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Recent results on hydrodehalogenation (HDH) of alkyl halides, freons, aryl halides, 
polychlorinated derivatives of benzodioxines and biphenyls, and other compounds in the 
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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 useftd 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 t published 
in 1980 and devoted to hydrogenolysis of organic halides 
gives a good view of the state of the problem to that date. 
Howe,mr, methodical approaches to this problem have 
changed considerably in recent years. For example, 
biodehalogenation is being rapidly developed, but it wa~s 
not even mentioned in the review, t The considerable 
advances in biodehalogenation are associated with the 
elucidation of the chemical nature of the active thcto~ 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, z Photocatalysis h~  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 catalylic dehalogena- 
tion is performed on both labomto~' and industrial scales. 
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Despite the progress achieved,  many aspects of  the 
mechanisms  of  catalyt ic  hydrodehalogenat ion  are not 
yet clear. Anion,  radical ,  and radical anion mechanisms 
of  bydrodeha logena t ion  have been suggested depending 
on various condi t ions  and catalysts. Taking into account  
basic differences in reaction condi t ions (for example ,  
both gaseous hydrogen and organic hydrogen-conta in ing  
donor  molecules  can serve as a hydrogen source; the 
presence or absence of  e lect ron transferring agents, 
counter ions  in the case of  complex catalysis, etc., in the 
reaction system),  mechanisms  can also be different in 
each par t icular  case. 

In this review, we have a t tempted  to generalize the 
results of  the last decade of  study of  the condit ions and 
mechanisms of  catalyt ic  HDH of  organic substances. 

1. Hydrodehalogenation of aliphatic halides 

Predominant ly  metal-containing,  less frequently, non- 
metall ic  catalysts  as well as homogeneous  and hetero-  
geuized metal  complexes  model ing enzyme action are 
used for H D H  of  a l iphat ic  halides. 

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

Group  Vl l l  metals  are widely used for hydrodechlor i - -  
nat ion ( H D C )  of  alkyl halides. The methods  of  reduc-  
tive H D C  of  organic  halides in the presence of  catalysts 
o f  h e t e r o g e n e o u s  hyd rogen  t ransfe r  are pa t en t ed .  
Po lych loromethanes  dechlor ina te  in the presence of  a 
group VIII  or group IB metal  supported by a luminum 
oxide. The select ivi ty of  the reaction can depend on the 
dispersity of  the support  and the content  of  the active 
componen t .  For  example ,  in the presence of  the catalyst  
0.5 % Pt/AI203 on a support  with a developed surface 
(0-AI203, specific surface 133 m 2 g - I ) ,  the selectivity is 
7 1 %  with respect  to CHCI  3 3 (0_AI203 is formed in the 
calc inat ion o f  c~-AI20 3 at 800 to 900 °C from y- or 
q-AI20 3 and possesses a lower Lewis acidity).  At the 
same t ime,  for a s imilar  catalyst  on a suppor~ with a less 
developed surface (the surface of  the r , -AI20 3 support  is 
80 m 2 g - I ) ,  the convers ion of  CCI 4 is high and stable: 
92.7 % al ter  118 h at a selectivity of  83 % with respect 
to CHCI3. A higher  select ivi ty with respect to chloro-  
form is achieved for the modif ica t ion  of  this catalyst 
with a lan thanide  group metal  oxide. For example ,  in 
the presence of  Pt(0.25 %)LaO(5 %)/A120 3 at a molar  
rat io  C C I 4 :  H 2 = 0.1 and at a low t e m p e r a t u r e  
(120 °C), and a high volume rate (3000 h - I ) ,  88 % 
CHCI  3 is formed for a select ivi ty of  532 % 4  When the 
content  o f  Pt in P t /AI20  3 catalysts  increases from 0.4 to 
3 wt. %, the select ivi ty with respect to chloroform in- 
creases from 40 to 85 % at a constant  rate calculated per 
Pt a tom. s 

The reduct ion of  G e l  4 is possible even in a mixture 
with CO 2, For  example ,  at 160 °C a H 2 : CO 2 : G e l  4 = 

2 : I : I mixture was passed over the Pd /C  catalyst.  
When the coqtact  t ime was 20 s, a mixture o f  products  
of  comple te  and partial dechlor inat ion was formed: 62 % 
CH3CI, 29 % CH2CI 2, and 9 % CH4. 6 

Hydrodechlor ina t ion  of  C C l  4 under  the act ion of  
hydrogen in the presence of  Pd(OAc)2 in the liquid 
phase (solutions in acetic acid) at 20 to 80 °C results in 
the format ion of  methane.  7 In this case, the catalyst  is 
pal ladium black formed in the reduct ion of  Pd(OAc) 2 
with hydrogen under the reaction condi t ions .  The au- 
thors ment ion that the in t roduct ion of  polar  solvents 
into the reaction medium results in an increase in the 
H DC rate and a decrease m conversion.  For  example ,  
methane was the main product in the presence of  DMFA,  
dioxane,  and benzyl alcohol;  a mixture of  chloroform 
and ch lo romethane  was the main product  in the pres- 
ence of  isopropanol;  while a mixture of  ch loroform,  
ch lo romethane ,  and methane was formed in the pres- 
ence of  tert-butanol.  In the latter case, an umtsua[ order  
of  the change in the selectivity of  the react ion over t ime 
is observed. The yield of  CH 4 passes through a maxi-  
mum (40 %, 60 min) and then decreases  a lmost  to zero 
(3 to 4 h), and the yield of  ch loroform increases mono-  
tonical ly to 75 % (4 h). A yield of  ch lo rome thane  
rapidly increases (to 25 %) for 1 h and then is stabi- 
lized. The authors  7 believe that this is related to the 
existence of  an initial period of  fort-nation of  the  cata-  
lytically active complex.  We believe than  one should 
speak more exact ly about a change in the nature  of  the 
catalyt ic  system rather than about  its fo rmat ion  in the 
initial period of  the reaction. The mechan i sm suggested 
by the authors includes a fast reversible react ion of  the 
catalyt ic  active centers with G e l  4 followed by the slow 
hydrogenolysis  of  the complex formed: 

[Pdm ] + CCi4 a .,.10013 
- "- [Pdm] " "e l  ' ( I)  

. . . . -CCI3  b 
[Pdm] " e l  4 H2 " [Pdm] + CHCI3 + HCI (2) 

a, rapidly; b, slowly. 

Other t ransformations leaving the ch lo romethy l  group 
bound to the catalyst can occur  in parallel  with hydro-  
genolysis (2), and result m all increase in the depth  of  
HDC.  However,  the presence of  the solvent is not taken 
into account  in this scheme,  and a lcohols ,  as will be 
shown below, can part icipate di rect ly  in H D C ,  being 
donors  of  hydrogen as well. 

