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Abstract

For the first time, the hydrogenation/hydrogenolysis of a range of disulfides has been achieved over a supported palladium catalyst using
hydrogen under relatively benign conditions. These unexpected results demonstrate that it is possible to avoid the poisoning of the catalyst
by either the nitrogen-containing groups or the sulfur species, allowing both efficient reaction and recycling of the catalyst under the proper
conditions (e.g., at low temperatures). A slight loss in activity was found on recycling; however, the catalyst activity can be recovered using
hydrogen pretreatment. The reaction mechanism for the hydrogenolysis and hydrogenation of ortho-, meta-, and para-dinitrodiphenyldisulfide to
the corresponding aminothiophenol has been elucidated. Density functional theory calculations were used to investigate the adsorption mode of
the dinitrodiphenyldisulfides; a clear dependence on adsorption geometry was found regarding whether the molecule is cleaved at the S—S bond
before the reduction of the nitro group or vice versa. This study demonstrates the versatility of these catalysts for the hydrogenation/hydrogenolysis

of sulfur-containing molecules, which normally are considered poisons, and will extend their use to a new family of substrates.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Thio-products, such as mercaptans, sulfides, polysulfides,
sulfones, thioacids, and thioesters, have an increasing share in
the industrial production of pharmaceuticals, agrochemicals,
cosmetics, and petrochemical products. The synthesis of mer-
captans is particularly important, because these are often used
as precursors in the production of other thio-compounds. Cur-
rently, aliphatic mercaptans are produced via the direct thiola-
tion of alcohols with H»S over alkali metal catalysts in yields
>95% [1]. In comparison, the production of aromatic thiols via
this method is not efficient, resulting in low yields due to re-
duced selectivity at the high temperatures needed to achieve
viable reaction rates [2]. Current methods for forming ben-
zenethiol derivatives include the reduction of sulfonic acids [3]
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or their sulfonyl chlorides [4] with phosphorus or hydrogen,
produced in situ in the presence of a mineral acid and a metal.
Although these reactions are highly selective, large amounts of
phosphoric acid and/or metal chloride waste are also produced.

One possible alternative route to the production of aromatic
mercaptans is through reductive cleavage of the corresponding
disulfides. This reaction has been extensively studied for the
cleavage of S—S bonds in proteins to change their tertiary struc-
ture. This is conventionally achieved to form thiols and thiolates
using stoichiometric nucleophilic reagents, such as hydrides
in the form of NaBH4 [5]; phosphorous compounds, such as
triphenylphosphine [6]; or hydrazine derivatives, such as semi-
carbazide [7]. Few catalytic processes for the reduction of S—S
bonds have been reported due to the potential strong chemisorp-
tion of sulfur-containing molecules and their ability to poison
metal surfaces. To date, Calais et al. have reported the only
process for cleaving a range of substituted diphenyldisulfides
over sulfided Ni-Mo/Al,Oj3 catalyst [8,9]. The choice of cata-
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lyst was thought to be important, because it is commonly used
for the gas-phase hydrotreatment and desulfurization in petro-
leum refining. This catalyst is able to catalyze hydrogenation
and carbon-heteroatom hydrogenolysis while being highly re-
sistant to sulfur poisoning. In this study, selective reduction of
the diphenyldisulfide was achieved at 160 °C and 3 bar hydro-
gen [8]. After introducing para-substituents, such as methyl,
amine, chloro, nitro and hydroxyl groups, a reduction in the
rate of reaction was observed. This reduced activity was par-
ticularly evident for 4,4’-dinitrodiphenyldisulfide, where up to
200°C and 10 bar hydrogen were required for the reaction
to reduce both the nitro group and disulfide linkage to form
4-aminothiophenol. Using theoretical models, the behavior of
4-nitrodiphenyldisulfide was explained by a difference in the
adsorption geometry. The molecule was thought to adsorb pre-
dominantly via the nitro groups, forcing the S—S bond away
from the surface and reducing the likelihood of reductive cleav-
age. Such an effect also has been reported for other hydrogena-
tion reactions [10]. In contrast to the reaction with hydrides,
where the rate increased with decreasing aromatic electron den-
sity [5], for the catalyzed reactions, no correlation with the
electronic property of the reactant was observed.

