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Summary

In this thesis X-ray diffraction analysis is applied to the study of molecular
structure and conformation. The contents are divided into four sections.

The first section is a brief review of the theory and practical aspects of the
X-ray diffraction methods used in sections two, three and four.

Section two is concerned with the structure of ruthenium and platinum
complexes stabilised by the diphosphine ligand Ph,PCH,PPh, (dppm). First, earlier
work on binuclear complexes, on triangular M3;(dppm); species and on platinum
cluster complexes is reviewed and the structure of the binuclear species [Rux{p-
Cl)(u-H)Clx(CO),} (u-dppm),] is described. Then the structures of five large
heterometallic clusters derived from [Pt;{u3-Re(CO)s}(u-dppm)s]” are presented.
These clusters are obtained by reaction of the parent cluster with dioxygen, halide or
neutral ligand. Their structures have been of critical importance to this new field of
cluster chemistry. The characterisation of [Pt3(u3-ReOs)(-dppm);]*, which contains
Pt(0) stabilised by phosphine and Re(VII) stabilised by oxide, is of particular
significance. The section concludes with a summary of current knowledge of the
chemistry of and bonding in platinum-rhenium clusters. Platinum-rhenium catalysts,
for which the clusters are models, are also briefly described.

Section three is concerned with the stereochemistry of newly synthesized
organic compounds. The formation of oxazines by Diels-Alder addition of
acylnitroso compounds is described in Chapter 3.1. The reaction typically involves
the creation of chiral centres. The structural work has been directed at predicting
the stereochemistry of the preferred diastereoisomer. In Chapter 3.2 the
stereochemistry of Diels-Alder addition of ferrocene derivatives to 1, 3-

diphenylisobenzofuran is considered, with emphasis on the effect of AlICl; catalysis



on the nature of the product. In Chapter 3.3 the stereochemistry of cis and trans
ArCH=CHAr molecules, and its relationship to their biological activity, is discussed.

Section four describes the structure of tetramethoxycalix[4]arene silver(I)
nitrate. The ability of calix[4]arenes to act as hosts has led to major developments in
supramolecular chemistry. The attachment of silver(I) to the calixarene is of a novel
type. The section also deals with the structures of mononuclear tungsten(Il)

complexes in which the metal atom could be six or seven co-ordinate.



Section 1

X-ray crystal structure analysis



Introduction

The main experimental techniques and equations used for crystal structure

analyses will be discussed briefly in this section.

Crystals

Crystals have been a subject of study for many years. A solid having a
regularly repeating internal arrangement of atoms is called a crystal. The repetition
of such a pattern can be considered by replacing each unit of the pattern by a point.
This leads to a crystal lattice or space lattice, which is a three-dimensional
arrangement of points, and the view in a given direction from each point in this
lattice is identical with the view in the same direction from any other point. The
crystal lattice is not the same as the structure, which is an array of objects (atoms,
molecules, ions) rather than merely of (imaginary) points. Thus the lattice defines
the translational repetition of the contents of the unit cell which gives rise to the
regularly repeating structure of the crystal. The combination of a lattice with an
object gives the crystal structure (Glusker & Trueblood, 1985).

The faces of a crystal are planes enclosing a three-dimensional solid. The
planes in the crystal are then described by the intercepts on the axes, a/h, b/k and c/l,
where h, k and | are small whole numbers called Miller indices. Miller indices used
to describe planes and faces are usually enclosed in parentheses, e.g. (hkl).

The geometry of the unit cell is defined by three lengths a, b and c, which are
the edges of the cell, and three inter-axial angles o, B and y. A unit cell belongs to
one of seven possible three-dimensional crystal systems, according to the shape and
relative dimensions of unit cell, both of which depend on its symmetry properties.

Table 1.1.1 illustrates the seven possible crystal systems (Stout & Jensen, 1989).



Table 1.1.1. The seven crystal systems

Number of

Crystal Independent Lattice Bravais
System Parameters  Parameters Symmetry Lattice
Triclinic 6 azbzc, o#P=y° 1 P
Monoclinic 4 azb#c; a=y=90°; P=90° 2/m Pand C
Orthorhombic 3 azb=c, a=p=y=90° mmm P,C,F,and 1
Tetragonal 2 a=bzc; a=p=y=90° 4/mmm PandI
Trigonal

rhombohedral lattice 2 a=b=c; a=p=y#90° 3m R

hexagonal lattice 2 a=b#c, a=p=90°, y=120° 6/mmm
Hexagonal 2 a=b=c; a=p=90°;, y=120° 6/mmm P
Cubic 1 a=b=c; a=p=y=90° m3m P,F,and I

In three-dimensions there are 14 distinct space lattices known as Bravais
lattices. There are seven different lattices based on the unit-cell shapes appropriate
to the seven crystal systems, and called primitive (P). The primitive rhombohedral
lattice is usually denoted by R. In some crystal systems non-primitive lattices, such
as A, B, C or F-face centring or I-body centring, occur.

Point groups describe the symmetry existing about a point, and are
important in descriptions of the symmetry of the physical properties of crystals and
of the atomic or molecular arrangements. There are 32 crystallographic point
groups, derived from the symmetry operations consistent with a lattice structure
(Glusker & Trueblood, 1985):

a. centre of symmetry ( 1)
b. mirror plane (m)
c. rotation axes (2, 3, 4 and 6)

d. inversion axes ( 3, 4and 3).



Combination of point group symmetry operations with translations gives
space-symmetry operations:
a. glide planes (a, b, ¢, n and d)
b. screw axes (21, 31, 32, 41, 42, 43, 61, 63, 64, 65).

The smallest part of a crystal structure from which the complete structure
can be obtained from the space group symmetry operations is called the asymmetric
unit (Glusker & Trueblood, 1985). The operation of the symmetry elements on it
will generate the entire contents of the primitive unit cell. Combination of the 32
point groups with the 14 Bravais lattices leads to 230 arrangements of points in
space. These 230 space groups describe identical objects arranged in an infinite
lattice and they are listed and described in volume A of the International Tables for
Crystallography (1983).

Symmetry concerned with the unit cell is revealed to some extent by the
symmetry of the diffraction pattern and by the systematically absent reflections. The
probable space group of the crystal can be deduced from this information.
Systematic absences of reflections arise from the presence of centred lattices, screw
axes or glide planes.

A crystal structure analysis normally proceeds through three distinct stages.
(1) Measurements of the intensities of Bragg reflections which are then corrected for
various geometrical and physical factors to yield a set of structures amplitudes.

(i1) The solution of the phase problem. The phases of the diffracted beams cannot be
measured directly and yet they must be derived in some way before the structure can
be solved.

(i) The approximate atomic parameters must be refined to obtain the best

agreement between the observed and calculated structure amplitudes.



Intensity

X-rays are part of the electromagnetic spectrum. To generate X-rays,
electrons are accelerated by an electric field and directed against a metal target. The
most common target material is probably molybdenum, although copper is also
often used. In all experiments described here the intensity measurements were
carried out with molybdenum radiation. A graphite monochromator crystal and
pulse height analyser were used to get monochromatic X-rays.

The electron cloud of an atom scatters an X-ray beam: the scattering is
dependent on the number of electrons and their positions in the clouds. The
scattered X-rays can be detected in various way but only intensities (not the phases)
of the diffracted beams can be measured.

The diffracted beam will only occur when the angle of the incident beam
satisfies the Bragg equation. In the Bragg equation each diffracted beam is

considered as a reflection from a lattice plane. All unit cells scatter in phase when

2d sinB=A

where A is the wavelength of the radiation used and the incident and diffracted
beams each make angle 6 with the lattice planes of spacing d (Figure 1.1.1).

In order to describe the relationship between crystal structure and diffraction
pattern it is possible to construct a reciprocal lattice. Any point of the real lattice is
taken as an origin. Lines of length 1/d are drawn perpendicular to each set of real
lattice planes. The termini of these lines (or diffraction vectors, see Figure 1.1.1)

map out the reciprocal lattice of the crystal.
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Figure 1.1.1. Diagram of reflection of x-ray by imaginary plane

Measurements and diffractometers

All the structure analyses described in this thesis were performed on an
Enraf-Nonius CAD4 difractometer. This diffractometer allows the crystal to be
oriented by rotation about three independent axes and the counter to be swung
about the crystal specimen so that a high proportion of all accessible Bragg
reflections can be observed. In a typical experiment 15-25 Bragg reflections were
located and their setting angles carefully measured. The unit cell and its orientation
were then deduced from the setting angles. The shape of the unit cell indicates
which crystal systems are possible. The final choice of system was made by
comparing the intensities of reflections which could be related by symmetry, thereby
establishing the Laue group. If necessary, the reduced cell was derived and then the



conventional cell by the methods of International Tables for Crystallography,
volume A, section 9.

Final intensity measurements, I(hkl), would then be made out of to as high
an angle as possible using the ®/20 scan method and an © scan width of 0.8 - 1.0°,

increased by 25% at each end to allow for background.
Data processing
Structure amplitudes were determined from the expression:
I(hkI)=KLPAF?(hkI)

K is a scale factor for the experiment. Lorentz factor, L, and polarisation
factor, P, are functions of Bragg angle and depend on the experimental conditions.

The intensity of a reflection is proportional to the time during which the
corresponding reciprocal point is close to the surface of the reflection sphere. The
Lorentz factor arises because this time varies with the position of the reciprocal

lattice point and the direction in which it passes through the sphere of reflection.
L=1/sin 20
The polarisation factor

When the X-ray is reflected by a plane in the crystal, a reduction in the
intensity of the reflected beam occurs as a result of polarisation. The form of the
polarisation correction when the diffraction planes at monochromator and speci’men

are normal to one another is:



c0s220 + cos*20y

1+ cos?20y

where 0 is the Bragg angle of the reflection and Oy is the angle of the reflection of
the monochromator crystal which was used to select the wavelength (Giacovazzo,
Monaco, Terbo, Scorari, Gilli, Zanotti & Catti, 1992). When 0y is nearly zero, the

polarisation factor take its simplest form:

P=(1+cos°20)/2

The X-ray beam from standard laboratory sources is unpolarised (Stout & Jensen,

1989)

Absorption and related corrections

During the refinement stage of a crystal structure analysis, some systematic
errors may need correction. The most important are absorption and extinction
effects. The intensities of both the incident and diffracted X-ray beams are
weakened in the crystal by absorption. If I is the observed intensity and I, the value

it would have in the absence of absorption, then

I=Ie™
where x is the distance traveled in the crystal by the X-ray beam and L is the linear
absorption coefficient which depends on the composition of the substance, its

density, and the wavelength of the X-rays. If the crystal shape can be defined the

transmission factor, I/I,, can be calculated by integration of exp(-ux) over the

10



volume of the crystal, usually by Gaussian quadrature. Alternatively, an empirical
transmission surface can derived from ¥ scans (Molen, 1990) or AF values (Walker
& Stuart, 1983).

In cases where crystal decomposition was a problem the mean of intensity

standards was used to apply a linear decay correction to segments of data.

Extinction

X-rays reflected from a crystal plane may be reflected again. The doubly
scattered beam is in the same direction as the original beam but is exactly out of
phase with it. This enhanced attenuation of the diffracted beam from a perfect
crystal is called primary extinction.

However, some crystals behave as mosaics of small blocks of perfect
crystals not accurately fitted together; for such crystals the beam is attenuated by
diffraction as it passes through the crystal and some parts of the crystal see a
substantially weakened incident beam. This effect is called secondary extinction. For
mosaic crystals the effects of primary extinction are small and can be neglected. In
contrast, the effects of secondary extinction are often large. Reflections affected by
secondary extinction can be recognized in the final stage of crystal structure
refinement when for some high-intensity reflection F, < F. (Giacovazzo, Monaco,
Terbo, Scorari, Gilli, Zanotti & Catti, 1992) and modern least squares programs

allow empirical correction for the effect.

Structure analysis

The wave scattered from a single unit cell during Bragg reflection from the

(hkl) plane is defined by the structure factor.

11



N
F(hkI)= % f; exp 2mi(hx;+ky;+zl;)
=1

=|F(hk1)| exp ic(hkl)
=A(hkl) + iB(hkl)

The summation is over the N atoms in the unit cell, fj, x;, y; and z;, are respectively
the scattering factor and the fractional co-ordinates of the jth atom and |F(hkl)|
represents the amplitude of the scattered wave and ou(hkl) its phase.

For space groups with a centre of symmetry B(hkl) is zero.

In this case,

F(hkl)=A, and
a=0 or 180°

Atomic scattering factor

For atoms or ions at rest the scattering factor, f;, can be calculated from
suitable electronic wave functions which usually assume a spherical distribution of
electron density. The scattering factor for a spherical charge distribution is real and
a function of sin 6/A only. The maximum value of the scattering factor of an atom is
equal to Z, the atomic number, and is attained when sin 6/A=0. As sinb/A increases,
the scattering factor decreases, because X-rays scattered from an electron in one
part of an atom would be to an increasing extent out of phase with those scattered
in another part of the electron cloud (Stout & Jensen, 1989).

The scattering factor, f;, is usually calculated for a spherical distribution of

classical electrons. Such a calculation ignores the effect of the atomic nucleus on the

12



scattering process. When allowance is made the scattering factor is of the form f + f
+ if* where f and ' are the anomalous dispersion corrections to the classical
scattering factor, f.

In non-centrosymmetric space groups anomalous dispersion leads to
inequivalence of |[F(hkl)| and [F( h k 1)| and thus implies that the chirality of the
crystal structure can be determined. In the GX package (Mallinson & Muir, 1985)
the parameter m, a multiplier for f' corrections, is used to determine chirality;

SHELXL-93 (Sheldrick, 1993) uses a related method.
Temperature factor

The magnitude of the thermal vibration depends on the temperature, the
mass of the atom and its crystalline environment. In general, the higher the
temperature, the greater the vibrational motion . The effect of such thermal motion
is to spread the electron cloud over a larger volume and thus to cause the scattering

power of the vibrating atom to fall down more rapidly with sin 6/A than would that

of the atom at rest. The change in scattering power can be expressed as
t=exp[-8n*U(sinB/A)*]

where U is the mean-square amplitude of vibration normal to the Bragg plane. For

anisotropic vibration this temperature factor is defined by six independent Uij

parameters in the expression:

exp -21c2(h2a2*U“ +k2b2*U22 +o .,..2hka*b*U12.. ..... )

where a*, b* and c* are the reciprocal cell parameters.

