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Heterometallic platinum complexes cover a huge field, as shown by a recent survey covering
the crystallographic and structural data of almost 1500 examples. About 5% of those
complexes exists as isomers and are summarized in this review; except one cis-trans example, the
remainder are distortion isomers. These are discussed in terms of the coordination about the
platinum atom, and correlations are drawn between donor atom, bond lengths and interbond
angles, with attention to trans effect and metal-metal bonds. Distortion isomers, differing only
by degree of distortion in Pt–L and Pt–M distances and L–M–L bond angles, spread over a
wide range of oxidation states of platinum: zero, þ1, þ2 (most common) and þ4. The mean
Pt–Pt bond distance elongate with increase in oxidation state of platinum: 2.705 Å
(Pt(0)–Pt(0))5 2.720 Å (Pt(I)–Pt(I))5 2.773 Å (Pt(II)–Pt(II)). The shortest mean Pt–M bond

distances are: Pt(0)–Ga¼ 2.37 Å; Pt(I)¼Au 2.697 Å, Pt(II)–Fe¼ 2.625 Å and Pt(IV)–Sn,

2.580 Å.

Keywords: Stereochemistry; Isomers; Heterometallic; Platinum

1. Introduction

In chemistry, sustainability deals with how syntheses can be performed safely with

minimum input of energy and other resources and at the same time reducing waste and

byproducts. Stereoselectivity in coordination compounds is often related to important

stereospecificity of biological systems, catalysis and stereochemical effects in technical

processes. Preparative chemists must be aware of the diversity of isomers which may

be produced. Isomerism can be broadly classed into structural and stereoisomers.

The former can be divided into ionization, hydrate, coordination, linkage and

polymerization sub-categories. The latter can be divided into geometric (cis-trans,

fac-mer), optical, ligand and distortion isomerism.
Platinum exists in oxidation states from zero to þ6, including non-integral Pt(2.87),

Pt(3.25) and Pt(3.5); þ2 and þ4 are the most common. Platinum coordination

chemistry has been surveyed [1] with over 200 isomeric examples noted. These isomers
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were analyzed and classified [2]. There are four types of isomerism, including distortion
(65%) cis-trans (30%), mixed isomers (cis-trans þ distortion) and ligand isomerism.

The heterometallic platinum clusters also cover a huge field, as shown by a recent
survey covering the crystallographic and structural data of almost 1500 examples [3].
About 5% of these clusters exist as isomers and are summarized in this review.
These examples are classified to show that stereoisomers are more common than
structural isomers, and surprisingly, that except for one example, all are distortion
isomers.

The aim of this presentation is to discuss the factors which could lead to a better
understanding of stereochemical interaction within the coordination sphere of
heterometallic platinum clusters, bond lengths, as well as metal-metal bond and
interbond angles, with attention to trans effect.

2. Distortion isomerism

The coexistence of two or more species differing only by degree of distortion of M–L
bond distances and L–M–L bond angles is typical of the general class of distortion
isomers [4]. There are over 80 such examples in the chemistry of heterometallic platinum
compounds, which can be divided into several subgroups.

2.1. Pairs of isomeric forms

There are two pairs of heterotrinuclear [5, 6], four pairs of heterotetranuclear [7–10] and
one pair of heterohexanuclear [11,12] clusters; their crystallographic and structural data
are gathered in table 1. Orange [(PPh3)4Pt2(m3-S)2Ag(PPh3)]PF6, orthorhombic and
triclinic [5] have similar structures, both show a sulfide-bicapped [AgPt2] triangle, but
some of their bonding parameters, especially the M � � �M separation, are significantly
different (table 1). The two Pt–Ag distances are essentially identical in orthorhombic
isomer (3.061(1) versus 3.066(1) Å) but significantly different in triclinic isomer (2.962(1)
versus 3.240(1) Å). The Pt � � �Pt separations are 3.351(2) and 3.375(2) Å, respectively.
The coordination about each Ag(I) atom has Y-shaped AgS2P. Each Pt(II) is square
planar (PtS2P2).

Both isomeric forms, yellow and orange of another trimer [{(Br)(dmso)Pt}2
(m-dmat)2Fe] [6] belong to the homo-monoclinic crystal class. Their structures are
shown in figure 1. In each trimer two {Pt(dmso)Br}fragments are bridged by the
ferrocenylamine ligand. Each has Pt(II) in distorted square-planar environments
(PtCNSBr). In the yellow isomer (figure 1a) the Fe of the ferrocenylamine ligand is
situated on a crystallographic center of symmetry, in such a way that the Pt atoms are
located at opposite sides of the staggered ferrocene ring. In the orange isomer an
approximately eclipsed coordination is observed.

Four pairs of isomers are tetranuclear. In one [7] both crystal classes are homo-
monoclinic. The remaining examples differ from each other not only by degree of
distortion but also by crystal class. In three of these, one isomer is monoclinic and the

3022 M. Melnik et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



T
a
b
le

1
.

C
ry
st
a
ll
o
g
ra
p
h
ic

a
n
d
st
ru
ct
u
ra
l
d
a
ta

fo
r
h
et
er
o
m
et
a
ll
ic

p
la
ti
n
u
m

co
m
p
o
u
n
d
s
–
p
a
ir
s
o
f
d
is
to
rt
io
n
is
o
m
er
s.
a

C
ry
st
.c
l.

a
[Å
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[Å

]
�
[�
]

C
h
ro
m
o
-

M
–
L

M
–
M

[Å
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Figure 1. (a) Structure of [{(Br)(dmso)Pt}2(m-dmat)2Fe] yellow isomer [6]; (b) Structure of [{(Br)(dmso)Pt}2
(m-dmat)2Fe] orange isomer [6].
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other is triclinic [8–10]. In addition, a monoclinic example [10] contains two
crystallographically independent molecules within the same crystal.

The four metals (Pt2W2) in [(PEt3)2Pt2 m3-CO)(m-CO)2W2(CO)6cp2] [7]
form a parallelogram with the center of symmetry in the middle of the Pt–Pt
bond (2.662(1) and 2.675(3) Å). Each PEt3 is bonded to a Pt (trans). Each cp
ligand is Z2-bonded to W and the CO ligands of each W(CO)3 tripod occupy
asymmetric bridging positions, with two m-CO ligands between W and Pt or Pt0,
respectively, and one m3-CO between W, Pt and Pt0. The Pt–Pt and mean Pt–W
bond distances are 2.662(1) and 2.805(1) Å (molecule 1) and 2.675(3) and 2.810(2) Å
(molecule 2).

