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Abstract

A novel reaction for the synthesis of sulfinic acids, sulfinic
acids esters, sulfonic acids and S-alkyl alkanethiosulfonates
from olefins, SO, and hydrogen will be described. Due to
its similarity to hydroformylation, this reaction will be called
hydrosulfination. Various palladium complexes
([Pd(NCCHS,),(R,P(CH,).PR,)[(BF.), (R=FPh, n=2-5
R=Me, 0-(CH,OMe), n=3) have been applied. A strong
dependency on the solvents used has been observed. For
instance, sulfinic acids have only been obtained in mixtures
containing water or methanol. In methylene chloride the
sulfinic acids disproportionate into S-alkyl alkanethiosulfon-
ates and sulfonic acids.
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Introduction

Although the hydroformylation reaction has been
known for more than 50 years, up to now no comparable
reaction with sulfur dioxide instead of carbon monoxide
has been reported (eqns. (1) and (2)).

Olefin+ CO/H, — aldehydes (hydroformylation)
M

Olefin +SO,/H, — sulfinic acids (hydrosulfination)

ey
One reason is the rapid radical initiated polymerisation
of alkenes with sulfur dioxide below the ceiling tem-
perature of the resulting copolymer [1]. Moreover, the
sulfinic acids formed are unstable and react further to
S-alkyl alkanethiosulfonates and sulfonic acids (eqn.

3))-

R-CH=CH, + SO,/H, —> R’SO,H —
R'SSO,R’+R'SO,H+H,0 (3)

The literature is rich with examples of stoichiometric
organometallic chemistry dealing with CO and SO,
insertion into metal-carbon bonds indicative of com-
parable reaction behaviour [2]. Scheme 1 exhibits: (a)
insertion of CO and SO, into Mn(CO);Me [3]; (b) two
comparable nickel complexes of CO and SO, coordi-
nation. Similar palladium complexes have been de-
scribed [4]. In spite of all these similarities and the
large background of organometallic SO, chemistry, only
two examples shown in eqn. (4) [5] and (5) [6] have
been reported dealing with catalytic reactions of olefins
and SO,.
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According to eqn. (2), the hydrosulfination of olefins
yields sulfinic acids, as we reported in a preliminary
communication [7]. Sulfinic acids, however, are rather
unstable and decompose following eqn. (3).

Sulfinic acids are of industrial interest and represent
potential building blocks for many organic chemicals
elucidated in Scheme 2.
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Experimental

Equipment and techniques

All experiments were carried out in a 150 ml hastelloy
autoclave. NMR spectra were recorded on a Bruker
300 MHz instrument. Chemical shifts are reported
relatively to TMS. IR spectra were recorded on a
Nicolet 510 P FT-IR. GC-MS spectra were recorded
on a Varian MAT 112 S. GC spectra were recorded
on a Siemens Sichromat 1-4 (25 m OV1-HP-FS or 50
m Pona HP).

Materials

Solvents were purified, dried and saturated with argon
by standard methods. SO,, H, and olefins were used
as purchased. All purchased ligands were used without
further purification.

Metal complexes

PdCI,(R,P(CH,),PR,) [11]

The bidentate ligands R,P(CH,).PR, (R=Ph,
n=2-5; R=Me, 0-(C;H,OMe), n=3) were mixed with
an equimolar amount of PdCl, and heated up to 100
°C in a small amount of DMSO until a clear solution
was obtained. After cooling down, the precipitated solid
was filtered off and washed with pentane. The yields
were always >90%.

[Pd(NCCH,),(R,P(CH,),PR;)](BF,), [12]

0.1 mmol of PdCL,(R,P(CH,),PR,) (R=Ph, n=2-5;
R=Me, 0-(CiH,OMe), n=3) suspended in 30 ml
CH,CI, and 0.2 mmol AgBF, dissolved in 0.5 ml CH;CN
were mixed, stirred for a few minutes and the precip-
itated AgCl was filtered off. The resulting clear solution
was directly used for catalytic experiments.

Catalytic experiments

0.1 mmol of [Pd(NCCH,;),(R,P(CH,).PR,)](BF,),
(R=Ph,n=2-5; R =Me, 0-(CdH,OMe), n =3) dissolved
in 30 ml solvent was introduced into a magnetically
stirred autoclave, equipped with a gas inlet. SO,,
propene and hydrogen were introduced into the au-
toclave. The autoclave was placed into an oil bath,
which was already heated up to reaction temperature.
The reaction is stopped by lowering the temperature
to room temperature and subsequently releasing the
pressure. After opening the autoclave, the solvent was
evaporated at room temperature, the crude product
weighed and analysed by 'H NMR and *C NMR.

