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A key intermediate in the platinum-mediated hydrodesulfurization
of dibenzothiophene
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The thiaplatinacycles, [PtL2(C,S-C12HgS)] and [PtL,(C,S-Ci3H109)] (L = PEtz, PMes; L, = Ph,PCH,CH,PPhy), obtained from
oxidative insertion of [Pt°L,,] into dibenzothiophene and 4-methyldibenzothiophene are hydrodesulfurized by reaction with hydrogen
(toluene, 20 atm, 100°C) to bhiphenyl and 3-methylbiphenyl, respectively; addition of acidic alumina improves the reaction. These
observations link the model systems and the latest generation of commercial second-stage HDS catalysts.
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1. Introduction

Although the mainstay of the hydrodesulfurization (HDS)
processes remains hydrogenation over the familiar Co-Mo—
S catalyst [1], the new environmental requirementsto reach
very low sulfur levels have prompted the development of
new deep HDS catalyst systems. These catalyst systems
can take the sulfur levels down to meet the new legisla-
tion in the USA and Europe; for example, the Swedish
Urban Diesel | specification sets a maximum sulfur content
of 0.001 wt% [2].

One very interesting development has been the intro-
duction of Pt—Pd catalysts on a variety of supports, includ-
ing alumina and USY zeolite. These were originally put
forward as catalysts for the hydrogenation of aromatics in
diesel feedstocks [3]. However, the published data show
that they are extremely good HDS catalysts and, indeed,
that they reduce sulfur levels proportionately more than
aromatics [2a,3,4]. As a consequence, a number of work-
ers have investigated these noble metal catalyst systems
for the HDS of refractory sulfur-containing compounds in
feedstocks, the various annelated thiophenes such as diben-
zothiophene (DBT) and their alkylated derivatives, which
are most resistant towards the conventional Co-Mo-S cata-
lysts [5]. Studies have indicated that the key-roleis played
by the platinum, but that acidic sites on the supports (e.g.,
USY zeolite) are also required. We here present prelim-
inary results concerning the mechanism for the platinum-
promoted HDS reaction.

2. Resaults and discussion

We suggest that the route by which these dibenzothio-
phenes undergo HDS to the appropriate biphenylsis viathe
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thiaplatinacycle. An example is complex 1b (scheme 1,
L = PEt3), formed by oxidative insertion of “PtL," into
the thiophene. We have previously shown by synthetic
studies of such reactions and by full characterisations
(spectroscopic and X-ray single crystal) of the thiaplati-
nacycles how such products are formed. These studies
have been reported in detail [6]. We have also prepared
and characterised new thiaplatinacycles 1la (L = PMe;)

DBT
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Table 1

Desulfurization of the thiaplatinacycles 1a, 2 and 4.
Substrate Reagent Conditions Products
la, L = PMes Et;SiH toluene/3 h/110°C Phy 31% + DBT 62%
2, Lo = dppe LiAIH,4 toluene/l h/20°C Phy 92% + DBT 6%
4, L, = dppe LiAlH,4 toluene/l h/20°C 3-Me-bph 34% + 4-MeDBT 62%
1b, L = PEts H/20 am toluene/24 h/100°C Phy 9% -+ DBT 89%
la, L = PMes H»/20 atm toluene/24 h/100°C Phy 37% + DBT 58%
la, L = PMes H2/20 am + Al,O3 toluene/24 h/100°C Ph, 56% + DBT 28%
2, Ly = dppe H»/20 atm toluene/24 h/100°C Ph, 22% + DBT 34%
2, Ly = dppe H/20 atm + Al»03 toluene/24 h/100°C Phy 74% + DBT 16%
DBT H2/20 atm + Al,03 toluene/24 h/100°C Ph, 4% + DBT 96%
DBT H2/20 atm + Pt/Al,O3 toluene/24 h/100°C Phy 4% + DBT 96%
4, L, = dppe H>/20 am toluene/24 h/100°C 3-Me-bph 17% + 4-MeDBT 43%
4, L, = dppe H/20 atm + Al203 toluene/24 h/100°C 3-Me-bph 58% + 4-MeDBT 30%

aAcid-washed alumina (Aldrich, 300 mg) and DBT (25 mg); no metal complex.
b Platinum on acid-washed alumina (Aldrich, 300 mg; a solution of Pt(norbornene)s (65 mg) in diethyl ether was absorbed on the
alumina which was then dried and heated/100° C in vacuo to remove the organic ligand) and DBT (25 mg).

made from [Pt(PMe3)4] [7], equation (1), and 2 (L, =
Ph,PCH,CH,PPh,, dppe) made from 1la (L = PMe3) by
a phosphine exchange, equation (2).