There are two pairs of clusters, [{(PPh3)2Pt(m-S2C¼C}{C(O)Me}2M]2þ cations
M¼Ag (monoclinic and triclinic) [8], Au (monoclinic and triclinic) [9] and all exhibit
a crystallographic inversion symmetry. Each 1,1-ethylenedithiolate serves as bridge
building a distorted eight-membered central ring {–Pt–S–M–S–}2. Each Pt(II) has
a square-planar arrangement (PtS2P2) with different degree of distortion. Each M(I)
atom is in a distorted linear environment (MS2).

Crystal structures of (Pcy3)(CO)PtOs3(m-H)(m-CH2)(CO)9 isomers (yellow-orange
and red) [10] are shown in figure 2. Both species have a closo distorted tetrahedral
geometry for the metal atoms, with the methylene group bridging an Os–Os
edge cisoid to the Pcy3 ligand on the platinum in the orange-yellow isomer
(figure 2a) and transoid to the phosphine group in the red isomer (figure 2b).
The mean Pt–Pt and Pt0–Os bond distances are 2.790 and 2.907 Å (orange-yellow
isomer), 2.837 and 2.880 Å (red isomer, molecule 1) and 2.828 and 2.885 Å
(red isomer, molecule 2).

Purple black (CO)2Pt2Ru4(CO)16 is the only example of a hexanuclear species which
exists in two isomeric forms differing not only by degree of distortion but also by crystal
class. One isomer is monoclinic [11] and the other orthorhombic [12]. Each isomer
contains an open, but folded, array of six metal atoms. Two mutually bonded
ruthenium atoms (2.848 Å [11] and 2.854(1) Å) [12] are joined to the mutually bonded
platinum atoms (2.665 Å in both isomers), which are bonded to a second pair
of mutually bonded ruthenium atoms (2.848 Å in the former and 2.875 Å in the latter).
The mean Pt–Ru bond distances are 2.778 and 2.797 Å, respectively. The intermolecular
interactions are presumably stronger in the monoclinic isomer, as suggested by its
smaller size.

2.2. Independent molecules

2.2.1. Binuclear complexes. There are 16 heterobinuclear species containing
two crystallographically independent molecules [13–27] and one example,
Cl2Pt(totpp)2Fe [28] containing eight such molecules (table 2). The platinum oxidation
states are þ4 [13] or þ2.

In yellow [Z2-But2bpy)(Me)2(I)PtSnMe3)]2Sn(Me)3I [13] each Pt(IV) has a distorted
tetragonal bipyramidal coordination (4þ 1þ 1). The plane is built up by two N atoms
of bidentate Buþ2 bpy ligand and two Me groups. One axial position is occupied by
iodide (Pt–I, 2.881(4) Å (molecule 1) and 2.959(4) Å (molecule 2), respectively, and the
other by SnMe3 (Pt–Sn 2.547(5) and 2.567(4) Å).
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Another two yellow PtSn species [14, 15] contain a chiral chelating diphosphine
({C5H8(PPh2)2} [14], and dppe [15] and SnX3 (X¼Cl [14], I [15] ligands. Each Pt(II) is
square planar (PtP2XSn) with different degree of distortion. The Pt–Sn bond distances
of 2.562(1) and 2.572(1) Å [14] are shorter than those found in [15] (2.6113(13) and
2.6154(14) Å. The bond angles at the Pt(II) are also sensitive to the conformation of the
chirality of chelating diphosphine which links Pt atoms.

Figure 2. (a) Structure of [(Pcy3)(CO)PtOs3(m-H)(m-CH2)(CO)9] yellow-orange [10]; (b) Structure of
[(Pcy3)(CO)PtOs3(m-H)(m-CH2)(CO)9] [10] red (molecule 1 and molecule 2).
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Structure of [(NC)2Pt(m-P2 crown)Tl]
þ cation [16] consists of a planar P2Pt(CN)2 unit

that is capped by the diaza-crown portion with the Tl(1) atom sitting within TlO4N2.

The Pt–Tl bond distances in the two independent cations in the crystals are 2.911(2) and

2.958(2) Å and the mean Tl–Pt–P five membered (–Tl–Pt–C–N–) bite angles are 94.5(2)

and 94.0(2)�.
In the remaining Pt–M species, where M is a transition metal, Cu [17], Ag [18],

Ti [19], W [20], Fe [21–23, 28], Co [24], Rh [25, 27] and Ni [24, 27], Pt(II) is square-

planar with different degree of distortion in a wide variety of chromophores without

any ‘‘real’’ Pt–M bond (table 2). Their structures are complex.
Three crystal classes were found in these heterobinuclear derivatives: monoclinic

(�9), triclinic (�6) and orthorhombic (�2).
The purple [Cl2Pt(m-dpep)Cu] [17] is shown in figure 3 with the porphyrinato

core distorted from planarity to approximately S4 symmetry. The average dihedral

angle between the mean plane of adjacent pyrole rings in molecule 1 is 14.4(9)�

and 10.4� in molecule 2. In both molecules the Cu(II) is essentially in the mean

plane defined by the four pyrole nitrogens with an out of plane displacement of less

Figure 3. Structure of [Cl2Pt(m-dpep)Cu] [17].
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than 0.01 Å. The Pt(II) has a typical square-planar coordination (PtN2Cl2). A structure
feature of the binuclear PtCu complexes is the nearly perpendicular orientation of
the PtN2Cl2 and CuN4 planes. In molecule 1, the dihedral angle formed by these
two planes is 75�. The corresponding dihedral angle in molecule 2 is 83�.

2.2.2. Trinuclear complexes. Crystallographic and structural data for heterotrinuclear
compounds are gathered in table 3. There are eighteen species which contain two
crystallographically independent molecules [29–45] and (PPh3)2Pt(m3-S)2Fe2(CO)6 [41]
with four such molecules: The platinum oxidation states are zero [35, 36, 40], þ1
[29, 30, 38] and þ2 in all remaining species. There are three types of trimers, the first
Pt2M (M¼Hg [29, 30], Zn [31], Cd [31], Mn [32], Ag [33], Pd [34]); the second PtM2

(M¼Ga [35], Co [36], Ru [37], Mo [38], W [39], Fe [40–42]), and the third with PtMnM
(M ¼ Fe [43], Hg [44]) and PtFeOs [45]. There are two crystal classes, triclinic (�11) and
monoclinic (�8).

