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A Novel Route to Multinuclear d® Metal—Chalcogen Compounds with
Nuclearity Control
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We have designed a new synthetic procedure to obtain multi-
nuclear aggregates containing a {Pt,S,}, core. The synthetic
strategy involves the reaction of [(dppp)Pt(n-S),Pt(dppp)]
with [PtCL,(PhCN),] and thus the expansion of the {Pt,S,}
ring to a [{Pt,S,}PtCl,] fragment. The lability of the chloride
anions allows their replacement by bridging sulfide ligands,

thus affording a new [{Pt,(p3-S)2}{Pta(1-S)2H{Pta(13-S),}] core.
Its subsequent evolution to [{Pt,S,}3PtCl,] lays the foundation
for a new cycle.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Preparation of novel structures in good yields by system-
atic approaches is relevant in transition-metal sulfide chem-
istry in view of the current interest and economic import-
ance of these compounds in industrial uses.['l Although no-
vel approaches to the synthesis of high nuclearity platinum
complexes have been reported recently,?! the chemistry of
noble-metal —sulfido clusters has been neglected compared
with that of aggregates containing the first transition series
metals and molybdenum.®! Here we report a novel syn-
thetic route based on the behavior of [L,Pt(u-S),PtL,] com-
pounds as metalloligands, which leads to multinuclear ag-
gregates containing a {Pt,S,}, core. The synthetic strategy
allows control of the nuclearity of the cluster and can be
extended to other metals with square-planar coordination.

The outstanding nucleophilicity of the sulfur atoms in the
{Pt,S,} core accounts for the significant number of known
homo- and heterometallic derivatives of [L,Pt(u-S),PtL,]
(L = phosphane) identified to date,* as well as for its reac-
tion with organic electrophiles® and protons.®) On the
basis of the ability of [L,Pt(u-S),PtL,] to act as a ligand to
metal centers, we now address the use of these compounds
for building up multinuclear aggregates containing a
{Pt,S,}, core. The synthetic strategy involves first expan-
sion of the {Pt,S,} rings to [{Pt,S,}PtL’,] fragments con-
taining labile terminal L’ ligands, which are then replaced
by bridging sulfide ligands. As a result, the PtL’, fragment
evolves to a {Pt,S,} linking unit between two {Pt,S,} rings,
thus affording a new [{Pt,S,},{Pt,S,}] core. Its subsequent
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evolution to [{Pt,S,}3PtL’,] lays the foundation for a new
cycle. In this work we present the synthesis and characteriz-
ation of three complexes derived from [Pt,(u-S),(dppp)-] (1;
Scheme 1) and provide evidence for the lability of chloride
ligands in the [{Pt,S,} PtCl,] fragment.

Results and Discussion

The reaction of equimolar quantities of [Pty(p-
S)>(dppp),] (1) and [PtCl,(PhCN),] gave the compound
[{Pt2(13-S)>(dppp).} PtCl,] (2) in good yield. The X-ray
crystal structure of this complex consists of discrete trinu-
clear species and solvent molecules. Although the latter
show disorder, the structure of the complex (Figure 1) has
been unequivocally determined. Thus, the central Pt;S, unit
consists of a nonequilateral triangle of platinum atoms
capped above and below by two sulfur atoms, thus forming
a trigonal bipyramid. Each platinum atom has approximate
square-planar coordination. Significantly, among the wide
family of derivatives obtained from [L,Pt(u-S),PtL,] metal-
loligands (L = phosphane) no previous example of the
P,CI,Pt;S, core observed in 2 has been observed by X-ray
diffraction. Thus, in the absence of X-ray data, three differ-
ent alternatives have been proposed as a result of synthetic
strategies similar to that followed for the synthesis of 2
(reaction R1). These are: formation of a mixture of
hexanuclear  [{Pty(3-S):[P(tolyl)s]4} Ma(p-Cl)> {Pta(13-S)o-
[P(tolyl);]4} >+ and trinuclear [{Pt,(u3-S),[P(tolyl)s]s} MCl,]
(M = Pd, Pt) species,I’! or formation of only a hexanuclear
[{Pta(13-S)2(PPh3),} Pd(11-Cl)2 {Pty(113-S)o(PPh3) 4} 2,11 or
a trinuclear [{Pt,(3-S),(PPh3),}PtCL,]®! complex. The
SIP{'H} NMR spectrum of 2 in CDCl; shows only one
signal centered at 0 = —8.08 ppm with 'Jp p = 2978 Hz,
thus indicating that the 3!P nuclei are equivalent in solution,
in agreement with the solid-state structure.
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Scheme 1