[PtL3/4] + DBT = [PtL5(C,S-Ci2HgS)| +L (1)
(1a, L = PMes; 1b, L = PEt3)

[Pth(C,S—Clegs)} + dppe —
1

[Pt(dppe)(C,S-C12HgS)| + 2L o)
2

It was previoudly reported that the complex 1b is read-
ily hydrodesulfurized by various hydrides including Et;SiH
and LiAlHg4, to biphenyl (equation (3), table 1); in each case
some of the parent DBT heterocycle is again formed, due
to the reversal of the equilibrium, equation (1). Very sm-
ilar reactions occur between these hydrides and the new
complexes 1a (L = PMe3) and 2 (L, = dppe).

1+ Et3SiH — Phy, + DBT
+ [Pth(SH)(H)] + [Pth(Si Et3)(H)] 3
(L = PMe; or PEt3)

However, the complexes 1a and 2 aso undergo HDS
with hydrogen alone (scheme 1) under relatively mild con-
ditions (20 atm, toluene, 100°C; table 1); there is even
some hydrodesulfurization of 1b under these conditions,
but to a significantly smaller extent.

4-methyldibenzothiophene (4-MeDBT) forms a 1:1
mixture of isomers [Pt(PMes)2(C,S-Ci3H10S)], 3a, 3b,
when reacted with [Pt(PMe3),] (equation (4)); the trimet-
hylphosphines were again exchanged for dppe to give the
mixture of isomers [Pt(dppe)(C,S-Ci3H109)], 4a, 4b (equa-
tion (5) and scheme 1). The thiaplatinacycles 4a, 4b aso
undergo HDS with LiAlIH4 to give mixtures of 3-methyl-
biphenyl (3-Me-bph) and 4-MeDBT.

[Pt(PMe3)s] + 4-MeDBT =
[Pt(PMe3)2(C,S-Ci3H109)] + 2PMes 4
3a,3b

[Pt(PM e3)2(C,S—C13H103)} + dppe —

[Pt(dppe)(C,S-Ci3H109)| + 2PMes (5)
4a,4b

4 + LiAlH4 — 3-Me-bph + 4-MeDBT (6)

4+ Hp — 3-Me-bph + 4-MeDBT (7

We also find that the HDS of complexes 1a and 2 is
significantly promoted by acid alumina; for example, in its
presence, the yield of biphenyl from 2 rises from 22 to 74%
(table 1). The mixture of complexes4a, 4b from 4-MeDBT
also undergoes HDS with hydrogen under the same condi-
tions to give 3-methylbiphenyl (3-phenyltoluene); again, in
the presence of alumina, the yield is enhanced from 17
to 58%.

Under these mild conditions (Hz, 20 atm, 100°C, 20 h,
toluene), the HDS reaction is stoichiometric and the sul-
fur which is lost from the DBT or MeDBT ends up as a
platinum complex, currently under investigation. At that
temperature, dibenzothiophene itself is also essentially un-
reacted in the presence of either added acid aluminaor plat-
inum on acid alumina. This indicates that a hydrodesulfu-
rization path via the thiaplatinacycle is significantly easier
than others, for example, via initial hydrogenation of the
aromatic benz-rings.