Heterotrinuclear structures are very complex. For example, in [{Z2-dppm)
(Cl)Pt}2HgCl2] � 0.5CH2Cl2 [29] two nearly identical molecules in the asymmetric
unit have ‘‘A-frame’’ structures with HgCl2 at the apex bridging the two Pt(I) atoms.
The Pt–Pt and mean Pt–Hg bond distances are 2.7119(8) and 2.712 Å (molecule 1) and
2.7361(9) and 2.704 Å (molecule 2).

In another yellow complex [(NC)2(m-Z
2-dppm)2(m-I)Pt2HgI] [30] each molecule

consists of a doubly-bridged ‘‘A-frame’’ with {HgI}þ and I� fragments at the bridging
sites. The Pt–Pt and mean Pt–Hg bond distances (2.819(2) and 2.713 Å (molecule 1)
and 2.823(2) and 2.715 Å (molecule 2)) are somewhat longer than those previously
reported [29].

Two yellow [(PPh3)4Pt2(m-S)2M(Z2-bpy)Cl]PF6 [31] (M¼Zn or Cd) complexes
are isostructural. In each complex cation a sulfide bicaps the heterometallic
{Pt2M} triangle with phosphines on Pt(II) and the other ligands on M(II).
Each Pt(II) is square planar (PtS2P2) and each M(II) is trigonal bipyramidal
(MN2S2Cl).

In a pale yellow {Pt2Mn} complex [32] the Pt(II) atoms are linked to the central
Mn(II) atom through four NHCOBuþ ligands (syn-syn arrangement) and also
by Pt–Mn interactions. The coordination sphere of the Pt(II) is completed by two
NH3 and two amidate ligands in cis position to each other (PtN4). The central
Mn(II) is coordinated by four oxygen atoms of the four amidate ligands.
The Pt–Mn–Pt angle in one molecule is linear (180.00�) and Mn(II) is square
planar (MnO4). The Pt–Mn–Pt angle in the other molecule is only 114.12(6)� and
Mn(II) is tetrahedral (table 3).

In [{C6F5)3Pt(m-tht)}2Ag]� [33] each {Pt(C6F5)3(m-tht)} fragment is connected to the
Ag(I) center through Pt–Ag and (tht)mS–Ag bonds. The mean Pt–Ag bond distances are
2.783(1) Å (molecule 1) and 2.862(1) Å (molecule 2).

In cis-[(NH3)2Pt(meu)2Pd(meu)2Pt(NH3)2]
2þ cations [34] the Pt(II)’s are linked to the

central Pd(II) through 1-methyluracylate ligands and also by Pt–Pd interactions.
The Pt(II) coordination in both molecules is through N3 of the meu ligand and Pd(II)
coordination through the exocyclic O4. The mean Pt–Pd bond distances are 2.837(1)
and 2.839(1) Å, respectively.

In a yellow {PtGa2} complex [35] the three metal atoms form a ‘‘V-shape’’ with Pt(0)
between two Ga(0) atoms with mean Pt–Ga bond distances of 2.361(2) Å (molecule 1)
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and 2.376(2) Å (molecule 2) and Ga–Pt–Ga bond angles of 97.07 and 96.21(7)�,
respectively.

In a red brown complex [36] PtCo2 forms a triangle with mean Pt–Co and Co–Co
bond distances of 2.520(2) and 2.531(2) Å. Unfortunately only for one molecule are
data available.

Dark green {PtFeMn} [43] possesses a trimetallic chain core with Pt–Fe bond
distances of 2.617(3) Å (molecule 1) and 2.632(21) Å (molecule 2). The Pt � � �Mn
separations are 3.512(3) and 3.718(21) Å, respectively, and Fe–Mn bond distances of
2.676(3) and 2.692(3) Å are supported by m3-C¼CHPh.

Yellow (PtHgMn) derivative [44] also contains a trimetallic chain with Pt–Hg and
Hg–Mn bond distances of 2.590(2) and 2.618(4) Å (molecule 1) and 2.605(2) and
2.647(5) Å (molecule 2).

Red (PPh3)2Pt(m3-S)2Fe2(CO)6 [46] contains four crystallographically independent
molecules; the structure of one is shown in figure 4. While Pt � � �Fe separations are over
3.3 Å and evidently nonbonding, the Fe–Fe bonds are 2.484(7), 2.494(7), 2.499(8) and
2.506(8) Å.

In the series of derivatives (table 3) the inner coordination spheres about Pt(0) are
PtP2Ga2 [35], PtCPCo2 [34] and PtP4Hg [45]; the Pt(I) atoms: PtP2XHg (X¼Cl [29],
I[30] and PtP4 [38]. The Pt(II) atoms with a square-planar environment have a vide
variety of donor atoms.

2.2.3. Tetranuclear clusters. There are seven tetranuclear clusters, Pt3Sn [47], Pt2Mo2
[7, 48], PtOs3 [49, 50] and PtRu3 [51, 52], which contain two crystallographically
independent molecules, and their crystallographic and structural data are given in
table 4. Four have triclinic crystal class, two monoclinic and one orthorhombic.

The Pt3Sn cluster [47] can be described as a {Pt3(m-Cl)3(C6F5)4}
3� unit with a

six-membered, puckered Pt3Cl3 ring in which the Pt(II)’s are interconnected by chloride
bridges and linked to the Sn(II) by Pt–Sn bonds. The mean Pt–Sn bond distances are
2.726 Å (molecule 1) and 2.723 Å (molecule 2). Each Pt(II) is square pyramidal with an
apical Sn atom (PtC2Cl2Sn).

Figure 4. Structure of [(PPh3)2Pt(m3-S)2Fe2(CO)6] [46].
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[Å

]
�
[�
]

C
h
ro
m
o
-

M
–
L

M
–
M

[Å
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The violet Pt2Mo2 cluster [7] contains a planar, triangulated parallelogram of
metal atoms. The center of symmetry of these molecules is at the Pt(I)–Pt(1)0 bond;
Pt–Pt bond distances are 2.677(1) and 2.646(1) Å, respectively. The mean Pt–Mo bond
distances are 2.806(2) and 2.819(2) Å, respectively.