The lability of the chloro ligands in 2 becomes apparent have been identified: [{Pt,(us3-S).(dppp).}PtCI]" (m/z =
in the characterization of this compound by ESI-MS. Thus, 1509.5), [{Pt>(13-S)>(dppp)-} PtCI(CH;CN)|*  (m/z =
depending on the recording conditions and on the solvent  1550.8), [{Pt,(u13-S)-(dppp),} P(CH;CN), >+ (m/z = 778.2),
used to obtain mass data, the following cationic species or [{Pt>(13-S)>(dppp)>} PtCI(CH;OH)]" (m/z = 1541.6).
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Figure 1. Molecular structure of 2 with the key atoms labeled and
50% probability ellipsoids; H atoms, phenyl rings and CH,Cl, sol-
vent molecules have been omitted; selected structural parameters
[A, °]: Pt—C12.330(7), Pt(1)—S 2.381(7), Pt(2)—S 2.357(6), Pt(3)—S
2.287(6), Pt(1)—P(1) 2.237(7), Pt(2)—P(2) 2.256(7), Pt(1)--Pt(2)
3.124(2), Pt(1)-Pt(3) 2.942(2), Pt(2)--Pt(3) 3.277(2), S-S 2.981;
CI-Pt(3)—Cl 91.1(4), P—Pt(1)—P 93.6(4), P—Pt(2)—P 93.1(3),
S—Pt(1)—S 77.5(3), S—Pt(2)—S 78.5(3), S—Pt(3)—S 81.4(3); di-
hedral (hinge) angles between PtS, planes: Pt(1)/Pt(2) 116.0, Pt(1)/
Pt(3) 110.1, Pt(2)/Pt(3) 134.0

For the three species a good match between experimental
and theoretical isotope distribution has been observed, the
above m/z values corresponding to the major intensity peak.
Additional evidence for this lability is provided by the fact
that a solution of 2 in DMSO yields the unprecedented
complex [{Pt,(13-S)>(dppp),} PtCl(dmso)]Cl (3), whose syn-
thesis and characterization is reported here. Moreover, the
addition of a stoichiometric amount of dppp to 2 affords
complex [Pt3(p3-S)»(dppp):]Cl, (4), already obtained from
a different synthetic procedure.[®3]

On the basis of its ability to exchange the chloride ions,
the synthesis of [{Pta(13-S)2(dppp)af2{Pta(p-S)o}] (5) was
carried out by treating complex 2 with a stoichiometric
amount of Na,S‘9H,0. The 3'P{'"H}! NMR spectrum of 5
in [Dg]DMSO shows a broad signal centered at 0 =
—7.9 ppm with a 'Jpp value of ca. 3000 Hz, and the '*>Pt
NMR spectrum in the same solvent consists of two signals,
one singlet at 6 = —3524 ppm (PtS4) and one triplet cen-
tered at & = —4425 ppm (S,PtP,) with 'Jpp = 3002 Hz.
Further evidence for the hexanuclear nature of 5 was pro-
vided by the MALDI-TOF mass spectrum, which shows a
complex isotope-pattern distribution with a major peak at
m/z = 3013.5. As shown in Figure 2, both features are con-
sistent with the molecular mass of the cation [{Pt,(u3-
S)2(dppp)} Pt(u-S)(n-SH)Pt{Pts(n3-S)>(dppp)2}]*, and thus
with the nature of complex 5.

Comparison of the nucleophilicity of the {Pt,S,} core in
complexes 5 and 1 was established by determination of their
basic character. Thus, titration of 1 and 5 with HCl was
monitored by >'P{'H} NMR spectroscopy. The addition of
a stoichiometric amount of HCI to 5 leads to 2 quantitat-
ively, while formation of [PtCl,(dppp)] from 1 requires a
significant excess of HCL®¥ Additional evidence for the
greater basicity of the {Pt,S,} core in 5 than in 1 comes
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Figure 2. MALDI-TOF spectrum of 5 showing the major intensity
peak at m/z = 3013.5 corresponding to [5 + H]*; experimental (a)
and simulated (b) isotope-distribution patterns are included; the
peak at m/z = 2980 corresponds to [ — S]*

from the ability of the former to displace the {PtCl,} frag-
ment from 2 to afford 1 and [{Pt>(i3-S)-(dppp)>}Pto(us-
S),PtCl, {Pt,(13-S)-(dppp)»}] (6), as indicated in Scheme 1.
An alternative way to obtain 6 is by treating 5 with a stoi-
chiometric amount of [PtCl,(PhCN),].

