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The reactivity of a series of amines with various structures and
different numbers of hydrogen atoms on the carbon atoms in the «
and B position, with respect to the nitrogen atom, was examined on
four transition metal sulfides, i.e. NbSz, M0S,, RuS,, and Rh,Ss. Itis
shown that the reaction mechanism proceeds via an elimination or a
nucleophilic substitution the relative importance of which depends
on the structure of the substrate to be transformed and on the tran-
sition metal sulfides properties. NbSs is the most active sulfide of
the series for the elimination reaction due to its high acidity, but it is
inactive for the nucleophilic substitution. On the other hand, the sur-
face species of Rh,S3 can be involved in a nucleophilic substitution
but not in an elimination reaction. The other sulfides of the series
behave in between. These results clearly demonstrate that the cata-
lysts intervene differently in the HDN mechanism. Moreover, for a
given solid the structure of a nitrogen-containing molecule strongly
affects the elementary steps of its transformation. Accordingly, a
precise mechanistic study of the reactivity of a model molecule at
the surface of asulfide cannot be generalized to the overall HDN pro-
cess which involves several types of molecules.  © 1998 Academic Press

INTRODUCTION

Studies of the periodic trends for transition metal sulfides
(TMS) have provided interesting opportunities to obtainin-
sight into the role of the different types of sites. Since the
pioneer work of Pecoraro and Chianelli (1) related to the
hydrodesulfurization (HDS) of dibenzothiophene, several
other studies dealing with HDS, hydrogenation, and hy-
drodenitrogenation (HDN) reactions were published (2-8).
For HDS and hydrogenation, the same trends appear in all
the studies involving TMS, either unsupported or supported
on carbon. As pointed out recently by Clausen, Topsge, and
Massoth (9) this indicates that the same kind of sites, i.e.
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the vacancy sites, are a key factor determining the periodic
trends for these reactions. However, for HDN the situation
is not so clear-cut. As a matter of fact, several mechanisms
have been proposed which involve two types of sites, i.e.
vacancies and acid-base sites (10-13). The variation of the
concentration of this last type of sites is not clearly related
to the position of the element in the periodic table. An-
other difficulty arises from the fact that the conversion of
nitrogen-containing molecules involves hydrogenation and
nitrogen—carbon bond cleavage steps, the rates of which are
not very different. This means that the nature of the rate-
determining step may vary according to the experimental
conditions, particularly with the H,S partial pressure.

Eijsbouts et al. (7, 14) studied separately the conversion
of quinoline and that of the key intermediates (decahydro-
quinoline and orthopropylaniline) of this molecule HDN
network. They have concluded that TMS catalysed all the
reaction steps, namely the hydrogenation of the benzenic
ring and of the heterocyclic ring, the ring opening, as well as
the nitrogen removal. The first row TMS led to low quino-
line conversions to hydrocarbons. When plotted versus the
position of the element in the periodic table, a U-shaped
curve is observed with a minimum for manganese, iron, and
vanadium and cobalt and nickel giving the highest conver-
sions. Among the examined sulfides of the second row ele-
ments, molybdenum, ruthenium, rhodium, and palladium,
rhodium is the most active and molybdenum the least. A
volcano curve is also observed for the third row TMS with
amaximum for iridium, the highest activity being observed
for these sulfides, compared to the first and second rows.
Besides these overall results, differences concerning the ra-
tio of the rates for the decahydroquinoline conversion to
hydrocarbons and its formation were observed for the var-
ious TMS.

For pyridine conversion, only the second-row TMS sup-
ported on carbon were examined by Ledoux et al. (8).
Ruthenium sulfide was found very active by comparison
to the other TMS (six times more active than MoS,). The
results are not very different from those obtained for HDS
in the same laboratory (3), but the maximum activities are
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not observed for the same sulfide, i.e. ruthenium for HDN
and rhodium for HDS. From the authors’ point of view this
difference is not surprising because the high HDS activity
is mainly due to a specific structural behavior, whereas the
HDN activity is related to the metallic and acidic characters
of the sulfides. It might be also argued that the conversion
of pyridine involves several steps:

pyridine — piperidine — pentylamine — pentane + NH3,

which have not been studied separately. In certain exper-
imental conditions, the hydrogenation step is the slowest
and, consequently, similarities with results obtained for the
hydrogenation of aromatics are not surprising.