In red [{(cp)(CO)2Mo(m-PPh2)Pt(H)}2(m-PPh2)2] [48] two centrosymmetric indepen-
dent but practically identical heteronuclear clusters are present. In bent chain Mo–Pt–
Pt–Mo, each Pt(II) is bonded to one Mo atom at 2.95(2) Å (molecule 1) and 2.974(3) Å
(molecule 2), whereas the two Pt atoms are at non-bonding distances of 3.597(4) and
3.580(4) Å, respectively. The two Pt atoms are nearly symmetrically bridged by two
PPh2 ligands, and the Mo–Pt bonds asymmetrically bridged by a PPh2 (table 4).

In yellow PtOs3 [10, 49] the metal is closo, and hydrido-ligands bridge two Pt–Os and
two Os–Os bonds. The Pt–Os and Os–Os distances range from 2.723(4)–3.015(4) Å
(av. 2.889 Å) and 2.871(3) – 3.003(4) Å (av. 2.945 Å) (molecule 1) and 2.710(4)–
3.003(4) Å (av. 2.884 Å) and 2.862(3)–2.993(4) Å (av. 2.945 Å) (molecule 2).

Structure of (PMe2Ph)2Pt(m3-S)Os3(CO)9(PMe2Ph) [50] is an approximately planar
cluster of PtOs3. There are five metal-metal bonds and triply bridged sulfide on the
PtOs2 triangular face. The mean Pt–Os bond distances are 2.794(1) Å (molecule 1) and
2.812(1) Å (molecule 2), shorter than the mean values of three Os–Os bonds, 2.887(1) Å
and 2.870(1) Å, respectively.

In the dark green PtRu3 cluster [51] the metal atoms are tetrahedral with a cyclo
–C8H13 ligand bridging two Ru atoms in a three-electron donor m-allyl mode, while
the other two Ru–Ru edges are bridged by carbonyl ligands. The mean (three of each)
Pt–Ru and Ru–Ru bond distances are 2.839(1) and 2.752(1) Å (molecule 1) and 2.847(1)
and 2.742(1) Å (molecule 2).

The structure of yellow [(CO)Pt(m-H)2Re2(m-H)(CO)8{Re(CO)5}] [52] consists of
a PtRe2 triangle plus a Re atom, which belongs to HRe(CO)5, bound to the platinum.
In the triangular moiety one hydride lies in a bridging position on the Re–Re edge, and
a second bridges the longer Pt–Re bond. The mean Pt–Re and Re–Re distances are
2.926(1) and 3.152(1) Å (molecule 1) and 2.919(1) and 3.154(1) Å (molecule 2).

2.2.4. Oligonuclear clusters. There are 21 clusters with 19 [53–63, 65–71] containing
two crystallographic independent molecules, one [64] contains three such molecules and
another one [72] four (table 5). Three are heteropentanuclear Pt3Re2 [53], Pt2Os3 [54]
and Pt3AgAu [55] clusters (table 5A). Deep red Pt3Re2 [53] has approximately a trigonal
bipyramidal metal core. Each PtPPh3 fragment is connected to the Re–Re bridge (which
elongates upon successive edge-capping) by two Re-Re bonds bridged by two
equatorial, formally, terminal CO ligands. The mean Pt–Re and Pt–Pt distances are
2.750(2) and 2.982(2) Å (molecule 1) and 2.742(2) and 3.017(2) Å (molecule 2). The
Re–Re distances are longer, 3.237(2) and 3.258(2) Å, respectively.

Both molecules of emerald green (CO)2Pt2Os3(CO)12 [54] consist of a triangulated
planar cluster of five metal atoms. The Pt–Pt and the mean Pt–Os bond distances are
2.670(3) and 2.691(3) Å (molecule 1) and 2.684(3) and 2.693(3) Å (molecule 2),
respectively. The Os–Os distances are 2.891(3) and 2.895(3) Å, respectively.

Red Pt3AgAu cluster [55] is constructed of well-separated [Pt3(m3-S)(AuPPh3)
(m3-AgCl)(m-Z2-dppm)2]

þ cations and PF�6 anions. The structure of each cation is
based on approximately isosceles triangle of platinum atoms. Only Pt(1) and Pt(2) are
directly bonded to one another (2.615(3) Å, molecule 1 and 2.619(3) Å, molecule 2).
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Each edge of the triangle is bridged by a m-Z2-dppm ligand, and opposite faces capped
by m3-bridging AgCl and S groups. The cluster is completed by a terminal AuPPh3
(fragment attached to Pt(3)). The Pt–Au and mean of three Pt–Ag bond distances are
2.577(3) and 2.819(4) Å (molecule 1) and 2.575(3) and 2.814(4) Å (molecule 2).

There are eight heterohexanuclear Pt3Ir3 [56], Pt2M4 (M¼Ag [57], Pd [58], PtM5

(M¼Ru [59–63] clusters which contain two crystallographically independent molecules
and one example, PtOs5 [64], contains three such molecules. The main feature of dark
brown Pt3Ir3 [56] is a near-planar array of metals with a central triangle of platinums
[Pt–Pt (mean) 2.704 Å (molecule 1) and 2.703 Å (molecule 2)], each edge-bridged by an
iridium [Ir–Pt (mean) 2.675 and 2.655 Å)] (table 5B).

In yellow [Pt2(m-C�CBu
t)8Ag4] [57] the six metal atoms are arranged in a slightly

irregular octahedron with the platinum(II)’s mutually trans and the silver(I)’s in the
equatorial plane, with Pt–Ag and Ag–Ag distances longer than 3.0 Å. Each Pt(II) is in
an almost square-planar environment formed by four C�CButt ligands (table 3B).

