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Abstract

Hydroprocessing of substituted benzenes like aniline, phenol, diphenylsulfide and chlorobenzene was performed in a
batch reactor over unsupported transition metal sulfides, namely Co, Ni, Nb, Mo, Ru, Rh, Pd and W sulfides at 2808C and
70 bar of hydrogen pressure. Under these experimental conditions, diphenylsulfide and chlorobenzene mainly react through
initial hydrogenolysis of the carbon-substituent bond whereas aniline and phenol react through initial hydrogenation of the
aromatic ring. Such a behavior was already reported for conventional sulfided cobalt- and nickel-molybdenum alumina
supported catalysts. Nevertheless, these new results confirm the preponderant influence of mesomeric effects on the
reactivity of organic models toward sulfided catalysts. In addition to the results obtained over the supported bimetallic
sulfides, it was found from quantum chemical calculations that the hydrogenolysis rate constants correlate with the
p-electron density on the carbon bearing the substituent and with the overall calculated p-electron transfer between the
substituents and the benzene ring. It is thus assumed that hydrogenolysis of carbon sp2-substituent bonds results from the
attack, by a soft nucleophilic species like a hydride ion, on the carbon bearing the substituent. q 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

In the presence of conventional supported hydro-
treating catalysts, substituted benzenes undergo two
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parallel initial reactions, namely hydrogenolysis of
carbon sp2-heteroatom bonds and hydrogenation of
the aromatic ring, and it has been previously reported
that they are suitable model compounds for evaluat-
ing the hydrogenolysis vs. hydrogenation activity of

w xthese catalysts 1 . It has been shown, in particular,
that the influence of the electron-donating ability of
the heteroatoms was less over a sulfided cobalt- than
over a sulfided nickel-molybdenum alumina sup-
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ported catalyst for the hydrogenolysis of carbon sp2-
w xheteroatom bonds 2 . A reduced participation of the

heteroatom toward conjugation with the benzene ring
through p-electron delocalization was proposed. As
a consequence, this implied a larger participation of
the heteroatom through s-adsorption on the hy-
drogenolysis site.

Pertinent results were recently reported concern-
ing the cleavage of carbon sp3-nitrogen bonds over

w xunsupported transition metal sulfides 3 . It was then
interesting to reinvestigate hydrogenolysis of carbon
sp2-heteroatom bonds over the same kind of cata-
lysts. Hydroprocessing of substituted benzenes like
aniline, phenol, diphenylsulfide and chlorobenzene
was then performed over unsupported transition metal
sulfides, namely Co, Ni, Nb, Mo, Ru, Rh, Pd and W
sulfides. This study was completed by quantum
chemical calculations using the semi-empirical
MNDO method, in order to get more information on
the atoms implied in hydrogenolysis reactions, and

Žon the nature of the hydrogen species involved pro-
.ton vs. hydride species .

2. Experimental

2.1. Catalysts preparation

The catalysts were prepared using methods cho-
sen in order to get the most stable sulfide under
reaction test conditions. These methods were oper-
ated at temperatures as low as possible to obtain
surface areas large enough to allow accurate determi-
nation of catalytic performances.

Thus, the preparation of cobalt, nickel, rhodium
and palladium sulfides was carried out according to

w xthe method developed by Pecoraro and Chianelli 4 .
Niobium sulfide was prepared by direct reaction of
the elements at 773 K in evacuated silica tubes
Ž .ceramic method . The decomposition of ammonium
thiosalts was used for the preparation of molybde-

w xnum and tungsten sulfides 3 . Ruthenium sulfide
was precipitated by H S from an aqueous solution of2

RuCl .3

In order to stabilize each solid at temperature
higher than that used for the reaction tests, the
freshly prepared sulfides were treated for 4 h at 673

ŽK either by a H -15% H S Co, Ni, Nb, Mo, Rh, Pd2 2
. Ž .and W sulfides or a pure H S flow Ru sulfide .2

2.2. Catalysts characterization

All the sulfides were characterized by X-ray
diffraction and elemental analysis. The XRD patterns
were recorded using a SIEMENS D diffractometer
Ž .CuKa radiation equipped with an automatic identi-
fication of phases according to the JCPDS index.
Their surface areas were determined by the BET

Ž .method nitrogen adsorption at 77 K . The results of
these characterizations are given in Table 1.

2.3. Hydroprocessing procedure

Experiments were carried out in a 0.3-l stirred
Ž .autoclave Autoclave Engineers Magne-Drive ,

working in the batch mode and equipped with a
system for sampling of liquid during the course of
the reaction without stopping the agitation.

