorinated by sodium borohydride in the pres-
ence of the nickel catalyst83 using a method similar to that
described in Ref. 72. However, in this case, Raney nickel
or a homogeneous triphenylphosphine complex of Ni?
was used instead of a nickel salt as the nickel catalyst. The
reaction nearly does not occur in the absence of nickel
compounds, while in the presence of nickel, HDC occurs
rather intensely at low temperatures. A high selectivity of
substitution of the chlorine atom at a certain position
(2-, 3-, 4-) is observed only in the presence of the nickel
complex. In the authors™ opinion, the selectivity-deter-
mining stage is the oxidative addition of ary! halide to the
catalyst, the Ni? complex.

The addition of a catalyst substantially improves the
parameters of electro- or photochemical HDC. For ex-
ample, the quantum vyield of the products of the photo-
chemical dechlorination of mono- and polychlorinated
biphenyls in an acetonitrile—water mixture (9 : 1) in-
creases by several orders of magnitude in the presence of
sodium borohydride # It is significant that the degree of
increase in the quantum yield is higher for the compounds
that are the most difficult to reduce (for example, in the
presence of NaBH,, the quantum yield of products of
HDC of 3,5-dichlorobiphenyl increases 240 times, that of
3,5,3°,5 -tetrachlorobiphenyl 170 times, and that of
2,4,2" 4 -tetrachlorobiphenyl only 2.3 times). It is more
important that the strong increase in the rate occurs
simultaneously with an increase in selectivity of HDC up
to the complete suppression of the formation of by-
products (they can include highly toxic chlorinated
dibenzofurans and hydroxychlorobiphenyls as well as po-
lymerization products). Thus, the addition of NaBH, as a
catalyst makes it possible to overcome the main dis-
advantage of photolytic reactions, their low selectivity.

In the presence of a microemulsion containing dido-
decyldimethylammonium bromide, dodecane, and water
(21 = 57 : 22 wt. %), zinc phthalocyanine and the tetra-
sodium salt of phthalocyaninetetrasulfonic acid, the pa-
rameters of the electrochemical reduction of PCBP on a
lead cathode improve noticeably.85 The degrees of
dechlorination of Arochlor 1221, 1232, and 1260 were
close to 100 % after 10, 12, and 18 h of electrolysis,
respectively. The authors believe that this method will
efficiently decompose PCBP in real industrial waste.

Both nickel and palladium catalysts (4 % Pd/C,8 %
Ni/C) as well as a broader range of metal hydrides as
hydrogen sources (NaH, MgH,, LiAlH,, NaBH,,
NaH(LiAIH,), ;) were used for the low-temperature
HDC.8 The most active catalyst in this HDC
was the system containing palladium (4 % Pd/C—
NaH(LiAlH,),;), where fibrous carbon material was
used as a support. At 70 °C, this system efficiently
promotes HDC of chlorobenzene, 1,2,4,5-tetrachloro-
benzene, hexachlorobenzene, and 2,3-dichlorodibenzo-
p-dioxin (DBD). As usual, the reaction occurs sequen-
tially. For example, in the case of DBD, first mono-
chlorodibenzo-p-dioxin is formed and then dibenzo-
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p-dioxin. The use of several physicochemical methods
made it possible to establish the formation of complex
palladium hydrides on the support surface.

In the presence of organic amines and the complex
catalyst Cp;TiBH, (formed in situ from dichlorntitano-
cene Cp,TiCl; and NaBH,), PCBP is efficiently hy-
drodechlorinated. The reaction mixture contains 80 %
dichlorobipheny!l after 12 min of the reduction of
Arochlor 1248 at 125 °C, while complete HDC to bi-
phenyl occurs after 24 h. The authors suggested the
reduction mechanism including the one-electron trans-
fer from the titanium complex with organic amine formed
during the reaction to the polychlorobiphenyl molecule 87

Metallic iron serves as a catalyst in HDC of Arochlor
1221 when it is heated above 300 °C.88 For example, at
300 °C after | h, the degree of conversion is 78 %, while
at 400 °C at the same conversion the degree of dechlori-
nation increases (biphenyl comprises up to 95 % of the
catalyzate). Both the yield of biphenyl and the degree of
conversion decrease dramatically at 500 °C. When
CH,Cl, is added to the reaction mixture, the degree of
HDC remains almost unchanged, and it increases slightly
when water is added. In the presence of D0, the biphe-
nyl formed contains deuterium. In the authors’ opinion,
both organic admixtures and water can be hydrogen do-
nors. However, the data presented on H—D exchange are
not quantitative, which makes it impossible to estimate
the contribution of direct H—D exchange, which can be
rather substantial at the reaction temperatures.

The active catalyst of HDC of polychlorinated biphe-
nyls (Arochlor 1260 or 1254) is obtained by the modifica-
tion of metallic iron with metallic Pd (0.05 wt. %).8% In
the presence of a 1 : 3 : | methanol : water : acetone
solution, the complete conversion of the initial mixture
occurs after 5 to 10 min. Increasing the amount of the
catalyst and the content of Pd results in an increase in the
reaction rate, while increasing the concentration of
methanol results in a decrease in the reaction rate. Biphe-
nyl was the sole product. The authors believe that the
replacement of chlorine occurs on the catalyst surface and
involves hydrogen formed due to the corrosion of Fe in
water via the reaction:

Fe® + 2 H,0 —= 2 Fe?* + H, + 2 OH",

however, no detailed study of the reaction mechanism
was performed in this work. Nevertheless, this method is
very promising for the purification of sewage.