In dark red [{(MeNH2)2Pt(m3-Z
2-ampy)2Pd2(ONO2)2(H2O)}2](NO3)2 � 3.5H2O [58]

the two complex cations have a crystallographic C2 axis, which passes through the
two Pt centers in molecule 1, and is perpendicular to the Pt–Pt vector in molecule 2.
Each trans-{Pt(MeNH2)2} unit carries two coplanar aminopyridinate rings that are
bound to Pt(II) through the endocyclic ring N atoms, adopting a head-to-head
orientation. The two Pd2 units each bridge four deprotonated exocyclic amide nitrogens
to give a m3-Z

2-coordination pattern for the ampy ligands. The resulting Pd2N2 rings
are folded along the N–N vectors leading to Pd–Pd bonds (2.8772(2) and 2.855(2) Å).
The Pt � � �Pt separations are 6.949(1) Å (molecule 1) and 6.990(1) Å (molecule 2).

In (CO)PtRu5(m6-C)(m-CO)(CO)14 [59] the six metal atoms are an octahedron with
the carbide located in the center. The Pt(1)-Ru(3) bond distance 2.777(1) Å (molecule 1)
and 2.779(1) Å (molecule 2) is the shortest and is bridged by a carbonyl. The remaining
Pt–Ru distances range from 2.882(1)–3.095(2) Å (molecule 1) and 2.902(1)–3.046(1) Å
(molecule 2). The mean values of eight Ru–Ru bond distances are 2.892 and 2.895 Å,
respectively.

The structure of red orange PtRu5 [60] is similar to red PtRu5 [59] with Pt–Ru
distances ranging from 2.844(2)–3.072(2) Å (molecule 1) and 2.858(2)–3.074(2)
(molecule 2). The mean Ru–Ru distances are 2.884 and 2.883 Å, respectively.
Another PtRu5 cluster [61] has similar structure to those reported [57, 60].

Red (PBut3)PtRu5(m5-C)(m-CO)2(CO)13 [62] consists of a square-pyramidal cluster
of five rutheniums with one platinum atom spanning an edge of the square base.
The platinum is primarily bonded to two rutheniums with mean Pt–Ru bond distances
2.795 Å (molecule 1) and 2.825 Å (molecule 2). A carbido ligand lies inside the base
of the square pyramid.

The structure of one independent molecule of red (CO)PtRu5(m5-C)(m3-PhC�CPh)
(m-PhC�CPh)(CO)12 [63] is shown in figure 5. The molecule consists of square
pyramid of five ruthenium atoms with the Pt(CO) capping a triangular triruthenium,
Ru(1)–Ru(2)–Ru(5). The carbide ligand occupies an interstitial position in the base of
the square pyramid. A triply-bridging PhC2Ph ligand occupies the Pt(1)–Ru(1)–Ru(2)
triangle and an edge-bridging PhC2Ph bridges the Pt(1)–Ru(5) bond between the
platinum and the apex of the square pyramid. The latter has the commonly observed
perpendicular bridging, while the former exhibits m3-II coordination. The mean Pt–Ru
bond distances are equal in both molecules (2.847 Å), while Ru–Ru distances range
from 2.684(2)–3.107(2) Å (molecule 1) and 2.637(2)–3.090(2) Å (molecule 2).
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Red PtOs5(m3-S)(m-H)6(CO)15 [64] contains three crystallographically independent
molecules. The cluster can be viewed as a combination of a tetrahedral PtOs3 cluster
joined to a triangular PtOs2 cluster by a common platinum. A triply-bridging sulfido
ligand bridges the PtOs2 triangular group. The Pt–Os bond distances range from
2.667(2)–2.901(2) Å (av. 2.766 Å, molecule 1), 2.669(2)–2.905(2) Å (av. 2.770 Å,
molecule 2) and 2.673(2)–2.897(2) Å, (av. 2.766 Å, molecule 3). The Os–Os bond
distances range from 2.890(2)–2.950(2) Å (av. 2921 Å).

Red [(cod)3Pt3Os4(CO)11]C6H6 [65] is the only example of heteroheptanuclear cluster
which contains two crystallographically independent molecules. Both molecules
consist of Os4 tetrahedra that are capped on three adjacent triangular faces by
Pt(cod). The Pt–Os and Os–Os bond distances range from 2.610(2)–2.933(2) Å
(av. 2.755 Å) and 2.775(2)–2.886(2) Å (av. 2.838 Å) (molecule 1) and 2.639(2)–
2.910(2) Å (av. 2.755 Å) and 2.701(1)–2.868(1) Å (av. 2816 Å) (molecule 2) (table 5C).

There are two heterooctanuclear, Pt6Au2 [66] and Pt2Ru6 [60], clusters which contain
two independent molecules (table 5C). Pt6Au2 [66] has approximately D3h symmetry
with a distorted trigonal prismatic Pt6 core in which a triply-bridging AuPPri3 group
caps each triangular face. The m-CO ligands bridge each edge of the Pt3 triangles and
the m-Z2-dppm ligands bridge between pairs of platinum atoms on adjacent
Pt3 triangles. The mean values of intratriangle Pt–Pt bond distances are 2.706 Å
(molecule 1) and 2.705 Å (molecule 2). The mean values of intertriangle Pt–Pt distances
are 3.071 and 3.037 Å, respectively. The mean Pt–Au bond distances are 2.819 and
2.822 Å, respectively.

Figure 5. Structure of [(CO)PtRu5(m5-C)(m3-PhC�CPh)(m-PhC�CPh)(CO)12] [63].

3056 M. Melnik et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



The structure of Pt3Ru6(m3-H)2(m-CO)(CO)21 [67] is shown in figure 6. The molecule

consists of two edge-fused bioctahedra sharing a Pt3 face. There is a symmetrical
bridging CO ligand across the Ru(1)–Ru(2) bond. Each molecule has two triply-

bridging hydride ligands, H(1) across a Ru3 triangle and H(2) bridging a PtRu2 triangle.
The M–M bonds associated with bridging hydride ligands are longer than the others, as
expected. The mean Pt–Pt and Pt–Ru bond distances are 2.669(1) and 2.844(2) Å,

respectively. Unfortunately, the data are only available for one molecule.
Brown red Pt2Ru8 [68] is shown in figure 7. Eight of the metal atoms (Pt2Ru6) are a

dodecahedron. The two remaining ruthenium atoms, Ru(2) and Ru(3), cap adjacent
triangular faces of this dodecahedron. All of the metal–metal distances lie in the range

