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Reaction of (PhCNSSN)2 with [Pt(PPh3)3] or [Pt(PPh3)4] produced two complexes [Pt{SNC(Ph)NS-S,S9}(PPh3)2]
1 and [Pt3{µ-SNC(Ph)NS-S,S9}2(PPh3)4] 2. In contrast, reaction with [Pd(PPh3)4] yielded only the trimetallic
complex [Pd3{µ-SNC(Ph)NS-S,S9}2(PPh3)4] 3. The three complexes were characterised by X-ray crystallography as
the following solvates: 1?MeCN, 2?2C6H5Me and 3?2CH2Cl2. In all three structures the S]S bond is formally
broken [dss in 1, 2 and 3 are 3.168(4), 3.046(8) and 3.044(8) Å respectively], the metals increase their oxidation
states to +2 and possess square-planar co-ordination geometries. The physical properties of the complexes are
described and the biological activities of 1 and 2 are reported.

We recently outlined 1 the syntheses and solid-state struc-
tures of two dithiadiazolyl complexes of platinum, [Pt-
{SNC(Ph)NS-S,S9}(PPh3)2] 1 and [Pt3{µ-SNC(Ph)NS-S,S9}2-
(PPh3)4] 2. Complex 1 provides the first example of an
SNCRNS? ligand binding in a chelating manner. In the previ-
ously characterised complex 2 [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}]
(cp = η5-C5H5) and the related 3,4 complexes [Fe2(CO)6{µ-SNC-
(R)N(H)S-S,S9}] the CN2S2 rings take up a bridging position
between two metal centres, with each sulfur bonding to both
metals in a µ-S, µ-S9 fashion. Complex 1 is structurally related
to cisplatin [Pt(NH3)2Cl2] and to similar anticancer drugs 5

whilst our interest in 2 stems from its similarity to some dithio-
lene complexes 6 in which sulfur ligands bridge between pairs
of metal ions to form one-dimensional polymers. Extensive
chemistry has been carried out by Chivers, Woollins and co-
workers 7 on complexes of binary sulfur–nitrogen ligands,
particularly with the Group 10 metals. However, the proper-
ties 8 associated with the dithiadiazolyl radical make its co-
ordination chemistry unusual and the involvement of the
unpaired electron in bonding, is, in many respects, unique.
We now report the detailed syntheses and full characteris-
ation of 1 and 2 along with the first palladium dithiadiazolyl
complex [Pd3{µ-SNC(Ph)NS-S,S9}2(PPh3)4] 3, the palladium
analogue of 2. Their electronic properties (ESR and variable-
temperature magnetic behaviour) are also reported in con-
junction with an extended-Hückel molecular orbital (EHMO)
study of their bonding. The biological activities of 1 and 2 are
compared.

Experimental
General procedures

All reactions and manipulations were carried out using previ-
ously described procedures.9 The NMR spectra were recorded

† Current addresses: J. M. Rawson, Department of Chemistry,
Cambridge University, Lensfield Road, Cambridge CB2 1EW, UK;
A. J. Blake, Department of Chemistry, University Park, Nottingham
NG7 2RD, UK.
‡ Non-SI unit employed: µB ≈ 9.27 × 10224 J T21.

on a Bruker AC250 spectrometer. Differential scanning calor-
imetry (DSC) was carried out using a Mettler FP85 thermal
analyser linked to a Mettler FP80 central processor. The FAB
mass spectra were obtained with a dedicated ion source
fitted with a FAB atom gun. Magnetic measurements were
made on a Faraday balance (Oxford Instruments) in the range
10–300 K in an applied field of 1 T. The ESR spectra were
recorded on a Bruker ER200-D X-band spectrometer, UV/VIS
measurements on an ATI Philips Scientific UV/VIS UV2
spectrometer, connected to an Elonex personal computer (soft-
ware UV2.11).

Starting materials

The compound (PhCNSSN)2 was prepared using a modifi-
cation of the literature method:9 instead of extraction of the

mixed solids [PhCNSSN]Cl and LiCl by liquid SO2 (to remove
insoluble LiCl) the materials were reduced directly by Zn/Cu
in tetrahydrofuran to produce a purple solution, yielding a
dark solid on drying in vacuo. Sublimation gave crystalline

(PhCNSSN)2 with an increased yield [50% based on LiN-
(SiMe3)2]. The compounds [Pd(PPh3)4], [Pt(PPh3)4] and
[Pt(PPh3)3] were prepared in accordance with the literature

methods.10,11 In contrast to (PhCNSSN)2, complexes 1–3 appear
to be air-stable for several weeks. CAUTION: preliminary
biological results (see below) show 1 to be very toxic.