The relatively last reductive dech lo r ina t ion  of  CC14 
and C H C I  3 in aqueous solutions occurs  in the presence 
of  finely dispersed metall ic  iron trader anaerob ic  condi -  
t ions at room tempera ture  8 The react ion occurs  sequen-  
tially, and the rate of HDC sharply decreases  for each 
succeeding stage. For example ,  CCI4  is t ransformed 
into C H C l  3 after 2 to 2.5 h, while the hal f - t ransfor-  
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mation of CHCI  3 to CH2CI 2 occurs only after 100 tl. 
Studying the kinetic regularities of this reaction, the 
authors have shown that of three possible mechanisms 
of H DC (direct transfer of an electron from Fe ° to the 
absorbed substrate, reduction by dissolved Fe 2+, 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: 

Fe ° + RX + H + ~ Fe 2+ + 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 (I,2-dichloroethane, 
I,I,2-tetrachloroethane, and I,l , l-trichloroethane) in 
the presence of palladium-st, pported catalysts (mainly, 
industrial 0.5 % Pd/y-AI203) at 200 to 350 °C in a 
hydrogen atmosphere have been discussed. 9 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) turned 
out to be anomalously low. The authors believe that this 
composition of products can be explained within the 
framework of the suggested mechanism of H DC 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 
l , l-dichloroethane, according to the scheme: 

CH2CI_CH2C I + H2 i ~_ CH2=CH 2 + 2HCI, 

CH2=CH 2 + H 2 ~ C2H 6 

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 yield of ethylene it]- 
creases due to a decrease in the rate of its hydrogena- 
tion. In the transformation of I,l,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 attthors with fast hydrogena- 
tion and HDC to ethyl chloride and ethylene, respec- 
tively: 

CH2CI--CHCI 2 + H 2 _2HCI m" OH2 ~---CHCI 

CH3CH2CI OH2 ~-..~-CH 2 

+ H~ I -HCI I + H2 

= C2H 6 -- 

It is clear that HDC of geminal halogen-substituted 
compounds, for example, I, I,I-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 I,I-dichloroethane), and when the 
reaction temperature increases from 200 to 350 °C the 
yield of ethane decreases from 94 to 5 1 % ,  and the yield 
of I,I-dichloroethaae increases from 4 to 26 %. 

It has been established I° 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 AI203 in an H 2 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/AI203 (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 114a (I,2,2,2-tetrafluoro- I,l-dichloroethane) 
to freon 134a (l,2,2,2-tetrafluoroethane) tt and for 
dehalogenation of other organic halides at 50 to 150 °C 
and PH2 < 4 atm in the presence of alkali in an alcohol 
solution. Iz The palladium catalyst was also used for 
selective removal of chlorine in the CF3CCIF 2 mole- 
cule in the presence of other  halohydrocarbons.  
For example, in a mixture with a molar ratio 
H 2 : CF3CCIF 2 : CH3CCIF 2 = 2 : I : 0.3 at 250 °C, 
CF3CCIF 2 transforms to CF3CHF 2 with a selectivity of 
99.8 % at a conversion of 65 %t3 

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 CCI2FCCIF 2 (R-I I3) .  At 
275 °C in the presence of reduced Pd--Ag/C in a 
hydrogen atmosphere, R- l l3  transforms in 30 rain to 
chlorotrifluoroethylene with a selectivity of 56 % at a 
conversion of 495 %14 

Modifying a palladium or rhodium catalyst with 
copper Is makes it possible to achieve high values of 
selectivity of hydrodehalogenation. For example, chlo- 
roform is formed from CCI 4 in a yield of 52.8 % at 
100 % conversion in the presence o f ]  carbon-supported 
catalyst containing 10 % copper, 0.044 % rhodium, and 
&5 % methyltriphenylphosphonium chloride. 

Palladium catalysts supported by aluminum oxide 
(5 % Pd/AI203 and 0.5 % Pd/AI203) were modified 
with 26 metals with the purpose of enhancing their 
selectivity, t6 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 ofTeflons. Trifluoroethylene 
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Table I. Effect of modification on the activity and selectivity 
of 5 % Pd/AI203 system in the hydrodechlorination of freon 
R-113 by hydrogen t6 

Modifying M/Pd T/K Conver- Selectivity (%) 

agent (at.) sion (%) 3FCI 3FH 

- -  0 423 20 0 I0  

TINO 3 2 473 13 100 0 
1 473 34 98 2 
0~5 473 60 I 72 

SnCI 2 I 503 I2 78 17 
523 21 70 24 

Cu(NO3) 2 2 473 45 37 43 

InCI 3 I 5(i)3 15 90 0 

CdCI 2 4 ° 473 8 64 10 
523 21 54 27 

AgNO 3 I 473 44 59 33 
4"  473 12 70 28 

Pb(NO3) 2 I 473 24 51 43 

HgCI 2 2 473 31 17 80 

BiCI 3 2" 473 2 - -  - -  

0.4 473 46 12 86 

* 0.5 % Pd/Al203, 

is also an in termedia te  product  in the synthesis of  ozone-  
safe freon R-134a,  which is used as a cool ing agent.-  
Metals  of  groups I B - - I I I B  (Ag, Bi, Cd,  Cu, Hg, In, Pb, 
Sn, and TI) exerted a positive effect on the selectivity 
with respect to t r i f luorochloro-  and t r i f luoroethylene.  
The subsequent dechlorinat ion of  1,1,2-trichlorotrif luoro- 
e thane to t r i f luorochloro-  and then t r i f luoroethylene 
occurred on the obtained catalysts. As can be seen from 
Table  I, the n lax imum select ivi ty according  to the 
amount  of  desirable products  is achieved in the presence 
of  B i - -Pd /S iO2  and T I - - P d / C ,  and changing the con-  
tent of  thal l ium in the catalyst  results in a sharp pre- 
d o m i n a t i o n  of  one of  the p roduc t s  ( from 100 % 
chloro t r i f luoroe thylene  to 72 % tr i f luoriethylene) .  High 
selectivity (about  80 %) is retained when the reaction 
t empera tu re  and degree of  conversion change.  

To e lucidate  the nature of  the modifying act ion,  the 
authors  per tbrmed a t he rmodynamic  analysis of the 
catalyt ic  cycle. All efficient promoters  fall in tile same 
region in the plot of the dependence  of the logari thm of  
the equi l ibr ium constant  tor the t ransformat ion of HC1 
(3) on the logari thm of  the equi l ibr ium constant  for the 
decompos i t ion  of  the corresponding metal chlor ide (4). 

MF n ~ n H C I  = MCI  n + nHF ,  (3) 

M C l  n + n/2 H 2 = M + n H C I ,  (4 )  

Tire data presented are evidence that the modifying 
agents act to suppress tile hydrogenat ing activity of tile 
p la t inum group metal  and its activity in hydrodef luor ina-  
tion. It is shown using several phys icochemica l  methods 
for s tudying catalysts  that the act ivat ing act ion of  a 

meta l -modi fy ing  agent is achieved by decompos i t ion  of  
ensembles  of  pal ladium atoms. For  example ,  in the 
modif icat ion with thal l ium, the broad peak of  pa l lad ium 
in the  X- ray  pho toe l e c t ron  a d s o r p t i o n  s p e c t r a  o f  
T I - - P d / C  shifts to lower 20 angles, which attests t,~ 
the format ion of  a tha l l ium- -pa l l ad ium alloy or  inter-  
metall ide.  