Thus, although the conditions for modelling a complete
HDS cycle for DBT have not yet been achieved, these ob-
servations do indicate the importance in the reaction of the
thiaplatinacycle intermediates. Common factors such asthe
promotion offered by alumina also offer an intriguing link
between the chemistry of such model platinum complexes
and the new generation of commercial heterogeneous plat-
inum catalysts for removal of the more intractable sulfur
heterocycle compounds from diesel fuel. It is aso note-
worthy that although the thiaplatinacycle from 4-MeDBT is
a little harder to hydrodesulfurize than that from DBT, the
difference is small. The small effect of an adjacent methyl
may well contribute to the success of the Pt/alumina HDS
catalysts.



A. Iretskii et al. / A key intermediate in the platinum-mediated hydrodesulfurization

In summary, the thiaplatinacycles derived from DBT and
from 4-MeDBT are hydrodesulfurized to biphenyl or 3-me-
thylbiphenyl, by hydrogen under rather mild conditions and
in the absence of a second metal reagent. Further work is
in progress to explain the role of the alumina support in the
reaction.

3. Experimental
3.1. Syntheses and characterisation of starting materials

[Pt(PEt3)2(C,S-C12HgS)] 1b, L = PEt; was synthesised
by the literature preparation [6].

[Pt(PMe3)2(C,S-CioHgS)] 1a, L = PMes was prepared
in 68% yield from [Pt{(PMes)4] [6] by the method used
for 1b. Anal. Calcd for CigHsPoPtS: C, 40.7; H, 4.9;
S, 6.0%. Found: C, 40.7; H, 4.9; S, 6.0%. NMR spectrain
CDCls, 'H: § 1.2-1.8 (m, CH3, 18H), 6.8-7.15 and 7.35-
8.2 (m, 8H, DBT); 3!P: § —24.6 (d, *J(Pt-P) = 1709 Hz,
2J(P-P) = 16 Hz), —22.6 (d, 1J(Pt-P) = 3219 Hz).

[Pt(dppe)(C,S-Ci2HgS)] 2, L, = dppe was prepared
from [Pt(PMes)2(1?-C,S-SC12Hg)] (500 mg, 0.94 mmol)
and dppe (380 mg, 0.95 mmoal) in toluene (reflux; 1 h).
The light-yellow precipitate was filtered off, washed with
hexane and dried (yield 670 mg, 0.87 mmol, 94%). Anal.
Calcd for CsgHsPoPtS: C, 58.7; H, 4.1%. Found: C, 58.2;
H, 3.9%. NMR spectra in CDCl3, H: § 2.1-2.6 (m,
CHy, 4H), 6.5-7.6 (m, Ar, 28H); 3'P: § 41.7 (*J(Pt-P) =
1736 Hz), 45.3 (*J(Pt-P) = 3201 Hz).

[Pt(dppe)(C,S-Ci3H109)], 4a + 4b (mixture of isomers)
was prepared from the isomeric mixture of 3a and 3b ob-
tained from reaction of 4-MeDBT with [Pt(PMe3)4] by are-
action similar to that used to make 2 above. Anal. Calcd for
CsoHaP,PtS: C, 59.2; H, 4.3%. Found: C, 59.4; H, 4.2%.
NMR spectra in CDCl3, 'H: § 2.10 (s, 3H, Me); § 2.20
(s, 3H, Me); 3'P: isomer 4a, § 46.6 and 42.8, 1 Jp—p = 3209
and 1744 Hz; isomer 4b, § 45.3 and 41.8, 1 Jp—p = 3200
and 1736 Hz. The two C-S bondsin 4-MeDBT are differ-
ent and give mixtures of the thiaplatinacycle isomers (ap-
proximately 1:1) 4a and 4b; however, the HDS product,
3-methylbiphenyl, is the same from both.

3.2. Hydrogenation reactions

Hydrogenation reactions were carried out asfollows: the
complex (1a, etc., 75 mg) in degassed toluene (5 cm®) in
aglass-lined Fisher—Porter tube (20 cm®) was heated under
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hydrogen (20 atm, 100°C, 24 h) (and in the presence of
alumina (1.0 g, Aldrich, acid-washed) as appropriate). At
the end of the reaction, the toluene was removed and the
organic products extracted with acetonitrile and analysed by
HPLC (Techsphere 5 ODS column: 30% water and 70%
acetonitrile as mobile phase). The results are summarised
in table 1.
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