13



Structure solution

The electron density at the point with fractional coordinates X, y, z is given

by

p(xyz)= V' Z,2.Z; F(hkl) exp -2mi(hx+ky+1z)

where V is the cell volume. This expression can also be written as:

p(xyz)= V"' Z,5. ) [F(hkl)| exp -2mi[(hx+ky+1z)-ou(hki)]

where a is the phase angle.
The summation is over all possible sets of Miller indices hkl.

To calculate the electron density function both the structure amplitude and
the phase angle are required. The structure amplitude is experimentally available. If
atomic positions are known it is possible to calculate phase angles but normally the
purpose of the experiment is to determine the atomic positions.

Two methods frequently used to overcome the phase problem are:

(1) direct methods, and

(2) the heavy atom method.
Direct methods

Direct methods are a group of analytical techniques for the determination of
a set of phases from the structure amplitudes which then yields an an approximation

to the electron density map (Glusker & Trueblood, 1985). They are especially

important for structures containing no heavy atoms.

14



The electronic density must be positive or zero but never negative. This
requirement, together with the information that there are peaks at atomic positions
but that elsewhere the map is near zero, implies that there are mathematical
constraints on a possible phase angle (see Karle and Hauptman, 1950). In these
methods the phases are chosen to give the least negative electron density map. The
simplest case is that of a centrosymmetric structure where the phase problem
reduces to that of determining the sign of each A(hkl). The direct determination of
phases is based on a relationship between the signs of reflections in centrosymmetric

structures of the form:

S(hkl)*S(h'k'I)}~S(h-h', k-k, I-I")

where S means the sign of a reflection. The probability that this relationship is true
is greater if the reflections involved are intense. If two of these signs are known, it is
possible to determine the third. From such relationships it is often possible to derive
phases for almost all intense Bragg reflections, and, since it is the intense Bragg
reflections that dominate the electron density map, to obtain a good approximation
to that map (Glusker & Domenicano, 1992). Analogous methods are used for non-
centrosymmetric structures. The structure amplitudes are normalised by removing
the effects of the fall-off of the scattering factor and the temperature factor, so that
only the geometric component, E(hkl), is left. Usually only the highest of E values
are used and high weight is given to high angle reflections. An analysis of the
statistical distribution of E values shows whether the structure is centrosymmetric or
non-centrosymmetric. The average E value for a non-centrosymmetric crystal
(0.888) is larger than for a centrosymmetric one (0.798) (Glusker, Lewis and Rossi,
1994). When the intensity data have been converted to E values, one of the first
things that must be checked is whether the crystal is centrosymmetric or not. Direct

methods were carried out using SHELX-86 in this thesis (Sheldrick, 1986).

15



Heavy atom method

This method uses the positions of the heavy atoms to phase the first
approximate electron density map. If necessary, successive approximate electron
density maps are carried out until all the non-hydrogen atoms had been located. In
this method, one or two atoms in the structure have atomic number, Z;, considerably
greater than those of the other atoms present. Such an atom has surprisingly large
effects on the phases of the structure factors, even though it represents a relatively
small fraction of the total electron count of the cell. Heavy atoms can usually be
located by analysis of a Patterson map. Once it has been located the assumption is
then made that it dominates the diffraction pattern, and the phase angle for each
diffracted beam for the whole structure is approximated by that for the heavy atom.

Certain portions of the Patterson map, depending on the space group,
contain a large proportion of the readily interpretable structural information because
they contain many vectors between space group-equivalent atoms. These portions
are known as Harker lines and planes. The heavy atom coordinates were deduced
from the location of the peaks in the Patterson map, including those on Harker lines
or Harker planes. Fourier syntheses were calculated using only the heavy atom
coordinates to calculate phases, enabling the scattering matter in the vicinity of the
heavy atom to be located. Further Fourier syntheses, including the newly located
atomic coordinates in the phasing calculations, were carried out until all the non-
hydrogen atoms had been located [Glusker & Trueblood, 1985; Stout & Jenson
1989].

The Patterson function is expressed by

P(uvw)=24Z % [FhkIP cos 2m(hu+kv+w)

16



where P(uvw) is the value of the function at the position with fractional coordinates
u, v and w. The summation is over all Bragg reflections and |[F(hkl)| is the observed
structure amplitude. In order to find the position of the heavy atoms it is necessary
to locate them with respect to the symmetry elements. Atoms at the positions (x;,
y1, Z1) and (X2, y2, Zz) give rise to a peak in P(uvw) at u=xp-X;, V=y-y1, W=2,-2;

whose height is roughly proportional to Z, Z, (the atomic numbers).

Refinement

After all or most of the atoms have been located, the analysis is completed
by the process of refinement. This involves the method of least squares, a common
technique for finding the best values for the parameters which describe the model,
and also requires the detecting and removal of systematic errors in the observed
structure amplitudes. The mathematical basis of this method is the proposition that
the best agreement between sets of experimental and calculated quantities is
obtained when the sum of the squares of the discrepancies between them is a
minimum,

Structure parameters (normally, scale, atomic co-ordinates and Uij values)

are most commonly varied to minimise

D=2 w (IFof'-[F[")*

where the w is the weight of the observation, normally equal to 1/G*(|F,|"), the sum
is over all measurements and n is either 1 (refinement on F) or 2 (refinement on F?).
D is minimised if :

6D

—=0(=1,2..N)
5P,
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where P; is one of the N parameters which are used to calculate |F.| and whose
values are to be refined. Refinement is continued until the ratio of the maximum
shift over standard deviation is substantially less than unity.

The residual index, R

Structure factor agreement is compared by

R= Z||F,|-[Fl/ Z|F|

Ro=[Zw(|F,"-[F") Zw (Fo))"*
when n=2
w= 1.0/[Z6*(F,>)+(aP)*+bP]
P= (F,+2F.2)/3

a and b are chosen to give a satisfactory analysis of variance.
The summations are over the reflections actually employed in the analysis.

Final values of R and Ry, for satisfactory analyses are typically 0.02-0.07 and
0.04-0.08 respectively when n=1; Ry, is bigger when n=2. They depend on a great
variety of factors and are thus not an especially reliable guide to the relative

accuracy of a particular structure determination.

Computer programs

CAD4 EXPRESS

The CAD4 diffractometer can be controlled by rather primitive software
developed during the 1970s. In this laboratory this software is itself controlled by
the CAD4EXPRESS shell which allows automatic control of the experiment.
CAD4EXPRESS performed the following tasks.
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1. Searching for up to 25 reflections for determination of cell dimensions and crystal
system.

2. Measurement of slightly more than an asymmetric unit of intensities.

3. W-scan measurements for 9 reflections for absorption correction.

4. Determination of accurate cell dimensions from high angle reflections.

The GX package (Mallinson & Muir, 1985)

This package has been designed for refining structures interactively with
VAX or PC machines. The heart of the system is the crystal model file, containing
the parameters of the crystal model. The package consists of independent programs
that communicate via a standard set of data files, principally the model and
reflection files. All the main types of calculation performed during structure analysis,
such as absorption correction, checking of weighting schemes, least-squares
refinement, geometry calculation and preparation of structures for publication, are
available. This program refines the crystal structure against F. Most compounds
found in this thesis were refined with the GX package.

There is no direct phasing program in this package. To solve a structure
heavy atom methods or direct methods (Sheldrick, 1986) are used. The size of some
structures led to problems with the GX program package because there is a limit of

200 atoms per asymmetric unit.
SHELX Programs

SHELXS (Sheldrick, 1986) has been used for solving non-heavy structures
in this thesis. This widely used direct methods program is designed to solve

structures automatically with a minimum of data (usually just composition, cell

dimensions, space group and structure amplitudes). Most of the heavy atom
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compounds have been solved from the Patterson function using non-automatic

methods. The PATT option of SHELXS was used for some structures.

The SHELXL-93 (Sheldrick, 1993) program for the refinement of crystal
structures is designed for single crystal X-ray data. This program offers refinement
based on F? values rather than traditional crystal structures refinement against F
which ignores the weaker data. For weakly diffracting crystals refinement against all
data can give good results. The errors (estandard deviations) are reduced because

more experimental information is used (Sheldrick, 1993).

Drawing programs

Three graphics programs were used in this thesis (ORTEP, CAMERON &
PLUTON). ORTEP has been developed by Dr. P. R. Mallinson from the original
program for drawing atoms and bonds. CAMERON is another program for
drawing: it is controlled by either typing commands at the keyboard or by mouse.
This program was used on a PC machine, it is especially helpful in studying packing.
PLUTON has mainly been used for spacefilling figures. It can run on PC machines.

Geometry

The geometry program used here (GEOM) is part of the GX package
(Mallinson & Muir, 1985). It reads fractional coordinates and their standard
deviations from a model file and then calculates the bond lengths, bond angles,
torsion angles, intermolecular and interamolecular contacts. Throughout this thesis
observed bond lengths have been compared with mean values from International
Tables for Crystallography, Volume C, Tables 9.5.1.1- 9.6.3.3. These standard

distances are derived from database studies.
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Section 2

The structures of platinum-rhenium heterometallic cluster compounds and

related complexes stabilised by diphosphine ligands
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Chapter 2.1. Stabilisation of metal cluster complexes by diphosphine ligands

2.1.1. Diphosphine ligands

A survey of the Cambridge structural database shows that several hundred
- complexes stabilised by diphosphine ligands have been characterised. The discovery
of the ligand Ph,PCH,PPh, (dppm) in particular has led to development of a rich
coordination chemistry of transition metals, especially of platinum.

In the following three chapters the structures of new platinum-rhenium
cluster complexes are discussed. The present chapter reviews some aspects of
diphosphine chemistry because all clusters in section two contain Ph,PCH,PPh,. The
structure of a binuclear ruthenium complex is also discussed here.

The main topic of this section is, however, that of platinum-rhenium cluster
chemistry which is discussed in Chapter 2.2. This work has involved:

(i) characterisation of new triplatinum rhenium compounds,

(ii) provision of the experimental basis for the assessment of the structure, bonding
and catalytic properties,

(iii) an attempt at understanding the behaviour of heterogeneous Pt/Re/Al,O;
catalysts which are widely used in the petroleum industry.

The chemistry, bonding theory and catalytic properties of the complexes are
discussed in Chapter 2.3.

The starting point for phosphine-stabilised platinum clusters was the work of
Chatt and Chini (1970). They described, for example, the first preparation of
trinuclear phosphine carbonyl cluster compounds. In 1985 Mingos and Wardle
published a comprehensive review of platinum cluster chemistry (Mingos & Wardle,
1985). They showed that most triangulo- M; (M=Pt, Pd) clusters are 42 electron

M;Ps species. Such a 42 electron unsaturated cluster can add small molecules, such
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as alkyne, phosphite or cyanide and also provides a starting point for the synthesis of
heteronuclear compounds by the addition of other metals, notably gold and tin. In
1990 a comprehensive review of tripalladium and triplatinum cluster compounds by
Puddephatt, Manojlovic-Muir & Muir appeared: it focused on the development of
tripalladium and triplatinum chemistry by the synthesis of new types of cluster
derived from the parent cation [Pt3(CO)(u-dppm);]*> by addition of extra metal
atoms. They stressed that a 42 electron M3P¢ unsaturated cluster can react with
sulphur or halide as well as ligands containing metals such as Sn, Hg and Au.

In the new work discussed here on heteronuclear clusters containing platinum
and rhenium, ReO;, Re(CO); or Re(CO),P(OPh); units have been added to the basic
skeleton of Pt;Pg to give a 54 electron cluster. In a search of the Cambridge database
for platinum rhenium cluster compounds only three published papers were found, all
from this laboratory (Xiao, Puddephatt, Manojlovic-Muir & Muir, 1993; Xiao,
Puddephatt, Manojlovic-Muir, Muir & Torabi, 1994; Xiao, Hao, Puddephatt,
Manojlovic-Muir, Muir & Torabi, 1995). This new departure arose from the
synthesis in 1992 of the bimetallic cluster [PtsRe(CO)s(u-dppm)s]*’ by Professor
Puddephatt's group at the University of Western Ontario ( Xiao, Vittal, Puddephatt,
Manojlovic-Muir & Muir, 1993). This synthesis and subsequent work has allowed
Puddephatt's group to develop new area, the chemistry of triplatinum-rhenium
species. The six structure analyses described in Chapter 2.2 have been an integral

part of this development.
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2.1.2. Bonding mode of the bis(diphenylphosphino)methane ligand

The ligand dppm and its relatives show a strong tendency to stabilize
dinuclear complexes, as may be seen in the review by Puddephatt (1983). Tertiary
phosphine ligands have been widely used to stabilize the lower oxidation states of
transition metals (McAuliffe & Levason, 1979). The structural literature on transition
metal phosphine complexes is extensive, as can be seen from the Cambridge
Structural Database which contains several thousand entries only for
triphenylphosphine-stabilized species. These ligands can be easily synthesized with a
variety of substituents on phosphorus and are thus capable of displaying a wide range
of electronic and steric properties (Tolman, 1977). With diphosphines,
R,P(CH,),PR,, the length of carbon chain between the phosphorus atoms is a further
factor in determining ligand behaviour. In all compounds to be discussed in this
section, n is one and R is phenyl. Nowadays there is a substantial structural literature
available on diphosphinomethane complexes, especially for dppm (n=1, R=Ph), but
also for other members of the family. By replacing phosphorus by other group 5
elements, for example arsenic and antimony, the ligands Ph,AsCH,AsPh, and
Ph,SbCH,SbPh;, are obtained. They have also been studied in some depth (Colton,
1976, Okawara & Matsumura, 1976).