Removal of  iodine, bromine,  and chlor ine  is possible 
on a rhodium catalyst in a hydrogen a tmosphere ,  and 
only fluorine cannot  be removed. When c o m p o u n d s  of  
general tormula RCH,,CIcBrdl e (where R = CaF(2a_b)H b, 
a = I - -4 ,  b = O--4, c , d , e  = 0- -3 .  n = 0- -2 ,  c +  d +  
+ e = 3 - n) are hydrogenated at a molar  ratio hydro-  
gen : substrate = 6 : I over Rh/S iO 2 and at t empera -  
tures of  450 °C in the first reaction zone and 220 °C in 
the second reaction zone, 97,3 % (CF3CH2) 2 is formed, t7 

In the presence of Pd /C and hydrogen at 350--  
600 °C, fluorine as well as chlor ine is replaced by 
hydrogen: ch loropentaf luoroe thane  and I , l , l , 2 - t e t r a -  
f luoroethane (both individual and in a mixture)  can be 
reduced to the corresponding f luoroalkanes  and (or) 
hydrocarbons.IS Hydrogenat ion of  d e c a l l u o r o - 2 - p e n t e n e  
with gaseous hydrogen in the presence of  a p la t inum 
catalyst  at 300 °C gives oc ta f luoropentane  with a selec- 
t ivity of  90 %19 Cata ly t ic  hyd rogena t i on  of  ch lo -  
roquorocarbons  at high pressure in the l iquid phase also 
gives good results. For  example ,  in the presence  of  
e thanol ,  Pd /C ,  and hydrogen (10 kg cm -2) in an auto-  
clave at 200 °C, l , l , 2 - t r i c h l o r o - l , 2 , 2 - t r i f l u o r o e t h a n e  
dechlor ina tes  to 1 ,2-d ich loro-1 ,2 ,2- t r i f luoroe thane .  The  
degree of  conversion is 5 0 - - 5 1 % ,  and remains  a lmost  
unchanged when the durat ion of  the expe r imen t  in- 
creases from 2 to 1000 h. At the same t ime,  under  
similar  condi t ions  in tile gaseous phase,  tile degree of  
conversion decreases from 70 to 30 % as the react ion 
t ime increases froth 2 to 20 h. 2"° 

Interest ing results were obtained in a study of  the 
effects of  I1 additives to tile catalysts  (0.5 and 5 °6 
Pd/Al203) on HDC ~f I , I , 2 - t r i f l u o r o - l , 2 , 2 - t r i c h l o r o -  
ethane (freon R-I13)  to t r i f luoroethylene,  zl The  maxi-  
mum select ivi ty is observed in the presence of  catalysts  
modif ied by Bi and TI (78 and 70 % at 200--250 °C and 
yields of products  of 44 and 39 %). The catalysts  ob- 
tained by deposi t ion of Pd- -Bi  on SiO 2 are more  active 
in HDC:  when tile content  of  Pd is 2 % and the ratio 
Bi : Pd = I : 2, the selectivity is 90 % and the yield 
of  tn f luoroch loroe thy lene  is 99 %. 

H D C  of  R-113 over N i / T i O >  MnTiO3, and Ni and 
Co powders at 300 °C also results in the tb rma t ion  of 
t r i f luo ro t r i ch lo roe thy lene ,  while in tile p resence  of  
Pd /T iO 2 tile main products are d i f luoroe thy lene  and 
t r i f luoroethane,  zz 

At t empera tures  higher than 150 °C, the main  prod-  
uct of  the t ransformat ion of  R - I I 3  in the presence of  
Pd /T iO 2 is d i f luoroethylene,  while in the presence of  
Pd /C it is t r i f luoroethane (selectivity 85 %)23 The activ- 
ity of  rhodium and pla t inum catalysts  is lower than  that 
of  Pd/C.  The authors  of  Ref. 23 found that  the addi t ion  
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Table 2. Activities of silica gel-supported metals redtlced at 
450 °C in HDC of R-II3  in a flow-type system at the ratio 
Ar : H 2 : R- I I3  = 6 6 I, I g of catalyst, flow rate 
65 cm 3 rain -I z,l 

! 

Composition 750a/°C Selectivity (%) 

(%) 316 b 1316 c 123 ~ 143 e 

Pd (05) 317 0 0 17 80 
Pt (5) 384 0 0 74 26 
Ru(5) 408 7 80 3 3 
Ni(10) 523 17 42 I 13 

a Temperature corresponding 
b CF3CCI2CCI2CF3 c cis- and 
d CCI2 t I_CF > e CFH2__CF2H 

to 50 % convers ion  
trans-C F 3C CI=C CIC F 3 

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

In several works, t ransformat ions  of  freon R- 113 on 
metal  oxides and suppor ted  metal l ic  catalysts were stud- 
led. z4 It was found that three chlor ine  a toms are succes- 
sively replaced by hydrogen ira the presence of catalysts 
based on Pd, Pt, Rh, and Ni. Dimer iza t ion  of  the 
part ial ly dech lo r ina ted  molecules  is possible along with 
H DC on nickel  and ru thenium catalysts. As can be seen 
from Table 2, the max imum depth of  dechlor ina t ion ,  as 
in Ref. 23, is achieved in the presence of  a low-percen t - -  
age pa l lad ium catalyst  (up to 80 % of  the comple te ly  
dech lo r ina ted  product) .  In the presence of  5 % Pt /S iO 2, 
the depth  of  dech lor ina t ion  is lower: 74 and 26 % of  
d ich loro t r i f luoroe thane  and t r i f luoroethane,  respectively, 
are formed in a f low-type system. Nickel  and rhodium 
catalysts  give substant ial  amounts  of  d imer iza t ion  prod-  
ucts and ch loro t r i f luoroe thane .  Accord ing  to the au- 
thors '  op in ion ,  the key step in the hydrodech lor ina t ion  
of  both ch lo rof luorohydrocarbons  and chlorof luorocac-  
bons not con ta in ing  hydrogen is dissociative adsorpt ion 

fol lowed by' the fo rmat ion  of  the radical  XC-CFa 
Y 

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

In the presence of  N i /T iO  2 prepared by decompos i -  
tion of  T i - - N i - - H  hydride systems with mineral  acids, 
the main product  of  D H C  of  R-113 at 200--400 °C was 
ch lo ro t r i f luoroe thy lene ,  and the activity and selectivity 
of  the catalysts  s trongly depended  on the compos i t ion  of 
the initial hydride,  zs The catalysts conta in ing  8.3 % Ni 
prepared from hydride T iNiHo6  possess the maximum 
activity: at 300--350 '~C the degree of  conversion was 
98 % at a select ivi ty of  95 %. The substantial  differ- 
ences in  the activi ty of  the catalysts  prepared from 
in te rmeta l l ide  hydrides  with different Ti : Ni ratios are 
explained by the authors  by the existence of  strong 
m e t a l - - s u p p o r t  in terac t ion  in the system, and this ap- 
proach seems promis ing  for explana in ing  the strong 
effect of  me ta l -mod i fy ing  agents on the selectivity of 
H D C  in the presence of  suppor ted  me ta l - con ta in ing  
catalysts.  

Catalysts  prepared by impregnat ion and conta ining 
5 % Pd on a luminum oxide, f luorinated a luminum ox- 
ide, or AIF3, lead to hydrodechlor inat ion  of  C2F5CI to 
C2FsH in a hydrogen a tmosphere  with high conversion 
(100 %) and selectivity (97 %)z6 

Dehalogenat ion  and even decomposi t ion  of  halohy-  
drocarbons occur  on cotnplex catalysts made up of  a 
stable (toward the action of hydrogen halicles) support  of  
iron and (or) nickel alloys containing more than 15 % 
chromium covered with a t i tanium dioxide layer and" 
impregnated with one or more of  the following metals: 
Pd, Pt, Ru and Os, Re, and Ir. z7 

A study of  the adsorption and decompos i t ion  of  alkyl 
iodides on the Ni(100) surface at tempera tures  below 
150 K showed that free alkyl radicals form on the 
surface, which then can desorb after dest ruct ion (at low 
degrees of  coverage),  z8 reduction,  or by hydride dis- 
p lacement  (at high degrees of coverage)  The final prod-  
uct of  this low- tempera ture  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 - - I  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) ,  z9 

1.2. Hydrodehalogenation in the presence of 
bimetallic and nonmetallic catalysts 

N ic ke l - c h romium catalysts, including those on oxide 
supports,  are used in oxidative dechlor ina t ion  to form 
less ha logenated  olefins from the corresponding halo-  
substi tuted alkanes, tt,3°,31 However,  in some cases, re- 
duced catalysts can lead to reductive dechlor ina t ion .  For  
example ,  silica gel -suppor ted  iron, cobalt ,  nickel,  and 
chromium have been used 31,32 as selective but low- 
active catalysts  to remove one chlor ine  a tom from 
l , l , l - t r i f l u o r o - 2 , 2 , 2 - t r i c h l o r o e t h a n e .  On ly  3 5  % 
I, I, 1 - t r i f luoro-2 ,2-dichloroethane was obtained after 6 h 
at 450 °C. 