The procedure was typically as follows. A 0.03-M
solution of organic reactant in decane or dodecane
Ž .60 ml was poured into the autoclave. The sulfided

Ž .catalyst 0.3 g was rapidly added to this solution
under nitrogen to avoid contact with air. After it had
been purged with nitrogen, the temperature was in-
creased under nitrogen until it reached 2808C. Nitro-
gen was then removed and hydrogen was introduced

Ž .at the required pressure 70 bar . Zero time was
taken to be when the agitation began.

Table 1
Characteristics of transition metal sulfides

Metal Sr Phase Surface area
2 y1Ž . Ž .metal R.X. m g

Co 0.89 Co S 43.69 8

Ni 1.02 bNiS 5
Nb 2.87 NbS 113

Mo 2.10 MoS 732

Ru 2.00 RuS 92

Rh 1.30 Rh S 162 3

33
Pd 0.96 PdS 7.5

20
W 2.25 WS 712

9
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2.4. Analyses

Analyses were performed on a Delsi 200 gas
chromatograph equipped with a flame ionization de-
tector using hydrogen as carrier gas. The wall-coated
open tubular fused silica capillary columns used
were Chrompack CP Sil 5 CB or CP Sil 19 CB, 25
m=0.22 mm i.d. Products were identified by com-
parison with authentic samples and GC-MS analyses.

2.5. Kinetic measurements

The rate constants were deduced from the experi-
mental plots by curve fitting and simulation using

w xthe AnaCin software 5 , which allows calculation of
the direct and reverse rate constants by taking into
account adsorption of the different components.

2.6. Quantum chemical calculations

Electronic properties of the series of substituted
benzenes and molecular orbital energies were com-
puted by the semi-empirical MNDO quantum chemi-

w xcal method 6 .

3. Results and discussion

In order to compare the catalytic properties of the
different sulfides, it would have been better to obtain
samples with comparable surface areas. Neverthe-
less, taking into account the wide variety of prepara-

Table 2
Ž 4 y1 y2 .Intrinsic rate constants =10 min m for hydrogenolysis of

chlorobenzene, diphenylsulfide, aniline and phenol over transition
metal sulfides at 2808C and 70 bar H 2

Catalyst Chloro- Diphenyl- Aniline Phenol
benzene sulfide

Co S 14 87 – 0.19 8

bNiS 33 244 – –
NbS 5 49 – –3

MoS 1 16 0.2 0.32

RuS 19 130 – –2

Rh S 54 166 – –2 3

PdS 9 51 – 0.1
WS 1 7 0.4 0.82

Ž 3 y1 y2 .Fig. 1. Intrinsic rate constants =10 min m for hy-
drogenolysis of diphenylsulfide over transition metal sulfides at
2808C and 70 bar H .2

tion methods, even for a same metallic element, it
was impossible to avoid variations in textural proper-
ties. It is the reason why the influence of the surface
areas on the catalytic activities has been examined
for different reactions where it was found that the
reaction rates were nearly proportional to these sur-

Žface areas. Therefore, the intrinsic rate constants per
2 .m can be used to compare the catalytic activities of

the transition metal sulfides.

3.1. Hydrogenolysis of the carbon sp2-substituent
bonds

Table 2 reports the intrinsic rate constants for
hydrogenolysis of the carbon sp2-substituent bonds
of chlorobenzene, diphenylsulfide, aniline and phe-
nol over transition metal sulfides at 2808C and 70
bar H . The experimental results reported in this2

table show that unsupported transition metal sulfides
behave like the conventional supported nickel- and
cobalt-molybdenum catalysts in their sulfided state.
Hydrogenolysis of the carbon sp2-substituent bonds
is the major initial reaction for slightly electron-
donating substituents such as Cl and SC H . The6 5

intrinsic rate constants for hydrogenolysis of diphe-
nylsulfide and chlorobenzene as a function of the
periodic position of the metal are reported in Figs. 1
and 2, respectively.

A similar tendency is then observed for the activ-
ity of transition metal sulfides toward hydrogenolysis
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Ž 3 y1 y2 .Fig. 2. Intrinsic rate constants =10 min m for hy-
drogenolysis of chlorobenzene over transition metal sulfides at
2808C and 70 bar H .2

of carbon-substituent bonds, substituents being het-
eroatoms or halogens. Rhodium sulfide is the most
active catalyst compared to nickel sulfide for hy-
drogenolysis of chlorobenzene, whereas it is slightly
less reactive for the cleavage of the carbon–sulfur
bond of diphenylsulfide. In this latter case, the pres-
ence of H S as a reaction product could lead to2

some changes in the sulfided state of the catalyst as
far as other experiments were carried out in the
absence of H S in the feed. Another possibility2

would be the better affinity of Ni for negative ele-
w xments such as sulfur 7 .