2.684(2) to 3.084(2) Å. The longest ruthenium-ruthenium distance is between the atoms
Ru(5) and Ru(7), 3.084(2) Å in molecule 1 and 3.078(1) Å in molecule 2. The Pt–Pt

distance across the cluster is 3.269(1) Å in molecule 1 and 3.301(1) Å in molecule 2.
The compound contains three EtC2Et ligands. Two of these are triply-bridging ligands
spanning the Pt(1)–Ru(1)–Ru(6) and Pt(2)–Ru(4)–Ru(6) triangular faces. The third is

bonded to four ruthenium atoms Ru(2), Ru(3), Ru(5) and Ru(7).
The orange PtAu9 cluster [69] contains well separated [(H)Pt(AuPPh3)9]

2þ cations
and NO�3 anions. The molecule is platinum-centered with the nine AuPPh3 groups

Figure 6. Structure of [Pt3Ru6(m3-H)2(m-CO)(CO)21] [67].
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positioned around Pt in a distorted icosahedral arrangement. The Pt–Au bond distances
lie in the range 2.660(1) to 2.726(1) Å (av. 2.684 Å) in molecule 1 and from 2.654(1) to
2.738(1) Å (av. 2.687 Å) in molecule 2.

The red PtAu9 cluster [70] is similar to the orange PtAu9 [69]. The nine gold
atoms form a fragment of an icosahedron with the platinum atom in its center. The
mean Pt–Au bond distances of 2.703 Å (molecule 1) and 2.710 Å (molecule 2) are
somewhat longer than those in [69].

Structure of black (mega)-cluster Pt6Ni38 [71] consists of well separated AsPhþ4 ,
NBuþ4 cations and [(H)Pt6Ni38(m-CO)18(m-CO)12((CO)18]

5� anions. The Pt6Ni38 frame-

work in both molecules consists of an inner octahedron of six platinum atoms fully
encapsulated in a �3 octahedron of 38 nickel atoms (figure 8). The twelve Pt–Pt bond
distances have a mean value of 2.719 Å; the 48 Ni–Pt bonds connecting the inner Pt6 to
the outer Ni38 octahedron are between 2.510 and 2.764 Å (mean value 2.630 Å). The 108
surface Ni–Ni bonds also vary in length (2.393� 2.762 Å, mean value of 2.580 Å). The
metal framework of both molecules provides a molecular model of bimetallic ‘‘cherry’’

crystallites.
In both the independent molecules in the crystal, the Oh idealized symmetry of the

metal framework is reduced to a D3d idealized symmetry by the presence of 48 carbonyl
ligands (18 terminal, 12 edge-bridging, and 18 face-bridging); as a result, the two
opposite �3 triangular faces differ from the other six.

Figure 7. Structure of [Pt2Ru8(m-EtC2Et)(m3-EtC2Et)(CO)18] [68].
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There is a polymeric {Rb1,67Pt(ox)2 � 1.5H2O} [72] which contains four crystal-
lographically independent molecules (table 5C).

3. Cis-trans isomerism

There is only one example, [(NH3)2Pt(m-NHCOMe)2Ag]NO3 � 4H2O [73], which exists
as cis- and trans-isomers (table 6). These two isomers differ by the crystal class, the cis-
isomer belongs to tetragonal, the trans-isomer to triclinic.

The cis-cation is built up of infinite chains of alternating Pt and Ag atoms bridged
by amidate ligands. The metal-metal distances in the chain are 2.879(1) (Pt–Ag) and
2.903(1) Å (Pt–Ag(a)). The angles Ag–Pt–Ag(a) and Pt–Ag–Pt(a) are 176.1(3) and
165.7(1)�. The acetamide is assumed to coordinate to Ag through the amide oxygen
and to Pt through the deprotonated amide nitrogen. The mean planes through the
ligands are nearly perpendicular to each other (84.9(2)�).

The trans-polymeric cations are built up by two crystallographically independent Pt
atoms sitting on inversion centers (1/2, 0, 0 and 12, 0, 1/2) separated from Ag by 2.925(2)
and 2.919(2) Å. The Pt–Ag–Pt unit is significantly bent [Pt(1)–Ag–Pt(2) 162.6(1)�] and
torsion angle [Pt(1)–Ag–Pt(2)–Ag(a)] is 78.6�. The dihedral angle between the
amidate planes is 13.6�. In both isomers, each Pt(II) has square-planar geometry
(PtN4) (table 6).

Figure 8. Structure of [(H)Pt6Ni38(m-CO)18(m-CO)12(CO)18]
5� [71].
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4. Conclusions

An analysis of almost 1500 heterometallic platinum complexes (clusters) show that
some 5% of them exist in isomeric forms [3]. Except one example [73], which exists as
cis- and trans-isomers, all others are distortion isomers. While the cis-trans isomers are
classical examples of Pt(II), the distortion isomers differ only by degree of distortion in
M–L bond distances and L–M–L angles, and spread over a range of oxidation states of
platinum (zero, þ1, þ2 (most common) and þ4).

Seven derivatives exist in two separate distortion isomeric forms with homo- as well
as hetero-crystal classes. In three derivatives both forms belong to the homo-monoclinic
[6, 7] and orthorhombic [11, 12]. The remaining four examples [5, 8–10] differ from each
other not only by degree of distortion but also by crystal class; one isomer is
orthorhombic and the other triclinic [5], or one isomer is monoclinic and the other
triclinic [8–10]. There are 60 examples [7, 13, 27, 29–45, 47–51, 53–63, 65–71] which
contain two crystallographically independent distortion isomers within the same crystal.
In one case there are three such isomers [64], in another two there are four such isomers
[41, 72] and in one [28], eight such isomers are present.

It seems that distortion isomers prefer two crystal classes, monoclinic (�31) and
triclinic (�27), with only five examples of orthorhombic and one of tetragonal.

‘‘Soft’’ platinum is found in a wide variety of uni-, bi-, ter-, tetra-, hexa- and even
heptadentate ligands forming two-, three-, and four-coordination about Pt(0) and Pt(I)
atoms, a square-planar geometry about Pt(II) and octahedral geometry about Pt(IV),
with varying degrees of distortion. Although platinum preferentially bonds to ‘‘soft’’
ligands such as C, PR3 and S-donor groups, it can also be found bonded to
‘‘borderline’’ (e.g. bromide, RNH2) and hard donor atoms (commonly N-donor ligands
and chloride).