In the present study, we investigated the hydrogenation/hyd-
rogenolysis of -NO,—, -NH;—, —CH3—, and -OCH3z-substituted
diphenyldisulfide as well as dibenzyldisulfide and dimethyl-
and dibutyldisulfides using a carbon-supported platinum group
metal (PGM) catalyst (Fig. 1). Whereas platinum and palla-
dium are commonly used for the hydrogenation of a wide range
of substrates, PGM is very susceptible to poisoning by sulfur
[10-23]. This is thought to be particularly problematic on pal-
ladium; consequently, fewer studies on this have been reported.
Sulfur poisoning on metals is thought to be a combination of
both geometric and electronic effects, giving rise to changes in
short-range and long-range interactions. The geometric effect is
related to the length of the carbon chain attached to the S-atom
anchored to the surface; this is, the larger the poison molecule,
the larger the area of the surface blocked [11,24]. In contrast,

the electronic effect results in changes in the electron density of
the catalyst surface as a result of the strong covalent bonds be-
tween the metal atoms and the sulfur [19]. This is used in some
cases to tune the reaction selectivity by exposing the catalyst
to either dimethyldisulfide or thiophene [25,26]. For example,
dimethyldisulfide is decomposed to H,S under hydrogenation
conditions at 200 °C, which then adsorbs and modifies the cat-
alyst surface [22]. Here we report on the feasibility of using
PGM catalysts for the hydrogenation/hydrogenolysis of a range
of aromatic and aliphatic disulfides under mild reaction condi-
tions.

2. Experimental
2.1. Materials

All experiments were carried out using nominal 10 wt% Pd
catalyst supported on charcoal as provided by Johnson Matthey.
Metal analysis of the catalyst using a Perkin—Elmer Optima
4300 ICP-OES analysis showed a Pd content of 9.93 wt%. The
catalyst had a BET surface area of 1335 m? g~! and a Pd sur-
face area of 25 m? g~! measured by CO chemisorption, along
with a particle size of <38 um. In all cases, the catalyst was
used as received with no pretreatment. All tested disulfides were
purchased from Aldrich with >97% purity. The catalyst was
characterized by powder XRD before and after reaction at room
temperature using a PANalytical X’PERT PRO MPD X-ray dif-

fractometer with CuK, radiation.
2.2. Typical reaction and recycle procedure

All reactions were carried out in a high-pressure 300-cm?
Parr autoclave modified with baffles and a gasifying stirrer to
ensure good mixing. Unless stated otherwise, 5 mmol substrate
in 200 cm® THF was placed in the reactor with 200 mg of cata-
lyst and heated to 75 °C under N, before the desired pressure of
hydrogen was introduced. The speed of the stirrer rotation was
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Fig. 1. Reaction scheme and notation for the disulfides used in this study.
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maintained at 850 rpm to ensure that the reaction was chemi-
cally controlled and free of external mass transfer limitations.
The hydrogen was supplied through a delivery system to guar-
antee a constant pressure of the gas in the autoclave throughout
the reaction. Samples were withdrawn at regular intervals and
analyzed in an offline Perkin—Elmer Clarus 500 gas chromato-
graph fitted with a ZB-5 capillary column. The gas chromatog-
raphy (GC) temperature program ranged from 35 to 250 °C at
a heating rate of 6-10° min~! depending on the disulfide used.
For recycling reactions, the catalyst was filtered, washed with
neat solvent, dried under ambient conditions, and used with-
out further pretreatment. For all reactions, the temperature was
below the decomposition temperature of the disulfide as mea-
sured by TGA; for example, the 4,4'-dinitrodiphenyldisulfide
was found to decompose at 230 °C. The initial rate data was
determined by the rate of conversion of the substrate at time
= 0 with respect to the surface area of the palladium.