Two other striking features deserve some com-
ments. On one side, nickel sulfide is more active

Fig. 3. Hammett plot for hydrogenolysis of the carbon sp2 –X
Ž .bond in X-substituted benzenes XsNH , OH, Cl and SC H2 6 5

over MoS and WS at 2808C and 70 bar H .2 2 2

Table 3
Hammett r values for hydrogenolysis of carbon sp2-substituent
bonds over transition metal sulfides

Catalyst Co S NbS MoS RuS Rh S PdS WS NiS9 8 3 2 2 2 3 2

r q11 q7 q5 q15 q17 q9 q5 q11

than cobalt sulfide. This behavior was already men-
tioned for bimetallic sulfides where the nickel-pro-
moted catalyst shows better hydrogenolysis proper-
ties than the corresponding cobalt-promoted catalyst
w x2 . On the other side, niobium sulfide, which is
known for its relatively high acidic properties for

3 w xhydrogenolysis of carbon sp -substituent bonds 3 ,
is not as efficient for hydrogenolysis of carbon sp2-
substituent bonds. This would mean that acidity of
sulfided catalysts is not as important for hydrogenol-
ysis of such bonds than for hydrogenation reactions.

3.2. Hammett relationships

Hammett relationships obtained by plotting the
logarithms of the rate constants as a function of the
electron-donating character of the substituents are
once again observed for hydrogenolysis reactions.
They are similar to those observed in the case of

w xconventional supported hydrotreating catalysts 2 .
Fig. 3 illustrates this new relationship in the case of
MoS and WS , where the rate constants are avail-2 2

able for all the reactants studied. The slope r values
calculated, or estimated as far as experimental results

Fig. 4. Slope r values for hydrogenolysis of carbon-substituent
bonds over transition metal sulfides.
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Table 4
Overall p-electron transfer, ÝDq , between the aromatic ring and the substituents, p-electron densities on the carbon bearing thep

Ž . Ž 3 y1 y1.substituent, C , and hydrogenolysis k rate constants =10 min g cat of X-substituted benzenes over sulfided NiMo and CoMo1

catalysts

Ž .Substituent p-electron density eV NiMo HR 346 CoMo HR 306

X C ÝDq k k1 p

H 0 0 – –
F y22 y59 8 45
Cl y61 y24 75 44
Br y77 y21 100 60
OH 36 y93 2 28
OC H 15 y67 3 256 5

SC H y87 y13 300 1266 5

NHC H 19 y70 1 –6 5

NH 24 y76 1 202

allow this estimation, for hydrogenolysis reactions,
are summarized in Table 3.

`For the hydrogenolysis of the C X bond, the
values of the slopes are, as expected, positive, but
they differ in a large manner from one catalyst to
another. By plotting the slope values as a function of
the periodic position of the metal, the pattern re-
ported in Fig. 4 is obtained. Two distinct groups of
data are observed, the first one for metals from
groups V and VI with low slope values, and the
second group for metals from groups VIII with
higher slope values. Although there is no clear expla-
nation to account for such a phenomenon, it seems
there might be some relationship with the AHard Soft

w xAcids and BasesB principle 8 in relation with the
w xmechanism early proposed by Laine 9 through for-

mation of a complex with metals from group VIII.
Positive slope values imply a negatively charged
transition state and an analogy with aromatic nucleo-
philic substitution reactions can be readily consid-
ered. Indeed, transition metal complexes are known
to catalyze aromatic nucleophilic substitution reac-

w xtions of halogenobenzenes 10,11 . According to the
AHard Soft Acids and BasesB Pearson principle,
nucleophiles used are soft bases, particularly for the
substitution of halogens by hydride ions, which are
soft bases. In the presence of sulfided catalysts, the
hydrogenolysis of carbon–halogen bonds follows the
same reactivity pattern, thus leading to further con-
sideration of the HSAB classification, and the pres-
ence of hydride as the active species in the hy-
drogenolysis step.