Preparations

[Pt{SNC(Ph)NS-S,S9}(PPh3)2]?MeCN, 1?MeCN. The com-

pound [Pt(PPh3)4] (0.500 g, 0.402 mmol) and (PhCNSSN)2

(0.073 g, 0.20 mmol) were stirred in acetonitrile (20 cm3) to
yield an immediate deep blue-green, microcrystalline precipi-
tate in a green solution. The suspension was stirred for 20
min, the solid was then filtered off  and washed with
acetonitrile (3 × 10 cm3). The pale green filtrate and washings
were discarded and the microcrystalline product dried in vacuo
(0.29 g, 76%), m.p. (from MeCN, by DSC) 136 8C (decomp.)
(Found: C, 57.6; H, 3.95; N, 4.2. C45H38N3P2PtS2 requires
C, 57.35; H, 4.05; N, 4.45%); λmax/nm (CH2Cl2) 680
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(ε*/dm3 mol21 cm21 1100); ν̃max/cm21 3051w, 1480m, 1435s (sh),
1324m, 1178w, 1160w, 1095s (sh), 1070w, 1026w, 999w, 925w,
900w, 823w, 742m, 693s, 654w (sh), 536s, 522s, 510s, 496m, 459w
and 429w; ESR (X-band) g = 2.0485, aPt = 5.30, aP = 0.26,
aN = 0.55 mT.

Crystal growth. Freshly prepared (PhCNSSN)2 (0.10 g, 0.28
mmol) and [Pt(PPh3)3] (0.10 g, 0.08 mmol) were placed in sep-
arate limbs of a two-limbed vessel,12 separated by a grade 3
glass sinter. Acetonitrile (10 cm3) was added to each limb. After

inversion of the sealed reaction vessel the PhCNSSN? solution
slowly diffused through the sinter and, within 30 min, dark
blue-green crystals began to form over solid [Pt(PPh3)3]. After
3 d the solvent was removed yielding a number of well formed
crystals suitable for X-ray analysis.

[Pt3{ì-SNC(Ph)NS-S,S9}2(PPh3)4] 2. The compound

[Pt(PPh3)4] (2.5 g, 2.0 mmol) and (PhCNSSN)2 (0.36 g, 1.0
mmol) were stirred at 80 8C in toluene (40 cm3) to yield an
immediate blue precipitate (complex 1). After 4 h a bright
orange solid was present which was filtered off, washed with
fresh toluene (3 × 15 cm3) and dried in vacuo (1.03 g, 85%), m.p.
(DSC) broad exotherm centred at 225 8C (decomp.) (Found: C,
51.9; H, 3.5; N, 2.75. C86H70N4P4Pt3S4 requires C, 51.7; H,
3.55; N, 2.8%); ν̃max/cm21 3051w, 2363w, 1594w, 1571w, 1480m,
1456m, 1434s (sh), 1405w, 1303s, 1182m, 1166m, 1143m, 1095s,
1026m, 998m, 844w, 801w, 741m, 695m, 693s, 676m, 644w,
618w, 536s (sh), 523s (sh), 511s (sh), 497 (sh), 459w and 434w;
δH(250 MHz, solvent CDCl3) 7.51–7.00 (m); δP(250 MHz,
solvent CDCl3) 18.2 [J(PtP) 3282 Hz].

[Pd3{ì-SNC(Ph)NS-S,S9}2(PPh3)4]?2CH2Cl2 3?2CH2Cl2.

The compound [Pd(PPh3)4] (0.5 g, 0.43 mmol) and (PhCNSSN)2

(0.07 g, 0.4 mmol) were stirred in toluene (10 cm3) for 5 h at
ambient temperature. The resultant dark orange precipitate was
filtered off, washed with toluene (3 × 5 cm3) and dried in vacuo.
Dichloromethane (5 cm3) was added to the washed precipitate
and the mixture refluxed for 10 min to yield a red microcrystal-
line solid under a red solution. This was cooled to room tem-
perature, filtered and the crystalline precipitate dried in vacuo
(0.20 g, 75%), m.p. (from CH2Cl2 by DSC) 270 8C (decomp.)
(Found: C, 55.6; H, 3.9; N, 2.95. C88H78Cl4N4P4Pd3S4 requires
C, 55.6; H, 3.9; N, 2.95%); ν̃max/cm21 3051w, 1959w, 1890w,
1811w, 1594w, 1479 (sh), 1451w, 1434s (sh), 1381w, 1309s (sh),
1181w, 1168m, 1148w, 1094m, 1069w, 1026m, 998m, 920w,
902w, 845w, 822w, 739m, 714s (sh), 692s, 669s (sh), 650w, 618w,
527s (sh), 519s (sh), 506s (sh), 492m, 449w and 440w; δH(250
MHz, solvent CDCl3) 7.34–6.94 (m) and 5.30 (s) (CH2Cl2);
δP(250 MHz, solvent CDCl3) 26.2 (s).

Crystal growth of complexes 2?2C6H5Me and 3?2CH2Cl2.
These were carried out in an analogous manner to that for
complex 1?MeCN, except in toluene and dichloromethane
respectively. Crystals suitable for diffraction studies formed
within 48 and 3 h for 2 and 3 respectively.

Crystallography

The crystal data for 1?MeCN and 2?2C6H5Me have been
reported previously.

Crystal data. C88H78Cl4N4P4Pd3S4, 3?2CH2Cl2, M=1904.66,
triclinic, space group P1̄, a = 14.242(1), b = 14.261(1),
c = 24.512(2) Å, α = 73.44(1), β = 89.19(1), γ = 62.09(1)8,
U = 4175 Å3, λ = 0.710 73 Å, Z = 2, Dc = 1.515 g cm21, T = 150
K, µ = 0.99 mm21.