4. Hydrodechlorination of organic compounds
containing various functional groups

Many works have been devoted to HDC of com-
pounds, including heterocyclic compounds, containing
other functional groups. in this review, we consider the
results of the study of HDH in the presence of mainly
nitrogen-containing functional groups, predominantly
nitro groups, because these works, which often use
electrochemical data, are significant for understanding
the mechanisms of catalytic HDH.

The previously mentioned homogeneous HDC of
aryl chlorides using palladium complexes with chelate
phosphine ligands in the presence of a base®® is also
appropriate for selective HDC in the presence of other
functional groups. As can be seen from Table 3, even
groups sensitive toward bases, such as CHO and CN, are
retained under the reaction conditions in the presence of
system (2) (sodium formate in alcohol or dimethylform-
amide). Electron-releasing substituents decrease the re-
action rate, which indicates that oxidative addition is the
rate-determining stage.

The opposite sequence of the reduction of halonitro-
benzenes is observed in the presence of palladium com-
plexes immobilized on y-aminopropyl-containing silica
gel and promoted with KOH, when isopropanol is used as
the hydrogen source.? The replacement of chlorine and
bromine in the correspending halonitrobenzenes beging
only after the complete (m- and p-chloronitrobenzene) or
partial {35 % for o-chloronitrobenzene) reduction of the
nitro group, and the rate of its reduction is much lower
than that of nonsubstituted nitrobenzene. In the latter
case, the dechlorination rate increases S times after
completion of the reduction of the nitro group. The
authors?® believe that halonitrobenzenes coordinate at
their nitro group more strongly with (he complex catalyst.
In fact, in the reduction of the nitrobenzene—p-bromo-
toluene mixture, the rate of nitrobenzene reduction re-
mains unchanged, and the rate of hydrodebromination of
p-bromotoluene decreases by 30 times. The rate of the
replacement of bromine dramatically increases after the
completion of the hydrogenation of nitrobenzene.

Both dehalogenation and reduction of the nitro group
can occur in the electrocatalytic or catalytic reduction of
2-iodonitrobenzene in the presence of Raney alloys
acting as a cathode or a catalyst. A comparison of the
distribution of the products in the reduction of
2-iodonitrobenzene under clectrochemical and catalytic
conditions using Raney nickel and cobalt in an aqueous-
methanol (93 : 7 by weight) medium®! shows substan-
tial differences; nitrobenzene, the main product of cata-
lytic reduction in the presence of KOH, is not observed
on the cyclic voltammetric curve. The main products
obtained in the catalytic hydrogenation of [-iodonitro-

Table 3. Effect of the nature of the substituent on
the degree of transformation of para-substituted chio-
robenzenes in the presence of palladium complex
catalyst {Pd(OAc); + 2dippp] and sodium formate58
p-X—CgH,Cl — X—Ph

X 7/°C Conversion to X—Ph (%)
H 100 90
CHO 100 100
CN 100 100
NO, 100 70
CH,CO 100 87
CH;, 100 14
CHj 150 100
CH;0 100 1
CH;0 150 100
NH, 100 15
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Table 4. Catalytic hydrogenation of 2-iodonitrobenzene (1072 mol) on electrodes of
Raney-type metals in a methanol-aqueous mixture {93 : 7 wt. %)%!

No  Catua- pH Hydrogenation products (%) Conver-
lyst PhNH,; PhNO; 2-ICgH,NHOH 2-IC4H4NH; sion (%)

1 Ni 13 98 2 0 0 100

2 7 71 0 | 28 95

3 10 17 3 13 67 81

4 3 40 | 8 49 92

S Co 13 7 86 0 7 58

6 7 10 4 29 57 21

7 10 3 0 0 97 20

8 3 5 19 0 76 18

9 Cu 13 18 69 0 13 75

10 7 10 25 30 35 20

11 10 0 16 34 S0 6

12 3 12 12 38 38 9

benzene (1072 mol L™ on electrodes of the corre-
sponding Raney-type metal are listed in Table 4.

The distribution of products in a strongly alkaline
medium (dehalogenated products predominate) shows
that on nonpoisoned catalysts the rate constant of deio-
dination is substantially higher than that of the reduc-
tion of the nitro group. Therefore, PhNH, is mainly
obtained by hydrogenolysis o the C—1 bond followed by
the hydrogenation of nitrobenzene. On less active cobalt
and copper catalysts, the second stage (hydrogenation)
is so slow that nitrobenzene is the main produoct. The-
same is observed in less basic media in the presence of a
pyridine or acetate buffer, when the catalysts are poi-
soned with products of dehalogenation or due to the
adsorption of acetic acid.

