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a b s t r a c t

[Pt(PPh3)4] reacts smoothly and swiftly at room temperature with asparagusic acid and with selected
amide and ester derivatives of this cyclic disulfide to afford PtII dithiolate chelates of the type cis-
[Pt{CRR0(CH2S)2}(PPh3)2]. The crystal structures of three such products are reported.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The peculiar reactivity of the disulfide moiety plays a key role in
biology and biochemistry [1], medicinal chemistry [2], organic syn-
thesis and catalysis [3], coordination chemistry [4] and materials
science [5]. The most favourable R2S2 conformation exhibits a
C–S–S–C torsion angle close to 90� [6]. Strong deviations from this
ideal value, caused for example by steric hindrance or ring closure,
drastically increase the reactivity of the S–S bond. In fact, small C–
S–S–C torsion angles correlate with elongated S–S bonds, which is
primarily due to sulfur lone pair repulsion [7]. Not surprisingly,
disulfides with strained, elongated S–S bonds undergo faster thiol/
disulfide exchange [8]. They exhibit a higher electron affinity and
are therefore easier to reduce than unstrained analogues [9]. The
oxidative addition of S–S bonds to low-valent precious metal cen-
tres is an important aspect of disulfide redox chemistry and a key
issue in such diverse areas as, for example, transition metal cataly-
sis, medicinal chemistry involving cis-platin, and self-assembled
monolayers on gold, platinum and related metals. During the oxida-
tive addition process, the S–S bond is reductively cleaved and two
metal–thiolate bonds are formed. The oxidative addition of disul-
fides to low-valent platinum is of particular current interest [10].

2. Results and discussion

During the course of our investigations concerning the use of
asparagusic acid based 1,2-dithiolane derivatives for the fabrica-
tion of self-assembled monolayers [11], we have turned our atten-

tion to the oxidative addition of their S–S bond to zero-valent
precious metal, which constitutes the crucial step of their chemi-
sorption on such substrates. We have studied this step in molecu-
lar coordination chemistry by reactions of the platinum(0)
complex [Pt(PPh3)4] with asparagusic acid (1), its synthetic precur-
sor cyclo-S2C3H5-4,4-(COOEt)2 (2) and the azobenzene-functional-
ised compounds 3–5 (Scheme 1). The reaction of the cyclic four-
membered disulfide bis(trifluoromethyl)-1,2-dithiethene with
[Pt(PPh3)3], which was described by Davison et al. in 1964, appears
to be the first example of an oxidative addition of a disulfide to
zero-valent platinum [12]. The first report concerning an analo-
gous reaction of a 1,2-dithiolane derivative was published in
1994 by Weigand et al. [13].

The reactions were performed on an NMR tube scale and were
conveniently monitored by 31P NMR spectroscopy. They proved
to proceed smoothly and swiftly at room temperature over the
course of several hours in C6D6 solvent, affording the platinacycles
6–10 in essentially quantitative yield. No side reactions were ob-
served even with of the iodo-substituted derivative 5, where in
principle also activation of the C–I bond seemed possible. The bond
dissociation energy of the C–I bond of iodobenzene has a value of
67.2 kcal/mol [14], which is ca. 7 kcal/mol lower than the S–S bond
dissociation energy of unstrained open-chain aliphatic disulfides
[15], but ca. 20 kcal/mol higher than the S–S bond dissociation en-
ergy in the strained 1,2-dithiolane derivatives [16]. We note that
only a single example of a related asparagusic acid based metalla-
cyclic complex has been reported to date, viz. the nickel(II) chelate
[Ni(dppe)(aspOH)] [aspOH = CH(CH2S)2COOH] [17], which con-
tains the same chelate ligand as complex 6. The NMR spectroscopic
characterisation of complexes 6–10 turned out to be straightfor-
ward. The 31P NMR signal was observed close to 20 ppm in each
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case, exhibiting the expected 195Pt satellites with 1JPt–P values in
the range between 2830 and 2878 Hz. The corresponding 195Pt
NMR signal appears as a doublet with a chemical shift value in
the range between �4700 and �4612 ppm. These NMR spectro-
scopic values are in accord with data obtained for closely related
six-membered platinacycles [13,18]. The crystal structures of 7
(Fig. 1), 8 (Fig. 2) and 9 (Fig. 3) were determined by single-crystal
X-ray diffraction.