Four models of ligation are known for the dppm ligand:

(a) incorporation in a four-membered chelate ring, as in frans-[RhHCI(-dppm),]”
(Cowie & Dwight, 1979) - see Figure 2.1.1(i),

(b) bridging a metal-metal bond, as in [Pt,Cly(u-dppm),] (Manojlovic-Muir, Muir &
Solomun, 1979) - see Figure 2.1.1(ii),

(c) bridging two metal atoms which are not directly bonded to each other, as in
[Rhy(CO)4(CN),(-dppm), ] (Sanger, 1981) - see Figure 2.1.1(iii),

(d) coordination through only one phosphorus atoms, as in frans-P4(Bu' NC),(u-
dppm),]”? (Olmstead, Lee & Balch, 1982) - see Figure 2.1.1(iv).
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Figure 2.1.1. Models of bonding of diphosphinomethane to a metal atom, M=@ and
P=0.
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In binuclear complexes bonding modes (ii) and (iii) (Figure 2.1.1)
predominate. Some of the commonly found structural classes exhibited by binuclear
complexes of the dppm are shown in Figure 2.1.2.

In Figure 2.1.2(v) two metals with square-planar coordination are directly
bonded to one another and are also linked by a pair of bridging diphosphine ligands,
as in [Pt,Cly(u-dppm),] (Manojlovic-Muir, Muir & Solomun, 1979), a so-called side-
by-side binuclear compound (see page 900, Cotton & Wilkinson, 1985), Figure
2.1.2(vi) is the only type of binuclear complex with three p-dppm ligands and is
exemplified by [Pd(u-dppm)s;] (Stern & Maples, 1972) and [Pty(u-dppm)s]
(Manojlovic-Muir & Muir, 1982).

Figure 2.1.2(vii) shows M;P, complexes with a (u-H) bridged M-M bond,
such as was found in [Pt,Me,(u-H)(u-dppm),]* (Brown, Cooper, Frew, Manojlovic-
Muir, Muir, Puddephatt & Thomson, 1979). Formally this kind of bridged bond
arises from protonation and consequent weakening of the Pt-Pt bond. In Figure
2.1.2(viii) (u-H) is replaced by a larger bridging group, which can be neutral, anionic
or cationic (Hoffman & Hoffimann, 1981) to make A-frame compounds (see page
900, Cotton & Wilkinson, 1985).
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Figure 2.1.2. Structural arrangements of the nu

cleus ML, M=@ and L=dppm=0.
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Bridging dppm ligands can also stabilize donor-acceptor metal-metal bonds:
[Pt;Me;(u-dppm),]* (Brown, Cooper, Frew, Manojlovic-Muir, Muir, Puddephatt &
Seddon, 1981) has the skeleton shown in Figure 2.1.1(ix), the electron-rich PtMe,
centre donating an electron-pair to the PtMe centre. Binuclear complexes, [XoM(u-
dppm);MXz], in which a pair of p-dppm ligands is the only link between the metal
atoms, can have cis or trans co-ordination at the metal atoms: in [Pt;Mes(-dppm);]
the cis stereochemistry (Puddephatt, Thomson, Manojlovic-Muir, Muir, Frew &
Brown, 1981) occurs, whereas in [Pt;(C=CR)4(u-dppm),] (Pringle & Shaw, 1982)
there is a trans co-ordination of the metal atoms. Figure 2.1.2(x) shows the trans co-
ordination for such so-called face-to-face compounds (see page 900, Cotton &
Wilkinson, 1985).

The addition of one bridging ligand per metal atom to 2.1.2(x) gives ML
complexes such as [Mo,Clg(u-dppm), and Ru,Cls(u-dppm).] (Chakravarty, Cotton,
Diebold, Lewis & Roth, 1986) in which two metal octahedra share a common edge.
In the course of this work the structure of the ruthenium complex, [Rux(u-H)(u-
CHCI(CO)(n-dppm),], 2, was shown to display this arrangement. Its structure will

be discussed later in this chapter.
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2.1.3. A bimetallic ruthenium complex [Ru,Cl;H(CO),(p-dppm).]

Introduction

A primary reason for the extensive synthetic and structural research on
dinuclear dppm complexes just discussed was the hope that these complexes could
either function as homogeneous catalysts for various organic reactions or that they
could be employed under mild conditions as precursors in the synthesis of generally
inaccessible products. For catalytic activity it is believed that the cluster requires co-
ordinative unsaturation; this can be produced by loss of a ligand or by metal-metal
bond scission. Therefore, for effective catalysis a compromise (as discussed above)
must be reached between the stability and reactivity of the cluster framework. One
approach is to use bridging ligands to maintain the integrity of the polymetallic core.
During an attempt to apply this strategy by using bis(diphenylphosphino)methane
(dppm) ligands to stabilise binuclear ruthenium compounds [Rux(CO)4(pn-CO)(p-
dppm),], 1, was dissolved in benzene and the solution was stirred under ethylene.
After one day a yellow-orange solid was obtained. It wés recrystallized from
CH,Cly/ethanol by slow diffusion to give complex 2 (Puddephatt, private
communication). The nature of this product has been established by an X-ray crystal
structure analysis. Preparation, crystallization and spectroscopic characterisation of
complex 2 were performed by Professor Puddephatt and his co-workers at the
University of Western Ontario, Canada. Although 2 has now been adequately

characterised the reaction sequence which gives rise to it remains obscure.

Results and discussion
The molecular structure of 2 is shown in Figure 2.1.4. It displays exact C,
symmetry, the diad axis passing through the bridging H(1) and CI(1) atoms and

bisecting the Ru-Ru vector. Compound 2 thus contains two RuCIl(CO) fragments
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bridged by two dppm ligands to form a Ru,Cl, (CO), (u-dppm), skeleton. The metal
atoms are further bridged by chloride and hydride to complete an edge-sharing
bioctahedral M,L,o-type structure (Chakravarty, Cotton, Diehold, Lewis and Roth,
1986) which has two types of terminal ligands, equatorial (e) and axial (a), in

addition to bridging (b) groups (Figure 2.1.3).

Figure 2.1.3. A model for M,L ;o complexes

The maximum symmetry is D,, (Shaik, Hoffmann, Fisel & Summerville,
1980). Real complexes may depart from Do, symmetry in many ways, but even within
the Doy, constraint there is a wide range of deformations. The e-M-e and a-M-a angles
may change from their idealized octahedral values of 90 and 180°, respectively. In 2
the largest departures from octahedral co-ordination at the metal involve the
carbonyl ligand: ClI(2)-Ru-C(1) opens to 98.8(6)° at the expense of C(1)-Ru-H(1)
which closes to 78.0(4)°, and the C(1)-Ru-CI(1) angle is 167.3(6)° (see Table 2.1.2).
Each Ru,P,C ring adopts an envelope conformation, with the carbon atom at the flap
which is folded towards the hydrido and carbonyl ligands. Such a conformation
brings the equatorial phenyl substituents [rings C(3)-C(8) and C(15)-C(20)] to the
carbonyl side of the Ru,P,C; core (see Figure 2.1.4). There are some intramolecular
contacts involving the carbonyl ligands [C(1)...CI(2) 3.24(2), C(1)..H(1) 2.29(3),
C(1)...P(1) 2.86(2) and C(1)...P(2) 2.94(2) A].
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The Ru-Ru distance [2.931(3) A] lies towards the upper and of the range of
values previously observed for Ru-Ru single bonds [2.67 -3.10 A] (Johnson &
Gladfelter, 1992; Lugan, Bonnet & Ibers, 1985; Clucas, Harding, Nicholls & Smith,
1985; Colombie, Bonnet, Fompeyrine, Lavigne & Sunshine, 1986). The Ru-H
distances are in agreement with those found in the Ruy(u-H) bridges of other
binuclear and cluster complexes [1.7 - 1.9 A] (Bruce, Hamphrey, Snow, Tiekink &
Wallis, 1986, Manojlovic-Muir, Brandes & Puddephatt, 1987, Mirza, Vittal &
Puddephatt, 1993). The bridging Ru-Cl bond [Ru-CI(1) 2.453(5) A] is about 0.02 A
longer than the terminal one [Ru-Cl(2) 2.435(4) A] (see Table 2.1.1), but both bonds
are much longer than the bridging Ru-Cl bond lengths in Ru,Cls(pu-dppm), [2.353(2)
- 2.334(2) A] (Chakraverty, Cotton, Diebold, Lewis & Roth, 1986).

The arrangement of the molecules in the crystal (Figure 2.1.5) shows two
features of interest. First, when viewed down the c-axis there is a narrow slit, roughly
6A long by 2A wide, centred on x=y=1/2, which is free of atomic nuclei. This slit is
too small to contain solvent molecules: it disappears when a space-filling model of
the unit cell is viewed down c and the final difference synthesis (Table 2.1.3) does
not contain any unexpected peaks. Second, a search of the CSD reveals ten binuclear
disphosphine complexes, containing a variety of metals, which are isomorphous with
the present structure. It is also worth noting that P4,2,2 (or P4;2,2) is the most

common tetragonal space group in the CSD.

Experimental

A red prismatic crystal of Ru,Cl,(CO),(u-H)(u-Cl)(u-dppm),], 2, was sealed
in a glass capillary, together with some mother liquor/nujol and apiezon grease, and
mounted on a CADA4-diffractometer. The positions of the ruthenium atoms were
determined from a Patterson function and those of the remaining non-hydrogen

atoms from difference electron density syntheses. The position of the hydrido ligand,
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H(1), was determined from a low angle difference map which showed a peak of 0.62
eA? at a co-ordination site on the diad axis which relates the two ruthenium atoms;
the displacement parameter of H(1) was constrained at U(H)=1.2 U(Ru), the
equivalent isotropic displacement parameter of the ruthenium atom. The positions of
the hydrogen atoms of the dppm ligands were calculated assuming standard
stereochemistry at C,,’ and C,’ atoms. Isotropic displacement parameters were
refined for phenyl carbon atoms. The structure was refined by full matrix least
squares, minimizing the function Zw(|Fo|)-|Fc|)>, where w=1/{1+[([Fo|-FB)/FA}*}?,
with FA=95.0 and FB=56.0.

The choice of the space group P4,2,2; rather than the enantiomeric P452,2,
was justified by refinement of the chirality parameter n (Rodgers, 1981); its final
value was 1.1(2), satisfactory close to +1.

The atomic fractional co-ordinates are shown in Table 2.1.1 and
crystallographic data are given for compound 2 in Table 2.1.3. All calculations were

performed using the GX program package (Mallinson, Muir, 1985).
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Captions to Figures

Figure 2.1.4. A view of the molecular structure of [Ru,Cl, (CO).(un-H)(u-Cl)
(u-4ppm);], 2, with the thermal ellipsoids displaying 50% probability. In the phenyl
rings the carbon atoms are in the sequence C(n), C(n+1)...C(n+5), starting at the
atom bonded to phosphorus. Only the C(n+1) atoms are labelled and all hydrogen
atoms of the dppm atoms are omitted for clarity. The structure has
crystallographically imposed C, symmetry, the two-fold axis passing through the
H(1) and CI(1) atoms and bisecting the Ru-Ru vector.

Figure 2.1.5. A view of the molecular packing of [RuCl, (CO)(n-H)(u-Cl)

(u-4ppm).], 2, in projection down the c-axis.
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Table 2.1.1. Atomic fractional co-ordinates and isotropic displacement
parameters(A®) for compound 2

Atom X y z U

Ru(l) 0.21728(7)  0.13360(7)  0.95571(4) 0.041
P(1) 0.1331(3) 0.2238(2) 0.8990(1) 0.046
P(2) 0.2925(3) 0.0304(2) 1.0091(1) 0.047
CI() 0.2680(3) 0.2680 1.0000 0.061
Cl(2) 0.3457(3) 0.1313(3) 0.8993(2) 0.069
o(1) 0.1209(10)  -0.0115(9) 0.9109(6) 0.123
C1) 0.1567(12)  0.0422(10)  0.9290(6) 0.068
CQ2) 0.0245(9) 0.244709) 0.9255(5) 0.050
C@3) 0.1036(14)  0.1726(12)  0.8382(4) 0.052(4)
C@4) 0.0236(12)  0.1889(6) 0.8129(7) 0.072(5)
C(5) 0.0076(6) 0.1499(12)  0.7656(6) 0.080(5)
C(6) 0.0715(11)  0.0947(10)  0.7437(3) 0.090(6)
c() 0.1514(10)  0.0784(8) 0.7689(7) 0.091(6)
C(@) 0.1675(8) 0.1174(14)  0.8162(6) 0.070(5)
C©) 0.1731(9) 0.3313(5) 0.8780(5) 0.060(4)
C(10) 0.2627(7) 0.3526(11)  0.8844(7) 0.065(4)
C(11) 0.2948(7) 0.4348(11)  0.8680(6) 0.091(6)
C(12) 0.2374(8) 0.4956(5) 0.8451(4) 0.087(6)
C(13) 0.1478(6) 0.4744(11)  0.8387(7) 0.091(6)
C(14) 0.1156(8) 0.3922(11)  0.8551(5) 0.068(5)
C(15) 0.2837(14)  -0.0825(9) 0.9857(6) 0.052(3)
C(16) 0.2280(13)  -0.1462(8) 1.0076(6) 0.072(4)
cam 0.2161(6) -0.2283(6) 0.9839(3) 0.091(5)
C(18) 0.2598(12)  -0.2468(8)  0.9383(5) 0,110(7)
C(19) 0.3154(10)  -0.1832(7)  0.9164(5) 0.086(5)
CQ20) 0.3273(8) -0.1010(7) 0.9401(3) 0.075(5)
CQ21) 0.4107(7) 0.0380(13) 1.0202(7) 0.052(4)
C(22) 0.4565(6) 0.1181(11) 1.0143(8) 0.064(4)
C(23) 0.5457(8) 0.1240(6) 1.0285(5) 0.084(5)
(6¢2))] 0.5892(6) 0.0498(11) 1.0485(6) 0.090(5)
C(25) 0.5434(7) -0.0302(9) 1.0543(7) 0.091(6)
C(26) 0.4542(9) -0.0361(8) 1.0402(4) 0.077(5)
H(1) 0.124(7) 0.124 1.000 0.041

37



Table 2.1.2. Selected bond distances (A) and bond angles(°)