2.3. Adsorption studies

One-component solutions of the starting material, interme-
diates, and the final product were stirred with a fixed amount of
catalyst and charcoal support (0.1 g) for 24 h at 20 °C. A com-
parison of the solution before and after contact with the catalyst
over a concentration range of 0.005-0.05 M for each compo-
nent was used to determine the adsorption isotherm. GC was
used to analyze the solutions after the catalyst was filtered.

2.4. Calculation details

All density functional theory (DFT) calculations were per-
formed using the SIESTA package [27], which uses Troullier—
Martins norm-conserving pseudopotentials and numerical
atomic orbital basis functions [28]. The generalized gradient
approximation exchange—correlation functional of Perdew et al.
was used, as was a double zeta with a polarization quality ba-
sis set [29]. The orbital-confining cutoff radii were determined
from an energy shift of 0.01 eV, and the grid point spacing on
the real space density grid corresponded to a cutoff energy value
of 150 Ry. A Nose thermostat was used in the finite-temperature
molecular dynamics runs, with an initial temperature of 150 K
and a target temperature of 250 K. The duration of the time step
was set to 0.3 fs.

3. Results and discussion

A range of disulfides were tested at 5 and 50 bar hydro-
gen pressure using 10 wt% Pd/C. Fig. 2 summarizes the initial
rates of reaction. In all cases, the substrates were converted to
the corresponding thiol with high selectivity (albeit after ex-
tended reaction times in some cases). For the dinitrodiphenyld-
isulfide derivatives (8a, 9a, 10a), reduction of the nitro group
also was also observed. The rate could be increased by oper-
ating at higher temperatures; for example, using diglyme as
the solvent, the reaction of 8a at 160 °C and 50 bar Hj pres-
sure showed an initial rate of 0.45 pmols~! mpg—2, compared
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Fig. 2. Initial reaction rate for the hydrogenation/hydrogenolysis of the disul-
fides (1a-10a) at 5 bar (M) and 50 bar ((J) hydrogen and 75 °C in THF using
a Pd:substrate ratio of 1:26.

with 0.30 umol s~ mpg=2 in THF at 75 °C and 50 bar H,. To
eliminate any catalytic effect from the support or thermal de-
composition, the blank reaction and a reaction using the carbon
support were carried out at 50 bar Hy pressure and 75 °C. Lit-
tle reaction was found for the nitro-containing substrates; for
example, using 8a, <4% of the starting material was converted
after 6 h of reaction using the carbon support as the catalyst. For
the other disulfide substrates, blank reactions in the absence of
hydrogen showed no reaction; however, when using 50 bar H,
in the absence of catalyst for substrates 2a, 3a, and 4a, up to
25% of the starting material was converted over a 6-h period.

3.1. Hydrogenolysis of aliphatic disulfides

The three disulfides studied with aliphatic linkages [dimeth-
yldisulfide (1a), dibutyldisulfide (2a), and dibenzyldisulfide
(3a)] exhibited surprisingly high rates of hydrogenolysis. This
finding was unexpected, given that 1a, for example, is often
used to poison the most active sites of noble metal catalysts to
regulate their selectivity [19]. The mechanism of this sulfur poi-
soning is thought to involve an initial step in which the sulfur
is highly dispersed on the metal surface. At low coverage, the
sulfur atoms can change the reactivity of up to 4/5 Pd atoms;
however, with increasing coverage the surface becomes com-
pletely deactivated [19-21]. Our experiments used a substrate-
to-Pd mole ratio of 26:1; this large excess of sulfur in the system
carried the potential to completely poison the catalyst surface,
yet this did not happen.

Comparing the rates of reaction of these disulfides shows
that removing the aromatic ring or decreasing the chain length
from butyl to methyl increased the rate. This reduction in rate
reflects the increasing cross-section of the disulfide and hence
a larger adsorption energy, leading to reduced hydrogen cov-
erage. These results are consistent with the inhibitory effects
of sulfur-containing molecules on the hydrogenation of maleic
acid reported by Lamy-Pitara et al. [30], who correlated de-
creased rates of reaction with the size of the additive and its
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Fig. 3. Comparison of the time variation of the conversion of the aliphatic
disulfides 1a (M), 2a (O), and 3a (A) at 50 bar Hy and 75°C in THF using
a Pd:substrate ratio of 1:26. The lines are to indicate the trends in the data.

effective surface area on the catalyst [30]. All of the disulfides
selectively converted to the corresponding thiols within 5 h.