3.3. Quantum chemical determination of the actiÕe
carbon center

In order to corroborate these assumptions and to
get more information on the carbon atoms involved
in carbon sp2-substituent hydrogenolysis reactions,
the electronic properties of the series of X-sub-
stituted benzenes have been computed by the MNDO

w xquantum-chemical method 6 . The results concern-
ing calculation of the overall p-electron transfer,
ÝDq , between the aromatic ring and the sub-p

stituents, and of the p-electron densities on the
carbon atom bearing the substituents, C , are re-1

ported in Table 4, together with the hydrogenolysis

Fig. 5. Logarithms of hydrogenolysis rate constants vs. overall
p-electron transfer over MoS , WS , sulfided NiMo and CoMo2 2

catalysts.
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rate constants obtained over sulfided NiMo and
CoMo catalysts.

By plotting the logarithms of the hydrogenolysis
rate constants for sulfided NiMo and CoMo catalysts
as a function of these different electronic parameters,
overall p-electron transfer, ÝDq , between the aro-p

Ž .matic ring and the substituents Fig. 5 and p-elec-
tron densities on the carbon atom bearing the sub-

Ž .stituents, C , Fig. 6 correlations of the same kind1

as those previously obtained as a function of the
electron-donating character of the substituents are
obtained. The correlation between the hydrogenoly-
sis rate constants and the overall p-electron transfer

Ž .ÝDq Fig. 5 between the aromatic ring and thep

substituents was expected as far as this quantum-
chemical approach was already used for the calcula-

w xtion of Hammett coefficients 12 . Moreover, hy-
drogenolysis rate constants also correlate with the
p-electron densities calculated on the carbon atom
C . Hydrogenolysis rate constants increase with in-1

Ž .creasing the p-electron density on C atom Fig. 6 ,1

assuming a prior oxidative addition step followed by
hydride transfer, as already proposed for aromatic
nucleophilic substitution reactions.

Although the number of substrates was less for
the study of transition metal sulfides than for the
CoMo and NiMo catalysts, a similar behavior was
also obtained for hydrogenolysis over tungsten and

Ž .molybdenum sulfides Figs. 5 and 6 . That confirms
once again that the mechanism for hydrogenolysis of

Fig. 6. Logarithms of hydrogenolysis rate constants vs. p-electron
density on C1 over MoS , WS , sulfided NiMo and CoMo2 2

catalysts.

Table 5
MNDO quantum chemical calculations of molecular orbital ener-

Ž .gies eV for X-substituted benzenes

Ž . Ž .Substituent HOMO eV LUMO eV

H y9.39 0.37
F y9.47 0.1
Cl y9.62 y0.13
Br y9.55 y0.09
OH y8.88 0.25
O-C H y8.87 y0.16 5

S-C H y8.87 y0.16 5

NH-C H y8.74 0.096 5

NH y8.77 0.312

the carbon-substituent bonds is roughly similar for
both types of sulfided catalysts.

3.4. Quantum chemical modelling of the reactiÕity

The energy levels of the frontier orbitals of the
reactants have been calculated using the same MNDO

w xmethod 6 . The energies of the lowest unoccupied
Ž .molecular orbital levels LUMO and the highest

Ž .occupied molecular orbital levels HOMO are re-
ported in Table 5.

By plotting the energies of LUMO and HOMO of
the X-substituted benzenes as a function of the hy-
drogenolysis rate constants for both sulfided NiMo
and CoMo catalysts as well as for tungsten and
molybdenum sulfides, satisfactory correlations were
only obtained between LUMO and the hydrogenoly-

Fig. 7. Logarithms of hydrogenolysis rate constants vs. LUMO
energies of substituted benzenes over MoS , WS , sulfided NiMo2 2

and CoMo catalysts.
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sis rate constants. The hydrogenolysis rate constants
increase with decreasing the energy level of the

Ž .lowest unoccupied orbital Fig. 7 . This corresponds
to filling this anti-bonding orbital, thus weakening

2`the Csp X bond and favoring the hydrogenolysis
reaction. This agrees, of course, with an attack, by a
hydride species, of the carbon bearing the sub-
stituent.

4. Conclusion

Experimental results obtained in the hydropro-
cessing of substituted benzenes over unsupported
transition metal sulfides, in addition to those already
obtained over supported bimetallic sulfides, lead to
propose that the hydrogenolysis of carbon sp2-sub-
stituent bonds would result from an attack, by a soft
nucleophilic species like a hydride ion on the carbon
bearing the substituent. Such a mechanism is fully
corroborated by the presence of significant Hammett
relationships and by a quantum chemical approach of
the reactivity.

These conclusions are valid whatever the organic
models considered in which there is a competition in

the initial stage of the reaction between saturation of
2`aromatic rings and cleavage of Csp X bonds, as,

for example, in the benzofuran, benzothiophene or
indole series, and dibenzofuran, dibenzothiophene or
carbazole series.
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