Data collection and processing. A Siemens SMART-CCD
three-circle diffractometer with an Oxford Cryosystems low-

* The solution decomposition of complex 1 (to give 2) hinders precise
calculation of its absorption coefficient.

temperature device,13 graphite-monochromated Mo-Kα X-
radiation and an area detector were used. Data collection,
processing and an absorption correction were carried out
as described previously.14 Indices were 216 < h < 16, 214 <
k < 15, 229 < l < 29.

Structure solution and refinement. The structure was solved by
Patterson methods using SHELXS 86 15 and refined using full-
matrix least squares on F 2.16 All elements heavier than C were
refined anisotropically; H atoms were added at calculated pos-
itions. Convergence was obtained at R1[Fo > 4σ(Fo)] = 0.0674,
wR2 = 0.1686 {w = 1/[σ2(Fo

2) + 0.0618P2 + 6.03P]}, S = 1.017
for 14 375 independent observed reflections [4.04 < 2θ <
508], using 524 parameters and six restraints. The largest peak/
trough in a final difference synthesis was within ±1.0 e Å21.

Atomic co-ordinates, thermal parameters, and bond lengths
and angles for all three structures have been deposited at the
Cambridge Crystallographic Data Centre (CCDC). See
Instructions for Authors, J. Chem. Soc., Dalton Trans., 1997,
Issue 1. Any request to the CCDC for this material should quote
the full literature citation and the reference number 186/299.

Magnetic measurements

These were carried out on a high-sensitivity Faraday balance
(Oxford Instruments) in the region 10–300 K using an applied
field of 1 T with a sensitivity of the order of 1025 cm3.
Diamagnetic corrections were applied using Pascal’s constants.

Biological studies

Primary in vitro antitumour screen. Primary in vitro screening
for antitumour activity was conducted against two human
tumour cell lines, SW620 colon carcinoma 17a and the SK-OV-3
ovarian carcinoma.17b All lines were obtained from the Euro-
pean Collection of Animal Cell Cultures. Details of the use of
these cell lines for chemosensitivity testing are described else-
where.18 The SW620 cell lines was maintained in Leibovitz L15,
and the SK-OV-3 cell line in Eagles Minimal Essential
Medium. All media were supplemented with 10% foetal bovine
serum, penicillin (100 IU cm23) and streptomycin (100 µg cm23).
All media and supplements were obtained from Imperial
Laboratories (Andover, Hants., UK). The compounds were dis-
solved in 10% dimethylacetamide (dma) in phosphate-buffered
saline at a concentration of 2 mg cm23. The cells were seeded
onto 96-well microtitre plates at a concentration of 5× 104 cells
cm23. After a 24 h pre-incubation period, the cells were treated
with test compound for 4 h at concentrations of 0–200 µg cm23.
The compound-containing medium was then replaced with
fresh medium and the cells incubated for 72 h. Cell growth was
assayed using sulforhodamine B.19 Cell survival (%) was calcu-
lated relative to untreated control cells. Dose vs. survival curves
were constructed from these data and the IC50 (concentration
of compound giving 50% survival) calculated. The platinum-
containing anticancer drug, cisplatin, was included as a refer-
ence in all tests.

Disease-orientated in vitro assay of antitumour activity. Six
human ovarian carcinoma cell lines, HX62, SK-OV-3, CHl,
CHlcisR, A2780 and A2780cisR, were used; SK-OV-3 was
obtained from the American Type Culture Collection and
A2780 and A2780cisR were kindly provided by Dr. T. Hamilton
(Fox Chase Cancer Center, Philadelphia, PA, USA). The estab-
lishment details and platinum drug chemosensitivity properties
of these lines have been described previously.20 The cell lines
CHlcisR and A2780cisR represent those derived from their
respective parent lines, but which possess an acquired resistance
(ca. 6- and 12-fold respectively) to cisplatin. The cell lines were
grown as monolayer cultures in Dulbecco’s Modified Eagle’s
Medium containing 10% foetal bovine serum (Life Technology
Ltd, Paisley, UK), supplemented with gentamycin (50 µg cm23),
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amphotericin (2.5 µg cm23), insulin (10 µg cm23), hydrocortisone
(0.5 µg cm23) and -glutamine (2 mmol dm23) in 6% CO2–air
atmosphere. All lines were free of mycoplasma during the
course of this study. Compounds 1 and 2 were dissolved in dma
(25 mg cm23) immediately before use. Growth inhibition was
then assessed using a 96 h drug exposure and sulforhodamine B
assay as described previously.20 Cells were seeded at (3–5) × 103

cells cm23 per well in 96-well microtitre plates and allowed to
attach overnight before drug addition in quadruplicate wells.
Following drug exposure, the remaining cells were fixed in
10% ice-cold trichloroacetic acid and quantified using 0.4%
sulforhodamine B dissolved in 1% acetic acid.