A convincing argument  in favor of  the ac id-base  
mechanism is the lact that reductive deha logena t ion  of  
organic compounds  can occur  on nonmeta l l ic  catalysts. 
For example ,  in the presence of  active carbon in a 
hydrogen a tmosphere  at 200--700 °C and 0 .5 - -10  bar, 
one or more chlor ine  or bromine  a toms are removed 
from various organic compounds ,  including alkanes,  
cyc loa lkanes ,  a lkenes ,  a roma t i c  h y d r o c a r b o n s ,  and 
ethers. 33 

H D C  occurs better  in the presence of  carbon fiber 
act ivated by hydrogen at high tempera tures  (450 °C); 
such catalysts  do not loose their  activity and select ivi ty 
for several hours. 34 For example ,  at 350 °C in the 
presence of  the catalyst  FE - -300  (carbon fiber based on 
polyacryloni t r i le )  pre- t rea ted  with hydrogen at 450 °C 
to remove con taminan t s ,  and at a convey or rate of  
0.21 g rain - I ,  1 ,2-dichloroethane  is t rans formed into 
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chloroethylene. 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 2 g-I) with considerable 
conversion and high selectivity (65 and 94 %, respec- 
tively). 3s 

In the presence of zeolite catalysts, dechlorination of 
alkyl 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 flow-type system in the pres- 
ence of hydrogen and nickel-modified specifically selec- 
tive zeolite (fbr example, Ni- -ZSM5) This bilimctional 
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) ~ For example, in the 
presence of RhCI(PPh3) 3, ethanol, and KOH, the initial 
rate of H DC of 3,3,7,7-tetrachlorotricyclo[4~ 1.0.02,4]hep- 
tane to 3-chlorotricyclo[4.1~0~02,4lheptane was 
98 m o l ( L m i n g R h )  -I 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 too l (L in ing  Rh)-l), 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. 38~39 Polychlorinated ethyl- 
enes (as well as aromatic compounds such as benzenes) 
undergo reductive dechlorination in the presence of 
vitamin B~2, coenzyme F430, or hematin catalysts and a 
strong reducing agent, tbr example, Ti III citrate or 
dithiothreitol. 40 

In Ref. 40, the complex Ni(tmtaa) (tmtaa is the 
6 ,8 ,  I 5, I 7 - t e t r a m e t h y l - 5 ,  I 4 - d i h y d r o d i b e n z o -  
[b,i](I,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- 
Ioporphyrins, 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 j 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 : NaBH4 = I : 50 : 100, the number of reac- 
tion cycles (the alkane : catalyst ~ttio) after 3 and 6 h 
was 0 and 0.01 for chlorocyclohexane, 11.3 and 17.9 for 
bromocyclohexane, 220 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 l-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 author~" opinion, 
this testifies that the reaction mechanism is substantially 
more complicated than a simple electron transfer. It is 
likely tl3;~t 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 ira the study of 
the reduction of gem-diha!ocyclopropanes by supported 
and complex rhodium catalysts. 4t For example, it was 
shown by the use of deuterosubstituted reagents that ira 
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 ct-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, 39 
When the reaction was performed with bromocyclohex- 
ane in the preseoce of NaBH 4 and C2DsOD, a mixture 
of C6HI2 and C6DHII of composition 84 : 16 was 
formed; when C2H~OH and NaBD4 were used, the 
composition of the mixture was the same at a molar 
ratio of 63 : 38~ The [Lfllowing scheme was su~ested on 
the basis of these data: 

R - - B r  
[Ni l( tmtaa)]]" [R--Br ]  ~ -- 
- Nill(tmtaa ) B r  

H" (Irom ~ve~t )  
= R" " R H ,  

R - - B r  D -  RD + Br~ 

(5) 

(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--5 % ethanol. 

The redox processes in the system are clearly illus- 
trated by ESR. in the presence of sodium borohydride, 
the spectru/;n of Ni(tmtaa) contains a singlet signal 
characteristic of the Ni I 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+[Nil(tmtaa)] -, whose ESR 
spectrum contains a strong signal (gll = 2.10, gi = 2.01) 
substantially different from the signal of 
Ni(tmtaa)/NaBH 4. Therefore, an additional ligand is 
coordinated with nickel in the latter complex, and 
it is not BH3, because although the addition of BH 3 
in tetrahydrofuran changes the spectrum of 
Na+[Nil(tmtaa)l -, this new spectrum also differs from 
that of Ni(tmtaa)/NaBH 4. Therefore, it can be sug- 
gested that the additional ligand can be either H- or 
BH4-. These data confirm the suggested 41 mechanism 
involving a hydride ion. 

The authors of a recently published work 4z report for 
the first time on the homogeneous reaction of or- 
ganometallic compounds oI transition metals with substi- 
tuted fluorocarbons. The organometall ic  anion 
[CpFe(COhl- 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, CIoFI8 is formed, and at the 
addition of 6 eq. CpFe(CO)2R 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, 43 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, 
[3-elimination, or or-elimination. 

Vitamin BI2 and other corrinoids catalyze the an- 
aerobic reductive dehalogenation of CCl 4 and its lower 
homologs by Ti HI citrate to form methane. 44 The au- 
thors suggest that the reduction of CollIBl?--R results in 
the formation of an unstable radical anion intermediate 
ColIIBI.?--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 ColIIBI2--CH3 is very negative (approxi- 
mately -1 .3  V in a dimethylformamide--propanol-I 
mixture). 

By analogy, fermentative anaerobic HDH was per- 
formed 45 using the catalytic TiO2--CoTSP system (TSP 

is tetrasulfophthalocyanine), a hybrid catalyst combining 
a semiconductor and a macrocycle. Cobalt 4 ,4 ' ,4" ' ,4""-  
tetrasulfophthalocyanine, which is structurally similar to 
cyancobalamine (vitamin BI2), has been studied consid- 
erably less. 

Under homogeneous conditions, the reactions 
of ColTSP with CCI4, CHBr3, CHCIBr2, 
CHCI?Br,CH2Br 2, CH2=CCI2,CHCI=CCI2, C3HTBr, 
CH2CH2Br, (CH3)2CHBr, (CH3)3CEr, BrCH2CH2Br, 
CICH2CH~CI, and C|-131 in a 50 % propanol-2--water ~ 
mixture result in the formation of complexes of the 
CoIIITSP--R type, where R is an alkyl group from the 
corresponding halosubstituted derivative. 

The successive debromination of bromoform result- 
ing m the formation of CH2Br 2 as the main product 
occurs both during noncatalytic photolysis and in the 
presence of TiO2--CoTSP with silanized or nonmodified 
TiO 2. However, the reaction rate is significantly higher 
in the presence of the CoTSP complex A t - 2 0  °C and 
at concentrations of TiO2--CoTSP of I mg L -I and of 
bromoform of 34 mmol L I , the  rates 20 rain after the 
beginning of the reaction were 1.3, 2.8, and 
14" 104 tool min -1 for silanized, nonmodified, and 
modified TiO2--CoTSP, respectively. Only traces of 
methane and bromomethane are present even alter 8 h 
of the reaction. 