The step corresponding to carbon-nitrogen bond cleav-
age being the last one, it appeared important to us to exam-
ine the properties of TMS in this particular reaction. Unsup-
ported catalysts were chosen for this preliminary study in
order to avoid any influence of the support on the catalytic
properties (15, 16). Moreover, this allowed the comparison
with previous results obtained in our group for dibenzothio-
phene or thiophene HDS (5) and biphenyl hydrogenation
(4). For n-pentylamine conversion, the second row TMS
were the most active (15). Two maxima were observed, one
for rhodium sulfide and the second one for niobium sul-
fide. To explain this result, it was suggested that two dif-
ferent mechanisms might intervene for the sulfides of the
elements of the left or of the right sides of the periodic table.
As a matter of fact, the mechanisms most often proposed
for HDN (13) consist either in a Hofmann-type elimina-
tion (E2) involving a hydrogen atom of the carbon in the 8
position with respect to the nitrogen atom
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or a nucleophilic substitution Sy2 (without any hydrogen
atom of the amine molecule involved) leading to the cleav-
age of the C—N bond.
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Laine (17) has offered a different viewpoint and pro-
posed that the C—N bond cleavage mechanism requires
metal atoms or ions instead of acid sites and includes metal
alkyl or metal alkylidene intermediates; a hydrogen atom
in the « position with respect to nitrogen would contribute
to the first step of the reaction. However, taken as a whole
this mechanism can be considered as a metal-assisted dis-
placement mechanism.

The objective of the present work is to clarify the mecha-
nism of the C—N bond cleavage on four selected transition
metal sulfides, i.e. NbS3, Mo0S;, RuS;, Rh,Ss. For this pur-
pose, we utilized the same methodology as reported previ-
ously in Refs. (11) and (12); i.e., we studied the reactivity
of a series of amines with various structures and different
numbers of hydrogen atoms on the carbon atoms in the «
and B positions with respect to their nitrogen atom. De-
pending on the steric hindrance around the carbon bear-
ing the NH; group, i.e. on its nature (primary, secondary,
or tertiary) and on the number of H atoms in the 8 posi-
tion, the expected reactivity of these compounds through
the various mechanisms should not be the same. Actually,
n-pentylamine (with a primary carbon atom and 2 Hpg), tert-
pentylamine (with a tertiary carbon atom and 8 Hg), and
neo-pentylamine (with a primary carbon atom and no Hg)
should exhibit different reactivities (Table 1) with respect to

TABLE 1

Expected Reactivities of Various Nitrogen-Containing Molecules
Depending on the HDN Mechanism

Mechanism of C-N bond
cleavage—expected reactivity

Reactant Snl Sn2 El E2
n-pentylamine
CH3;—CH;—CH,~CH;—CH,~NH;  Very High Very Medium-
low low high
tert-pentylamine
il
CH3—CH2—(|:—NH2 High  Very Very High
CHs low high
neo-pentylamine
T
CH3-C-CH;—NH; Very Very None None
‘ low low

CH3;
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the mechanisms considered above, i.e. E2 and Sy2. Besides
these already proposed mechanisms, Table 1 includes the
E1 and Sy1 mechanisms which could be also considered.
They differ from the others mainly because the transition
state is formed by dissociation of the C—N bond leading to
a carbocation as shown:

H—C —C + NH;
I
E1 / \SN1
_ 7 + | |
C_C\ + H H—C —C —SH

This monomolecular step is the rate-limiting one, while its
tranformation by elimination or nucleophilic substitution
is generally fast. According to these mechanisms it is ex-
pected that the reactivity of tert-pentylamine will be higher
than those of the other isomers because the intermediate
is a tertiary carbocation. By contrast, if the Sy2 mecha-
nism prevails the reactivity of the substrates will depend on
the steric hindrance of the C, carbon; i.e., the most reac-
tive molecule would be the n-pentylamine, while the pres-
ence of three substituents or one tert-butyl group would
decrease the reactivity of the tert- and neo-pentylamine, re-
spectively. The E-type mechanisms could not occur with
the neo-pentylamine, whereas the reactivity of the tert-
pentylamine would be very high.