(a) bond distances

Ru(l) -Ru(ly’  2.931(2) Ru(l) - P(1) 2.380(4) Ru(1)-P(2) 2.378(4)
Ru(l) - CI(1) 2.453(2) Ru(1)-CI(2)  2.435(5) Ru(l)-C(1)  1.791(17)

P(1)-C(2) 1.803(14) P(1) - C(3) 1.829(14) P(1) - C(9) 1.811(10)
P2)- C(2) 1.866(15) P(2) - C(15) 1.811(14) P2)- C(21) 1.804(12)
o) - C() 1.08(3) Ru(1) - H(1) 1.83(9)

(b) bond angles

Ru(l)’ -Ru(l)-P(1)  91.5(1) Ru(l)’ -Ru(l)-P(2)  90.9(1)
Ru(l)’ - Ru(l) - CI(1) 53.3(1) Ru(l)’ - Ru(l) - CI(2) 146.2(2)
Ru(l)’ - Ru(l) - C(1) 115.0(6) Ru(l)’ -Ru(l)-H(1)  36.9(11)
P(1) - Ru(l) - P(2) 173.92) P(1) - Ru(l) - CI(1) 89.6(2)
P(1) - Ru(l) - CI(2) 92.7(2) P(1) - Ru(l) - C(1) 85.5(6)
P(1) - Ru(l) - H(1) 92.1(19) P(2) - Ru(l) - CI(1) 96.3(2)
P(2) - Ru(l) - CI(2) 88.5(2) P(2) - Ru(l) - C(1) 8.4(6)
P(2) - Ru(l) - H(1) 86.4(18) CI(1) - Ru(l) - CI(2) 93.1(2)
CI(1) -Ru(1) - C(1) 167.3(6) CI(1) - Ru(l) - H(1) 90.2(11)
CI(2) - Ru(l) - C(1) 98.8(6) CI(2) - Ru(1) - H(1) 174.1(10)
C(1) - Ru(l) - H(1) 78.3(14) Ru(l) - P(1) - CQ2) 109.8(5)
Ru(l) - P(1) - C(3) 116.0(6) Ru(l) - P(1) - C(9) 121.6(5)
C(@)- P(1)- C3) 101.1(8) CQ) - P(1) - C©9) 105.2(7)
C@3)- P(1) - C(9) 100.9(7) Ru(l) -P(2) - CQ2) 113.1(5)
Ru(l) - P(2) - C(15) 112.1(6) Ru(l) - PQ2) - C(21) 121.5(7)
C(Q)- PQ2) - C(15) 103.9(7) CQ)- P(2) - C21) 103.5(7)
C(15) - P(2) - C21) 100.8(10) Ru(l)- CI(1)-Ru(l)  73.4(1)
Ru(l) - C(1) - O(1) 176.8(17) P(1)- CQ2) - PQ2) 112.4(8)
P(1)- C3)- C@) 123.5(14) P(1) - C(3) - C(8) 116.4(13)
P(1)- C(9) - C(10) 119.2(10) P(1) - C©9) - C(14) 120.8(10)
P(2) - C(15) - C(16) 123.1(13) P(2) - C(15) - C(20) 116.4(11)
P(2)- C21)-C(22) 121.5(12) P(2) - C(21) - C(26) 118.1(12)

Ru(1) - H(1) - Ru(ly’ 106.3(38)

The primed labels identify atoms at symmetry-equivalent position y, z, 2-z.
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Table 2.1.3. Crystallographic data of the structure analysis of compound 2

Formula
Formula wt
Crystal system
Space group
a
c A
v A’
zZ
F(@© 0 0)
D calc gem?
T K
Crystal colour and habit
Crystal size mm
Cell: reflections used © range(®)
pu(Mo-Ka) cm’™
Measured reflections
Unique reflections
Observed reflections 12 3o(I)
O range °
Miller indices h
k
1
Decay in mean standard (%)
Ry
No. of parameters
R(F)
R« (F)
S
Apmax. and Apmin- eA-Zi
A/S max.

Cs;HysCl1;0,PRu,
11343

tetragonal

P4,2,2

15.033(9)
26.300(7)
5844(5)

4

2288

1.267

294

red prismatic
0.40 x 0.25 x 0.23
10 reflections 8<0<l11
7.73

5226

4663

2751

2.5-24

017

-2 17

230

4

0.038

119

0.0584

0.0799

427

0.79 — -0.50
0.036

39



Chapter 2.2. The structures of Pt;Re cluster complexes

2.2.1. Introduction

In this chapter the structures are presented of six platinum-rhenium cluster
complexes, all of which are stabilized by dppm ligands. Each structure is considered
individually here. The relevant crystallographic details are contained in Tables 2.2.1-
2.2.16 and Figures 2.2.1-2.2.12.

The chemical implications of this work are discussed fully in the next chapter
(Chapter 2.3). It should, however, be noted here that the structural analyses
discussed here were essential to the interpretation of the chemistry and reactivity of
the Pt/Re systems. Such systems are interesting as potential models for the
behaviour of industrially important Pt-Re/Al,O; heterogeneous catalysts (see Xiao &
Puddephatt, 1995).

Perhaps the most interesting and unexpected result from this work was the
discovery of clusters containing low-valent platinum stabilised by m-acceptors, such
CO or phosphine, attached to high-valent rhenium stablised by m-donor oxide.
Previously, low-valent metal clusters were regarded as a distinct class of compound,
as were high-valent oxide- or halide-containing clusters, (see chapter 2 of Shriver,
Kaesz, & Adams, 1990) and mixed types were unknown.

The following chapters will not discuss in detail the Pt-P and P-C bond
distances because these distances, which are in the ranges 2.253(3) - 2.307(2) and
1.780(4) - 1.858(9) A for the new platinum-rhenium cluster complexes, are much
the same as those found in the previous work on triplatinum complexes derived from
[Pt3(CO)(u-dppm)s]? (Douglas, Jennings, Manojlovic-Muir, Muir & Puddephatt,
1989).
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2.2.2. The structure of [Pt;(ReOs)(n-dppm);][ReQ4], 6

The cluster cation [Pts(u-ReO;)(u-dppm)s]’, in 6 contains both a high
oxidation state Re(VI)Os' fragment and a low oxidation state Pt’s(u-dppm)s unit.
The compound is formed by reaction of dioxygen with [Pt;{Re(CO);}(u-dppm);]’,
4, under forcing conditions. Complex 4 can be obtained by reacting the parent
cluster [Pt3(u-CO)(u-dppm)s]* with [Re(CO)s]” (see Scheme 2.3.1 in the following
chapter). More detail about the chemical behaviour of the compound 6 will be
presented in chapter 2.3.

The structure of 6 has been determined by X-ray diffraction and the results
are presented in Tables 2.2.1 - 2.2.3 and Figures 2.2.1 -2.2.3. The crystals contain
[Pt3(ReOs)(u-dppm);]* cluster cations based on a tetrahedral Pt;Re core and [ReQ,]
anions.

Each Pt-Pt edge is bridged by a dppm ligand, forming the well known
latitudinal Pt;(u-dppm); moiety. A face of the Pt; triangle is ps-bridged by the
Re(1)Os unit. Re(1) thereby adopts a highly distorted octahedral coordination which
retains local C; symmetry, with Pt-Re(1)-Pt angles of 56.7(1)-57.4(1)° and O-Re-O
angles of 104(1)-110(1)° (see Table 2.2.2). Thus, the cation in 6 is closely related
structurally to [PtsRe(CO);(u-dppm)s]’, 4, with oxo ligands replacing carbonyl.

Each Pt,P,C ring adopts a distorted envelope conformation with a CH; group at
the flap position. Two of the methylene carbon atoms lie on the same side of the Pt;
triangle as Re(1) and the third methylene carbon [C(2)] is displaced to the other side
of the Pt; triangle. The conformation of the Pt;P¢C; unit brings two axial and four
equatorial phenyl substituents to the side of the two CH; groups, affording a cavity
which is occupied by the ReOs group. The cavity on the other side of the Pt;(u-
dppm); fragment, defined by four axial (A, D, I, L) and two equatorial (F, G) phenyl
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substituents, encloses a loosely bound [ReO,] anion (see Figure 2.2.1). The ability
of the M;(u-dppm); fragment in related complexes to attach and loosely bind an
anion to one face of the M; triangle has been observed previously (Ferguson, Lloyd,
Manojlovic-Muir, Muir & Puddephatt, 1986; Manojlovic-Muir, Muir, Lloyd &
Puddephatt, 1983). Thus, for example, the short Pd-O distances [2.77(1)-2.92(2) A]
involving the p-CF3CO; anion in [Pd;(p3-CO);(u-CF3CO2)(u-dppm);][CF;CO;]
(Ferguson, Lloyd, Manojlovic-Muir, Muir & Puddephatt, 1986) and the Pt-I
distances [3.113(1)-3.341(1) A] in [Pts (u3-I){(u3-Re(CO)s }(u-dppm)s] (Xiao, Hao,
Puddephatt, Manojlovic-Muir, Muir and Torabi, 1995a) are considered indicative of
some degree of covalency. In 6, however, the shortest Pt-O distances [3.37(3),
3.41(3), 3.98(3) A] (see Table 2.2.2) are too long to indicate a covalent bonding
interaction.

The Pt-Pt distances in 4 are nearly constant [2.593(1)-2.611(1) A] (Xiao, Vittal,
Puddephatt, Manjolovic-Muir & Muir, 1993) and virtually identical values are found
in 6 [2.598(2)-2.609(3) A] (see Table 2.2.2). The Pt-Re distances in each cluster are
rather less regular; the values in 6 (see Table 2.2.2) are slightly longer than those
found in the parent compound 4 (Xiao, Vittal, Puddephatt, Manjolovic-Muir &
Muir, 1993). The Re(1)-O distances in 6 are in the range of 1.70(3)-1.77(3) A (see
Table 2.2.2) and compare well with corresponding values in the compounds
[CoH,10NsBReOs] [1.707(2)-1.720(2) A] (Degnan, Herrmann & Herdtweck, 1990),
[C10H1sNReO;] [1.678(5)-1.705(4) A] (Herrmann, Kuhn, Romao, Huy, Wang,
Fischer, Kirprof & Scherer, 1993), [ReO,(0,CsHi),]- [1.681(7) A] (Dilworth,
Ibrahim, Khan, Hursthouse & Karaulov, 1990) and [Re,O¢(p.-OH),C4Hs0,]
[1.694(6)-1.720(5) A] (Fischer, Krebs, Hoppe, 1982). The O-Re(1)-O angles in 6
[104.4(12)-109.9(12)°] lie between the values found in the compound
CoHoNeBReO; [103.9(1)-104.3(1)°] and those in C;oH;sNReO; [119.1(3)-
119.5(1)°]. Bond distances and angles in the perrhenate anion are normal and agree

with previous studies (Tsany, Reibenspies & Martell, 1993).
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Each cation in 6 has closely associated with it an [ReO,] anion which blocks the
free face of the Pt; triangle: the Re(2) atom is nearly equidistant from Pt(2) and
Pt(3) [4.97(8) & 4.96(2) A respectively] and is slightly further [5.29(2) A] from
Pt(1). The anion is oriented so that the Re(2)-O(7) vector points towards the
midpoint of Pt(2)-Pt(3). The resulting short O(7)...Pt contacts, as mentioned before,
are however clearly nonbonding.

The overall transformation of 4 to 6 involves the replacement of the three
carbonyl ligands in 4 by the three terminal oxo ligands in 6. Since both CO and the
terminal oxo ligand are formally two-electron donors, the overall cluster count in 4
and 6 are the same. Both are coordinatively unsaturated 54-electron clusters and the
similarity displayed by the cluster cores of the two cations is therefore to be
expected.

The bonding in both 6 and 4 can be understood in terms of the donation of
electron density from three filled Pt-Pt bonding orbitals, having a;+e symmetry, of
the Pt;(n-dppm); fragment to the three vacant acceptor orbitals, also having a,+e
symmetry, of an Re(=0);" or Re(CO); fragment. In this formulation, the platinum
and rhenium atoms in 6 may be considered as Pt(0) and Re(VII). Even through this
is an extreme interpretation, the oxidation states of platinum and rhenium in 6 are
clearly very different, to an extent which is unprecedented in transition metal cluster
chemistry.

The ReO; fragment is present in several other unusual compounds, such as
MeReO;, [(ns-CsMes)Reog,] and [Me,PCH,PMe,),Cl,Re-ReOs]. The first two of
these are considered as Re(VII) complexes (Ara, Fanwick & Walton, 1992 ;
Herrmann, Serrano & Bock, 1984). There is a useful analogy between complexes 6
and [(n’-CsMes)ReOs], since the donor orbitals of both the Pty(u-dppm)s fragment
and CsMes-ligand have a;+e symmetry and so may be considered to be isolobal (see
chapter 20 of Albright, Burdett & Whangbo, 1985). The analogy, together with

proven compatibility between the ReO;" and Pt;(u-dppm); fragments, suggests
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several other possibilities for preparing clusters, by substitution of Pt3(u-dppm)s
units for CsMes-ligands derived from known (CsMes)MX, complexes. Since the vast
majority of organometallic oxo complexes contain cyclopentadienyl ligands
(Bottomley & Sutin, 1988), the preparation of other Pt; fragments based on oxide

clusters should be feasible.

Experimental

All X-ray measurements were made at 23°C using a small block-shaped
crystal. The accuracy of the analysis has been adversely affected by the high
mosaicity and low diffracting power of the crystal specimen. Three reflections, (-1 7
1, 4 5 10 and -7 -1 4), were used to monitor the stability of the crystal and
diffractometer. Their mean intensity showed a linear decline of up to 7.3% over the
144 hours of data collection. Empirical absorption corrections were made by the
method of Walker & Stuart (1985) at the end of the isotropic refinement. The
internal agreement factor, Riy, for merging 566 duplicate intensities was 0.039
before and after correction for absorption. The structure was solved by the heavy
atom method. The positions of the non-hydrogen atoms were obtained using
Patterson and difference Fourier methods. The isotropic Uij parameters (see Table
2.2.1) are extremely large for some of the carbon atoms of rings B and K; this
suggests positional disorder of these rings although alternative atomic sites were not
obvious from difference maps. The final atomic parameters and anisotropic
displacement parameters for all compounds except hydrogen atoms are given in

Table 2.2.1. Crystallographic data for compound 6 is given in Table 2.2.3.
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Captions to Figures

Figure 2.2.1. A view of the [Pt;(ReOs)(u-dppm)s]* cation in 6 and its
associated [ReO,] anion. 50% probability ellipsoids are displayed. For clarity
hydrogen atoms are omitted, as are all but the ipso carbon atoms of each of the

twelve phenyl rings.