Results and Discussion

The platinum complex [Pt{SNC(Ph)NS-S,S9}(PPh3)2] 1 was
formed as a blue-green microcrystalline precipitate on addition

of MeCN to a mixture of [Pt(PPh3)3] and (PhCNSSN)2. Ele-
mental analysis indicated that the complex was obtained as its
MeCN solvate. The FAB mass spectra (positive ion) of 1 shows
the parent ion [Pt{SNC(Ph)NS-S,S9}(PPh3)2]

+ at m/z 901 and
its breakdown product Pt(PPh3)2 at m/z 719. In addition, fur-
ther peaks at higher m/z were observed and were assigned as
[Pt2{µ-SNC(Ph)NS-S,S9}(PPh3)2]

+ (1620), [Pt2{µ-SNC(Ph)NS-
S,S9}(PPh3)3]

+ (1358) and [Pt2{µ-SNC(Ph)NS-S,S9}(PPh3)2]
+

(1096). It is not uncommon for monometallic species to dimer-
ise in the FAB source.21 The UV/VIS spectrum of 1 in dichlo-
romethane shows an absorbance at the red end of the visible
spectrum (λmax = 680 nm) which gives rise to its intense blue
colour in solution. Although the concentration of solutions of
1 could not be measured accurately (because of decomposition
to 2, see below), the magnitude of the absorption coefficient
(ε = ca. 1 × 103 dm3 mol21 cm21) is indicative of a metal-to-
ligand charge-transfer absorption. The intensity of this band
decreases with time as 1 is converted into 2.

Structure of complex 1

Crystals of complex 1?MeCN suitable for X-ray diffraction
were grown by slow diffusion techniques. The structure of 1
(Fig. 1) shows an unusual monometallic dithiadiazolyl complex
in which the metal of a Pt(PPh3)2 unit inserts into the S]S bond
of the dithiadiazolyl ring forming a six-membered metallo-
heterocycle. This ring-opening chelation is a novel feature of
dithiadiazolyl chemistry, and previously reported structures
have all shown the dithiadiazolyl radical to exhibit a bridging
mode between two metal ions. Roesky et al.22 have previously
shown that heterocyclic thiadiazoles can also undergo ring-
opening chelation with Group 10 metals, with insertion of the
Group 10 metal into an S]N bond. The greater size of the
metal atom in 1, compared with Ni, assists the S]S bond in the

PhCNSSN ring to expand further to accommodate the metal

(cf. dS? ? ?S in (PhCNSSN)2,
23 [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}]2

and 1 is 2.089(5), 2.905(2) and 3.168(4) Å respectively). The
platinum centre adopts a four-co-ordinate planar geometry,
with the PtP2S2 and CN2S2 planes forming an angle of 248, due
to the inevitable ring buckling that occurs to accommodate,
with minimum strain, the extra metal atom in the ring.* The
thiadiazole complex [Pt{NC(CN)NC(CN)S-N,S}(PPh3)2]
exhibits similar planar heterocyclic and P2NS geometries, but in
this case the angle between the two planes is only 12.88.22 The
square-planar environment about the Pt is typically associated
with a 16e2 system and this can be thought to arise from the
metal (10e2), the two phosphine ligands (each 2e2 donors) and
two σ-bonded sulfur atoms (each 1e2 donors). The unpaired
dithiadiazolyl electron does not appear to be intimately associ-

* An ideal planar six-membered ring will possess internal angles of
1208. By forcing one angle (at Pt) to be close to 908 then the six-
membered ring will buckle to alleviate this ring strain.

ated with the bonding. The environment of the unpaired elec-
tron is better described in terms of molecular orbital theory
(below), and the free-radical nature of 1 is highlighted by some
of its physical properties.

Magnetic studies on complex 1

Magnetic studies on complex 1 were carried out in the region
10–300 K using the Faraday-balance technique. The data fit the
Curie–Weiss law [χ = C/T 2 θ)] (θ = 4 K) and the magnetic
moment is typical of an S = ¹̄

²
 spin-only paramagnet (1.73 µB). A

slight rise in the magnetic moment is observed at low tem-
perature, and this can be attributed to a small quantity of

PhCNSSN? monomer impurity. Consistent with this hypoth-
esis, dissolution of crystalline 1 in CH2Cl2 immediately gives a
complex ESR spectrum, with peaks attributable to both 1 and

PhCNSSN?.
The solution ESR spectrum 1 of  complex 1 could be

observed, free of PhCNSSN? contaminant, by preparing 1 in
situ, with an excess of [Pt(PPh3)3]. The latter reacts with Ph-

CNSSN? formed through decomposition of 1 during the for-
mation of 2 (see below). The shift in the g value away from that
of the free electron 24 (g = 2.0485, cf. ge = 2.0023) is consistent
with delocalisation of the unpaired spin density away from the
heterocyclic ring and towards the metal centre, and this is con-
firmed by the large hyperfine coupling to Pt, and smaller coup-
ling to both N and P nuclei (aPt = 5.30, aP = 0.26, aN = 0.55 mT).
The hyperfine coupling constants indicate that the unpaired
electron occupies a molecular orbital which is extensively
delocalised over the metalloheterocyclic framework with coup-
ling to platinum, two nitrogen and two phosphorus nuclei (see
EHMO calculations, below). Owing to the presence of this
unpaired electron, the 1H NMR spectrum is affected by para-
magnetic broadening and is poorly resolved; the aromatic pro-
tons are greatly affected and the only sharp resonance is for the
solvate molecule (MeCN) in the crystal lattice (δH 2.00). The
sharpness of this peak is consistent with the structural data
which indicate that the acetonitrile molecule is not involved in
co-ordination to Pt. No peak attributable to 1 can be observed
in the 31P NMR spectrum between δ +300 and 2300, even
when the complex is prepared in situ from [Pt(PPh3)4] and

(PhCNSSN)2. This is not surprising as it is often the case that
species that yield good ESR spectra usually have NMR reson-
ances too broadened to be observable.25

Molecular orbital calculations

Although heavy metals such as platinum are not particularly
suited to such calculations, qualitative information derived
from them may prove valuable in understanding the bonding
and, in this instance, the electronic properties of these com-
plexes. The EHMO calculations were carried out on the parent
complex [Pt{SNC(H)NS-S,S9}(PH3)2] using the CACAO pack-
age 26 in order to examine the nature of the frontier molecular
orbitals. The geometry used was that observed in the crystallo-
graphic study but phenyl groups were replaced by protons at
1.08 Å.