At the surface of sulfide catalysts it is known that acidic
sites such as coordinatively unsaturated ions, H* from SH
groups or basic centers like S>~ or SH™ may coexist in the
experimental conditions required for hydrotreating reac-
tions (18) and the relative concentration of these species
should depend on the nature of the TMS. Consequently,
it could be expected that the relative importance of the
elimination or substitution mechanisms varies according to
the acid-base properties of the solids. In order to com-
pare the acidic character of our samples with their HDN
properties, we also studied their catalytic performances
for the conversion of 2,2,4-trimethylpentane (isooctane).
This reaction is less demanding in terms of acidity strength
than the conversion of other alkanes such as 2,4-dimethyl-
pentane, 2-methylpentane, and especially n-hexane. It re-
quires only Brgnsted acid sites of medium strength (19).
Moreover, it was shown recently for ruthenium sulfide clus-
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ters dispersed in a series of zeolites that this model reaction
gives information on the acidity of the solids similar to that
obtained by IR spectroscopy (20).

EXPERIMENTAL

Catalysts

The unsupported catalysts utilized in this work were pre-
pared according to the procedures described elsewhere
(4, 15, 16). Ruthenium sulfide catalyst (RuS;) was prepared
by precipitation at room temperature from an aqueous so-
lution of RuCl3 by pure H,S and by further sulfidation in
an H,S flow at 673 K for 2 h (4, 15). Molybdenum sul-
fide (M0S,) was obtained by decomposition of ammonium
tetrathiomolybdate (4, 15). The niobium sulfide (NbS3)
sample prepared by combination of the elements has a
rather low surface area (2-3 m? g~). An intercalation—
desintercalation treatment with buthyl-lithium allowed the
preparation of a higher surface area sample (11-20 m? g~
(21). Rhodium sulfide (Rh2S3) was prepared by mixing two
methanolic solutions of RhCl; and Na,S (16). The obtained
precipitate was thoroughly washed in order to remove NaCl
and was then sulfided at 673 K in a H,—H,S atmosphere for
2 h. Several batches of each catalyst were prepared in order
to use only fresh samples for catalytic measurements. This
procedure prevents the solids from air oxidation which may
influence their acid-base properties.

As was shown previously, the surface area of transition
metal sulfides decreased during the catalytic test. The sur-
face areas of the various TMS were consequently deter-
mined after reaction, according to the procedure already
described (4).

Catalytic Activities

The HDN reactions were carried out in the vapour phase
at atmospheric pressure, using a dynamic flow microreac-
tor. Since the reactivity of the different amines varies in a
wide range, the activities were measured at 523 K with dif-
ferentamounts of catalyst or feed flow rates in order to keep
the conversion below 40% with the most active (per gram)
catalyst, i.e. RuS,. The other experimental conditions were

(a) amine partial pressure, 0.329 kPa
(b) H,S partial pressure, 0.395 kPa
(c) total reactant flow, ~2.2 ml/s

(d) catalyst weight, 0.025-0.080 g.