The suggested reaction mechanism is similar to that 
described previously 41 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: 

TiO2--ColTSP + CHBr 3 

CHBr 2 + (CH3)2CHOH 

T iO2_CoTSP_CHBr2 hv ,,,, 

CHBr 2 + TiO2--CoTSP , 

,,- CH2Br 2 + ( 0 H 3 ) 2 0 = O  

Ni II ions can be catalysts of the homogeneous reduc- 
tion of bromo- and chloroorganic compounds by anthra- 
cene radical anions 46 or by other organic radical an- 
ions, 47 and the catalytic effect increases for less reactive 
compounds. Chlorotoluene, bromopropane, bromo- and 
chlorobenzenes, I -bromo- 2-methyl-2- methoxycyclo- 
propane, and I ,I-dichloro-2,2-diphenylcyclopropane 
were reduced in such reactions. The authors mention 
that under similar conditions Co II 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 

Catalyt ic  H D C  of  a~' l  halides is performed,  as a 
role, in the presence of  metall ic  catalysts based oil 
p la t inum or nickel group metals. 

H DC of  ch lorobenzenes  on the Pd/AI20 3 catalyst is 
described in Ref. 4 8  Chlor inated  benzenes and phenols 
were hyd rodech lo r ina t ed  in tile presence of  0 5  % 
Pd/AI:~O 3 reduced by hydrogen at 300 ° C  49 The relative 
reactivity depends  on the posit ion of  tile chlor ine a t o m  
if it is at the ortho-position to the OH group or to 
another  chlor ine a tom,  i t s e l imina t iou  is d i f f icu l t  Chlo-  
rine a toms at the meta- and para-positions are removed 
more eas i ly  For example ,  HDC of  2 ,4-d ichlorophenol  
gives only one product ,  2-chlorophenol  The a u t h o ~  
established the existence of  two tempera ture  regions of  
the reaction,  and in tile low- tempera ture  region the 
existence of a substi tuent at the ortho-position to the 
chlor ine a tom sharply decreased the rate of  HDC.  

Vapor-phase  H D C  of chlorbenzene occurs in the 
presence of  P t /AI20  3 or P t / | - I - -BEA zeolite, s° The ini- 
tial activity of  the zeol i te -conta in ing  catalyst is high, 
however,  coking and ol igomerizat ion cause its deact iva-  
tion. The stabili ty of  the catalyst increases when tile 
Br6nsted acidic centers  are replaced with Na + ions. 

As in the case of  alkyl halides, H D H  is efficient in 
the presence c," 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,  lz 

Transi t ion metals  (Pd and Ni) on Sibunit  and C F C  
carbon supports  developed at the Insti tute of  Catalysis  of 
the Siberian Branch of  the RAS cause successive H DC 
of  1 ,2 ,4 ,5- te t rachlorobenzene under  relatively mild co- 
ndi t ions (20--70  °C). sl Complex  hydrides were used as 
the hydrogen source. In the presence of  one of  the 
tested systems, 4 % P d / C F C - - N a H ( L i A I H 4 ) 0 5  , HDC 
occurs with the selective formation of 1 ,2 ,4- t r ichloro-  
benzene.  Using several physicochemical  methods ,  tile 
authors  showed that Pd particles more than 100 A in 
size are inactive in H D C  

Reduct ive deb romina t i on  of p - b r o m o t o l u e n e  was 
studied in air in the presence of  sodium borohydr ide  and 
isopropanol  The react ion was catalyzed by rhodium and 
ru thenium complexes  fixed on y - aminop ropy l - con t a in -  
ing silica gel. 5z As should be expected,  the activity and 
stabili ty of  almost all s tudied complexes  in the reaction 
in air were lower than those for the reactions in hydro-  
gen or in inert gas a tmospheres .  Only in tile presence of 
immobi l ized  ru thenium tet raacetate  does the activity 
decrease less substant ial ly  (the initial reaction rates are 
1.37 and 1.17 tool (rain tool Ru) -I  in an argon a tmo-  
sphere and in air, respectively);  however,  tile activity of 
this catalyst is almost  6 t imes lower than that of  the 
immobi l ized  rhodium complex  [Rh2(O2CMe)41, which 
is cons iderably  less stable in air. The halogen is re- 
placed,  in the opin ion  of  the authors,  by hydrogen from 

the borohydr ide  molecule,  however,  this conclus ion 
seems insufficiently substantiated. In the ear l ie r  works of  
the same authors ,  the catalytic effect of  complex  cata-  
lysts in react ions of  hydrogen transfer from alcohols  s3 
and, in par t icular ,  from the or-position o f  p ropano l -2 ,  s4 
to ketones was studied. As has been a l ready ment ioned ,  
the mechaqism of  the replacement  of  halogen by a 
hydrogen of  the solvent in the presence of  rhodium 
t r i phe ny lphosph ine  complexes  was subs t an t i a t ed  in 
Ref. 37. A s imi lar  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 halosubsti tuted 1 ,3-di f luorobenzenes  
of general formula A (where R t i R  4 = H, CI, or  Br, 
and more than one of the R I - - R  4 subst i tuents  is CI or 
Br) tinder mild condi t ions (70--140 °C) in the presence 
of  a pa l ladium catalyst ( P d / C )  For example ,  2 ,4-di-  
f luorochlorobenzene is t ransformed into 1,3-dif luoro-  
benzene at 5 - -60  °C in tile presence of  t r i - ( p - d o -  
decyl)amine ,  catalyst ,  and hydrogel~, ss 

F 

R 4 " ~  R1 

R 3/ ~ R  2 "g 

A 

Both homogeneous  and heterogenized r h o d i u m ( t 0  
complexes  can debrominate  para-bromotoluene, s6 

Catalysts with a high content of  nickel (30- -70  %) 
on nickel a lumina te  with crs, stallites 50--150 A in size 
exhibit  high activity and select ivi ty (with m i n i m u m  
h y d r o g e n a t i o n  of  the  a r o m a t i c  ring) in r educ t ive  
dehalogenat ion ,  for example ,  in the dech lo r ina t ion  of  
chlorobenzene,  s7 

The known method  of  dechlor ina t ion  by zinc in all 
alcohol alkali s8 or by the nickel-z inc  Urush ibara  cata-  
lyst s9,6° has been modified, 61 The reduct ion  of  awl  
halides to arenes occurs efficiently in e thanol  in the 
presence of zinc and catalytic amounts  of  nickel.  For  
example ,  the conversion of iodobenzene to benzene  is 
92 % alter 24 h at 60 °C in e thanol  in a ni trogen 
a tmosphere ,  while it is 98 % in d i m e t h y l f o r m a m i d e  ill a 
hydrogen a t m o s p h e r e  It is significant that  under  these 
condi t ions  halogen is replaced by hydrogen from the 
solvent according to tile scheme: 

NiBr 2 + Zn ,,, Ni° + ZnBr2, (7) 

Ni ° + EtOH -' HNi(OEt), (8) 

2HNi(OEt) + Zn L H 2 + 2NP + Zn(OEt) 2 , (9) 
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ArX + H7 Ni°= ArH + HX, (10) 

2HX + Zn(OEt) 2 " ZnX 2 + 2EtOH. ( I  I) 

The degrees of conversion of the other a~'l halides 
after the same length of time (24--48 h) are the follow- 
ing: bromobenzene (36 h), 47 %; chlorobenzene (36 h, 
added H20), 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 ill dimethyl- 
formamide. Compounds of general formula C6FsR 
(R = CF3, CF2CF2CF3) lose one fluorine atom ira the 
benzene ring to form 4-H-C6F4R. The authors 62 suggest 
a radical ion mechanism of hydrodefluorination by the 
scheme: 