Figure 2.2.2. Space-filling diagram for the [Pt3(ReO;)(u-dppm):]” cation in
6. Here and in Figure 2.2.3 the platinum atoms are shown in black and the oxygen
atoms are dotted. The cation is viewed along the normal to the Pt; plane from the
side containing the [ReQ,4] anion which is not shown.

Figure 2.2.3. Space-filling diagram for the cation in 6. viewed normal to the

Pt; plane from the ReQ; side.
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Table 2.2.1. Atomic fractional co-ordinates and isotropic replacement parameters
(A“) for compound 6

Atom X y z U
Pt(1) 0.84518(11) 0.18573(11) 0.27266(7) 0.024
Pt(2) 0.74350(12) 0.19395(11) 0.18130(7) 0.025
Pt(3) 0.77417(12) 0.35490(11) 0.20632(7) 0.025
Re(1) 0.93211(13) 0.23029(12) 0.14029(7) 0.033
Re(2) 0.45749(16) 0.31020(15) 0.36417(9) 0.058
P(1) 0.8736(8) 0.0189(7) 0.3019(5) 0.033
P(2) 0.7497(8) 0.0295(7) 0.1976(4) 0.029
P(3) 0.6332(8) 0.2686(7) 0.1129(5) 0.035
P4) 0.6695(7) 0.4593(7) 0.1409(5) 0.031
P(5) 0.8324(7) 0.4457(7) 0.2611(5) 0.029
P(6) 0.9037(7) 0.2521(7) 0.3449(4) 0.027
o) 1.0205(19) 0.2710(19) 0.1671(12) 0.050(7)
02) 0.9162(19) 0.2914(18) 0.0629(12) 0.049(7)
0Q3) 0.9834(18) 0.1064(18) 0.1262(11) 0.043(7)
(00)] 0.504(3) 0.253(3) 0.434(2) 0.11(1)
O(5) 0.403(3) 0.434(3) 0.383(2) 0.12(1)
0(6) 0.376(2) 0.254(2) 0.350(1) 0.08(1)
o) 0.554(3) 0.308(2) 0.298(2) 0.10(1)
C() 0.858(3) -0.038(3) 0.234(2) 0.04(1)
C(2) 0.583(2) 0.394(2) 0.129(1) 0.022(8)
C(3) 0.933(3) 0.365(3) 0.301(2) 0.033(9)
C(Al) 0.786(3) -0.026(2) 0.373(1) 0.04(1)
C(A2) 0.709(3) 0.041(2) 0.407(2) 0.07(1)
C(A3) 0.640(4) 0.008(2) 0.461(2) 0.09(2)
C(A4) 0.649(2) -0.092(2) 0.482(1) 0.07(1)
C(A5) 0.726(3) -0.158(2) 0.448(2) 0.11(2)
C(A6) 0.794(4) <0.125(2) 0.394(3) 0.12(2)
C@B)D) 0.999(3) -0.047(4) 0.313(3) 0.04(1)
C(B2) 1.074(3) -0.049(4) 0.256(2) 0.07(1)
C(B3) 1.172(4) -0.090(3) 0.261(2) 0.08(2)
C(B4) 1.195(3) -0.129(3) 0.324(3) 0.09(2)
C(B5S) 1.120(3) -0.127(4) 0.381(2) 0.20(4)
C(B6) 1.022(4) -0.086(2) 0.376(2) 0.14(3)
C(C1) 0.7714) -0.026(3) 0.121(1) 0.04(1)
C(C2) 0.862(3) -0.035(3) 0.076(2) 0.05(1)
C(C3) 0.873(3) -0.067(2) 0.014(2) 0.07(1)
C(C4) 0.793(3) -0.091(3) -0.001(1) 0.06(1)
C(C5) 0.702(2) -0.082(3) 0.044(2) 0.12(2)
C(C6) 0.691(3) -0.049(1) 0.105(2) 0.06(1)
CDD 0.649(2) -0.019(2) 0.256(1) 0.05(1)
C(D2) 0.567(2) 0.049(2) 0.284(1) 0.030(9)
C(D3) 0.488(3) 0.017(2) 0.329(2) 0.09(2)
C(D4) 0.491(2) -0.082(2) 0.346(1) 0.07(1)
C(D5) 0.573(3) -0.150(2) 0.318(2) 0.07(1)
C(Ds6) 0.652(3) -0.118(2) 0.273(2) 0.05(1)
CED) 0.679(4) 0.275(3) 0.022(1) 0.05(1)
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C(E2)
C(E3)
C(E4)
C(ES)
C(ES6)
CF1)
C(F2)
C(F3)
C(F4)
C(F5)
C(F6)
C(G1)
C(G2)
C(G3)
C(G4)
C(G5)
C(G6)
CH1)
C(H2)
C(H3)
C(H4)
C(HS)
C(H6)
cay)

C@2)

Ca3)

C(14)

C(as)

C(16)

cal)

c@2)

ca3)

C(4)

Cas)

CJs6)

CKl)
CK2)
C(K3)
C(K4)
C(KS5)
C(K6)
CLl)
CL2)
CL3)
C(L4)
C@L5)
C(L6)

0.622(4)
0.660(2)
0.753(3)
0.809(3)
0.772(3)
0.519(2)
0.514(3)
0.432(4)
0.355(2)
0.360(3)
0.442(4)
0.585(3)
0.508(2)
0.445(2)
0.458(3)
0.5349(18)
0.598(3)
0.728(2)
0.820(2)
0.8591(19)
0.8065(19)
0.715(2)
0.6752(18)
0.744(4)
0.649(4)
0.5861(19)
0.618(3)
0.714(3)
0.777(2)
0.8863(16)
0.827(3)
0.864(3)
0.9597(15)
1.0193)
0.982(3)
1.018(3)
1.016(4)
1.104(4)
1.193(3)
1.195(4)
1.107(4)
0.822(4)
0.731(4)
0.666(2)
0.694(4)
0.786(3)
0.850(2)

0.327(2)
0.322(3)
0.264(3)
0.212(2)
0.218(4)
0.223(3)
0.1632)
0.122(3)
0.142(3)
0.201(2)
0.242(3)
0.571(2)
0.558(2)
0.638(2)
0.732(2)
0.7451(15)
0.665(2)
0.511(2)
0.532(3)
0.5873(27)
0.6209(18)
0.599(3)
0.5444(24)
0.510(2)
0.493(3)
0.5307(24)
0.585(2)
0.602(3)
0.564(2)
0.5433(18)
0.637(2)
0.708(2)
0.6860(16)
0.592(2)
0.521(2)
0.178(5)
0.135(2)
0.083(4)
0.075(4)
0.119(3)
0.170(5)
0.283(2)
0.258(3)
0.287(3)
0.342(2)
0.367(3)
0.337(2)
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-0.024(3)
0.093(2)
0.114(1)
-0.067(3)
0.001(2)
0.126(2)
0.082(2)
0.093(1)
0.1482(15)
0.192(2)
0.182(1)
0.169(2)
0.223(2)
0.252(1)
0.225(2)
0.1707(12)
0.142(2)
0.056(1)
0.049(2)
-0.0096(16)
0.0611(10)
-0.054(2)
0.0045(16)
0.329(2)
0.350(1)
0.4058(16)
0.441(2)
0.420(1)
0.364(2)
0.2043(10)
0.195(2)
0.147(2)
0.1087(10)
0.118(2)
0.166(2)
0.366(4)
0.432(4)
0.452(2)
0.405(4)
0.338(3)
0.3193)
0.425(2)
0.446(1)
0.504(2)
0.542(2)
0.522(1)
0.463(2)

0.08(1)
0.08(1)
0.08(1)
0.10(2)
0.08(1)
0.04(1)
0.09(2)
0.10(2)
0.08(1)
0.06(1)
0.05(1)
0.022(8)
0.029(9)
0.08(1)
0.07(1)
0.09(2)
0.06(1)
0.033(9)
0.04(1)
0.07(1)
0.07(1)
0.07(1)
0.06(1)
0.026(8)
0.05(1)
0.06(1)
0.08(2)
0.08(2)
0.07(1)
0.028(9)
0.06(1)
0.07(1)
0.05(1)
0.05(1)
0.06(1)
0.04(1)
0.19(3)
0.28(5)
0.13(2)
0.14(3)
0.13(2)
0.04(1)
0.06(1)
0.09(2)
0.07(1)
0.07(1)
0.09(2)




Table 2.2.2. Selected bond distances (A) and bond angles(®).

() bond distances

Pi(1) - Pt(2)
Pi(1) - P(1)

Pt(2) - Re(1)
Pt(3) - Re(1)
Re(1) - O(1)
Re(2) - O(4)
Re(2) - O(7)
P(1) - C@B1)
P(2) - C(D1)
P3)- C(F1)
P(4) - C(HI)
P(5)- C(1)
P(6) - C(L1)

2.598(2)
2.286(10)
2.748(3)
2.711(3)
1.74(3)
1.71(4)
1.68(4)
1.83(5)
1.81(3)
1.83(4)
1.84(3)
1.83(3)
1.82(5)

Pt(1) - Pt(3)
Pt(1) - P(6)
Pt(2) - P(2)
Pt(3) - P(4)
Re(1) - O(2)
Re(2) - O(5)
P(1) - C(1)
P@2) - C(1)
PQ3) - CQ)
P@4) - CQ)
P(5)- CQ3)
P(6) - CQ3)
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2.609(3)
2.306(9)
2.278(9)
2.295(10)
1.703)
1.80(4)
1.83(4)
1.83(4)
1.80(4)
1.80(4)
1.83(4)
1.78(4)

Pt(1) - Re(1)
Pt(2) - Pt(3)
Pi(2) - P(3)

P((3) - P(5)

Re(1) - O(3)
Re(2) - O(6)
P(l) - C(Al)
P(2) - C(C1)
P3) - CEl)
P(4) - C(G1)
P(5) - C(1)
P(6) - C(K1)

2.720(3)
2.600(3)
2.275(10)
2.274(9)
1.773)
1.67(3)
1.81(4)
1.82(3)
1.80(4)
1.82(4)
1.83(5)
1.78(6)



(b) bond angles

Pt(2) - Pi(1) - Pt(3)
P(2) - P(1) - P(1)
Pt(3) - Pt(1) - Re(1)
Pt(3) - Pt(1) - P(6)
Re(1) - Pi(1) - P(6)
Pt(1) - Pt(2) - Pt(3)
P(1) - Pt(2) - P(2)
Pt(3) - Pt(2) - Re(1)
Pt(3) - Pt(2) - P(3)
Re(1) - Pi(2) - P(3)
Pt(1) - Pt(3) - Pt(2)
Pt(1) - Pt(3) - P(4)
Pt(2) - Pt(3) - Re(1)
Pt(2) - Pt(3) - P(5)
Re(1) - Pt(3) - P(5)
Pt(1) - Re(1) - Pt(2)
Pi(1) - Re(1) - O(1)
Pi(1) - Re(1) - O(3)
Pt(2) - Re(1) - O(1)
Pt(2) - Re(1) - O(3)
Pt(3) - Re(1) - O(2)
O(1) - Re(l) - O(2)
0(2) - Re(l) - O(3)
0(@) - Re(2) - O(6)
0(5) - Re(2) - O(6)
0(6) - Re(2) - O(7)
P(2) -P(2) - C(1)
Pt(3)-P@4) - CQ)
Pt(1) - P(6) - CQ3)

59.9(1)
95.9(3)
61.1(1)
94.9(3)
112.4(3)
60.2(1)
95.2(3)
60.9(1)
96.2(3)
116.8(3)
59.8(1)
154.2(3)
62.3(1)
155.1(3)
108.6(3)
56.7(1)
88.8(8)
95.2(8)
142.7(8)
90.8(8)
92.9(9)
109.9(12)
104.4(12)
111.4(16)
113.5(16)
109.8(15)
110.0(13)
108.6(11)
107.1(12)
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Pt(2) - Pt(1) - Re(1)
Pt(2) - Pt(1) - P(6)
Pt(3) - Pt(1) - P(1)
Re(1) - Pi(1) - P(1)
P(1) - Pt(1) - P(6)
Pt(1) - Pt(2) - Re(1)
Pt(1) - Pt(2) - P3)
Pt(3) - Pt(2) - P(2)
Re(1) - Pt(2) - P(2)
PQ) - Pt(2) - P3)
Pt(1) - Pt(3) - Re(1)
Pi(1) - Pt(3) - P(5)
Pt(2) - Pt(3) - P(4)
Re(l) - Pt(3) - P(4)
P@4) - Pt(3) - P(5)
Pt(1) - Re(1) - Pt(3)
Pt(1) - Re(1) - O(2)
Pt(2) - Re(1) - Pt(3)
Pt(2) - Re(1) - O(2)
Pt(3) - Re(1) - O(1)
Pt(3) - Re(1) - O(3)
O(1) - Re(1) - O(3)
0®) - Re(2) - O(5)
0(4) - Re(2) - O(7)
0(5) - Re(2) - O(7)
Pt(1) - P(1) - C(1)
Pt(2) - P(3) - C(2)
Pt(3) - P(5) - C(3)

62.2(1)
154.33)
155.8(3)
109.8(3)
109.1(4)
61.1(1)
155.0(3)
155.4(3)
111.1(3)
107.7(4)
61.5(1)
95.3(3)
95.5(3)
116.2(3)
108.9(4)
57.4(1)
146.7(9)
56.9(1)
95.7(9)
94.1(9)
145.0(8)
107.7(12)
103.5(17)
107.6(17)
110.7(17)
109.8(13)
108.8(11)
108.9(12)



Table 2.2.3. Crystallographic data of the structure analysis of compound 6

Formula
Formula wt
Crystal system
Space group
a

b A

A

AS

N<=™®R 0

F(000)
D calc gcm®
T K
Crystal colour and habit
Crystal size mm
Cell: reflections used © range(®)
uMo-Ka) cm’
Transmission on F?
Measured reflections
Unique reflections
Observed reflections 12 3o(l)
0 range °
Miller indices h

k

1
Decay in mean standard (%)
R,
No. of parameters
R(F)
R, (F)
S
APmax. and Appin. €A’
A/ max.

C75HgsO7PcPtsRe,
22228

triclinic

P1

14.154(4)
14.213(3)
20.522(4)
78.938(14)
75.812(19)
74.957(22)
3828.9(15)

2

2092

1.928

290

small block-shaped
0.20x0.18x0.15
23 reflections 20.9<0<23.5
88.84

0.78 —» 1.32
13907

13341

5414

3.14 -26.27
17517

0 -17

<2525

2

0.038

284

0.0685

0.0773

4.18

2.43 > -2.02
0.07
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2.2.3. The structure of [Pt3(ReOs)(n-dppm)s][PFs], 7

The complex cation [Pt3(ReOs)(ju-dppm);]* was first crystallized in the form
of its [ReO4]” salt. The structure of this salt was described in section 2.2.2.
However, the compound [Pt;(ReOs)(u-dppm)s][PFs), 7, the corresponding [PFs]
salt, gave crystals of somewhat better quality than 6 and of higher, cubic symmetry.