The reactants and products were analyzed before and
after the reactor by on-line gas chromatography. The con-
version of amines is a complex reaction leading to several
products. For instance, the HDN of n-pentylamine gives
Cs hydrocarbons (1 pentene, 2 cis- and trans-pentenes,
pentane), pentanethiol, dipentylamine, and valeronitrile is
formed by dehydrogenation. The column used, a WCOT
fused silica CP-Sil-5 CB (length =50 m, internal diameter =
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0.32 mm, film thickness =5 pum), allows the separation of
all the Cs hydrocarbons, as well as the heaviest products
within 40 min. The mass balance is higher than 90%. The
reported activities were all measured after 18 h on-stream
when steady states were achieved. The results given be-
low are expressed per square meter of catalyst since it was
shown in a preliminary study that the rate is proportional
to the surface area of the sample (15, 16).

The isooctane hydrocracking was carried out at 548 K at
atmospheric pressure (isooctane partial pressure, 2.2 kPa;
H,S partial pressure, 2.5 kPa) using a total flow rate of
0.67 ml/s and a catalyst weight in the range of 0.05-0.1 g.

RESULTS

Amine Conversion

The overall rates of the amine conversion are represented
in Fig. 1. For n-pentylamine, the results obtained at 523 K
are in good agreement with those obtained previously at
548 K with a U-shaped variation of the activity with the po-
sition of the element in the periodic table (15). NbS; is the
most active of the series and RuS; is the least active. With
the other nitrogen containing molecules, the results are to-
tally different. For example, NbS; is still the most active of
the series for the tert-pentylamine conversion, but this sul-
fide is inactive for the conversion of neo-pentylamine, while
for this last reaction, MoS; appears to be the most efficient
catalyst.

The overall rates of the reactions and those of the for-
mation of the various products are given in Table 2. With
tert-pentylamine the only products observed were pentenes.
With n-pentylamine the products were different, depending
on the TMS of the series. On NbS3 pentenes were the ma-
jor ones and only a very small amount of pentanethiol was
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FIG.1. Overall conversion rates at 523K of tert-pentylamine,
n-pentylamine, and neo-pentylamine on NbSs, MoS,, RuS,, and Rh,Ss.

observed with a significant amount of the dipentylamine.
In the presence of MoS; pentenes were negligible, the ma-
jor product being the dipentylamine. On RuS; and Rh,S3
the thiol formation was more significant than that of the
dipentylamine. It should be mentioned that the formation
of thiols by the addition of H,S to pentenes was not ob-
served under the present experimental conditions. Similar
results were obtained with neo-pentylamine (except with
NbS3), although the overall reactivity was much lower.
For a better understanding of the properties of NbSs,
MoS,, and Rh,S; a more complete study of the changes
of the product distribution versus conversion of n-pentyl-
amine was carried out at 548 K. At this temperature, it
was expected that the rate of transformation of the inter-
mediates would be greater, which would permit getting
additional information on the reaction scheme. The to-
tal conversion was varied by changing the contact time,
the reaction temperature being maintained constant. The

TABLE 2

Amine Conversion Rates for Nb, Mo, Ru, and Rh Sulfides

Reactant Rates NbS; MoS; RuS; Rh,S3
n-pentylamine Vot 18 (5.3) 11.2 (10) 3.4 (38) 5.6 (52)
CH3_CH2_CH2_CH2_CH2_NH2 Vcs 84 0 04 0

V diamine 4.6 4.8 0.5 14
Vthiol 0.3 1.6 2 2.8
tert-pentylamine Vot 47 (5.3) 22.3(13) 7.2 (66) 0(51)

(‘:H3 Vs 47 22.3 7.2 0
CH3—CH2—(‘: -NH, V diamine 0 0 0 0

CH3 Vthiol 0 0 0 0
neo-pentylamine Vot ~0 (5.3) 6.4 (12) 1.1 (48) 2.2 (51)

CH;s Ves 0 0 0 0
CH3—(|3 —CH,-NH; V diamine 0 29 0.25 0.5
CH3 Vthiol ~0 0.6 0.6 1.2

Note. (Rates are in 108 mol - s7*

-m~2). BET areas determined after test are given in brackets.
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results are shown in Figs. 2, 3, and 4. The overall reaction
scheme