Fig. 1 Crystal structure of complex 1 (MeCN solvate and PPh3 phenyl
groups removed for clarity)
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Table 1 Selected bond lengths (Å) and angles (8) for complexes 1–3

1 2 3

Pt(1)]S(1)
Pt(1)]S(2)

Pt(1)]P(1)
Pt(1)]P(2)

S(1)]N(1)
S(2)]N(2)

N(1)]C(1)
N(2)]C(1)

2.294(2)
2.309(2)

2.311(2)
2.322(2)

1.628(7)
1.648(7)

1.36(1)
1.33(1)

Pt(1)]S(1)
Pt(1)]S(2)
Pt(2)]S(1)
Pt(2)]S(2)

Pt(1)]P(2)
Pt(1)]P(1)

Pt(1) ? ? ? Pt(2)

S(1)]N(1)
S(2)]N(2)

N(1)]C(1)
N(2)]C(1)

2.367(4)
2.387(4)
2.332(5)
2.344(4)

2.301(4)
2.300(5)

2.865(1)

1.66(1)
1.64(1)

1.31(2)
1.34(2)

Pd(1)]S(1d)
Pd(1)]S(2d)
Pd(1)]S(3d)
Pd(1)]S(4d)
Pd(2)]S(3d)
Pd(2)]S(4d)
Pd(3)]S(1d)
Pd(3)]S(2d)
Pd(2)]P(1)
Pd(2)]P(2)
Pd(3)]P(3)
Pd(3)]P(4)
Pd(1) ? ? ? Pd(2)
Pd(1) ? ? ? Pd(3)
S(1d)]N(1d)
S(2d)]N(2d)
S(3d)]N(3d)
S(4d)]N(4d)
N(1d)]C(1d)
N(2d)]C(1d)
N(3d)]C(2d)
N(4d)]C(2d)

2.356(2)
2.361(2)
2.332(2)
2.346(2)
2.359(2)
2.402(3)
2.371(2)
2.374(2)
3.323(3)
2.345(3)
2.334(3)
2.351(3)
2.8693(12)
2.8499(11)
1.643(8)
1.648(7)
1.631(8)
1.649(7)
1.330(11)
1.304(11)
1.328(11)
1.310(11)

P(1)]Pt(1)]P(2)

P(1)]Pt(1)]S(1)
P(1)]Pt(1)]S(2)
P(2)]Pt(1)]S(1)
P(2)]Pt(1)]S(2)

S(1)]Pt(1)]S(2)

N(1)]S(1)]Pt(1)
N(2)]S(2)]Pt(1)

100.01(7)

87.82(7)
170.21(7)
172.16(7)
85.43(7)

86.76(8)

115.2(2)
115.1(2)

P(1)]Pt(1)]P(2)

P(1)]Pt(1)]S(1)
P(2)]Pt(1)]S(2)
P(1)]Pt(1)]S(2)
P(2)]Pt(1)]S(1)

S(1)]Pt(1)]S(2)

Pt(1)]Pt(2)]Pt(19)
S(1)]Pt(2)]S(2)
S(1)]Pt(2)]S(29)
S(1)]Pt(2)]S(19)
S(2)]Pt(2)]S(29)

Pt(2)]S(1)]Pt(1)
Pt(2)]S(2)]Pt(1)

N(1)]S(1)]Pt(1)
N(1)]S(1)]Pt(2)
N(2)]S(2)]Pt(1)
N(2)]S(2)]Pt(2)

103.3(2)

90.5(2)
87.8(2)

165.3(2)
166.2(2)

78.8(2)

180.0
80.4(2)
99.6(2)

180.0
180.0

75.1(1)
74.5(1)

111.1(5)
107.4((6)
113.2(5)
109.3(5)

P(1)]Pd(2)]P(2)
P(3)]Pd(3)]P(4)
P(2)]Pd(2)]S(4d)
P(1)]Pd(2)]S(3d)
P(1)]Pd(2)]S(4d)
P(2)]Pd(2)]S(3d)
P(3)]Pd(3)]S(1d)
P(4)]Pd(3)]S(2d)
P(3)]Pd(3)]S(2d)
P(4)]Pd(3)]S(1d)
S(3d)]Pd(2)]S(4d)
S(1d)]Pd(3)]S(2d)
Pd(3)]Pd(1)]Pd(2)
S(1d)]Pd(1)]S(2d)
S(1d)]Pd(1)]S(3d)
S(1d)]Pd(1)]S(4d)
S(2d)]Pd(1)]S(4d)
S(3d)]Pd(1)]S(2d)
S(3d)]Pd(1)]S(4d)
Pd(1)]S(1d)]Pd(3)
Pd(1)]S(2d)]Pd(3)
Pd(1)]S(3d)]Pd(2)
Pd(1)]S(4d)]Pd(2)
N(1d)]S(1d)]Pd(1)
N(1d)]S(1d)]Pd(3)
N(2d)]S(2d)]Pd(1)
N(2d)]S(2d)]Pd(3)
N(3d)]S(3d)]Pd(1)
N(3d)]S(3d)]Pd(2)
N(4d)]S(4d)]Pd(1)
N(4d)]S(4d)]Pd(2)

