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Hydrotreating experiments were carried out with a suhided COO-MoOJAI~O, catalyst at various 
pressures and temperatures under stirred batch reactor conditions. The reactants were hydrogen 
and pure halogeno-sulfur compounds in the benzothiophene series. In the case of the benzo[ b]- 
thiophene itself, the dehalogenation reaction takes place without any observed hydrogenation or 
hydrodesulfurization. For the S-oxidized derivatives a deoxygenation takes place first. For the 
halogeno-sulfone the dehalogenation is also the first step of the overall process. In the halogeno- 
benzo[ blthiophene series a correlation between the rate constants and the ionisation potential of 
the molecules suggests that electronic effects may be preponderant. 

INTRODUCTION 

In the course of our studies on hydrode- 
sulfurization in the benzo[ blthiophene and 
dibenzothiophene series on sulfided CoO- 
Mo03/A120j catalyst it was possible to 
show that there was a competition between 
hydrogenation, desulfurization, or deoxy- 
genation depending upon the molecular 
model used (1, 2). For example, in the case 
of sulfoxide derivatives the first step of the 
entire pathway was deoxygenation prior to 
any hydrogenation or desulfurization step 
(3) and with dibenzothiophene (1) the first 
step was desulfurization prior to any hydro- 
genation, whereas for benzo[ blnaphtho- 
thiophene the first step was hydrogena- 
tion prior to any desulfurization (2). 
These results are perfectly in accordance 
with the hypothesis of an anionic vacancy 
(4) at the catalytic site and with the sensi- 
tivity of the reaction to electronic effects 
(I, 2). Due to their strong electronic char- 
acteristics we have now tested halogen0 de- 
rivatives in the sulfide, sulfoxide or sulfone 
series in order to check the role played by 
the electronic effects and to try to define 
more precisely the versatile role played by 
the CO-MO hydrotreating catalyst. 

i To whom all correspondence should be addressed. 

Catalyst. 

EXPERIMENTAL 

The catalyst was Procatalyst HR 306, a 
desulfurization catalyst used industrially, 
which has the following composition (wt %) 
Co0 3 wt%; Moo3 14 wt%; A1203 83 wt%. 
This catalyst was sulfurized using a fluid- 
ized bed technique with a gas mixture com- 
posed of 3% H2S and 97% HZ by volume. 
The operational pressure was 1 atm, the 
rate of gas flow was 100 liters/h per 80 g of 
catalyst and the initial temperature was 
150°C. It was increased from 150 to 320°C 
and held for 2 h at this temperature, then 
increased to 350°C and held for 2 h at 
350°C. 

Desulfurization Unit. 

The apparatus used for the kinetic stud- 
ies was an autoclave (Autoclave Engineers, 
type Magne-drive) with a capacity of 0.3 
liter and a system of sampling of liquid dur- 
ing the course of the reaction without stop- 
ping the agitation. 

Operation 

The catalyst, the sulfur compound, and 
the solvent (dodecane) were placed directly 
in the autoclave. Air was removed by purg- 
ing with nitrogen at 6 atm pressure. The 
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mobenzo[ blthiophene with hydrogen per- 
oxide in acetic acid (10); mp 183°C. 
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temperature was increased at this pressure 
to 250°C. Hydrogen was introduced at time 
zero at the desired pressure of 50 atm. 
Throughout the experiments the sulfur con- 
tent of the reactant was kept at 0.3% of the 
weight of the charge. 

Reactants and Analysis 

1. Benzo[ blthiophene was Fluka product 
whose purity was verified by gas chroma- 
tography; mp 30-32°C. 

The products were analyzed by gas chro- 
matography in a Girdel Series 30 flame ion- 
ization instrument equipped with an OV 17 
column (3%, 3 m, + in.). The following sepa- 
ration conditions were used: injector 300°C 
detector 300°C temperature programming 
from 70 to 240°C at S”C/min. The carrier gas 
was nitrogen at 30 ml/min. 

2. The 2,3-dihydrobenzolblthiophene 
was prepared by hydrogenation of the cor- 
responding sulfone on a 10% Pd/C catalyst 
in ethyl alcohol to obtain the dihydroge- 
nated sulfones which, when treated with 
lithium-aluminum hydride in ether, give 
the 2,3-dihydrogenated sulfide (5); bp 94- 
96”C/5 Torr. 

For the halobenzo[ blthiophene sulfox- 
ides the analysis was carried out by HPLC 
on a Waters 6000A instrument with uv de- 
tector at 260 nm; the column was a Bonda- 
pak CN Waters type and the eluant was a 
dichloromethane-isopropanol @O/20 v/v)/ 
cyclohexane mixture (5/95). 