CHC=N

(CsH;),NH
CsH; \NH,

\
CsHyo
A

/.
\

CsH,,SH

Figure 2 shows that on NbS3, pentenes and dipentylamine
are primary products. Actually a large fraction of the hy-
drocarbons seems to be formed directly from n-pentyl-
amine. However, at high conversion a certain amount is
also formed by decomposition of dipentylamine. On MoS;
(Fig. 3), two more primary products are formed: valeroni-
trile by dehydrogenation of n-pentylamine and the thiol.
The shape of the curve representing the pentenes indi-
cates that they are mainly secondary products coming
from dipentylamine. However, a fraction of them results
also from the desulfurization of the thiol. On Rh,S;, the
same products are formed, but their distribution is differ-
ent. The main intermediate for the formation of the C5-
hydrocarbons (which are clearly secondary products) is the
thiol (Fig. 4).

Hydrocracking of Isooctane

The hydrocracking of isooctane was used by Bourdillon
et al. (19) as a measure of the catalyst acidity. The conver-
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FIG. 2. n-pentylamine conversion over NbS; at 548 K: partial con-

version into dipentylamine, and pentenes as a function of the total
n-pentylamine conversion.
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FIG. 3. n-pentylamine conversion over MoS, at 548 K: partial con-

version into dipentylamine, pentenes, thiol and nitrile as a function of the
total n-pentylamine conversion.

sion of this molecule implies a tertiary carbocation as the
intermediate which transformation gives mainly isobutane
and isobutene according to

c c
| @D |

C—$[c\1(|:—c — cCe .+ C=CC
¢ ¢ ¢ C

The data reported in Fig. 5 show that the activity continu-
ously decreases from NbS3 to Rh,Ss. It is worth mentioning
that these results are in full agreement with those obtained
in biphenyl and toluene conversions (16). The sulfides of
the elements in the middle of the periodic table present al-
most no activity for these reactions. The opposite situation
is observed for the elements of the left part of the table
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FIG. 4. n-pentylamine conversion over Rh,S; at 548 K: partial con-

version into dipentylamine, pentenes, thiol and nitrile as a function of the
total n-pentylamine conversion.
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FIG.5. Isooctane conversion on NbS3z, MoS;, RuS,, Rh,Sa.

where the highest cracking activity is observed for niobium
sulfide.

DISCUSSION

Isooctane Conversion and Acidity of the Catalyst

Assuming that the activity in isooctane conversion is re-
lated to the Brgnsted acidity of the solid (19), it can be
concluded that the latter varies in the following order:

Nng > MoS, > RuUS, > haSg.

Product Distribution and Reaction Mechanisms

The product distribution obtained with n-pentylamine
shows that two mechanisms are involved with all the cata-
lysts:

(a) The elimination mechanism which in the case of n-
pentylamine takes place either directly from the reactant
or from di-n-pentylamine which itself comes from a dispro-
portionation reaction (a Sy2 reaction) as:
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This is particularly clear with NbS3. The reaction is suppos-
edly cocatalyzed by acid sites.

(b) The displacement mechanism involving a thiol as
intermediate, which can occur either with n-pentylamine
as shown above in the cleavage of the C-N bond (in
the Introduction) or from the equivalent protonated di-n-
pentylamine with SH™ as the nucleophile. At 548 K both
mechanisms coexist on MoS; and Rh,Ss, but the displace-
ment mechanism is prevailing on Rh,Ss.