F 

R F 
" ~  Zn(Cu) H~O 

DMF + H20, 70 °C 
F H 

I Zn(Cu) F 

F F F F F F 

,, R R F -F -  

F F F F F F 

Carbon black (BP-2000) accelerated HDH reactions 
of substituted polycyclic aromatic compounds ira the 
presence of an organic hydrogen donor by 4 times and 
more. 63 Tetralin or 9,10-dihydrophenanthrene were used 
as hydrogen donors, and the reaction did not occur ira 
their absence. At the ratio substrate : solvent : cata- 
lyst = I : 4 : 0.1 and temperature 410 °C, HDH of 
9-bromophenanthrene (thermal convemion 20 %, cata- 
lytic conversion 46 %), and I-bromo- and l-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: 

cI 

cI 

The selectivities of the reactions of thermal and 
catalytic dehalogenation of l-bromo- and l-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 ill 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 cr3,stallites 50--150 3, 
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. 64 
For example, when a 30 % solution of hexachloro- 
benzene in methylene dichloride was conveyed to this 
catalyst (activated with hydrogen for 10 rain at 200 °C) 
and was hydrogenated for 10 rain at the same tempera- 
ture, the conversion to cyclohexane was 100 %. Chlo- 
robenzeqe 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, 6s,66 the catalytic H DH of 1,2,3-trichlorobenzene 
was studied using a Ni--Mo/AI~O 3 catalyst in the pres- 
ence of hydrogen at 200--350 °C with nonpolar sol- 
vents, decane or hexadecane, as the reaction medium 
The obtained 65 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 H DC reactions. For example, the 
authors of Ref. 67 studied the effect of sulfidization on 
HDC of o-dichlorobeuzene in the g~  phase at 300 °C 
and 2 M Pa over reduced and sulfidized nickel, molybde- 
num, and nickel-molybdenum catalysts supported by alu- 
minum oxide. The reaction occurs successively with the 
intermediate t29rmation of chlorobenzene on all catalysts. 
Sulfidization affects the activity of catalysts in different 
ways. For Ni/AI20 3, Mo/AI20 3, and Ni--Mo/A!20 3, the 
relative activities of sulfidized and nonsulfidized forms are 
0.3, IA, and 2.2, respectively. The selectivity with respect 
to chlorobeqzene 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 frorn 
3.5 to 10 MPa exerts almost no effect on the rate of  
dehalogenation of  1,2,3-trichlorobenzene ira the pres- 
ence of  these catalysts. 66 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 undergoes 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  ar3'l chlorides has been 
recently performed using palladium complexes with che- 
lated phosphine ligands in the presence of  a base. 6g 

Pd(OAc)2 + 2dippp 
PhCI .', Phil 

NaOH, CH3OH 

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 Ax--I bonds. 69 
The catalysts were prepared in situ in the reaction of  
Pd(OAc)2 with two equivalents of  dippp [dippp = 
1,3-bis(diisopropylphosphino)propane].  Two reductive 
systems were used ira the work: NaOH in methanol (I) 
and sodium formate in alcohol or dimethylformamide 
(2). Chlorobenzene is completely transformed to ben- 
zene after 20 h at 100 °C when NaOH : Phil  = 2. 

Selective H DH 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- -Ha l  
bonds in ar3,1 halides and the subsequent transfer of 
hydrogen from organic solvents. 7° Secondary cyclic 
amines are good donors of  hydrogen, and methanol,  ira 
the authors" opinion, 7° serves as the best solvenL It is 
noteworthy that methanol as other aliphatic alcohols 
can participate in hydrogen transfer reactions as hydro- 
geu donors. 71 

Another  series of  known dehalogenating agents, so- 
dium borohydride and its derivatives, can also be modi- 
fied by the addition of  nickel salts. 7l Borohydride 
[ N a B H 2 ( O C H . 2 C H 2 O C H 3 ) I 2  obtained in situ in the 
reaction of  NaBH4 and 2-methoxyethane in T H F  is a 
strong dehalogenating agent and transforms y-hexachloro- 
cyclohexane to benzene at 68 °C after 0.5 h in 99 % 
yield and c~-chlorotoluene to toluene after 2 h in 9 1 %  
yield. The addition o f  NiCl 2 results in a noticeable 
increase in the activity: y-hexachlorocyclohexane is corn- 

pletely transformed into benzene after 15 rain, and 
ct-chlorotoluene is transformed into toluene after I h. 

Simple Ni n 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 4. Such complexes, 73 exhibiting 
noticeable catalytic activity in H DC reactions of  polyha- 
Iosubstituted derivatives of benzene and biphenyls, have 
been obtained. For example, I -bromonaphtha lene  is 
transformed into naphthalene (99 %, 40 °C, 60 rain), 
2 ,6 -d ib romobipheny l  is t ransformed into biphenyl  
(100 %, 25 °C, 60 ram), and 1,3- and 1,4-dibromo- 
benzenes are transformed into benzene (40 °C, 40 rain), 
in ethanol : acetonitrile mixtures in ratios of 2 : I, 4 : I, 
and 2 : 5, respectively. The degree of  dechlorination of  
polychlorobenzenes is substantially lower. For example, 
the dechlorination (40 ~-~C, 1.3 h, ethanol : acetonitri- 
le = 6 : I) of  1,2,3A-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 H DC of 1,2,4,5-tetracMorobenzene. 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 : 1, 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 RHIowing se- 
quence of  elementary stages was suggested: 

gNi I + RX ,,,, kNi I1 + R' ~ X-, (12) 

LNi I + RX ,, LNi I1 + R X - ' ,  (13) 

RX-" ," R" + X ,  (14) 

R" + B H 4  ,,, RH v BH 3 " (15) 

LNi II + BH 4- ,, RH + LNi l IH + [BH3],  (16) 

R' + LNi l IH ," RH + LNi I, (17) 

R" + CH3CH2OH ," RH -+ C H 3 C H ' O H ,  (18) 

R'  + C6HsCH(CH3) 2 ~ RH + C6H5C(CH3)  2, (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 t~e radical anion. 

A bifu1~ctional homogeneous rhodium catalyst ob- 
tained from I(MesCs)RhCI212 reduced in the presence 
of isopropanol and excess triethylamine was used for 
reductive dechlorination of substituted chlorobenzenes 
and hydrogenation of double bonds. TM Excess base is 
needed to neutralize the HCI formed in the reactions: 

C6H5CI + H 2 - C6H 6 + HCI, 

C6H 6 + 3H 2 ~ C6H12, 

HCI + NEt 3 = [HNEt3]CI, 

[HNEt3]CI + NaOH - Et3N + NaCI + H20. 