102.25(10)
101.43(9)
89.83(9)
90.37(9)

163.09(9)
165.05(9)
90.93(9)
87.35(9)

165.76(9)
166.78(9)
79.64(8)
79.62(8)

176.56(4)
80.20(8)

174.98(10)
98.74(9)

178.00(10)
99.86(9)
81.34(8)
74.15(7)
74.01(7)
75.41(7)
74.35(7)

106.5(3)
112.4(3)
107.9(3)
111.4(3)
111.9(3)
105.0(3)
108.6(3)
109.1(3)

The highest fully occupied molecular orbital (HFOMO), the
singly occupied molecular orbital (SOMO) and the lowest
unoccupied molecular orbital (LUMO) are illustrated in Fig. 2.
The first striking feature is that all three frontier orbitals are of
π-type character, and that the HFOMO and SOMO of the
dithiadiazolyl radical 8 are key components in the corre-
sponding HFOMO and SOMO of complex 1. The SOMO is
formed by interaction of the platinum dxz orbital with the

SOMO of the HCNSSN? radical and is antibonding with
respect to both S]N and S-Pt. As with dithiadiazolyl radical
itself, the SOMO is nodal at carbon. The SOMO defines the
distribution of unpaired spin density and consequently can be
directly related to ESR experiments. The SOMO of 1 possesses
contributions from N, S and Pt, of which both N and Pt have
high-abundance non-zero spin nuclei. The observed ESR spec-
trum exhibits hyperfine coupling to two N and one Pt nucleus.
In addition, phosphorus hyperfine interactions are also

observed, despite the fact that the SOMO has no orbital contri-
bution from phosphorus (the dxz orbital on Pt does not possess
the correct symmetry to interact with the phosphorus lone
pair). However, if  we consider d orbitals on P (which were not
included in the EHMO calculation), then these do have the
correct orbital symmetry to interact with Pt and the phos-
phorus hyperfine coupling can be considered to arise through
dπ–dπ back donation from Pt to the phosphine ligand. In
contrast, the SOMO of the nickel complex [Ni2(cp)2{µ-
SNC(Ph)NS-S,S9}] is based on the Ni, S and C atoms and leads
to a singlet resonance 4 because the major natural isotopes of all
these elements have I = 0.

Decomposition of complex 1

Solutions of complex 1 in toluene, CH2Cl2 and tetrahydrofuran
gradually lose their intense blue colour, forming an orange solu-
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tion over an orange powder; the solid was subsequently found to
be the trimetallic species, [Pt3{µ-SNC(Ph)NS-S,S9}2(PPh3)4], 2.
As was previously stated, the 31P NMR spectrum of 1 in CDCl3

showed no peak that could be attributed to the monometallic
complex. However, an immediate loss of PPh3 (δ 25.1 27a) was
observed, as well as the formation of 2 [δ 18.2, JPt]P = 3282 Hz]
and (over time) variable amounts of Ph3PS (δ 43.6 27b). A small
amount of an unknown substance (δ 15.4, JPt]P = 3552 Hz) was
also observed (see below). Decomposition of 1 to form 2
involves substitution of phosphine ligands by sulfur lone pairs
and, for example, 2 can be thought of as being composed of a
naked Pt atom, sandwiched by two molecules of 1. A more

Fig. 2 Frontier molecular orbitals of [Pt{SNC(H)NS-S,S9}(PH3)2]

Fig. 3 Crystal structure of complex 2 (C6H5Me solvate molecules and
PPh3 C atoms not bonded to P removed for clarity)

extensive discussion of the decomposition pathway will be
described in a forthcoming publication.28

When the reaction was repeated in toluene a blue-green pre-
cipitate of complex 1 was formed initially which decomposed
on heating to give an orange precipitate of 2. Crystals of
2?2C6H5Me, suitable for X-ray diffraction, were grown by slow
diffusion techniques. In contrast, the addition of toluene to a

mixture of PhCNSSN? and [Pd(PPh3)4] resulted only in the for-
mation of an orange-red precipitate of [Pd3{µ-SNC(Ph)NS-
S,S9}2(PPh3)4] 3, analogous to 2. Compound 3 could be
recrystallised from CH2Cl2 as bright red diamonds. No mono-
metallic palladium complex analogous to 1 was observed. Crys-
tals of 3?2CH2Cl2 suitable for X-ray analysis were also grown
by slow diffusion methods.