Complex 6 was characterized by mass spectrometry and
NMR spectroscopy. The MALDI-TOF spectrum has a
major signal at m/z = 1640.2, which can be assigned to the
[6 + 2 H** cation (for the major peak, theoretical m/z =
1640). Comparison of the experimental and theoretical iso-
tope-distribution patterns is given in Figure 3. 3'P{'H}
NMR measurements of 6 in [Dg]DMSO show a broad sig-
nal centered at 6 = —9.3 ppm with 'Jpp of about 3000 Hz.
The broadness of this signal, which does not allow us to
distinguish the nonequivalence of the phosphorus nuclei,
can be attributed to the high number of possible couplings
between magnetically active platinum and phosphorus nu-
clei in 6. The '”Pt NMR spectrum consists of two singlets
(0 = —3519, —3418 ppm) corresponding to the platinum
nuclei in the PtS, and PtCl,S, fragments, respectively, and
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Figure 3. MALDI-TOF spectrum of 6 showing the major intensity
peak at m/z = 1640.3 corresponding to [6 + 2 H]*"; experimental
(a) and simulated (b) isotope-distribution patterns are included
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two triplets — 6 = —4403 ppm ('Jp.p = 2997 Hz) and § =
—4420 ppm ('Jpp = 2970 Hz) — which can be assigned to
the two different platinum nuclei present as S,PtP, in 6.

The thermodynamic feasibility of the reactions given in
Scheme 1 has been corroborated by means of density func-
tional calculations performed for complexes 1, 2, 5 and 6,
where dppp is modeled by two PHj; ligands. The calculated
reaction energies are given in Table 1. Geometry optimi-
zation of 1t, 2t, 5t and 6t affords their structural data, that
of 2t being in good agreement with the crystallographically
determined data for 2. As regards the HOMO orbitals of
1t and 5t, they essentially consist of an antibonding combi-
nation of p, orbitals of the sulfur atoms pointing outwards
from the hinged {Pt,S,} ring, thus accounting for the ob-
served coordinating ability of the sulfur atoms. Interest-
ingly, the energy level of the HOMO for 5t (—2.46¢V) is
1.95 eV higher than for 1t (—4.41 eV), which is in agree-
ment with the greater basicity found experimentally for the
{Pt,S,} core in 5 than in 1.

Table 1. B3LYP reaction energies in the gas phase

Reaction R1 R3 R4 RS
Energy [kcal/mol] -8.3 —41.2 —49.7 —40.4

Conclusion

In this work, we have provided a new insight into the
chemistry of [L,Pt(u-S),PtL,] compounds that goes beyond
their usual behavior as metalloligands towards a wide range
of transition metals. The synthetic route used demonstrates
that the nucleophilicity of the {Pt,S,} core can be driven to
build nuclearity-controlled multinuclear aggregates contain-
ing a {Pt,S,}, core. This strategy requires replacement of
the terminal X ligands in [{Pt,S,},PtX,] fragments. For
X = (I, this has been achieved by reaction with sodium sul-
fide.

Characterization of the high nuclearity complexes here
obtained has required several spectroscopic techniques,
among which MALDI-TOF mass spectrometry has proved
very valuable despite its scarce use in coordination chemis-
try studies.

Finally, on the basis of these results it can be concluded
that a similar reaction scheme should be suitable for ob-
taining macromolecular complexes containing a {M,(u-
S),},, core provided M has a preference for square-planar
coordination environments.

Experimental Section

General Remarks: All reactions were carried out under pure dini-
trogen, and conventionally dried and degassed solvents were used
throughout. Complex [PtCly(dppp)] was prepared according to
published methods.' The synthesis of [(dppp)Pt(u-S),Pt(dppp)]
has already been reported.’! 'H, BC{'H} 3'P{'H} and '>Pt{'H}

3226 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NMR spectra were recorded from samples in (CD3),SO solution
at room temperature, using a Bruker 250 spectrometer. 'H and '3C
chemical shifts are relative to SiMey, >'P chemical shifts to external
85% H;3PO,4 and '°>Pt chemical shifts to external H,PtClg. The ESI-
MS measurements were performed with a VG Quattro Micromass
Instrument. Experimental conditions are given elsewhere.)
MALDI mass spectra were obtained with a Voyager DE-RP (Per-
Septive Biosystems, Framighan) time-of-flight (TOF) mass spec-
trometer equipped with a nitrogen laser (337 nm, 3 ns pulse). The
accelerating voltage in the ion source was 20 kV. Data were ac-
quired in the reflector mode operation with a delay time of 60 ns.
Experiments were performed using the matrix 2,5-dihydroxyben-
zoic acid (DHB; Aldrich). Matrix solutions were prepared by dis-
solving 10 mg of DHB in 10 mL of CH3CN/H,0 50% (v/v). Equal
volumes (1 pL. + 1 pL) of matrix solution and diluted samples
(1072 m in CH;CN) were mixed and spotted onto the stainless-steel
sample plate. The mixture was dried in air before being introduced
into the mass spectrometer. Microanalytical data have been omitted
because those referring to the carbon content were unsatisfactory,
as already reported in some related (phosphane)platinum com-
plexes.[S][ﬁ"‘][(’b]

Synthesis of [{Pt,(n3-S),(dppp),} PtCly] (2): The reaction of equimo-
lar quantities of [Pty(n-S)>(dppp).] (1; 500 mg, 0.39 mmol) and
[PtCly(PhCN),] (184 mg, 0.39 mmol) in benzene (80 mL) at room
temperature for 6 h gave [{Pt,(13-S)-(dppp),}PtCl,] (2) as an or-
ange solid, which was filtered off and washed with diethyl ether
(532 mg, yield 82%). Slow evaporation of the solvent from a solu-
tion of 2 in CH,Cl, afforded yellow X-ray-quality crystals. 3'P{'H}
NMR (CDCls): 6 = —8.1 ppm (1Jp.p = 2978 Hz). ESI-MS: m/z =
1509.5 M — CI]*.