Thus, comparing the relative amounts of halogenated
and nonhalogenated products of the catalytic hydrogena-
tion of 2-iodonitrobenzene, the authors find many general
features with electroreduction on a mercury electrode,
when the electron transfer mechanism is preferable.

Recently,%2 HDC of substituted chlorobenzenes
RC¢H,Cl (where R = NH,, OH, CH;, Cl, CF;, or H)
was performed using 10 % Ni/y—Al;O5 at 523 K. The
hydrodechlorination rate is almost independent of the
spatial arrangement of the substituents, but it strongly
increases as the donor properties of the substituents
increase in the order chlorotrimethylbenzene < dichloro-
benzene < chlorotoluenes < chlorophenols < chloroani-
line. The analysis of the Hammett equation for the
HDH reactions allowed the authors to assume the elec-
trophilic mechanism of the reaction.

Photoelectrochemical dehalogenation of p-halonitro-
benzenes was carried out in Ref. 93. The authors up-
hold the viewpoint that the mechanisms of dehalo-
genation of alkyl and aryl halides substantially differ.
Alkyl halides are characterized by one-electron reduc-
tion followed by fast cleavage of the C-halogen bond;
aryl halides are characterized by a consecutive mecha-
nism, in which radical anions of different stabilities are
formed. It has been established that electrochemical
reduction can induce insignificant dehalogenation of
p-iodonitrobenzene, while the combined action of photo-
and electrochemical reduction results in the efficient

removal of both bromine and chlorine in the corre-
sponding p-halonitrobenzenes even at room tempera-
ture. Therefore, the photochemical activation of radical
anion intermediates by light with wavelengths between
300 and 600 nm strongly affects the reaction route, and
the dehalogenation rates for bromo- and chloronitro-
benzenes depend in different ways on the frequency of
the reuration used. For example, in the case of
p-chloronitrobenzene, shorter-wave radiation is more
efficient because the C—C1 bond is more stable than the
C—Br bond. The authors present a probable explanation
for the fast occurrence of the reaction vig a low-energy
excited state in p-bromonitrobenzene.

Absorption of long-wave irradiation can be desig-
nated as a n*—n*-transition, in which the transition
state has a doublet character. By contrast, irradiation
with short-wave light (330 nm) causes the excitation of
n-electrons, which results in a quadruplet transition
state. In the latter case, excess halogen ions are forbid-
den according to the spin conservation rule.

In alcohols or aqueous media in the presence of a
palladium catalyst in a hydrogen atmosphere, HDH of
2-amino-5-halopyridines forms 2,3-diaminopyridines.
For example, 2-amino-5-bromo-3-nitro-4-methyl-
pyridine gives 78 % 2.3-diamino-4-methylpyridine after
50 min in the presence of Pd/C and methanol at 23—
50 °C.%% [t has been previously established®S that only
the chlorine atom can be selectively removed in the
hydrogenation of 2-methyl-3-nitro-4-methoxymethyl-
S-cyano-6-chloropyridine on a palladium-modified
chloromethylated styrene—divinylbenzene copolymer
under mild conditions (45—55 °C) in alcohols or water.

The selective removal of only chlorine from the para-
position is observed in the reduction of acetylenide (C) in
the presence of Pd/C, sodium formate, and CH;CN. The
yield of 3-Me-2,6-(C1),C¢H,NH, is as high as 90 %.%6

N—(C=CH),

Cl Ci

Me

Cl
C
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Several halosubstituted benzoic acids, phenols, ani-
lines, and nitrogen-containing heterocyclic compounds
are quantitatively dehalogenated by sodium borohydride
in an aqueous-alkaline medium in the presence of cata-
Iytic amourits of a palladium salt,%7 evidently under the
catalytic effect of palladium formed in situ. The effects
of substituents in the ortho-position are noted.

%

Looking at the data on the possible mechanisms of
hydrodehalogenation, the following generalizations
should be mentioned. The majority of the authors con-
clude that anion or radical anion intermediates are
necessary for HDH, while under radical conditions HDH
is accompanied by the complete or partial destruction of
the hydrocarbon framework of molecules, In many cases,
studies of the reaction mechanisms are difficult due to
the mobility of linear molecules, because of which isoto-
pic and other methods do not give results as reliable as
those obtained in studies of molecules with more rigidly
fixed structures. For example, the sequential HDH of
3,3,7,7-tetrachlorotricyclo[4.1.0.024}heptane in the pres-
ence of many metal-containing homogeneous and het-
erogeneous catalysts made it possible to reliably substan-
ti~*~ the ionic mechanism of the reaction, involving the
transfer of a hydride ion from the a-alkyl group of the
alcohol used as a solvent.41:6% The results presented in

this review testify that similar ionic mechanisms occur_

in most cases of selective catalytic hydrodehalogenation.

The considerable advances in biological and related
enzymatic methods of HDH help the study of the
mechanisms of catalytic HDH; however, the low rates
of these reactions provide no grounds so far for opti-
mism concerning industrial application. Therefore, metal-
containing heterogeneous catalysts are presently the most
efficient, and by modifying them it is possible to achieve
the desired changes in the selectivity and activity of
HDH reactions.
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