Structures of complexes 2 and 3

Although complexes 2 (Fig. 3) and 3 are essentially isostruc-
tural, 2 possesses a crystallographic inversion centre whereas 3
does not. Complex 2 is composed of a linear Pt3 chain bridged

by two PhCNSSN ligands in which the terminal Pt atoms are
related through a crystallographic inversion centre at Pt(2). For
both 2 and 3 all the metal atoms possess planar co-ordination
geometries. The terminal metals have a P2S2 co-ordination
environment, whereas the central metal is bound only to S
atoms from the heterocyclic ligand, thus producing an S4 co-
ordination geometry. As in 1, the S]S bond is almost com-
pletely broken [for 2, dSS = 3.046(8) Å and for 3, average
dSS = 3.044(8) Å], but in both 2 and 3 the dithiadiazolyl ligand
takes up a bridging mode between terminal and central atoms.
In 2 the Pt ? ? ? Pt distance is 2.865(1) Å and in 3 the Pd ? ? ? Pd
distance averages 2.860(1) Å (cf. M ? ? ? M in the nickel and
related iron complexes 1–3 [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}] and
[Fe2(CO)6{µ-SNC(Ph)N(H)S-S,S9}] at 2.441(1) and 2.533(2) Å
respectively). These metal–metal distances are slightly longer
than the sum of the metallic radii (2.76 Å for Pt and Pd) and
therefore metal–metal bonding can be considered negligible. In
both 2 and 3 the core structure can be envisaged as a six-
membered M2S4 ring in a chair conformation, with a metal
atom at the centre (Fig. 4). The transannular S ? ? ? S contacts
between adjacent dithiadiazolyl rings [e.g. S(1d) ? ? ? S(4d) and
S(2d) ? ? ? S(3d) for 3 in Fig. 4] are 3.571(8) Å for 2 and average
3.580(8) Å for 3, somewhat longer than the distance observed in

the transoid-dithiadiazolyl dimers,29 [(m-NCC6H4)CNSSN]2,

[(m-NCC6F4)CNSSN]2 and [(C10H15)CNSSN]2 [3.141(1), 3.132
and 3.036(3) Å respectively].

Bonding in dithiadiazolyl complexes

The bonding in the nickel complex previously reported 2 can be
readily described in terms of each sulfur acting as a bridging
RS2 ligand, i.e. as a one-electron σ donor to the first metal, and a
two-electron (lone-pair) donor to the second [the dithiadiazolyl

Fig. 4 The Pd3S4P2 core in the structure of complex 3, emphasising the
chair conformation of the Pd2S4 ring which encapsulates a Pd atom
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radical acts as a six-electron donor (A) dianion with two (cp)-
Ni+ fragments]. In the radical complex 1 only the sulfur, one-
electron σ-donor electrons are used, i.e. the dithiadiazolyl rad-
ical chelates as a two-electron donor dianion (B) to one Pt2+ ion.
This bonding mode is similar to that observed in A, except that
the lone pairs are not involved in co-ordination in this mono-
metallic complex. In the trimetallic complexes 2 and 3 the lig-
ands are no longer radicals, and each heterocyclic ligand is a
five-electron donor (C). This can be thought to arise through
the formation of a N]]S double bond from the unpaired
electron and one of the six possible donor electrons (used
in the bonding in [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}]).* Using

Fig. 5 Frontier molecular orbitals of [Pt3{µ-SNC(H)NS-S,S9}2(PH3)4]

* If one of the possible donor electrons is not back-donated into the
heterocyclic framework, then the complex would have unpaired elec-
trons on the sulfur–nitrogen ligand rendering the complex
paramagnetic.

this bonding approach, all three complexes (1–3) possess
16e2 configurations, consistent with their square-planar
geometries.

The net 16e2/16e2/16e2 M3 system and the potential for
metal–metal orbital overlap (see below) between the three metal
atoms would thus appear to rationalise the remarkable stability
of the complex and may thus explain the absence of any poly-
meric materials [commonly formed as by-products in the reac-

tion of (PhCNSSN)2 with metal carbonyls 30]. Both structures 2
and 3 are similar to linear trimetallic complexes of Pt and Pd
with bridging sulfur-donor atoms (C6F5S

2).31 However, in order
to probe the complex bonding in 2 and 3 we also carried out
EHMO calculations.

EHMO calculations on complex 2

The EHMO calculations on the parent analogue of complex
2, viz. [Pt3{µ-SNC(H)NS-S,S9}2(PH3)4] were carried out using
the CACAO program.26 The frontier molecular orbitals are
illustrated in Fig. 5 and indicate extensive delocalisation over
the whole of the core structure. In the following discussion
the metal orbitals are described in terms of their own internal
geometries in which the z axis is perpendicular to the square
plane and the x and y axes point between the ligands, with y
in the general direction of the metal–metal vector. The struc-
tures of both 2 and 3 are similar to that reported for the
nickel complex 24 [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}] in that the
dithiadiazolyl ring takes up a bridging mode between two
metals. However, their physical properties, in comparison to
the nickel complex, are markedly different; the nickel complex
is paramagnetic whereas both 2 and 3 are diamagnetic. These
physical differences can be rationalised through their
bonding.

The LUMO of [Pt3{µ-SNC(H)NS-S,S9}2(PH3)4] is formed by

interaction of the HCNSSN? SOMO with d orbitals on the
metal atoms and is similar to that of the previously reported 4

nickel complex [Ni2(cp)2{µ-SNC(Ph)NS-S,S9}]. In the latter

case, the unpaired electron on the HCNSSN ring is transferred
to a SOMO based on the Ni, S, C framework. In the case of 2
and 3 the two unpaired electrons (each derived from one of the
SOMOs of the bridging dithiadiazolyl radicals) are combined
to give a fully occupied molecular orbital (HOMO). Thus,
although the nickel complex is paramagnetic, the platinum and
palladium complexes are diamagnetic. The second highest
occupied molecular orbital (HOMO21) is analogous to the
HFOMO of the nickel complex and is composed of π-based
orbitals (antibonding with respect to S]S) on the dithiadiazolyl
ligands; the central Pt atom is nodal with small contributions
from the terminal Pt atoms.