Tile reaction was performed ill a steel autoclave 
under hydrogen pressure at 75 °C. Under these condi- 
tions, first chlorobenzene, then 1,2,4-trichlorobenzene 
and l-chloronaphthalene consecutively split off chlorine 
atoms and only then are hydrogenated. For example, 
60 rain 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 1 %  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~2 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 fo~aa- 
tion of chloroalkanes have been described. 76 Tile last 
replacement of halogen by hydrogen in polyhaloben- 
zenes, 77 o-, m-, and p-bromotoluenes, and 2-chloro- 
m-xylenes 78 occurs ill 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 rain at 50 °C at the molar ratio Pd : CI = 1 : 130. Ill 
the authors" opinion, the onium salt forms the third 
liquid phase on the catalyst surface, the reaction occurs ill 

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 (I-), 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 ill the absence of. 
onium salts. For some alkylbenzenes, the change in the 
rate in the presence of onium salts is especially substantial. 
Isomeric chloroethylbenzenes call be reduced 50 times 
more rapidly ill the presence of Aliquat 33& This method 
makes it possible to reduce 2-chlorotoluene, which is very 
difficult to reduce by other methods. However, ill some 
cases (for example, ill 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 tile reduction of isomeric aryl halides: in 
the presence of Aliquat 336 ill 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. 78 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 96 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 H DC of 
1,2,4,5-tetrachlorobenzene. 79 The dechlorination occurs 
sequentially to form 1,2,4-trichlorobenzene, a mixture 
of o-, 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 
te t rachlorobenzene : Pd : NaH2PO4,H20 : PTC = 
I : 0.03 : 2.8 : 0A)at  50 °C, tetrachlorobenzene disap- 
pears from the reaction mixture after 2 h of the reac- 
tion, and almost quantitative transformation to benzene 
occurs after 2~5 h~ Under similar conditions, after 20 rain 
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, tl,e rate of halogen replace- 
ment decreases in the normal order: I > Br > CI > 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, H DC 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 tile 
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. 78 

An efficient method for reduction of  apyl chlorides 
using a two-phase system in the presence of  a phase- 
transfer catalyst and Rh III complex has been described sr 

Thus, malay catalysts containing group Vlll metals are 
active in H DC 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 

Malay of  the studies of  HDC considered in the previ- 
otis section, for example, HDC of polychlorinated ben- 
zenes, were carried out to model reactions that occur 
during HDC of n-tore complex molecules, including poly- 
chlorinated dibenzofurans, dibenzodioxines, etc., since 
mult icomponent 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 tile 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 7z and a mixture of poly- 
chlorobiphenyls (Arochlor 1016) s2 Sodium borohydride 
and lithium aluminum hydride are trot ve~, active in 
dehalogenation of  haloarornatic hydrocarbons, but can 
reduce nickel to Ni ° v 'hen its salts are added to the 
reaction system. Thus, metallic nickel in statu nascendi 
is in fact the catalyst. The 100 % dechlorination of  
tetrachlorobiphenyl to biphenyl occurs with the reduc- 
live system NaBH2(OCH2CH2OCH3)  2 ° NiCI~ " T H F  
(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 tile 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 catalyst s3 using a method similar to that 
described in Ref. 72. However, in this case, Raney nickel 
or a homogeneous triphenylphosphine complex of  b'i ° 
was used instead of a nickel salt as the nickel catalyst  Tile 
reaction nearly does not occur in the absence of  nickel 
compounds, while in the presence of  nickel, H DC 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 tire authors'  opinion, the selectivity-deter- 
mining stage is the oxidative addition of  ary'l 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 yield of the products of  the photo- 
chemical dechlorination of  mono-  and polychlorinated 
biphenyls in an acetonitrile--water mixture (9 : I) in- 
creases by several orders of magnitude in the presence of 
sodium borohydride. 84 I! is significant that tile degree of 
increase ill the quantum yield is higher for tile compounds 
that are tire most difficult to reduce (for example, in the 
presence of  NaBH 4, the quantum yield of  products of 
H DC 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  H D C  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 4 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. 8s 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 ill 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 (Na i l ,  MgH 2, LiAIH 4, N a B H  4, 
NaH(LiAIH4)I/2) were used for the low-temperature 
H DC. 86 The most active ca ta lys t  in this H DC 
was the system conta in ing pal ladium ( 4 %  P d / C - -  
NaH(LiAIH4)I/2),  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 p~esence of  organic amines and the complex 
catalyst CP2~iBH4 (formed in situ from dichlorotitano- 
cene Cp2TiCI 2 and NaBH4) , PCBP is efficiently hy- 
drodechlorinated. The reaction mixture contains 80 % 
dichlorobiphenyl  after 12 rain o f  the reduction of  
Arochlor  1248 at 125 °C, while complete H DC 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, s? 

Metallic iron serves as a catalyst in HDC of Arochlo~- 
1221 when it is heated above 300 °C. 88 For example, at 
300 °C after 1 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 
convers ion decrease dramatical ly at 500 °C. When 
CH2CI 2 is added to the reaction mixture, the degree of 
H DC remains ahnost unchanged, and it increases slightly 
when water is added. In the presence of  D20, the biphe- 
nyl formed contains deuterium, in the authors '  opinion, 
both organic admixtures and water can be hydrogen do- 
qors. However, the data presented on H - - D  exchange are 
not quantitative, which makes it impossible to estimate 
the contribution of  direct H - - D  exchange, whicla can be- 
rather substantial at the reaction temperatures. 

The active catalyst of  HDC of  polyehlorinated biphe- 
nyls (Arochlor 1260 or 1254) is obtained by the modifica- 
tion of  metallic iron with metallic Pd (0.05 wt. %)89 In 
the presence of  a I • 3 " 1 methanol : water : acetone 
solution, the complete conversion of  the initial mixture 
occurs after 5 to 10 rain. Increasing the amount  of  the 
catalyst and the content of  Pd results in an increase in the 
reaction rate, while increasing the concentrat ion 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 surlhce and 
involves hydrogen formed due to the corrosion of Fe in 
water via the reaction: 

Fe ° + 2 H20  ~" 2 Fe 2+ + H 2 + 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. Ilydrodechlorination of organic compounds 
containing various functional groups 

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

The previously mentioned homogeneous H DC of  
aryl chlorides using palladium complexes with chelate 
phosphine ligands in the presence of  a base 6s is also 
appropriate for selective HDC in the presence of  other 
functional groups. A.~ can be seen from Table 3, even 
groups sensitive toward bases, such as C H O  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 ill the presence of palladium com- 
plexes immobilized on "t-aminopropyl-contaming silica 
gel and promoted with KOH, when isopropanol is used as 
the hydrogen source)  ° The replacement of  chlorine and 
bromine in the correspending halonitrobenzenes begins 
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. I n  the latter 
case, the dechlorination rate increases 5 times after 
completion of  the reduction of  the nitro group. The 
authors 9° believe that halonitrobenzenes coordinate at 
their nitro group more strongly with :he complex catalyst. 
In fact, in the reduction of  the ni t robenzene--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  ira 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 
d is t r ibut ion o f  tile products  in the r educ t ion  o f  
2-iodonitrobenzene under electrochemical and catalytic 
conditions using Raney nickel and cobalt ira an aqueous- 
methanol (93 : 7 by weight) medium 91 shows substan- 
tial differences: nitrobenzene, the main product of  cata- 
lytic reduction in tile presence of  KOH, is not observed 
on the cyclic voltammetric curve. The main products 
obtained in the catalytic hydrogenation of  I - iodoni t ro-  

Table 3. Effect of the nature of the substituent on 
the degree of transformation ofpara-substituted chlo- 
robenzenes in the presence of palladium complex 
catalyst [Pd(OAc) 2 + 2dippp} and sodium formate 68 
p-X--C6H4CI " X--Ph 

X ~/°C Conve~ion to X--Ph (%) 

H 100 90 
CHO 100 100 
CN 100 100 
NO 2 100 70 
CH3CO 100 87 
CH 3 100 14 
CH 3 150 100 
CH30 100 I I 
CH30 150 100 
NH 2 100 15 
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Table 4. Catalytic hydrogenation of 2-iodonitrobenzene (10 -2 tool) on electrodes of 
Raney-type metals in a methanol-aqueous mixture (93 7 wt~ %)91 

No Cam- pH Hydrogenation products (%) Conver- 
lyst PhNH2 PhNO2 2-1C6H4NHOH 2-1C6H4NH 2 sion (%) 

I Ni 13 98 2 0 0 100 
2 7 71 0 I 28 95 
3 10 17 3 13 67 81 
4 3 40 I 8 49 92 
5 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 
II 10 0 16 34 50 6 
12 3 12 12 38 38 9 

benzene (10 -2 tool L - I )  on electrodes of  the corre- 
sponding Raney- type  metal are listed in Table 4 

The distr ibution of  products in a strongly alkaline 
medium (dehalogenated products predominate)  shows 
that on nonpoisoned  catalysts the rate constant  of  deio-  
d inat ion is substantial ly higher than that of  the reduc- 
tion of  the nitro group. Therefore,  PhNH 2 is mainly 
obta ined by hydrogenolysis  o; ~ the C - - I  bond followed by 
the hydrogenat ion  of  ni t robenzene.  On less active cobalt  
and copper  catalysts,  the second stage (hydrogenat ion)  
is so slow that  ni t robenzene is the main produc t :  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  dehalogenat ion or due to the 
adsorpt ion  of  acetic acid. 