Amine Reactivity—Comparison of the Various Catalysts

As shown in Fig. 1 and Table 2, the reactivity sequence
is in accordance with the predictions of Table 1. What-
ever the catalysts, neo-pentylamine is less reactive than
the other amines. On the other hand, tert-pentylamine is
more reactive than the others with all the catalysts, ex-
cept Rh,Ss. Inthe presence of this catalyst, tert-pentylamine
does not react and n-pentylamine is the most reactive. This
can be interpreted (Table 1) by assuming that on this cata-
lyst the reaction occurs exclusively through a Sy2 mecha-
nism, in agreement with the diagram in Fig. 4, where the
thiol is the most important product of the conversion of
n-pentylamine. With the other catalysts, there is obviously
a coexistence of both elimination and substitution reac-
tions (at least for n-pentylamine decomposition) as shown
by the presence of the thiol intermediate which indicates
that a substitution mechanism is involved. Its contribu-
tion is all the more significant as the acidity of the cata-
lyst (as estimated from isooctane cracking) is lower. On
the other hand, the contribution of the elimination mech-
anism, as well as the total acidity, increases with the in-
creasing acidity. For instance, elimination is the main re-
action path for both n-pentylamine and tert-pentylamine
conversion on NbS; which is the most acidic catalyst. The
elimination can occur directly from the primary amine as
is probably the case with tert-pentylamine, or from the

@
CH3_CH2—CH2_CH2—CH2_NH2 + H+ —_—> CH3_CH2_CH2_CH2—CH2_NH3

(3
CH;—CH,—CH,—CH,—CH,>-NH, H,N—CH,—CH,—CH,—CH,—CH; —>

@
CHy—CH,—CH,—CH,—CH,— NH,—CH,—CH,—CH,—CH,—CH; + NHj;

@A)

@ hS
C5H1 I_NI_’I‘D—CHZ-‘EH_CHZ-CHZ—CH +H2N—C5H1 | >
H

<)
CSHI l_NH2 + CSHllNH3 +

® ®
CsH;NH3 e CSHIINH2 + H

C H2= CH—- CHZ— CHZ— CH3
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secondary amine resulting from a disproportionation reac-
tion in the case of n-pentylamine, as can be deduced from
the product distribution (see the foregoing discussion and
Figs. 2-4). However, on all catalysts, tert-pentylamine seems
to react only through an elimination and leads exclusively
to Cs hydrocarbons. In fact tert-pentylamine can be very re-
active through Sy1 or E1 mechanisms, as well as through a
E2 mechanism, which are not sensitive to steric hindrance,
but not through a Sy2 mechanism which is very sensitive
to it.

Hence, it can be concluded that the activity sequence for
the elimination mechanism is

NbS; > MoS, (>RuS;) > Rh,S3,

while for the substitution (displacement) reaction with a
thiol as intermediate for denitrogenation, the activity se-
guence is the reverse:

Rh,S3(>RuUS,) > M0S, > NbS;.

We must, however, consider that the formation of di-n-
pentylamine (which actually is supposed to occur through
a displacement reaction between two molecules of n-pen-
tylamine) is a special case as it can be favoured consid-
erably (compared to the displacement reaction leading to
the thiol) by the high concentration of the nucleophile
(the amine itself) compared to SH™. If we except this,
the activity sequences are perfectly in accordance with the
reactivity sequences of the amines on the various cata-
lysts (and with the predictions of Table 1). These are the
following:

(i) on NbSg, tert-pentylamine (E1 and/or E2) > n-pen-
tylamine (E2 and SN2) >> neopentylamine (no reactivity);
(ii) on MoS; and RusS, tert-pentylamine (E1 and/or E2)
> n-pentylamine (Sn2 and E2 from di-n-pentylamine) >
neopentylamine (Sn2);
(iii) and on Rh,S;, n-pentylamine (Sn2) > neopentyl-
amine (Sn2) > tert-pentylamine (no reactivity).