Physical properties of complexes 2 and 3

Neither complex was found to be ESR active, in agreement with
both the valence-bond and MO pictures already described. This
was confirmed by Faraday-balance measurements which
showed both 2 and 3 to be diamagnetic. Consequently, and
in contrast to 1, both have well resolved NMR spectra. The 1H
NMR spectra consist of aromatic proton multiplets at δ 7.51–
7.00 and 7.34–6.94 respectively. The 31P NMR spectra exhibit
singlets, with platinum hyperfine satellites in the case of 2,
although a much weaker resonance [δ 15.4, JPt]P = 3552 Hz] is
invariably observed in samples of 2. The latter is attributed to a
decomposition product of 2. Its intensity increases over a
period of time (days), and this is accompanied by a decrease in
intensity of the initial resonance, a colour change from orange
to yellow, and a simultaneous increase in the concentration of
PPh3, Ph3PO and Ph3PS. Samples of 3 show no such signs of
decomposition. We are presently studying the redox behaviour
of monometallic complexes analogous to 1 and the decom-
position products derived from 2.
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Biological studies on complexes 1 and 2

Since the discovery of the anticancer properties of cisplatin,
square-planar platinum() complexes have been extensively
studied as potential anticancer agents.5 The radical 1 contains a
square-planar co-ordination environment about Pt and in add-
ition also contains a free radical in close proximity to the active
metal site. The close proximity of a potentially biologically
active free radical to a square-planar platinum suggested that 1
may exhibit enhanced activity compared with cisplatin. In con-
trast, although 2 and 3 both contain square-planar metal
environments, the unpaired electrons on the heterocyclic rings
have become involved in bonding, and render these complexes
diamagnetic.

Complexes 1 and 2 were initially tested against two human
tumour cell lines (SW620 and SK-OV-3) with different sensitiv-
ities to cisplatin; the results are shown in Table 2. The values for
the parent anticancer drug cisplatin are also shown for com-
parison. The results show that the monometallic complex, 1, is
significantly more potent than cisplatin against the SW620
colon cell line, but has a similar potency to cisplatin for the SK-
OV-3 ovarian cell line. In contrast, the trimetallic complex 2 is
markedly less potent than 1 and does not exhibit differential
cytotoxicity towards either cell line.

Complex 1 was further tested in a disease-oriented screen
consisting of a panel of human ovarian tumour cell lines and
the results* are shown in Table 2. The cisR samples are cultures
which have previously been exposed to cisplatin and have thus
gained a degree of resistance. The resistance factor (R.F.) gives
a measure of how active a complex is against a resistant strain
of a culture as compared with the non-resistant strain. It is
evident that 1 is more potent than cisplatin against almost all
the cell strains tested. This is almost certainly mainly due to the
presence of the free radical on the complex (although the pres-
ence of toxic MeCN in the lattice may also be a factor).
Although these results might be deemed to be encouraging,
closer examination finds that 1 exhibits very poor selectivity, i.e.
it is very toxic towards all cell cultures. In addition, although 1
is remarkably stable to water it is also very insoluble in aqueous
systems (e.g. the human body). Consequently, no further testing
was carried out on it. However, we might expect that both the
toxicities and solubilities of other derivatives may be modified
through changes in both the heterocyclic radical and phosphine
functional groups. Nevertheless, 1 and its derivatives should be
treated with considerable care.

Table 2 Cytotoxicity of compounds 1 and 2 against two human
tumour cell lines and further biological test results for 1 against a series
of ovarian tumour cell lines. Results are reported as IC50 values vs. cell
culture

Cell culture 1 2 cisplatin

SW620
SK-OV-3

6.3
26

125
110

120
15

A2780
A2780cisR
A2780 RF
CHl
CHlcisR
CHl RF
41M
41M cisR
41M RF
HX62

0.5
0.35
0.7
0.43
0.43
1
0.66
0.7
1.1
1.05

8.90
29.0
3.3
0.082
0.33
4.0
0.22
1.05
4.7
2.80

RF = Resistance factor =  IC50 of  resistant (cisR) line divided by IC50

of sensitive line.

* The parameter employed, IC50, is the concentration of compound
(mg cm23) required to give a 50% decrease in cell proliferation of a
culture.

Conclusion

Oxidation of zerovalent platinum and palladium phosphine

complexes with (PhCNSSN)2 occurs in high yield, forming both
mono- and tri-metallic complexes in the case of platinum and a
trimetallic complex in the case of palladium. The properties of
these materials both in solution and the solid state have been
examined using both physical and theoretical techniques. New

bonding modes of the PhCNSSN ligand have been established,
in which it can act as a chelating two- or bridging five-electron
donor, highlighting the unusual nature of this ring system. We
have shown that the monometallic complex 1 decomposes to
give trimetallic 2 and NMR studies on 2 indicate that this
slowly undergoes further decomposition. Biological tests on the
monometallic complex indicate it to be extremely toxic, and it
should be handled with considerable care.
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