3. The halogenobenzo[ blthiophenes have 
been obtained by direct halogenation of 
benzo[ blthiophene in chloroform or carbon 
tetrachloride. Details are as follows: 

Kinetic Analysis and Calculations 

3-Bromobenzo[ blthiophene bp 92-94”C/ 
0.6 Torr (lit. bp 95YX.5 Torr (6)). 

3-Chlorobenzo[b]thiophene and 2,3-di- 
chlorobenzo[ blthiophene were obtained by 
action of chlorine in CC14 on benzothio- 
phene (7); bp 96-lOl”C/5 Torr and mp 
56-57°C respectively. 

The reaction orders were determined 
from experimental results by curve fitting 
and simulation using a HP 9820A computer 
equipped with a 9826A tracing table. (For 
the kinetic consecutive scheme with an or- 
der 1 for the starting material the calcula- 
tion process was described elsewhere (I).) 

In the case of dihalogenobenzo[b]- 
thiophenes the following scheme was used: 

2,3-Dibromobenzo[ blthiophene was pre- 
pared by addition of bromine in chloroform 
to benzothiophene (mp 53-55’C). 

A&B 

2-Bromobenzo[ blthiophene was ob- 
tained by the action of bromine on 2- 
lithiobenzothiophene which was prepared 
by the action of n-butyl-lithium on ben- 
zothiophene (8); mp 44°C. 

4. The sulfoxides were obtained by oxi- 
dation of the corresponding sulfides with m- 
chloroperbenzoic acid in chloroform at 0°C 
(9). The reaction products were separated 
by chromatography on silica. 3-Bromoben- 
zo[ blthiophene- S-oxide, mp 139-141°C 
(9); 2,3-Dichlorobenzo[ blthiophene- S-ox- 
ide, mp 96-98°C (9). 

where A is the 2,3-dihalogeno-benzo[bJ- 
thiophene; B, 3-halogeno-benzo[ blthio- 
phene; C, 2-halogeno-benzo[ blthio- 
phene; D, benzolblthiophene; E, 2,3-dihy- 
drobenzo[ blthiophene; and F ethylben- 
zene. 

It is possible to obtain the individual rate 
constants by resolving the system of equa- 
tions: 

(4 = 640) e- kr 

5. 3-Bromobenzo[ b]thiophene-S,S-diox- 
ide was prepared by oxidation of the 3-bro- 

(B) = 8 [e-kr - e-k‘$l] 



(0 = g [e-kr - (+3q 

e-4 
(D)=(A(J[M&- - 

Nk,-k 

with 

kh k&3 - - 
M=k,-k+k,-k 

k2k3 RESULTS 

N = k5 - k3 (I) Monohalogeno-benzo[ b] thiophene 

k&4 
’ = k5 - k4 

kh k&4 
Q = (k5 - k4)(k4 - k) - (k4 - k)(ks - k) 

k&3 k&3 
(k3 - k)(ks - k) + (k5 - k,)(k3 - k) 
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Hal-ET BT 

The experimental results (concentration 
versus time as indicated in Fig. 1 for the 3- 
Br-BT) have been studied by curve fitting 
and are satisfactorily accounted by a first- 
order reaction. The rate constants kl of the 
first step are presented in Table 1. 

TABLE 1 

Rate Constants of the Dehalogenation 
Reaction of the 

Monohalogeno-Benzo[ blthiophene Derivatives 

Compound k, X lo-’ min-‘(g cat)-’ 

2-Br-BT 128 2 IO 
3-Br-BT 108 + 6 
3-Cl-BT 30 2 4 

where k = kl + k2. The computer program 
uses an iteration method starting with the 
initial concentration (A,,) of the species (A), 
the instantaneous values of (A), (B), (C), 
(D), each at time t, and an approximate 
value of the rate constants given by curve 
fitting (and simulation); this treatment has 
been used for Figs. 1 and 2. The experimen- 
tal values are the mean of at least three in- 
dependent runs. 