Isolation of the propane sulfinic acids [13]

Sulfinic acids were only obtained in a solvent mixture
containing water or methanol (5-10%) and a reaction
temperature of 80 °C. The pure sulfinic acids were
obtained by repeated water extraction of a CH,Cl,
solution of the crude product. The isomer distribution
was determined by '"H NMR. "PrSO,H, 'H 300 MHz
(CDCl,): 1.06 (3H, t, J=17.5), 1.75 (2H, sextet, J="1.5),
2.79 (2H, t, J=17.5); *C{*H} 75 MHz (CDCl,): 59.89,
15.29, 13.25. ‘PrSO,H, 'H 300 MHz (CDCl;): 1.25 (6H,
d,J=6.8), 2.8 (1H, m); *C{"H} 75 MHz (CDCl,): 55.19,
13.76.

Isolation of the propane sulfinic acid esters

Sulfinic acid esters were isolated in a solvent mixture
containing CH,Cl, and methanol ( > 10%) and a reaction
temperature of 100 °C. The sulfinic acids were removed
by water extraction and the remaining sulfinic acid
esters purified by distillation (b.p.;p: 6070 °C propane
sulfinic acid methylester). The sulfinic acid esters were
characterised by '"H NMR and *C NMR. "PrSO,Me,
'H 300 MHz (CDClL): 3.78 (3H, s), 2.68 (1H, d, t,
J=7.47, 543), 2.77 (1H, d, t, J=7.47, 5.43), 1.75 (2H,
sextet, J=7.5), 1.06 (3H, t, J=7.5); C{'H} 75 MHz
(CDCl,): 58.16, 54.48, 15.06, 13.37. 'PrSO,Me, "H 300
MHz (CDCl,): 3.80 (3H, s), ~2.7 (1H, m), 1.24 (3H,
d,J=7.1),1.23(3H, d,J=7.1); *C{'H} 75 MHz (CDCl,):
55.25, 55.03, 13.88, 13.73.

Isolation of the S-propyl propanethiosulfononates and
propane sulfonic acids [14]

S-Alkyl alkanethiosulfononates and sulfonic acids
were isolated from a CH,Cl, solution. The sulfonic
acids were isolated by repeated water extraction of a
CH.Cl, solution from the crude product and charac-
terised by '"H NMR and **C NMR. "PrSO;H, 'H 300
MHz (CDCl): 2.95 (2H, t), 1.86 (2H, m), 1.04 (3H,
t); PC{'H} 75 MHz (CDCl,): 53.45, 17.56, 12.87. The
pure S-alkane thiosulfonates were obtained by evap-
orating the CH,CI, of the remaining solution and dis-
tillation of the crude S-alkyl alkanethiosulfononates



(b.p.1.5: 112 °C for S-propyl propanethiosulfonates). The
isomer distribution was determined by GC. NMR data:
"PrSO,S"Pr, 'H 300 MHz (CDCl,): 1.04 (3H, t,J=7.1),
1.09 (3H, t, J="7.1), 1.78 (2H, sextet, J=7.1), 1.98 (2H,
sextet, J="7.1), 3.12 (2H, t,J=7.1), 3.29 2H, t,J=7.1);
BC{*H} 75 MHz (CDCl,): 64.33, 38.28, 23.20, 17.38,
13.15, 12.67.

Results and discussion

Propene hydrosulfination

Propene, SO, and H, were reacted with catalytic
amounts of the following palladium complexes:
[Pd(NCCH,;),(R,P(CH,),PR,)[(BF,), (R=Ph, n=2-5;
R =Me, 0-(C;H,OMe),n =3). When methylene chloride
is used as a solvent, only small amounts of the cor-
responding sulfinic acid can be isolated because the
sulfinic acid formed as first product easily dispropor-
tionates into S-propyl propanethiosulfonates and pro-
pane sulfonic acid and water (eqn. (3)). The selectivity
to the disproportionation products is always >70 %,
determined by 'H NMR. The rest consists of sulfinic
acid, dipropylsulfon and small amounts of not yet
identified compounds. The S-propyl propanethiosul-
fonates comprise a mixture of four isomers listed in
Table 1. No remarkable change in this distribution
using different reaction conditions, such as propene,
or SO, intake, H, pressure and reaction temperature,
was observed.

The main product of >70% is the primary-primary
addition product. The two isomers of primary—secondary
addition amount to >20%. The secondary-secondary
isomer is only present in small amounts. The isomer
distribution is indicative of a Markownikow and anti-
Markownikow metal hydride addition well known from
hydroformylation and referred to as the ‘normal-iso
ratio’. In this regard hydrosulfination also parallels
hydroformylation.

To isolate the propane sulfinic acid as main product,
the disproportionation catalysed by acids must be pre-
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vented. As shown in eqn. (6) protonation can occur
yielding an R-SO™ moiety.

(6)

fHO

Obviously, by adding water the protonation can be
depressed. Indeed, in a mixture of acetone-water (30:2)
the disproportionation is less than 1% ("H NMR) and
the pure acid can be isolated and thus synthesised.
The n:iso ratio amounts to 90:10 (eqn. (7)).