The mean Pt(0)–L bond distance elongated in the order: 1.815 Å (CO)5 2.24 Å
(tetradentate CL)5 2.26 Å (bi-PL)5 2.285 Å (PEt3)5 2.300 Å (tetra-PL). The mean
Pt(1)–L bond distance elongated in the order: 1.96 Å (CN)5 2.305 Å (bi-PL)5 2.338 Å
(Cl)5 2.345 Å (PEt3)5 2.400 Å (m-PPh2)5 2.915 Å (m-I).

The mean Pt(II)–C bond distance elongated in the order: 1.83 Å (CO)5 2.025 Å
(Z-C6F5)5 2.035 Å (Z-Ph); Pt(II)–P: 2.265 Å (PMe2Ph)5 2.270 Å (bi-PL)5 2.285 Å
(PPh3)5 2.310 Å (Pcy3)5 2.332 Å (PEt3); and Pt(II)–X: 2.285 Å (X¼Cl)5 2.520 Å
(Br)5 2.650 Å (I). In the series of bridging ligands the mean Pt(II)–L bond
distance elongated in the sequence: 2.055 Å (m-N)5 2.2755 Å (m-PPh2)5 2.310 Å
(m-SL)5 2.328 Å (m-S, trans to C)5 2.365 Å (m-bi-SL, trans to P)5 2.383 Å (m3-S, trans
to PR3)5 2.400 Å (m-Cl, trans to CO).

The trans effect of H on Pt(II)–P bond distance elongated the length: 2.285 Å (PPh3,
mutually trans) versus 2.375 Å (trans to H); 2.310 Å (Pcy3, mutually trans) versus
2.365 Å (trans to H). The trans effect of PR3 on Pt(II)–Cl bond distances also elongated:
2.285 Å (Cl, mutually trans) versus 2.342 Å (trans to PR3).

The mean Pt(IV)–L bond distance elongated in the order: 2.06 Å (CL)5 2.13 Å
(bidentate NL)5 2.920 Å (I).

There is a wide variety of homo- as well as heterodentate ligands. The homobidentate
ligands include N, C, S and P donors; heterobidentate include OþN and Nþ S;
tridentate are homo-C and hetero-2OþN; homotetradentate C and P; hexadentate
homo-N, and hetero-5CþP and 4Nþ 2S; and heteroheptadentate with 5Cþ 2P donor
sites.
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Noticeably, in the series of heterobidentate ligands, the platinum prefers to bond soft
donors. Correspondingly, there is a wide variety of metallocyclic rings, and the effect of
both steric and electronic factors can be seen from the values of the L–Pt–L bond
angles. The five-membered metallocyclic rings are most common and open in the order:
75.8� (�NC2N

�, unsaturated)5 82.3� (�NC2N
�, saturated)5 82.7� (�NC2C

�)5
85.5� (�NC2S

�)5 87.6� (�PC2P
�)5 90.5� (�SC2S

�)5 94.3� (�PCNTl�). The
six-membered chelate ring is 92.3� (–PC3P

�).
The data presented here illustrated the heterometallic isomeric derivatives with

two to 44 metal atoms per unit, which exist in a variety of heterobi- to polymeric forms,
with a range of ligand donor atoms. Metals include in the order of M: Rb, Ga, Ti, Mn,
Rh, Ir, Re, Cu, Zn, Cd (a0�1)5Tl, Co, Pd (a0�4)5Au (�5)5Ag (�6)5Ru,Os
(a0�8)5Fe (�11).

The mean values of Pt–Pt as well as Pt–M bond distances (values over 3.0 Å
were excluded) elongated in the orders: 2.705 Å (Pt(0)–Pt(0))5 2.720 Å
Pt(1)–Pt(1))5 2.773 Å (Pt(II)–Pt(II)); Pt(0)–M: 2.374 Å (M¼Ga)5 2.520 Å
(Co)5 2.597 Å (Hg)5 2.630 Å (Ni)5 2.667 Å (Ir)5 2.744 Å (Re)5 2.750 Å (Os);
Pt(I)–M: 2.697 Å (M¼Au)5 2.713 Å (Hg)5 2.815 Å (Ag); Pt(II)–M: 2.625 Å
(M¼Fe)5 2.638 Å (Pd)5 2.723 Å (Sn)5 2.797 Å (Mn)5 2.843 Å (Ru)5 2.854 Å
(Re)5 2.862 Å (Os)5 2.869 Å (Ag)5 2.934 Å (Tl)5 2.964 Å (Mo); and Pt(IV)–Sn:
2.580 Å.

This overview, together with its precursors [1–3], has surveyed almost 400
stereoisomers of platinum chemistry. There are four types of stereoisomers: distortion
(by far most common), cis-trans, mixed isomerism (cis-trans plus distortion) and ligand
isomerism. In the series of distortion isomers oxidation states of platinum spread over a
wide range (zero, þ1, þ2 (most common), þ3, þ4) than cis-trans isomers (þ2 and þ4),
mixed-valence (þ2 only) and ligand isomerism (þ2 only).

It is hoped that this overview proved that even in platinum chemistry distortion
isomerism is common. Such a dominance of this form of isomerism is also seen in the
chemistry of copper [4]. It is also hoped that such an overview will help to focus
attention on areas of platinum chemistry that could be enhanced by further study, and
assist in allowing comparative behavior of the platinum.
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Abreviations

aet 2-aminoethanethiolate
ampy 2-aminopyridinate
bpy 2,20-bipyridine
Bu butyl
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But t-butyl
Bu2bpy 5,50-dibutyl-2,20-bipyridine