The structure of 7 is shown in Figure 2.2.4. and is characterized by bond
distance and angles listed in Table 2.2.5. It contain a triangular Pt; unit edge-bridged
by the three dppm ligands, yielding a latitudinal [Pt;(u-dppm);] fragment.
(Puddephatt, Manojlovic-Muir & Muir, 1990).

The Pt; triangle is capped by a ReOs group to form a distorted tetrahedral
Pt;Re core (see Table 2.2.5). However, the structure of 7 shows exact C; symmetry,
the three-fold axis passing through the rhenium atom and the centre of the Pts
triangle. In the ReO;Pt; unit the rhenium centre displays a pseudo octahedral
coordination symmetry [O-Re-O 108.4(3), Pt-Re-O 83.7(3), 101.7(3), 141.4(3)°].
Each Re-O bond is directed towards one of the symmetrically equivalent P(1) atoms
and away from a P(2) atom (see Figure 2.2.4) and the Pt;0; octahedron is therefore
distorted towards trigonal prismatic geometry, with a twist angle of 20.3°. This
distortion, also apparent from Figure 2.2.4, may be caused by weak attractive
interactions involving the polar oxo groups of the ReOs unit and the hydrogen atoms
of the phenyl substituents in the Pt;(u-dppm); fragment, resulting in three short
intramolecular O...H distances [O(1)... H(C16B) 2.39(1) A]. A similar trigonal twist
of the co-ordination octahedron around the rhenium centre has been found in the
closely related structure of the [Pt;Re(CO);(uu-dppm)s]” cation, 4, (Xiao, Jagadese,
Vittal, Puddephatt, 1995) in which the Re(CO); group replaces the ReO; group of
7. The structure of the cation in [Pt3(ReO;)(1-dppm);][PFs], 7, described above is
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essentially the same as that found in 6, but there are differences which arise from the
conformational change of the Pt;(u-dppm); moiety responding to the different steric
and electronic properties of the anions. In the Pt3(u-dppm); fragment in 7 all Pt-P
bonds are bent out of the Pt; plane, the three Pt-P(2) bonds in the direction towards
the ReOs group and the other three Pt-P(1) bonds in the opposite direction. The
displacements of the P(2), C(1) and P(1) atoms from the Pt; face are [0.169(3).
0.403(10) and -0.562(2) A]. Each Pt,P,C unit adopts an envelope conformation
with a P(1) atom at the flap position. In the resulting conformation of the Pt:P¢Cs
skeleton all six phenyl substituents on one side of the Pt; triangle are equatorial and
form a cavity large enough to accommodate the ReO; group, while six axial phenyl
substituents encase the opposite face of the Pt; triangle (see Figure 2.2.5). In 6, the
Pt;P¢C; skeleton displays a different conformation; cavities above both faces of the
Pt; triangle (see the space filling diagrams in Figure 2.2.2-3) permit the ReOs and
[ReO,4] groups to interact with the Pt atom. In the 7 any association of the anion
with the Pt3 unit is closed off by the conformation of the [Pt;(u-dppm); fragment, as
is evident from Figure 2.2.6.

The Pt-Pt distances in 7 [2.6115(6) A] (see Table 2.2.5) are indicative of
normal single bonds. They are comparable with Pt-Pt bond lengths in 6 [2.598(2)-
2.609(3) A] (see Table 2.2.2) and in [Pt:Re(CO)s(n-dppm);]* [2.5930(9)-2.6114(7)
A] (Xiao, Kristof, Vittal & Puddephatt, 1995) and in all three compounds they are
amongst the shortest found in the [Pt;(u-CO)(u-dppm)s]** cation and its derivatives
(Puddephatt, Manolovic-Muir and Muir, 1990; Ferguson, Lloyd & Puddephatt,
1986). Thus, the replacement of the Re(CO); group in 4 by ReO; has no significant
effect on Pt-Pt bonding in the Pt;Re core. The Pt-Re bonds, which are thought to
involve donation of three electron pairs from the Pt; triangle into three vacant
acceptor orbitals of the ReO; or Re(CO); group, are longer in 7 [2.7010(6)A] than
in 4 [2.649(1)-2.685(1) A]. This is unexpected. It may be that the Pt-Re bonds are

influenced by the size and electronic properties of the two different capping groups.
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In 6 and 7 the O-Re-O angles [104.4(12)-107.7(12) and 108.4(3)°] are much larger
than the C-Re-C angles in 4 [88.2(5)-91.0(5)°] and the oxo groups are more polar
than the CO groups. This may be a result of interactions of the ReOs unit with the
hydrogen atoms of the phenyl substituents in the Pt;(u-dppm); fragment. For
example in 6 O...H distances are in the range of [2.324(2) - 2.590(2) A] and in 7
[2.39(1) - 2.50(2) A). Furthermore, the Pt-Re bonds in 6 [2.711(5), 2.720(3),
2.748(3) A] (see Table 2.2.2) are longer than those in 7 [2.7010(6) A]. This can be
considered as a reflection of different steric effects in the two compounds, arising
from different conformations of the Pt;(n-dppm); fragments. In 6 two of the six
phenyl substituents on the capped side of the Pt; triangles are axial and the cavity
enclosing the ReO; group is therefore smaller than the corresponding cavity in 7
(see Figures 2.2.2-3, and 2.2.5-6), so the steric effects on the Pt-Re bonds are
greater in 6. The Re-O distances in 7 [1.705(8) A] are in the range of those found in
6 and other compounds containing the ReO; group (Domingos, Marcalo, Parclo,
Pires and Sautos, 1993; Okuda, Herdtweck and Hermann, 1988; Manojlovic-Muir,
Muir, Rennie, Xiao and Puddephatt, 1993).

Experimental

The atomic fractional co-ordinates are given in Table 2.2.4 and crystal data
are summarised in Table 2.2.6. The absorption correction was applied using the ‘-
scan method (Molen, 1991) and correction factors on F> were in the range 0.409-
0.999, corresponding to a difference in mean path of 0.12 mm. The structure was
solved by the direct methods (Sheldrick, 1986) and refined by full matrix least-
squares on F2, with 0=1/[c*(F*)+(0.037P)* +137P], where P=[F’obs+2F calc)/3. All
non-hydrogen atoms were assigned anisotropic displacement parameters. All

refinement calculations were performed using the SHELXL-93 program package
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l

(Sheldrick, 1993). All the fluorine atoms, and carbon atoms C(44), C(45) and C(46)
have large displacement parameters, (see Table 2.2.4.) this suggests positional

disorder for these atoms. Attempts to model this disorder were not successful.
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Captions to Figures

Figure 2.2.4. A view of the structure of the [Pt;(ReO;)(u-dppm)s]” cation in
7. The carbon atoms are represented by spheres of arbitrary radius and the remaining
non-hydrogen atoms by 50% probability ellipsoids. Hydrogen atoms are omitted for
clarity. Phenyl carbon atoms are numbered in the sequence Cn;-Cng, where n= 1-4,

starting with the ipso carbon atom, and labels are shown only for Cn, atoms.
Figure 2.2.5. A space filling diagram of the [Pt3(ReO;)(u-dppm);]” cation.
The platinum atoms are shown in black and the oxygen atoms are dotted. The cation

is viewed along the normal to the Pt; plane from the ReOs side.

Figure 2.2.6. The corresponding view of the cation in 7 along the normal to

the Pt; plane from side opposite to ReOs.
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Figure 2.2.4
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Table 2.2.4, Atomic fractional co-ordinates and isotropic displacement
parameters(A“) for compound 7.

Atom X y z U
Pt(1) 0.2076(1) 0.2305(1) 0.14631(1) 0.038(1)
Re(1) 0.2476(1) 0.2476(1) 0.2476(1) 0.053(1)
P(1) 0.1415(1) 0.2887(1) 0.1145(1) 0.045(1)
P(2) 0.2810(1) 0.2257(1) 0.0896(1) 0.045(1)
P(3) 0.5000 0.5000 0.0000 0.041(1)
P4) 0.9396(3) 0.4396(3) 0.0604(4) 0.058(3)
F(3) 0.4862(14) 0.4910(9) 0.0561(7) 0.312(12)
F(4A) 0.9301(11) 0.4531(17) 0.0166(13) 0.248(20)
F(4B) 0.9630(16) 0.4287(12) 0.1055(11) 0.205(13)
o) 0.2311(4) 0.2393(4) 0.3147(3) 0.083(3)
(6(0))] 0.1132(4) 0.3278(4) 0.1719(4) 0.053(3)
can 0.3251(3) 0.2868(2) 0.0897(3) 0.057(3)
C(12) 0.3242(3) 0.3220(3) 0.0457(3) 0.080(4)
C(13) 0.3563(4) 0.3683(3) 0.0460(3) 0.093(4)
C(14) 0.3893(4) 0.3794(3) 0.0903(4) 0.096(5)
C(15) 0.3902(3) 0.3442(4) 0.1343(3) 0.094(4)
C(16) 0.3581(3) 0.2979(3) 0.1340(3) 0.078(4)
c@2n 0.2724(3) 0.2113(3) 0.0171(2) 0.0540(3)
C(22) 0.2203(3) 0.2090(3) -0.0041(3) 0.068(3)
C(23) 0.2125(4) 0.1968(4) -0.05855(3) 0.098(5)
C(24) 0.2569(4) 0.1867(3) -0.0918(2) 0.107(6)
C(25) 0.3090(3) 0.1890(3) -0.0706(3) 0.101(5)
C(206) 0.3168(3) 0.2013(3) -0.0161(4) 0.078(4)
C@3l1) 0.0826(3) 0.2525(3) 0.0858(3) 0.055(3)
C(32) 0.0329(3) 0.2774(3) 0.0767(3) 0.069(3)
C(33) -0.0102(2) 0.2477(4) 0.0560(3) 0.091(5)
C(34) -0.0036(3) 0.1930(5) 0.0443(3) 0.101(5)
C@35) 0.0461(4) 0.1680(3) 0.0534(4) 0.095(5)
C(36) 0.0892(3) 0.1978(3) 0.0742(3) 0.065(3)
C@41) 0.1586(3) 0.3428(3) 0.0662(3) 0.057(3)
C42) 0.2017(3) 0.3768(3) 0.0789(3) 0.081(4)
C43) 0.2168(4) 0.4175(3) 0.0431(4) 0.090(4)
C44) 0.1889(5) 0.4243(4) -0.0054(4) 0.150(9)
C45) 0.1459(5) 0.3903(4) -0.0181(13) 0.175(11)
C(46) 0.1307(4) 0.3495(4) 0.0177(3) 0.120(7)
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Table 2.2.5. Selected bond distances (A) and bond angles (°)

(a) bond distances

Pt(1) - Pt(1})
Pt(1) - PQ2)
P(1)- C@1)
PQ2)- C{11)

(b) bond angles

Pt(1) - Pt(1) - Re(1)

Py(1’) - PTt(1) - P(2)
Pt(1") - PtT(1) - P(2)
Re(1) - Pt(1) - P(2)

Pt(1’) - Re(1) - Pi(1)
Pt(1) - Re(1) - O(1’)

Pt(1%) - Re(1) - O(1)
O(1) - Re(1) - O(1%)
Pt(1) - P(1) - C(31)
C() - P(1)- CG31)
C(31)-P() - C@41)
Pt(1) - P(2) - C(11)
C(1%) - P(2) - C(11)
C(11) - PQ2) - C21)

2.6115(6)
2.275(2)
1.834(6)
1.846(6)

Pt(1) - Re(l)
Re(1)- O(1)
P(l) -
PQ)- C(21)

61.090(8)
157.75(7)
98.12(7)
106.41(7)
57.82(2)
101.73)
83.6(3)
108.4(3)
112.7(2)
104.3(4)
106.4(4)
114.8(3)
102.5(4)
103.0(4)

C@41)

2.70106)  Pt(1)- P(l)
1.705(8) P(l)- C(I
1.824(6) PQ) - C(1%)
1.823(6) P3) - FQ3)

Pt(1%) - Pt(1) - P(1)
Pt(1%) - P(1) - P(1)
Re(1) - Pt(1) - P(1)
P(1) - Py(1) - P(2)
Pt(1%) - Re(1) - Pt(1)
Pt(1) - Re(l) - O(1)
Pi(1) - Re(1) - O(1%)
Pi(1) - P(1) - C(1)
Pi(1) - P(1) - C(41)
C(l) - P(1) - C(41)
Pi(1) -PQ) - C(1%)
Pi(1) - PQ) - C(21)
Cc(1%) - PQ)- C2l)

Symmetry transformations used to generate equivalent atoms:

izxy
ii y,z, x
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2.294(2)

1.838(10)
1.840(10)
1.433(12)

89.75(6)
146.87(6)
118.16(6)
112.47(9)
57.82(2)
141.4(3)
83.7(3)
109.3(3)
120.7(3)
101.7(4)
109.73)
120.93)
103.9(4)



Table 2.2.6. Crystallographic data of the structure analysis of compound 7

Formula
Formula wt
Crystal system
Space group

a
v A
Z
F(000)
D calc gcm®
T K
Crystal colour and habit
Crystal size mm
Cell: reflections used O range(°)
p(Mo-Ka) cm’
Transmission on F?
Measured reflections
Unique reflections
Observed reflections 12 3o(I)
0 range °
Miller indices h

k

|
Decay in mean standard (%)
Rint
No. of parameters
R(F)
R, (F)
S
APrmax, and Apmin- CAJ
A/G max.