I
s 90 %
/\/\OH
X+ SO /H, ——» ™
o
4
S\ 10 %
OH

For synthesis of the pure sulfinic acid the yield
decreases with increasing formation of the acid. In a
standard experiment (80 °C, 3.7 g SO,, 3.7 g propene,
25 bar H,, solvent: acetone/water 30/2, 0.12 mmol
dpppPd(NCCH,),[BF.],), 1.47 g pure sulfinic acid with
the above isomer distribution (conversion 23% [SO,],
activity 817 g/mol h) were isolated. This behaviour is
attributed to ligand poisoning by the free acid. This is
circumvented when the free acid reacts further according
to eqn. (3) or by the in situ reaction with ¢,B-unsaturated
ketones shown in Scheme 2 [9].

Various palladium complexcs have been applicd. As
shown in Table 2 the complexes exhibit a different
activity. Best results have been obtained with dppp
(1,3-bis(diphenylphosphino)propane} as ligand. Inter-
estingly, these results are similar to the polyketone
formation from ethene and CO as reported by Drent
etal., in which dppp is also the best ligand [15]. According
to Drent this is due to the stabilisation of a square
planar as well as a trigonal bipyramidal transition state
with dppp as the ligand. The dependency of the chain
lengths connecting the two phosphorus atoms is also

TABLE 1. Isomer distribution (%) of the S-propyl propanethiosulfonates at 80 °C, H, (25 bar), propene (8 bar, 2.5 g), SO, (3 bar,

2.5-3.0 g) with the system [Pd(NCCHj;).dppp](BF,).

S-Propyl propanethiosulfonate Isomer Isomer distribution
(%)
/\/5025\/\ primary-primary 77.4
/\/so,s—< primary-secondary
20.3
>S50, 5\ secondary—primary
>—s0,5—< secondary—secondary 2.3
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TABLE 2. Effect of n and R on the activity of [Pd(NCCH,;),(R,P(CH,),PR,)](BF,), at 80 °C, H, (25 bar), propene (8 bar) in 30

ml CH,Cl,

n R Abbreviation Activity Conversion
(g(thiosulfonic ester and (S0,) (%)
sulfonic acid)/mol h)

2 Ph dppe 3500 44

3 Ph dppp 6050 12

4 Ph dppb 5400 64

5 Ph dpppent 310 3

3 0-Anisyl dapp 230 38

3 Me dmpp 150 4

Scheme 3.

obvious from Table 2. The basic ligand dmpp (1,3-
bis(dimethylphosphino)propane) shows only modest ac-
tivity, probably for electronic reasons. In contrast to
the Pd-catalysed copolymerisation of ethene and CO,
dapp (1,3-bis(di-{o-methoxy}phenylphosphino)propane)
is less active in hydrosulfination than dppp. Of greatest
importance is the reaction temperature chosen. Here
the ceiling temperature (7.) of the propene/SO, co-
polymer (~80 °C) is crucial. If the reaction is run
below the ceiling temperature, SO,/propene copolymer
is the main product besides small amounts of sulfinic
acids and its disproportionation products. The best
results for sulfinic acids formation are obtained at 80
© °C. The highest activity is observed at 100 °C.

In hydroformylation, hydrogenation of the olefin is
a known side reaction. We investigated the isomerisation
and hydrogenation capability of the system
dpppPd(NCCH,),[BF,], with 1-hexene (70 °C, 5 bar
H.,). After 6 h, nearly all the 1-hexene was isomerised,
but only 1.3% was hydrogenated after 23 h.

Hydrosulfination of various olefins

For hydrosulfination of olefins to occur one must
work above the ceiling temperature of the olefin/SO,
copolymer. Due to the high ceiling temperature of
> 135 °C for the ethene/SO, copolymer, hydrosulfination
cannot be applied to ethene, because the palladium
complexes used as catalysts decompose. When the
reaction is carried out below the ceiling temperature
of 135 °C only ethene/SO, copolymers are formed,
which are also known from the radically initiated co-
polymerisation of ethene with SO,.

Interestingly, the copolymer of SO, and ethene made
by palladium catalysis is perfectly alternating as could
be established by solid state NMR. Copolymers made
by radical initiation consist of ~90% alternating and
~10% not alternating units.

Olefins such as 1l-hexene (T¢=60 °C), l-butene
(Tc=64 °C), cyclohexene (T.=24 °C) or isobutene
(Tc=4 °C) could be hydrosulfinated. The results will
be reported in a forthcoming paper.



Mechanistic considerations

In analogy to hydroformylation the reaction mech-
anism in Scheme 3 is proposed for the hydrosulfination
of propene. Pd-H adds propene yielding the two Mar-
kownikow and anti-Markownikow products. SO, co-
ordination followed by insertion yields the two cor-
responding insertion products. The sulfinic acids are
formed by H, addition thus closing the catalytic cycle.
We did not investigate the role of acetonitrile. To
support this mechanism, experiments with added deu-
terium were carried out expecting the formation of
CH;CHDCH,SO,SCH,CHDCH;. Unfortunately, H/D
exchange occurred preventing an exact assertion.
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