3.2. Hydrogenation/hydrogenolysis of aromatic disulfides: S-S
bond hydrogenolysis

To examine the effect of the aromatic substituent, two fami-
lies of aromatic disulfides were studied: (4, 5, 6, 7, 8a), that is,
para-substitution with —H, -CH3, -OCH3, -NO,, and —-NH>,
and (8a, 9a, 10a), that is, 2,2’-, 3,3’-, and 4,4’-dinitrodiphenyl-
disulfide. In agreement with Calais et al. [9], no clear depen-
dence between the electronic properties of the para-group was
observed with the initial rates of reaction showing —-NH, >
-NO; > -H > —CHj3 > —OCHjs;. Interestingly, reasonable rates
of reactions were achieved with the nitro-derived disulfides un-
der similar conditions as for the other molecules. This is in
contrast to the findings of Calais et al., who reported signifi-
cantly lower rates of reaction and the need for even more severe
conditions for the reduction of nitro-substituted diphenyldisul-
fide [9].

The initial rates of 4a—7a were significantly higher (by fac-
tor of 2) than that of 3a at any hydrogen pressure and lower
than that of 2a. The only exception was 7a, which showed
a faster reaction rate at 50 bar compared with 2a. According
to the conformational analysis and MO calculations of Calais
et al. [9], substituted diphenyldisulfides adsorb with their S-S
bond to the surface, whereas the benzene rings are in a perpen-
dicular position. This should result in less metal area covered by
the substituted aromatic hydrocarbon and higher rates than the
aliphatic disulfides. But we observed the opposite trend, pos-
sibly reflecting the possibility of the aromatic rings adsorbing
parallel to the surface in the case of PGM catalysts [31].

Interestingly, a much greater difference in the rates at
5-50 bar was found for those disulfides containing aromatic
rings compared with the aliphatic disulfides. This may be ex-
plained in terms of the adsorption configuration. Whereas at
low pressure the molecule lies flat on the surface, at 50 bar the
increased competition from the H, causes the substrate to un-
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Fig. 4. Reaction pathways for the hydrogenation/hydrogenolysis of 2,2'-, 3,3'-,
and 4,4’ -dinitrodiphenyldisulfides.

NHOH

dergo a conformational change, freeing up reaction sites and
leading to a significant increase in rate.

3.3. Hydrogenation/hydrogenolysis of
dinitrodiphenyldisulfides: Reaction mechanism

As well as cleavage of the disulfide bond, the hydrogena-
tion/hydrogenolysis of the dinitrodiphenyldisulfide substrates
involves an additional step in order to reduce the two nitro
groups. Fig. 4 shows a range of reaction pathways for the re-
duction of dinitrodiphenyldisulfide to the corresponding amino-
thiophenol via a number of intermediate products. Two major
pathways exist for the formation of aminothiopenol:

Pathway A: Initial cleavage of the S—S bond followed by
subsequent reduction of -NO» to -NH; directly or via—-NHOH.

Pathway B: Reduction of either or both —-NO; groups to
—NH; or -NHOH, followed by cleavage of the S—S bond.

The typical reactant/product composition as a function of
time for 8a is shown in Fig. 5. This type of profile is ex-
pected for sequential reactions in which intermediates are des-
orbed before readsorption and further reaction. At the end
of the reaction, the only product present was the desired
4-aminothiophenol (8b). With the exception of 8f, the other in-
termediates (i.e., 8c, 8d, 8e, and 8g) were identified by GC-MS
and confirmed by injecting standards. The intermediate, 8f, was
identified as an oxime; however, due to an absence of a stan-
dard and the low concentration in the reaction medium, it was
not possible to determine whether monooxime or (more likely)
dioxime was formed.