C1sHesFsO3P,PtsRe
2117.54

cubic

Pa 3 (No.205)
24.495(1)
14697(1)

8

8064

1.914

293

dark red prismatic
0.41x0.39x0.31
25 reflections 20.8<0<24.7
75.49

0.4067 - 0.9987
16677

5559

3113

20-27.4

0 531

=310

0 -31

6.8

0.0982

250

0.041

0.0883

0.93

1.07 > -1.14
0.277
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2.2.4. The structure of [Pt;{Re(CO);P(OPh)s}(n-dppm)s][PF¢] C;HsOH, 8

The complex [Pt;{Re(CO);P(OPh);}(n-dppm);][PFs] C;HsOH, 8, has been
characterized by an X-ray crystal structure analysis. Selected bond lengths and
angles are listed in Table 2.2.8. The molecular structure of 8, presented in Figure
2.2.7, shows that addition of phosphite to the parent complex [Pt;Re(CO)s(j-
dppm);]’, 4, (Xiao, Vittal, Puddephatt, Manojlovic-Muir & Muir, 1993) occurs
selectively at the rhenium atom.

The structure is built of Re(CO);P(OPh);" and Pts(u-dppm); fragments, the
latter containing a triangular Pt; unit edge-bridged by three dppm ligands. The Pt;
triangle is capped by the Re(CO);P(OPh);" fragment to form a distorted tetrahedral
Pt;Re cluster with two edges, Pt(1)-Re and Pt(2)-Re weakly semi-bridged by
carbonyl ligands [Re-C 1.969(9), 1.998(9) A and Pt-C 2.428(9), 2.550(9) Al].

The Pt;{Re(CO);P(0)3}(n-PCP); core approximates to C, symmetry (see
Figure 2.2.7), the mirror plane passing through the atoms Pt(3), Re, P(7), C(1),
O(1) and C(4), and bisecting the Pt(1)-Pt(2) vector. Distorted octahedral geometry
around the Re atom in the Re{P(OPh);}(CO);" unit, evident from the bond angles
shown in Table 2.2.8, is completed by the Pt(3) atom and the mid-point of the Pt(1)-
Pt(2) bond. Each Pt atom has 16 and the Re atom 18 valence electrons. The Pt-Re
bond lengths in 8 [2.762(1), 2.825(1) and 2.949(1) A] are longer than those in 4
[2.649(1), 2.684(1) and 2.685(1)]. Addition of phosphite evidently changes the
valence electron count of the cluster complex from 54 in 4 to 56 in 8 and weakens
the Pt-Re bonding.

In 8 the Pt-Pt bond lengths show some variation [2.603(1), 2.635(1),
2.677(1) A]. The Pt-Re distances are spread over a considerable range [2.762(1),
2.828(1), 2.942(1) A], though all three distances lie within the accepted range for
Pt-Re bond lengths (2.65-3.00 A) (Xiao, Vittal, Puddephatt, Manojlovic-Muir &
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Muir, 1993; Hao, Xiao, Vittal & Puddephatt, 1994; Xiao, Puddephatt, Manojlovic-
Muir, Muir & Torabi, 1995; Xiao, Vittal & Puddephatt, 1993; Powell, Brewer,
Gulia & Sawyer, 1992; Ciani, Moret, Sironi, Antogmazza, Beringhelli, D'Alfonso,
Pergola & Minoja, 1991; Carr, Fontaine, Shaw & Thornton-Pett, 1988). The
average Pt-Pt distance [2.60 A in 4 (Xiao, Vittal, Puddephatt, Manojlovic-Muir &
Muir, 1993) and 2.64 A in 8] and mean Pt-Re distance (2.67 A in 4 and 2.84 A in 8)
indicate that the phosphite ligand binds to the parent complex 4 at the expanse of
some cluster bonding, affecting the Pt-Re bonds to a greater extent than the Pt-Pt
bonds. The Pt-P, Re-P and P-O bond lengths (see Table 2.2.7) are unexceptional
(Puddephatt, Manojlovic-Muir & Muir, 1990; Qi, Fanwick & Walton, 1990).

In the Pt;(u-dppm); fragment the Pt;Ps skeleton is severely distorted from
the idealized latitudinal geometry (see Figure 2.2.8). All Pt-P bonds are bent out of
the Pt; plane and away from the bulky Re(CO);{P(OPh);}" fragment. The out-of-
plane displacements of the phosphorus atoms [0.088(2)-1.195(2) A] are particularly
large for the P(5) and P(4) atoms [0.969(2) and 1.195(2) A], presumably arising
from steric interactions with semi-bridging carbonyl groups. The conformation of
the Pt;P¢C; unit differs from that in 4 (Xiao, Vittal, Puddephatt, Manojlovic-Muir &
Muir, 1993) where the Pt;P¢ skeleton is essentially planar and all three Pt,P,C rings
shows envelope conformations with a carbon atom at the flap. In 8 the three rings
adopt envelope conformations, but with carbon atom at the flap only in the
Pt(1)Pt(2)P(1)C(1)P(2) ring, in the other two rings the flaps are occupied by
phosphorus atoms, P(4) and P(5) (see Figure 2.2.8).
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Experimental

The crystal selected for analysis was dark red. The final atomic co-ordinates
and displacement parameters are listed in Table 2.2.7. The crystallographic data and
the unit cell constants are given in Table 2.2.9. They were determined by a least
squares treatment of 25 reflections. The absorption correction was made at the end
of isotropic refinement using the empirical method of Walker and Stuart (1983). The
positions of the platinum and rhenium atoms were determined from a Patterson
function and those of the remaining non-hydrogen atoms from subsequent difference
Fourier syntheses.

The structure was refined by full matrix least squares. Each phenyl group
was treated as a rigid body with Dg, symmetry, C-C=1.38 A and C-H=0.96 A.
Phenyl carbon atoms and atoms of the solvent molecule were refined with isotropic
displacement parameters, and the remaining non-hydrogen atoms with anisotropic
displacement parameters. No allowance was made for scattering of the hydrogen
atoms in the solvent molecules. All calculations were performed using the GX

program package (Mallinson & Muir, 1985).
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Captions to Figures.

Figure 2.2.7. A view of the molecular structure of
[Pt;{Re(CO);P(OPh);} (u-dppm);]°, 8, with atoms represented by spheres of
arbitrary radius. In the phenyl rings atoms are numbered in the sequence
C(m))...C(ns), where n=A to L and the C(n;) atom is P- or O-substituted. The

hydrogen atoms are omitted for clarity.
Figure 2.2.8. A view of the inner core of 8, with displacement ellipsoids

showing 50% probability. Only the ipso carbon atoms of the phenyl groups are

shown.
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Figure 2.2.7
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Figure 2.2.8

70



Table

2.2.7. Atomic fractional

parameters(A?) for compound 8

Atom
Pt(1)
Pt(2)
Pt(3)
Re
P(1)
P(2)
P@3)
P@)
P(5)
P(6)
P(7)
P(8)
F(1)
F(2)
FQ3)
F4)
F(5)
F(6)
o)
0(2)
0@3)
0/C))
0o(5)
0(6)
O(S1)
C(S1H
C(S2)
C()
C@)
C@3)
C4
C)
C(6)
C(AD)
C(A2)
C(A3)
C(A4)
C(AS)
C(A6)
C(®B1)
C(B2)
C(B3)
C(B4)
C(B5)
C(B6)

X
0.09857(2)
0.16111(2)
0.11056(2)
0.29575(2)
0.16276(16)
0.10266(14)
0.13759(15)
0.10885(15)
0.02023(15)
0.03969(15)
0.43879(15)
0.4465(2)
0.3567(7)
0.3749(9)
0.4800(7)
0.4089(8)
0.5068(10)
0.5314(9)
0.4342(4)
0.4785(4)
0.5462(4)
0.3555(4)
0.2423(5)
0.4107(5)
0.8429(14)
0.786(2)
0.7022(14)
0.1840(6)
0.1537(6)
0.0179(6)
0.3687(7)
0.3273(6)
0.2546(6)
-0.0818(6)
-0.1334(4)
0.2280(6)
-0.2711(6)
-0.2195(4)
-0.1248(7)
0.1234(4)
0.1088(7)
0.1809(7)
0.2676(4)
0.2822(7)
0.2101(8)

y
0.22934(2)
0.22307(2)
0.35599(2)
0.23129(2)
0.09659(12)
0.10006(11)
0.42667(11)
0.28435(13)
0.30118(12)
0.43991(12)
0.13469(12)
0.3500(2)
0.3761(6)
0.3201(7)
0.2682(5)
0.4290(6)
0.3835(9)
0.3269(7)
0.0488(3)
0.1174(3)
0.1339(3)
0.2470(4)
0.2316(5)
0.3448(4)
0.2216(11)
0.221(1)
0.2167(11)
0.0432(4)
0.3709(5)
0.3874(5)
0.3009(6)
0.2394(5)
0.2298(5)
0.5131(5)
0.5129(6)
0.5650(4)
0.6174(4)
0.6176(5)
0.5655(3)
0.4936(5)
0.5713(3)
0.6068(4)
0.5645(4)
0.4868(3)
0.4513(4)
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co-ordinates and

YA
0.17596(1)
0.30296(1)
0.23544(1)
0.19908(2)
0.32031(10)
0.17144(10)
0.32465(10)
0.40379(11)
0.10641(10)
0.14921(10)
0.17581(10)
0.5820(2)
0.5342(5)
0.6307(5)
0.5491(6)
0.6187(6)
0.5346(7)
0.6283(8)
0.1972(3)
0.0979(3)
0.2048(3)
0.3484(3)
0.0479(3)
0.1554(4)
0.6671(10)
0.730(1)
0.7784(9)
0.2396(4)
0.4072(4)
0.0751(4)
0.1722(5)
0.2959(4)
0.1050(4)
0.1614(6)
0.2223(5)
0.2322(3)
0.1811(5)
0.1201(4)
0.1103(4)
0.1115@3)
0.1262(6)
0.1070(4)
0.0731(3)
0.0584(5)
0.0776(4)

isotropic  displacement

U
0.031
0.031
0.031
0.037
0.037
0.035
0.039
0.038
0.037
0.040
0.042
0.073
0.163
0.192
0.178
0.181
0.253
0.257
0.051
0.050
0.048
0.069
0.080
0.075
0.256(8)
0.21(1)
0.152(6)
0.041
0.043
0.045
0.056
0.052

£ 0.051
0.046(2)
0.052(2)
0.069(3)
0.077(3)
0.074(3)
0.065(3)
0.049(2)
0.065(3)
0.084(3)
0.082(3)
0.076(3)
0.063(3)



c(cl
C(C2)
C(C3)
C(C4)
C(C5)
C(C6)
cD1)
CcD2)
CcD3)
CD4)
C(D5)
C(D6)
C(El)
C(E2)
C(E3)
C(E4)
C(ES)
C(E6)
CF1)
C(F2)
C(F3)
C(F4)
C(F5)
C(F6)
C(G1)
C(G2)
C(G3)
C(G4)
C(G5)
C(G6)
CH1)
C(H2)
C(H3)
C(H4)
C(H5)
C(H6)
C(1)

Ca2)

C(3)

C(14)

Cas)

C(16)

can

C(J2)

C@J3)

C(4)

cJs)

C(6)

CK1)
C(K2)

0.0110(4)
-0.1030(5)
-0.1900(5)
-0.1850(4)
-0.0930(5)
-0.0060(5)
0.1604(8)
0.1007(6)
0.1440(6)
0.2469(7)
0.3067(5)
0.2634(7)
0.0442(6)
-0.0397(4)
-0.1329(6)
-0.1422(6)
-0.0583(5)
0.0350(7)
0.2617(4)
0.3285(6)
0.4077(6)
0.4200(4)
0.3532(6)
0.2740(6)
0.5118(7)
0.5040(8)
0.5779(5)
0.6597(6)
0.6676(7)
0.5937(4)
0.4980(4)
0.4569(7)
0.4746(8)
0.5333(4)
0.5744(7)
0.5568(8)
0.5587(9)
0.5710(8)
0.5863(4)
0.5894(7)
0.5771(7)
0.5618(5)
0.1605(5)
0.2510(4)
0.2921(5)
0.2428(5)
0.1523(4)
0.1111(6)
0.0431(7)
-0.0386(4)

0.0692(5)
0.1244(3)
0.1045(5)
0.0293(4)
0.0260(3)
-0.0060(5)
0.0488(4)
0.0428(5)
0.0067(6)
0.0234(4)
<0.0173(5)
0.0188(7)
0.0903(5)
0.1500(4)
0.1519(6)
0.0941(5)
0.0344(5)
0.0325(7)
0.0273(6)
0.0566(3)
0.0062(5)
-0.0734(5)
0.1027(3)
-0.0523(6)
-0.0230(5)
-0.0738(3)
-0.1446(4)
-0.1646(5)
0.1137(3)
-0.0429(5)
0.1704(4)
0.1750(6)
0.2265(7)
0.2734(4)
0.2688(7)
0.2173(8)
0.1564(7)
0.1028(5)
0.1244(4)
0.1995(6)
0.2531(4)
0.2315(6)
0.2278(6)
0.2291(3)
0.1811(6)
0.1317(5)
0.1304(4)
0.1784(7)
0.5211(4)
0.5251(3)