Bond parameters compare well with those of closely related
compounds [19]. In each case the PtII atom resides in a slightly dis-
torted square-planar coordination environment (sum of angles ca.
360�). The P–Pt–P and S–Pt–S bond angles are close to 98� and 91�,
respectively. The Pt–P bond lengths have a value of ca. 2.29 Å and
are indistinguishable within experimental error. The Pt–S bond
lengths are only marginally longer (average value ca. 2.34 Å). The
intramolecular S���S distances are ca. 3.35 Å, which is less than
the sum of the estimated traditional van der Waals radii and very
similar to the value of the intermolecular S� � �S contact observed for
asparagusic acid (vide supra) and the closest intramolecular S� � �S

contact in cyclo-S8 [20]. The intricate nature of chalcogen� � �chalco-
gen interactions was recently analysed by high-level quantum-
chemical methods and is still a matter of current debate [21]. It
has been pointed out that, owing to the non-spherical electron
density distribution around divalent sulfur, the effective size of
divalent sulfur in S� � �S contacts is a function of the orientation of
the substituents, with the shortest contacts occurring when the
substituents are coplanar. In this case a lower limit of 2.9 Å has
been rationalised for intramolecular contacts [22]. The amide
derivative 8 exhibits an intramolecular N–H� � �S interaction, whose
parameters (H� � �S 2.41 Å, N� � �S 3.14 Å, N–H� � �S 141.8�) are indica-
tive of a comparatively strong hydrogen bond according to com-
monly accepted criteria [23]. We note that intramolecular N–
H� � �S hydrogen bonds are relevant for the conformation of pep-
tides based on the conformationally restricted cystin analogue 4-
aminoasparagusic acid [24].

3. Conclusion

The present study has shown that [Pt(PPh3)4] reacts smoothly
and swiftly at room temperature with asparagusic acid and with
selected amide and ester derivatives of this cyclic disulfide to af-
ford PtII dithiolate chelates of the type cis-[Pt{CRR0(CH2S)2}(PPh3)2].
The ease of this oxidative addition reaction is related to the pres-
ence of a five-membered ring, whose S–S bond is elongated in
comparison to standard acyclic disulfides.

4. Experimental

Synthetic work was routinely performed under an atmosphere
of dry nitrogen by using standard Schlenk techniques or a conven-

Scheme 1. Reagent and conditions: (i) [Pt(PPh3)4] (1 equiv.), benzene, room temp.,
12 h.

Fig. 1. Molecular structure of 7 in the crystal. Only one of the two individual
molecules present in the asymmetric unit is shown. Selected bond lengths (Å) and
angles (�): C1–C2 1.523(13), C2–C3 1.538(16), C1–S1 1.851(12), C3–S2 1.780(11),
P1–Pt1 2.287(3), P2–Pt1 2.294(3) S1–Pt1 2.348(3), S2–Pt1 2.341(3); P1–Pt1–P2
100.44(11), P1–Pt1–S2 87.54(11), P2–Pt1–S1 81.58(11), S1–Pt1–S2 90.29(11).

Fig. 2. Molecular structure of 8 in the crystal. The intramolecular hydrogen bond is
indicated by a dotted line. Selected bond lengths (Å) and angles (�): C1–C2
1.541(10), C2–C3 1.545(9), C1–S1 1.823(7), C3–S2 1.805(6), P1–Pt 2.2904(16), P2–
Pt 2.2909(16) S1–Pt 2.3355(17), S2–Pt 2.3585(16); P1–Pt–P2 97.65(6), P1–Pt–S1
88.01(6), P2–Pt–S2 83.38(6), S1–Pt–S2 91.08(6).
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