Although the reaction profile clearly show that both routes
occurred for 8a with the formation of the full range of prod-
ucts and both 8¢ and 8d formed initially, the predominant route
to the formation of 8b was through reduction of 8¢, with 8d
gradually converting into 8f and 8e before cleavage occurs.
This indicates that pathway A was more facile than pathway B
for 8a. Similar profiles were also observed for the 10a and 9a
starting materials, with approximately the same rate of conver-
sion found in each case. However, some changes occurred in
the proportion of aminothiophenol derived from each pathway.
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This is most clearly illustrated by comparing the proportion of
diaminodiphenyldisulfide for each of the molecules during the
reaction. The maximum amounts of diaminodiphenyldisulfide
produced for 8a, 9a, and 10a were 19%, 35%, and 67%, re-
spectively, indicating that the S—S bond became more stable as
the nitro group moved closer. This is unlikely to be an elec-
tronic effect, given that the meta-position is not anomalous, or
a steric effect, due to the size of the hydrogen atom.

100 4
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Fig. 5. Reaction composition-time profile for the hydrogenation/hydrogenolysis
of (a) 4,4’-dinitrodiphenyldisulfide (8a) and (b) 2,2’-dinitrodiphenyldisulfide
(10a) at 50 bar Hy at 75 °C in THF using a palladium:substrate ratio of 1:26.
Herein, the molecules shown by the notation in Fig. 4 are denoted: a (H), b (O),
c(A),d (), e (®),and f (x). The lines are to indicate the trends in the data.

To address this disparity in diaminodiphenyldisulfide pro-
duction, computational studies were performed to ascertain
how 8a and 10a interact with the catalyst. Molecular dynam-
ics (MD) simulations within the framework of DFT were first
performed to investigate the behavior of both the para- and or-
tho-substituted disulfides over Pd(111). These simulations sug-
gested that for both iosomers, a flat-lying disulfide adsorption
mode was unstable relative to dissociation to monomers; that is,
any flat-lying dimer on Pd(111) spontaneously dissociated to its
respective monomers. However, further investigation revealed
that 10a could form a stable adsorption geometry by bonding
side-on with the surface via the nitro group. This mode of inter-
action clearly is not available to 8a.

To determine the relative energetics of each molecule, the
adsorption conformations of the resultant monomers and the
side-on mode of 10a established from the MD simulations were
optimized until the maximal forces on each atom reached a con-
vergence criteria of 0.05 eV A~!. The optimized adsorption
geometries of the para- and ortho-substituted monomers are
shown in Figs. 6a and 6b, respectively, with the side on adsorp-
tion mode of 10a shown in Fig. 6¢. The dissociative adsorption
energy of 8a and 10a and the side-on adsorption energy of 10a
relative to the respective relaxed gas-phase molecules were sub-
sequently calculated and are summarized in Table 1.

The results imply that the adsorption geometry of 10a is
mainly responsible for the difference in the dominant reaction
pathways. In the flat-lying state, cleavage of the disulfide before
reduction is favored, whereas in the side-on mode of adsorp-
tion, the -NO» groups reduce due to the fact that the S—S bond
is not in contact with the surface. In the case of 8a, rapid cleav-
age of the S—S bond occurs due to adsorption parallel to the
surface. In contrast, in the case of 10a, the availability of two

Table 1

Comparison of the calculated dissociative adsorption energy of 2,2’-
dinitrodiphenyldisulfide (10a) and 4,4’ -dinitrodiphenyldisulfide (8a) following
adsorption in a flat-lying geometry with the chemisorption energy of the side-on
adsorption mode of 2,2’-dinitrodiphenyldisulfide (10a) on Pd(111)

Disulfide

AFE (dissociative adsorption)  E¢hem (side-on adsorption mode)

(eV) (eV)
8a 3.481 n/a
10a 3.102 0.740

Fig. 6. The optimized monomer adsorption geometries following dissociative adsorption of (a) 4,4’-dinitrodiphenyldisulfide, (b) 2,2’-dinitrodiphenyldisulfide, and