In the case of monohalogeno-benzo[ b]- 
thiophene (BT) halogenated in the 2- or 3- 
position (i.e., 2-Br-BT, 3-Br-BT, 3-Cl-BT) 
the reaction at 250°C and 50 atm gives ben- 
zo[b]thiophene (BT), dihydrobenzo[b]- 
thiophene (DHBT), and ethylbenzene 
(EB) according to the following consecu- 
tive scheme: 

DHBT EB 

(2) Dihalogeno-benzo[ bl thiophene 

For the dihalogeno compounds 2,3-dibro- 
mobenzo[ blthiophene (2,3-Br-BT) and 2,3- 
dichlorobenzo[ blthiophene (2,3-Cl-BT) 
there is a competition between the two hal- 

TABLE 2 

Rate Constants of the Dehalogenation Reaction of 
the Dihalogeno-Benzo( b)thiophene Derivatives 

Compound k, x 10) min-I 
(g cat)-’ 

k2 x lo3 min-I 
(g cat)-’ 

2,3-diCI-BT 37 2 2 1 t 0.05 
2,3-diBr-BT 165 2 10 28 k 3 
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ogen atoms located in the 2- or 3-position. 2,3-Cl-BT) are in good agreement with the 
The experimental results (concentration following kinetic scheme: 
versus time as indicated in Fig. 2 for the 

>2Hal-BT 
2,3-diHal-BT L3Hal-BT > BT -+ DHBT + EB 

The rate constants of the two competitive 
steps are presented in Table 2. 

(3) Sulfoxides 

For the sulfoxides, 3-bromobenzo[ 6]- 
thiophene-S-oxide and 2,3-dichloroben- 
zo[ blthiophene- S-oxide, the conditions of 
the reaction are those defined previously, 
namely 70°C and 10 atm, because in that 
case, as in the methyl series (I), the first 
reaction is the deoxygenation prior to any 

other one leading to the corresponding 
halobenzo[ blthiophene (3). 

(4) Sulfones 

For the sulfones the problem is more 
complicated due to the easy decomposition 
of the reactant (II, 12). However, for the 3- 
Br-BT sulfone it was possible to show that 
at 190°C and 50 atm (with a sulfur content at 
0.043% of the weight of the charge) the first 
step was debromination to give the sulfone 

FIG. 1. Desulfurization of 3-bromobenzo[b]thiophene (3-Br-BT) (T = 250°C; pHZ = 50 atm; wt% of S 
based on charge = 0.3). 



l 

\ 
2.3-diCIBT 

FIG. 2. Desulfurization of 2,3-dichlorobenzo[h]thiophene (2,3-Cl-BT) (T = 250°C; pHZ = 50 atm: 
wt% of S based on charge = 0.3). 
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” IONIZATION POTENTIAL 
15 

FIG. 3. Logarithm of the rate constant of the first step of the hydrodehalogenation process of the 
sulfides versus ionization potentials of the r lone electron pairs of the halogen atoms. 
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itself. In a competitive reaction between 
equal amounts of 3-Br-BT sulfone and 3-Br- 
BT the rate of debromination for the sul- 
fone was 10 times faster than the corre- 
sponding sulfide. 

DISCUSSION 

Different effects can be presented 
through the comparison of the results ob- 
tained from the halogen0 2- and 3-benzo[ b]- 
thiophenes and their homologs sulfoxide or 
sulfone . 

As shown, halogeno-benzo[ blthiophene 
and their sulfones have the same behavior 
with a dehalogenation reaction as the first 
step through a consecutive kinetic scheme 
with an order of one for the reactants. For 
the sulfoxides the first step is a deoxygen- 
ation, as previously shown for the methyl 
derivatives (3). The experimental condi- 
tions allow us to obtain very easily the cor- 
responding halogeno-benzo[ blthiophene. 
The kinetic scheme is still a consecutive 
one but the order in reactant is zero proba- 
bly due to a different adsorption process. 

From the rate constants of the halogen0 
benzo[ blthiophene the order of reactivity is 
the following 2,3-Br-BT > 2-Br-BT - 3-Br- 
BT > 2,3-ClBT > 3-ClBT. According to the 
nature of the halogen atom Cl or Br, the C- 
Br bond is more easily hydrogenolyzed 
than the C-Cl bond (3 to 5 times) and the 
rate of the dehalogenation for the halogen 
in the 2- or 3-position is almost identical. 

As in the case of the benzo[b]thiophene 
methyl derivatives (Z), we attempted to test 
the influence of the electronic effect on the 
reactivity by looking for a correlation be- 
tween the rate constants and the HOMO of 

the molecules since the electronic effects 
give rise to a polarization of the electrons of 
the molecular orbitals. For this purpose the 
ionization potentials were determined (13). 
Plotting log kdeharogenation versus the ioniza- 
tion potentials corresponding to the 7r elec- 
tron pairs of the halogen atoms, a good lin- 
ear correlation is obtained (correlation 
coefficient 0.99) as shown in Fig. 3. These 
results are evidence for the important role 
played by electronic effects and are in ac- 
cordance with the hypothesis of an anionic 
vacancy at the catalytic site (4). 
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