C5H8PPh2 cyclopentane-1,2-diyl-bis(diphenylphosphane)
C6F5 pentafluorohexyl

C8H13 cyclo-2,4-octenyl
cod cycloocta-1,5-diene
cp cyclopentadienyl

cp* pentamethylcyclopentadienyl
dbphmo Ph2PCH2P(¼O)Ph2

depe bis(cyclohexylphosphino)ethane
dmat Me2NCH2C5H4

dmit 1,3-dithiole-2-thione-4,5-dithiolate
dmso dimethylsulphoxide
dnppf 1,10-bis(naphtylphenylphosphine)ferrocene
docp C12H8O2

dpep 2,2-5,15-bis(2-(nicotinoylamino)phenyl)-2,2,8,12,18-tetraethyl-
3,7,13,17-tetramethylporphyrin

dppe 1,2-bis(diphenylphosphino)ethane
dppep 1,10-bis(diphenylphosphino)cyclopentadienyl
dppf 1,10-bis(diphenylphosphino)ferrocene
dppm 1,2-bis(diphenylphosphino)methane
dppo 5,15-diphenylphorphirinate(2-)
dpppe 2,4-bis(diphenylphosphino)pentane
Et4en N,N,N0N0-tetraethylethylenediamine

m monoclinic
Me methyl

3,5-Me2pz 3,5-dimethylpyrazolate
meu 1-methyluracylate

NBu4 tetrabutylammonium
norpe norphtalocyanine-2,3-dithiolate

or orthorhombic
otf CF3SO3

ox oxalate
P2 crown (Ph2PCH2)2 diaza-18-crown-6

Pcy3 tricyclohexylphosphine
PEt3 triethylphosphine
Ph phenyl

PhC�CPh 1,2-diphenylacetylene
3,5-Ph2pz 3,5-diphenylpyrazolate
PMe2Ph dimethylphenylphosphine

PPh2 diphenylphosphide
PPh3 triphenylphosphine
Pri iso-propyl
tg tetragonal
tht tetrahydrothiophene

totpp 2,5,13,16-tetraoxa-8,8,10,10-tetraphenyl-8,
10-diphosphacyclopentadienyl

tr triclinic
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[43] A.B. Antonova, A.A. Johanson, N.A. Deykhina, D.A. Podgrebnikov, N.I. Pavlenko, A.I. Rubaylo,

F.M. Dolgushin, P.V. Petrovskii, A.G. Ginzberg. J. Organomet. Chem., 577, 238 (1999).
[44] W. Schuh, H. Kopacka, K. Wurst, P. Peringer. Eur. J. Inorg. Chem., 2399 (2001).

3064 M. Melnik et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



[45] W.H. Leung, J.C. Chim, W.T. Wong. J. Chem. Soc., Dalton Trans., 3277 (1997).
[46] A.A. Pasynskii, B.I. Kolobtov, S.E. Nefedov, I.L. Eremenko, E.S. Koltun, A.I. Yanovsky,

Yu.T. Struchkov. J. Organomet. Chem., 454, 229 (1993).
[47] R. Uson, J. Formes, M. Tomas, I. Uson. Angew. Chem. Int. Ed. Engl., 29, 1449 (1990).
[48] T. Blum, P. Braunstein, A. Tiripicchio, M. Tiripicchio-Camellini. Organometallics, 8, 2504 (1989).
[49] J.Y. Farrugia, M. Green, D.R. Hankey, A.G. Orpen, F.G.A. Stone. J. Chem. Soc., Chem.

Commun., 310 (1983).
[50] R.D. Adams, T.S.A. Hor. Inorg. Chem., 23, 4723 (1984).
[51] L.J. Farrugia, N. MacDonald, R.D. Peacock. Acta Cryst., Sect. C, 47, 2561 (1991).
[52] P. Antognazza, T. Beringhealli, G. D’Alfonso, A. Minoja, G. Ciani, M. Moree, A. Sironi.

Organometallics, 11, 1777 (1992).
[53] G. Ciani, M. Moret, A. Sironi, T. Beringhelli, G. O’Alfonso, R. Della Pergola. J. Chem. Soc., Chem.

Commun., 1668 (1990).
[54] R.D. Adams, G. Chen, J.Ch. Lii, W. Wu. Inorg. Chem., 30, 1007 (1991).
[55] G. Douglas, M.C. Jennings, L. Manojlovic-Muir, R.J. Puddephatt. Inorg. Chem., 27, 4516 (1988).
[56] M.J. Freeman, A.D. Miles, M. Murray, A.G. Orpen, F.G.A. Stone. Polyhedron, 3, 1093 (1984).
[57] P. Espinet, J. Forniés, F. Martinez, M. Tomás, E. Labinde, M.T. Moreno, A. Ruitz, A.J. Welch.

J. Chem. Soc., Dalton Trans., 791 (1990).
[58] H. Rauter, I. Mutikainen, M. Blomberg, C.J.L. Lock, P. Amo-Ochoa, E. Freisinger, L. Randaccio,

E. Zangrando, E. Chiarparin, B. Lippert. Angew. Chem. Int. Ed. Engl., 36, 1296 (1997).
[59] R.D. Adams, W. Wu. J. Cluster Sci., 2, 271 (1991).
[60] S. Hermans, T. Khimyak, B.F.G. Johnson. J. Chem. Soc., Dalton Trans., 3295 (2001).
[61] R.D. Adams, B. Captain, W. Fu, P.J. Pellechia. Chem. Commun., 937 (2000).
[62] R.D. Adams, B. Captain, W. Fu, P.J. Pellechia, M.D. Smith. Angew. Chem. Int. Ed. Engl., 41,

1951 (2002).
[63] R.D. Adams, W. Wu. Organometallics, 12, 1238 (1993).
[64] R.D. Adams, M.P. Pompeo, W. Wu. Inorg. Chem., 30, 2899 (1991).
[65] R.D. Adams, W. Wu. Inorg. Chem., 30, 3605 (1991).
[66] G.J. Spivak, J.J. Pittal, R.J. Puddephatt. Inorg. Chem., 37, 5474 (1998).
[67] R.D. Adams, Z. Li, J.Ch. Lii, W. Wu. Organometallics, 11, 4001 (1992).
[68] R.D. Adams, T. Barnard, Z. Li, W. Wu, J.H. Yamamoto. J. Cluster Sci., 5, 551 (1994).
[69] L.I. Rubinstein, L.H. Pignolet. Inorg. Chem., 35, 6755 (1996).
[70] M. Breuer, J. Strahle. Z. Anorg. Allg. Chem., 619, 1564 (1993).
[71] A. Ceriotti, F. Demartin, G. Longoni, M. Manassero, M. Marchionna, G. Piva, M. Sansoni. Angew.

Chem. Int. Ed. Engl., 24, 697 (1985).
[72] A. Kobayashi, Y. Sasaki, A. Kobayashi. Chem. Lett., 1167 (1978); Bull. Chem. Soc. Jpn, 52, 3682 (1979).
[73] A. Erxleben, B.L. Lippert. J. Chem. Soc., Dalton Trans., 2329 (1996).

Sterochemistry of hetrometallic platinum clusters 3065

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