(c) the side-on adsorption geometry of 2,2’-dinitrodiphenyldisulfide.
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adsorption modes leads to a lower rate of bond cleavage and,
consequently, a much lower proportion of 10c. The production
of the 2-aminothiophenol, 10b, is then limited until sufficient
concentration of 2,2’-diaminodiphenyldisulfide, 10d, has been
built up (i.e., pathway B dominates). For 9a, a mixture of the
two pathways is found. Interestingly, at 5 bar the difference
between the molecules is less pronounced, possibly indicat-
ing that the change in adsorption geometry is favored only at
a high surface coverage of hydrogen. At high hydrogen pres-
sures, the side-on adsorption geometry is likely favored, due
to competition for surface sites. This effect is analogous to
the change in adsorption geometry of benzene over Pd(111)
from a flat to tilted state with increasing coverage [32]. At
5 bar, similar reaction pathways are observed for both mole-
cules, due to the fact that both molecules adsorb parallel to the
surface and S-S cleavage occurs. At higher pressures, 8a main-
tains the flat lying adsorption mode, whereas side-on adsorption
becomes more favorable for 10a, allowing nitro reduction to oc-
cur.

Along with sulfur poisoning, inhibition of PGM catalysts
can also be caused by nitrogen-containing molecules, partic-
ularly amines; for example, Pt or Pd/zeolite catalysts have
exhibited decreased tetralin hydrogenation in the presence of
NHj3 [10]. On doping the reaction mixture with aminothiophe-
nol, no significant change in either the profile or rate of reaction
was observed, demonstrating that the system is resistant to both
sulfur poisoning and —NH; adsorption and that the reaction is
not product desorption rate-limited.

To examine the rate-determining step, the reaction was per-
formed at 50 bar for 1 h before the pressure was reduced to
5 bar. The reaction profile after 1 h was as would be expected
for a typical reaction performed at 50 bar, with formation of
8c and 8d. After the pressure was decreased, 8b was formed,
gradually reaching 50% after 6 h of reaction. In comparison,
a reaction performed at 5 bar showed the formation of 8¢ and
other intermediates, but only trace amounts of 8b after 6 h
(Table 2). This indicates that initiating the hydrogenation of
8c to 8b is the slowest step and that once this process be-
gins, the reaction is not sensitive to Hp pressure. This finding
is supported by the fact that if an analogous experiment is
performed using the 2,2’-dinitrodiphenyldisulfide, 10a, which
follows predominately pathway B (i.e., nitro reduction then
disulfide cleavage), then the reaction does not go on to com-
pletion. In this case, the slow cleavage step was performed
at the lower pressure, which prevented rapid formation of the
2-aminothiophenol product.

Table 2

Effect of hydrogen pressure on the hydrogenation/hydrogenolysis of 8a to 8¢

Pressure (bar) Conversion of 8a (%) Yield of 8c (%)
5 37 4

50 98 100

50-52 99 51

The conversion of 8a is taken after 1 h of reaction and the yield of 8c is after

6 h of reaction.
4 Pressure decreased from 50 bar to 5 bar after 1 h of reaction.

3.4. Hydrogenation/hydrogenolysis of
4,4'-dinitrodiphenyldisulfide in the presence of
dimethyldisulfide

Despite the widespread application of dimethyldisulfide (1a)
as catalyst moderator, rapid hydrogenation occurred under the
conditions used in the present study. To investigate the relative
adsorption strengths, we hydrogenated 8a in the presence of
1a at 5 bar H, pressure. The catalyst loading was doubled so
that the individual substrate-to-bulk Pd molar ratio remained at
26:1. Fig. 7 compares the initial conversion rates of the sub-
strates. In the presence of 1a, the rate of conversion of 8a was
unaffected; however, the reaction rate of 1la was reduced by
a factor of ~22; only when the concentration of 8a was re-
duced below 30% was significant conversion of 1a observed.
These results indicate that 8a was preferentially adsorbed on
the surface and almost completely suppressed adsorption of the
smaller disulfide. Complete suppression would effectively re-
sult in a doubling of the palladium-to-substrate ratio and should
increase the rate of reaction. However, the initial rate of the
conversion of 8a was not significantly improved, suggesting
that one or more intermediates or the final product strongly ad-
sorbed on the catalyst surface and blocked the additional active
sites, hindering the adsorption and subsequent reaction of 1a.