Synthesis of [{Pt;(13-S),(dppp).}PtCl(dmso)]Cl (3): Complex 2
(300 mg, 0.19 mmol) was dissolved in the minimum amount of
DMSO (1 mL). Addition of diethyl ether caused precipitation of
complex 3 as a yellowish solid, which was filtered off and washed
with diethyl ether (206 mg, yield 67%). 3'P{'H} NMR (CDCl;):
oa = —T.1ppm (Mpp, = 3022Hz); o5 = —7.8 ppm (“Jpp, =
3051 Hz). '"H NMR (CDCl;): 6 = 2.85 ppm (coordinated dmso).
13C NMR (CDCls): 6 = 44.4 ppm (coordinated dmso). ESI-MS:
mlz = 1587.7 [M]*.

Synthesis of [{Pty(113-S)x(dppp)2}Pt2(1-S)2{Ptx(13-S)2(dppp)2}] (5):
A suspension of complex 2 (400 mg, 0.25 mmol) in methanol (50
mL) was allowed to react with a stoichiometric amount of
Na,S-9H,0 (61 mg, 0.25 mmol) at room temperature for 1 h. Con-
centration of the filtered orange solution thus obtained, followed
by addition of diethyl ether, allowed isolation and characterization
of the title compound (229 mg, yield 61%). 3'P{'H} NMR
([Dg]DMSO): § = —7.9ppm. Pt NMR ([D¢]DMSO): 6 =
—3524, —4425 ppm (1Jp,p = 3000 Hz). MALDI: m/z = 3013.5 [M
+ H]*.

Synthesis ~ of  [{Pty(n3-S)2(dppp)2} Pty (13-S), PtCL{Pty(n3-S),-
(dppp)2}] (6): A solution of 5 (200 mg, 0.07 mmol) in acetonitrile
(50 mL) containing a stoichiometric amount of [PtCl,(PhCN),]
(32 mg, 0.07 mmol) was left to react at room temperature for 3 h.
The red solution was filtered and the resulting filtrate concentrated.
The title compound was isolated after addition of diethyl ether
(123 mg, yield 54%). *'P{'H} NMR ([D¢]DMSO): 6 = —9.3 ppm.
195pt NMR ([D]DMSO): 6 = —3519, —3418, —4403 ppm (1Jp.p =
2997 Hz), —4420 ('Jpp = 2970 Hz) ppm; MALDIL: m/z = 1640.2
[M + 2 HP*.
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X-ray Crystallographic Study of Complex 2:
Cs4H5,CL,P4Pt5S,-6CH,Cl,, M = 2054.7, orthorhombic, Pnma,
a = 19.982(3), b = 18.607(2), ¢ = 19.372(2) A, V = 7202.5(16) A3,
Z =4, T=160K, R = 0.091. The molecule lies in a crystallo-
graphic mirror plane, as do some of the chloroform solvent
molecules, while others are in general positions. High displacement
parameters suggest possible disorder of the solvent molecules, but
this could be resolved only for one, in which one chlorine atom
occupies alternative sites on either side of a mirror plane while the
carbon atom and the other chlorine atom are in the plane. Re-
straints on geometry and displacement parameters were used to aid
the refinement. The crystallographic analysis was further compli-
cated by the probable occurrence of multiple twinning by exchange
among the unit cell axes, all three of which are similar in length;
this was indicated by an analysis of the agreement of observed and
calculated intensities, but it was not possible to find a simple
model for the twinning. This leads to the relatively high R factor.
CCDC-221226 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) + 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Computational Details: Gas-phase DFT calculations with the
B3LYP functional were carried out using the Gaussian 98 suite of
programs.'!l Effective core potentials and their related double-{
basis set known as LANL2DZ were used for Pt, P, Cl and S atoms,
supplemented with polarization functions for P, Cl and S atoms.
The 6-31G basis set was used for H, C and N atoms with the ad-
dition of polarization functions for the N atom. A thermodynamic
consideration for the R2 reaction requires taking into account the
solvent effects. However, PCM calculation for compound 5 was
hindered by the size of the system and thus the reaction energy for
R2 could not be obtained.
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