The activity and reactivity sequences can be explained
on the basis of the reaction mechanisms. In the E; mecha-
nism, the rate-limiting step is the departure of the amine
group which is favoured by acid cocatalysis. The nucle-
ophile or base has no influence on the kinetics. In E; or
Sn2 mechanisms both the departure of the leaving groups
(also acid-cocatalyzed) and the attack of the base or nu-
cleophile are involved in the rate-limiting step. NbS3 is the
more active in both cases where E1 (tert-pentylamine) or
E2 (n-pentylamine) can occur because of its high acidity.
It is not active at all in the case (neopentylamine) where
only the Sn2 reaction can take place, probably because the
surface SH groups are weaker as nucleophiles than on the
other catalysts.
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Relation with the Transition Metal Sulfide Properties

The first step of the HDN mechanism requires the
chemisorption of the amine to be transformed indepen-
dently of its structure. Such interaction might occur either
on Lewis acid sites or Brgnsted ones. By contrast the second
step which involves the C—N bond breaking is dependent on
the nature of the reactant and, as described above, can be
either an elimination or a nucleophilic substitution mecha-
nism. On TMS surfaces several species are present, the con-
centration of which is related to the nature of the catalyst
and also to the experimental conditions used to determine
their catalytic properties. These species are (i) anionic va-
cancies formed by sulfur removal, (ii) SH groups created
either by hydrogen or by H,S heterolytic adsorption, and
(iii) bridged S~ and S5~ anions. As anionic vacancies are
sulfur-deficient sites they possess an electron withdrawing
character able to coordinate nitrogen-containing molecules
via the lone pair of electrons present on the nitrogen atom.
The role of SH groups is probably more complicated be-
cause the protonic character of the hydrogen atom may
depend on the metal-sulfur bond strength. For instance,
a strong metal-sulfur bond would weaken the S—H bond,
leading to a larger H+ acidity. On the contrary, for weakly
bonded metal-sulfur the S—H bond strength would be re-
inforced and the SH groups may intervene rather as a nu-
cleophilic moiety.

Experimental data related to the reducibility of the TMS
have shown that this parameter increased from the left to
the right side of the periodic table (22). Theoretical calcula-
tions using a bond energy model have shown that the metal-
sulfur bond strength varies in a large extent depending on
the position of the element in the periodic table (23). The
weakest sulfur bond energy was observed for noble metal
sulfides such as Ru, Os, Ir, and Rh metal sulfides and, conse-
guently, the highest calculated sulfur bond energies corre-
spond to Nb, Ta, Mn, Ti, and Zr sulfides. These results agree
fairly well with the experimental HDS activity, supporting
the assumption that the HDS takes place on coordinatively
unsaturated sites. From these calculations it could be also
predicted that the SH groups’ properties might differ, de-
pending on the nature of the sulfide under investigation;
i.e., the nucleophilic character of the SH groups is expected
to increase from the sulfides of the elements of the left side
of the periodic table to the noble metal sulfides, while the
Bransted character followed an opposite trend.

The third species (S*~ or Sﬁf) may act as basic centers
and, consequently, they are probably involved in the ab-
straction of a hydrogen atom present in a 8 position. The
amount of such species should be higher on poorly re-
ducible solids like NbS3 than on a highly reducible catalyst
such as Rh,S3. Such properties of the solid explain why on
NbS3 the reactivity of the various amines can be interpreted
interms of an elimination mechanism. Conversely, the weak
Rh-S bond may account for the nucleophilic substitution
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mechanism observed on Rh,S;. The other sulfides of the
series behave intermediary between these two opposite sit-
uations.

CONCLUSION

This work allows us to conclude that the reaction mecha-
nism for C—N bond cleavage greatly depends on the struc-
ture of the N-containing molecule. This explains why with
compounds like quinoline, tetrahydroquinoline, or ortho-
propylaniline the reaction occurs mainly through the elim-
ination mechanism, while with compounds like isoquino-
line or benzylamines a displacement reaction is favoured
(24).

The nature and the concentration of the species present
at the surface of transition metal sulfides are related to the
reactivity of these solids in the presence of a highly reduc-
ing medium. Reducible solids such as Ru or Rh sulfides
exhibit a low Brgnsted acidity while more stable chalco-
genides like NbS; and MoS; display more acidic sites. The
nature of the surface species favours one of the possible
mechanisms. Consequently, the study of the reactivity of a
model molecule at the surface of one transition metal sulfide
cannot be generalized to other catalysts and more complex
HDN processes involving several types of molecules.
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