3.5. Adsorption studies

Although the mass balance for all substrates was found to
be ~100% at the end of the reaction, for the aromatic sub-
strates in particular, a significant variation in balance was ob-
served as a function of reaction time. This is illustrated in Fig. 8
for 4,4'-dinitrodiphenyldisulfide, 8a. A clear minimum can be
seen, due to the retention of the intermediates within the cata-
lyst pores. Comparing the adsorptions of the starting material,
intermediates, and product on the carbon support and the cata-
lyst shows that the adsorption was unaffected by the presence
of the palladium, as expected from the relative surface areas
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Fig. 7. Comparison of the conversion-time profile for dimethyldisulfide, 1a (H),
and 4,4/—dinitrodiphenyldisu]ﬁde, 8a (A), as the individual components and in
the 1:1 mixture of 1a (O) and 8a (OJ) at 50 bar Hy at 75°C in THF using
a palladium:substrate ratio of 1:26. The lines are to indicate the trends in the
data.
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(Fig. 9). Interestingly, the starting material (8a) did not adsorb
strongly on the surface of either the Pd/C catalyst or the carbon
support. This finding agrees with the best-fitted kinetic model,
which shows that the reaction is first order with respect to both
the substrate and hydrogen pressure for 8a. This is unusual for
catalytic hydrogenation, in which a zero reaction order is nor-
mally found for the substrate [33] due to the high surface cover-
age of the substrate compared with the hydrogen. A higher ad-
sorption constant was found for 4,4'-diaminodiphenyldisulfide
8d compared with 8a, due to the more effective hydrogen bond-
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Time/h

Fig. 8. Variation in the carbon balance as a function of time during the hy-
drogenation/hydrogenolysis of 4,4’-dinitrodiphenyldisulfide (8a) as shown in
Fig. 5.
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ing/chelation of the -NH, group versus the -NO, group; how-
ever, compared with the cleaved products, both disulfides were
weakly adsorbed. Both 8c and 8b adsorbed strongly, as was ex-
pected due to the presence of the —SH group. Interestingly, in
8b there was a small but significant variation between the car-
bon support and the catalyst with the palladium reducing the
adsorption constant. Despite the high adsorption of 8b, clearly
(based on the complete mass balance at the end of reaction),
other reaction species were present that were not observed in
the bulk liquid due to strong adsorption. These eventually con-
verted to 8b, which desorbed.

3.6. Recycling

Fig. 10 shows the reaction profile of 8a at 50-bar hydro-
gen for the recycled catalyst. Compared with that shown in
Fig. 5 for fresh catalyst, that is a clear decrease in the rate
of reaction, although a significant level of catalyst activity is
maintained. Additional recyclings of the catalyst caused fur-
ther gradual decreases in the activity of the system; after
seven reactions, the rate decreased from 0.62 pmol s mpg—2
to 0.51 umol s~ mpg~2 at 50 bar Hy and 75°C in THF with
a palladium-to-substrate ratio of 1:2.6. The same reaction pro-
file was maintained using both the fresh catalyst and the catalyst
used in the seventh reaction. Importantly, treatment of the cata-
lyst with flowing hydrogen at 400 °C restored the initial activity.

Powder XRD patterns of the catalyst over seven reactions
are shown in Fig. 11. Only peaks consistent with metallic pal-
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Fig. 9. Adsorption isotherms for (a) 4,4'-dinitrodiphenyldisulfide (8a), (b) 4,4'-diaminodiphenyldisulfide (8f), (c) 4-nitrothiophenol (8c), and (d) 4-aminothiophe-
nol (8b) on the Pd/C catalyst (O) and charcoal support (M) stirred over 24 h at 20 °C.
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Composition / %

Time/h

Fig. 10. Reaction-time profile for the hydrogenation/hydrogenolysis of 8a at
50 bar Hy and 75°C in THF with the recycled Pd/C catalyst at a palla-
dium:substrate ratio of 1:26. Herein, the molecules shown by the notation in
Fig. 4 are denoted: 8a (H), 8b (O), 8c (A), 8d (), 8e (@), and 8f (x). The
lines are to indicate the trends in the data.