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

Recen t ly ,  9z H D C  of  subs t i tu ted  ch lo robenzenes  
RC6H4CI (where R = NH 2 , O H ,  CH3, CI, CF3, or H) 
was per formed using 10 % Ni / ; , - -AI20  3 at 523 K. The 
hydrodech lor ina t ion  rate is almost independent  of  the 
spatial  a r rangement  of  the substi tuents,  but it strongly 
increases as the donor  propert ies  of  the substi tuents 
increase in the order  ch loro t r imethylbenzene  < dichloro-  
benzene < chloro to luenes  < ch lorophenols  < chloroani-  
line. The analysis of  the Hammet t  equat ion for the 
H D H  reactions allowed the authors  to assume the elec- 
t rophi l ic  mechanism of  the reaction. 

Photoe lec t rochemica l  dehalogenat ion  o f p - h a l o n i t r o -  
benzenes  was carried out in Ref. 9 3  The authors up- 
hold the viewpoint  that the mechanisms  of dehalo-  
genat ion of  alkyl and aryl halides substantial ly differ. 
Alkyl hal ides are character ized by one-e lec t ron  reduc- 
tion followed by fast cleavage of  the C-halogen bond; 
ar'yl hal ides are character ized by a consecut ive mecha-  
nism, in which radical anions of  different stabilit ies are 
formed.  It has been established that e lec t rochemical  
reduct ion can induce insignificant deha logenat ion  of 
p - iodon i t robenzene ,  while the combined  action of  photo-  
and e lec t rochemica l  reduct ion results in the efficient 

removal of  both bromine and chlor ine  in tile corre-  
sponding p-ha lon i t robenzenes  even at room tempera-  
ture. Therefore,  the photochent ical  act ivat ion of  radical 
anion in termedia tes  by light with wavelengths between 
300 and 600 nm strongly affects the react ion route,  and 
tile deha logenat ion  rates for b romo-  and ch lo ron i t ro -  
benzenes depend  in different ways on the f requency of 
the r a , , l a tmn  u s e d  For  e x a m p l e ,  in the case  of  
p -ch lo ron i t robenzene ,  shor ter-wave radiat ion is more 
efficient because the C - - C I  bond is more stable than the 
C - - B r  bond. The authors present  a probable  explanat ion  
for the fast occurrence  of  the react ion via a low-energy 
excited state in p -b romoni t robenzene .  

Absorpt ion  of  long-wave i r radiat ion can be desig- 
nated as a rc*--rt*-transition, in which the t ransi t ion 
state has a doublet  character.  By contrast ,  i r radiat ion 
with shor t -wave light (330 nm) causes the exci ta t ion of  
re-electrons, which results in a quadruple t  t ransi t ion 
state. In the lat ter  case, excess halogen ions are forbid- 
den according to the spin conservat ion rule. 

In alcohols  or aqueous media  in the presence of  a 
pal ladium catalyst  in a hydrogen a tmosphere ,  H D H  of  
2 - amino -5 -ha lopy r id ine s  forms 2 ,3 -d iaminopyr id ines .  
For  e x a m p l e ,  2 - a m i n o - 5 - b r o m o - 3 - n i t r o - 4 - m e t h y l -  
pyridine gives 78 % 2 ,3 -d i a mino -4 -me thy lpy r id ine  after 
50 rain in the presence of  Pd /C and methanol  at 23--  
50 °C. 94 It has been previously establ ished 9s that only 
the chlor ine a tom can be selectively removed in the 
hydrogenat ion of  2 - m e t h y l - 3 - n i t r o - 4 - m e t h o x y m e t h y l -  
5 - c y a n o - 6 - c h l o r o p y r i d i n e  on a p a l l a d i u m - m o d i f i e d  
c h l o r o m e t h y l a t e d  s t y r e n e - - d i v i n y l b e n z e n e  c o p o l y m e r  
under mild condi t ions  (45--55 °C) in a lcohols  or water. 

The selective removal of only chlorine from the para- 
position is observed in the reduction of acetylemde (C) in 
the presence of  Pd/C,  sodium formate, and CH3CN.  The 
yield of  3-Me-2,6-(CI)2C6H2NH 2 is as high as 90 %96 

N-- (C~CH)  2 CI~sCl 
T Me 
Cl 

C 
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Several halosubst i tuted benzoic acids, phenols ,  ani- 
lines, and n i t rogen-conta in ing  heterocycl ic  compounds  
are quant i ta t ively  dehalogenated  by sodium borohydr ide  
in an aqueous-a lka l ine  medium in the presence of  cata-  
lytic amourffs of  a pa l ladium saltfl  7 evident ly  under  the 
catalyt ic  effect of  pal ladium formed in situ~ The effects 
of  subst i tuents  in the ortho-posi t ion are noted. 

Looking at the data on the possible mechanisms  of  
h y d r o d e h a l o g e n a t i o n ,  the fo l lowing gene ra l i z a t i ons  
should be ment ioned.  The majori ty of  the authors  con- 
clude that anion or radical anion in termedia tes  are 
necessary for H D H ,  while trader radical condi t ions HDH 
is accompan ied  by the comple te  or partial dest ruct ion of 
the hydrocarbon framework of  molecules.  In many cases, 
studies of  the reaction mechanisms  are difficult due to 
the mobil i ty  of  l inear molecules ,  because of  which isoto~ 
pic and o ther  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[4.1.0.02,4]heptane in the pres- 
ence of  many meta l -con ta in ing  homogeneous  and het- 
e rogeneous  catalysts  made it possible to reliably substan- 
ti~"~ the ionic mechanism of  the reaction,  involving the 
transfer of  a hydride ion from the a -a lky l  group of  the 
a lcohol  used as a solvent. 41,6° The results presented in 
this review testify that  s imilar  ionic mechan i sms  occur  
in most cases of  selective catalyt ic  hydrodehalogenat ion .  

The  considerable  advances in biological  and related 
enzymat ic  methods  of  H D H  help the study of  the 
mechanisms  of  catalyt ic  H D H ;  however,  the low rates 
o f  these react ions provide no grounds so far for opti-  
mism concerning industrial application. Therefore,  metal-  
conta in ing 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 
H D H  reactions.  

This work was financially suppor ted  by the Russian 
Founda t ion  for Basic Research (Project  No.  95-03- 
08250). The authors  are sincerely grateful to the Head of  
the Depar tmen t  of  the N. D. Zelinsky Inst i tute of  Or-  
ganic Chemis t ry  of  RAS V. M. Khutoretski i  t~r help in 
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