(b)

Intensity

Two theta / °

Fig. 11. X-ray diffraction patterns of the Pd/C catalyst (a) prior to reaction and
after the (b) first, (c) second, (d) third, (e) fourth, (f) fifth, (g) sixth and (h) sev-
enth hydrogenation/hydrogenolysis reactions of 8a at 50 bar Hy and 75 °C in
THF with a palladium:substrate ratio of 1:2.6. The trace for the sulfided Pd/C
catalyst is shown in (i).

ladium were present in the as-received catalyst and throughout
the catalyst recycling; no other peaks appeared. Furthermore,
the particle size (as determined by the Debye—Scherrer equa-
tion) was maintained at ~200 A. A decreased intensity of the
palladium peaks occurred with increasing recycle number, as
shown in Fig. 12; however, no metal leaching from the catalyst
was detected by ICP. The changes in the XRD patterns on recy-
cling can be attributed to the formation of small concentrations
of amorphous Pd, Sy. Similar results were found for all of the
substrates examined.

To examine the effect of sulfur poisoning, the catalyst was
presulfided by exposing the catalyst to a flow of 15% H»S in
H; at 400°C for 4 h. The subsequent XRD pattern (Fig. 11)
shows a complete transformation of the palladium into Pd4S.
The resulting catalyst showed little activity, as expected; for ex-

Normalised XRD peak area

T T T T T

1 2 3 4 5 6 7

Reaction Number

Fig. 12. Normalized area of the palladium X-ray diffraction peak at 40.1° (20)
as a function of reaction number determined from the traces in Fig. 11.

ample, in the hydrogenation/hydrogenolysis of 8a at 50 bar H,
and 75 °C, <5% conversion was observed, with the formation
of only 4-nitrothiophenol even after 24 h. Therefore, the fact
that the catalyst maintains a high activity on recycling under
the typical reaction conditions is due in part to the fact that no
evidence of significant carbon—sulfur bond hydrogenolysis was
found in the reaction products. This process could lead to in situ
H;S formation and deactivation of the catalyst.

Palladium sulfide and palladium are known to be good hy-
drogenation catalysts [34], and thus the nature of the active cat-
alyst under these reaction conditions remains unclear. Although
XRD indicated a decrease in the palladium feature (which may
be correlated with the loss in activity on recycling), it is also
possible that the catalyst surface is sulfided under reaction con-
ditions and that the decreased activity is due to the transfor-
mation of an active amorphous surface sulfide (e.g., PdS) into
an inactive phase (e.g., Pd4S).

4. Conclusion

This work reports for the first time the hydrogenation/hydro-
genolysis of sulfur-containing molecules over palladium-based
catalysts, which is commonly perceived as being impractical
due to sulfur poisoning. A range of aliphatic and aromatic disul-
fides were converted to their corresponding thiols using a Pd/C
catalyst. The catalyst retained its structure after the reaction,
and only a small decrease in activity was observed on recycling.

The detailed mechanism for the hydrogenation/hydrogenoly-
sis of dinitrodiphenyldisulfides to the corresponding aminoth-
iophenol was examined for ortho-, meta-, and para-substitution
patterns. A complex reaction network was observed with two
major pathways via an initial S-S cleavage or the reduction
of the nitro groups. Although both pathways were observed
for the substrates, the dominant route was influenced by the
proximity of the nitro group to the S-S bond. Cleavage of
the S-S follows the order para- > meta- > ortho-substitution
and is related to the adsorption geometry of the reactant. For
the para-substituted reactant, the molecule adsorbs parallel to
the surface, whereas for the ortho-substituted molecule, the
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nitro groups adsorb; the resultant forcing away of S-S from
the surface reduces the cleavage rate. The finding that sulfur-
containing molecules can be efficiently hydrogenated over
palladium-based catalysts without significant loss in activity
can extend their use to a new family of substrates.
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