0.1845(4)
0.1753(3)
0.1878(5)
0.2096(3)
0.2188(4)
0.2063(6)
0.0943(4)
0.0421(6)
-0.0171(4)
20.0240(4)
0.0282(5)
0.0874(3)
0.3566(6)
0.3380(3)
0.3648(6)
0.4103(5)
0.4289(4)
0.4021(7)
0.3687(5)
0.4005(4)
0.4344(3)
0.4366(4)
0.4048(3)
0.3709(3)
0.2006(7)
0.2531(6)
0.2611(3)
0.2166(6)
0.1641(5)
0.1561(4)
0.0518(4)
-0.0112(3)
-0.0601(4)
-0.0461(3)
0.0169(3)
0.0658(4)
0.2697(2)
0.3230(4)
0.3872(4)
0.3981(2)
0.3448(4)
0.2806(4)
0.4794(5)
0.5039(2)
0.5580(4)
0.5878(4)
0.5633(3)
0.5092(5)
0.3436(6)
0.3864(4)

0.042(2)
0.055(2)
0.070(3)
0.069(3)
0.077(3)
0.064(3)
0.040(2)
0.055(2)
0.067(3)
0.064(3)
0.087(3)
0.071(3)
0.049(2)
0.062(3)
0.095(4)
0.108(4)
0.114(5)
0.095(4)
0.044(2)
0.050(2)
0.066(3)
0.060(2)
0.072(3)
0.060(2)
0.051(2)
0.078(3)
0.094(4)
0.086(3)
0.096(4)
0.074(3)
0.053(2)
0.074(3)
0.112(4)
0.116(5)
0.102(4)
0.0723)
0.050(2)
0.069(3)
0.088(3)
0.084(3)
0.076(3)
0.064(3)
0.045(2)
0.055(2)
0.064(3)
0.085(3)
0.097(4)
0.072(3)
0.044(2)
0.052(2)



C(K3)
C(K4)
C(KS5)
C(K6)
CL1)

CL2)

C(L3)

CL4)

CL3)

C(L6)

CM1)
CM2)
CQM3)
CM4)
CQM5)
CQM6)
C(N1)
C(N2)
C(N3)
C(N4)
C(N5)
C(N6)
c1)
C(02)
C(03)
C(04)
C(05)
C(06)

0.1159(5)
-0.1116(6)
0.0299(3)
0.0474(6)
-0.0248(6)
-0.0587(5)
20.1580(7)
0.2234(6)
0.1894(6)
-0.0902(8)
0.2536(4)
0.3021(5)
0.3848(6)
0.4191(4)
0.3706(5)
0.2878(7)
0.1482(6)
-0.2180(6)
0.3161(4)
0.3445(5)
0.2747(5)
0.1766(5)
0.0414(9)
-0.1236(7)
-0.1340(5)
0.0622(7)
0.0200(6)
0.0304(6)

0.5944(3)
0.6598(3)
0.6558(3)
0.5865(3)
0.3267(5)
0.3443(7)
0.3854(5)
0.4089(4)
0.3914(6)
0.3503(4)
0.4554(5)
0.4653(3)
0.4921(6)
0.5089(4)
0.4990(4)
0.4722(7)
0.3447(4)
0.3973(4)
0.4267(6)
0.4035(4)
0.3509(4)
0.3215(6)
0.2569(6)
0.2303(3)
0.1918(5)
0.1798(5)
0.2064(3)
0.2449(6)
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0.3915(4)
0.3539(5)
0.3112(3)
0.3060(5)
0.4235(6)
0.4894(5)
0.5027(3)
0.4501(5)
0.3843(4)
0.3710(4)
0.3185(4)
0.3755(3)
0.3691(3)
0.3057(3)
0.2487(2)
0.02551(3)
0.1399(6)
0.1004(3)
0.1238(5)
0.1868(5)
0.2263(3)
0.2029(6)
0.0270(3)
0.0213(4)
-0.0361(3)
-0.0879(3)
-0.0822(4)
0.0248(3)

0.065(3)
0.066(3)
0.075(3)
0.060(2)
0.043(2)
0.063(3)
0.081(3)
0.084(3)
0.078(3)
0.057(2)
0.044(2)
0.060(2)
0.071(3)
0.073(3)
0.067(3)
0.053(2)
0.041(2)
0.062(2)
0.080(3)
0.085(3)
0.080(3)
0.051(2)
0.045(2)
0.057(2)
0.074(3)
0.077(3)
0.074(3)
0.058(2)




Table 2.2.8. Selected bond distances (A) and bond angles (°)

(a) bond distances

Pt(1) - Pt(2) 2.677(1) Pt(1) - Pt(3)
Pi(1) - PQ2) 2.298(2) Pi(1) - P(5)
Pt(2) -Re 2.762(1) Pt(2) - P(1)
Pt(2) - C(5) 2.428(9) Pt(3) -Re
Pt(3) - P(6) 2.281(3) Re - P(7)
Re - C(5) 1.998(9) Re - C(6)
P(1)- CED 1.814(9) P(1)- C(F1)
P(2)- C(C1)  1.841(7) P(2) - C(D1)
P3) - CK1) 1.841(8) P(3) - CM1)
P@)- C(J1)  1.823(10) P@)- C(LI)
P(5)- CNI)  1.830(9) P(5) - C(O1)
P@6) - C(AD) 1.817(9) P(@6) - C(BI)
P(7) - OQ2) 1.623(6) P(7) - OQ3)
P(8) - F(2) 1.558(12) P(8) - F(3)
P(8) - F(5) 1.469(15)  P(8) - F(6)
0@2)- CHI1) 1373(10) O@)- Cdl)
O(5) - C(6) 1.147(11) O6) - C4)
CS-CS2)  1.50(4)

(b) bond angles

Pt(2) - Pt(1) - Pt(3) 58.7(1)

Pt(2) - Pi(1) - PQ2) 96.6(1)

Pt(3) - Pt(1) - Re 65.1(1)

Pt(3) - Pt(1) - P(5) 91.9(1)

Re - Pt(l) - P(5) 132.2(1)

Pt(1) - Pt(2) - Pt(3) 59.8(1)

Pt(1) - Pt(2) - P(1) 93.5(1)

Pt(1) - Pt(2) - C(5) 107.03)

Pt(3) - Pt(2) - P(1) 152.3(1)

Pt(3) - Pt(2) - C(5) 83.6(3)

Re - Pt(2) - P(4) 136.3(1)

P(1) - Pt(2) - P(4) 106.1(1)

P(4) - Pt(2) - C(5) 97.8(3)

Pt(1) - Pt(3) - Re 60.6(1)

Pt(1) - Pt(3) - P(6) 94.8(1)

Pt(2) - Pt(3) - P(3) 93.8(1)

Re - Pt(3)-PQ3) 110.2(1)

P@3) - Pt(3) - P(6) 109.6(1)

Pt(1) -Re - Pt(3) 54.3(1)

Pt(1)-Re - C(4) 133.2(3)

Pt(1) -Re - C(6) 61.2(3)

Pt(2) -Re - P(7) 124.0(1)

Pt(2) -Re - C(5) 58.7(3)
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2.635(1) Pt(1) - Re 2.825(1)
2.253(3) P1(2) - Pt(3) 2.603(1)
2.268(3) Pi(2) - P(4) 2.289(3)
2.942(1) Pt(3) - P(3) 2.307(2)
2.255(3) Re - C4) 1.885(10)
1.969(9) P(1) - C(1) 1.851(8)
1.831(9) P(Q2) - C(1) 1.863(8)
1.832(9) P3)- CQ) 1.869(8)
1.843(7) P@4) - C(2) 1.840(8)
1.824(9) P(5)- C(3) 1.858(9)
1.852(8) P(6) - C(3) 1.846(8)
1.847(7) P(7) - O(1) 1.598(6)
1.625(6) P(8) - F(1) 1.548(10)
1.548(10)  P(8) - F(4) 1.542(11)
1.478(15)  O(1) - C(Gl) 1.410(11)
1.388(9) 0@4) - C(5) 1.150(11)
1.149(12)  OSI)-C(S1)  1.45@4)
Pt(2) - Pt(1) - Re 60.2(1)

Pt(2) - Pt(1) - P(5) 142.0(1)

Pt(3) - Pt(1) - P(2) 155.1(1)

Re - Pi(1) - PQ2) 107.3(1)

PQ) - Pt(1) - P(5) 108.6(1)

Pt(1) - Pt(2) - Re 62.6(1)

Pi(1) - Pt(2) - P(4) 139.0(1)

Pi(3) - Pt(2) - Re 66.4(1)

Pi(3) - P1(2) - P(4) 92.0(1)

Re - Pt(2) - P(1) 109.7(1)

Re - Pt(2) - C(5) 44.7(3)

P(1) - Pt(2) - C(5) 113.5(3)

Pi(1) - Pt(3) - Pt(2) 61.5(1)

Pi(1) - Pt(3) - P(3) 155.1(1)

Pt(2) - Pt(3) - Re 59.4(1)

Pt(2) - Pt(3) - P(6) 155.6(1)

Re - Pi(3) - P(6) 115.6(1)

Pi(1) -Re - Pt(Q2) 57.2(1)
Pi(1)-Re - P(7) 126.6(1)
Pi(1)-Re - C(5) 115.6(3)

Pt(2) -Re - Pt(3) 54.2(1)
Pt(2)-Re - C@4) 136.0(3)

Pt(2) -Re - C(6) 118.4(3)



Pt(3) -Re - P(7)
Pt(3)-Re - C(5)
P(7)- Re - C(4)
P(7) - Re - C(6)
C4)-Re - C(6)
Pt(2) - P(1) - C(1)
Pt(2) - P(1) - C(F1)
C() -P(1) - CF1)
P(1) - PQ2) - C(1)
Pi(1) - PQ) - CD1)
CQ)-PQ2) - CD1)
Pt(3) - P3) - C(2)
Pt(3) - P(3) - CMI)
C@2) -P3) - CM1)
Pt(2) - P@4) - CQ2)
Pt(2) - P(4) - C(L1)
C(2) -P(4) - C(L1)
Pt(1) - P(5) - C(3)
Pt(1) - P(5) - C(O1)
C@3) - P(5) - C(O1)
Pt(3) - P(6) - C(3)
Pt(3) - P(6) - C(BI)
C@3) -P(6) - C(BI)
Re - P(7)- O(l)
Re - P(7)- OQ3)
o(1) - P(7) - O(3)
F(1) - P@8) - FQ2)
F(1) - P@8) - F(4)
F(1) - P(8) - F(6)
FQ) - P@8) - F(4)
F(2) - P(8) - F(6)
F3) - P(8) - F(5)
F4) - P@8) - F(5)
F(5) - P(8) - F(6)
P(7) - O2) - C(H1)
O(S1) - C(S1) - C(S2)
P3) - CQ2)-P(4)
Re - C(4) - O(6)
Pt(2) - C(5) - O(4)
Re - C(6) - O(5)
P(6) - C(Al) - C(A6)
P(6) - C(BI) - C(B6)
PQ2) - C(Cl) - C(C6)
P(2) - C(D1) - C(D6)
P(1) - C(El) - C(E6)
P(1) - C(F1) - C(F6)
O(l) - C(GI) - C(G6)
0(2) - C(H1) - C(H6)
0@3) - C(1) - C{6)
P@4) - C(1) - C(J6)

177.6(1)
83.2(3)
85.8(3)
90.0(3)
89.9(4)
111.133)
121.03)
98.2(5)
108.8(3)
115.73)
103.2(4)
113.53)
115.93)
101.2(4)
109.1(3)
120.0(4)
101.7(4)
108.0(3)
118.7(4)
102.8(4)
112.2(3)
113.13)
101.3(4)
113.93)
122.4(3)
101.9(3)
85.7(6)
90.5(6)
178.6(7)
87.4(6)
94.4(8)
94.1(8)
89.9(8)
89.3(8)
126.3(5)
161.0(23)
111.4(4)
178.1(9)
111.9(6)
170.6(8)
121.6(8)
118.4(6)
121.6(6)
120.3(7)
124.3(7)
122.1(6)
123.7(10)
122.9(7)
120.1(8)
118.6(6)
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Pt3)-Re - C(4)
Pt3)-Re - C(6)
P(7) - Re - C(5)
C@)-Re - C(5)
C(5)-Re - C(6)
Pt(2) - P(1) - C(El)
CQ)-P(l) - CED)
C(El) - P(1) - CF1)
Pi(1) -P(2) - C(C1)
C(1)-PQ) - C(C1)
C(C1)-P(2) - CD1)
P1(3) - P3) - C(K1)
C@2)-P(3) - CK1)
C(K1)-P@3)- CMI)
Pt(2) - P@) - C(J1)
CQ) - P@) - C(1)
Cd1) -P@) - CLI)
Pi(1) - P(5) - C(N1)
C@3) - P(5) - C(N1)
C(N1) - P(5) - C(O1)
Pt(3) - P(6) - C(Al)
C@3)-P(6) - C(Al)
C(Al) - P(6) - C(Bl)
Re - P(7)- O(2)
o(1) - P(7) - O(2)
0(2) - P(7) - O(3)
F(l) - P@8) - F3)
F(l) - P@8) - F(5)
FQ) - P@8) - F(3)
FQ2) - P@8) - F(5)
F3) - P@8) - F(4)
F3) - P@8) - F(6)
F(4) - P@8) - F(6)
P(7) - O(l) - C(G1)
P(7) - O@3) - C(1)
P(1)- C(1)-PQ2)
P(5) - C(3) - P(6)
PT(2) - C(5) - RE
RE - C(5)-0®)
P(6) - C(Al) - C(A2)
P(6) - C(B1) - C(B2)
PQ2) - C(C1) - C(C2)
PQ)- C(DI) - C(D2)
P(1) - C(El) - C(E2)
P(1) - C(F1) - C(F2)
o(1) - C(Gl) - C(G2)
0(2) - C(H1) - C(H2)
0(3) - Ca1) - C(2)
P@) - C(1) - C(J2)
P3) - C(KI) - C(K2)

94.9(3)
92.3(3)
94.5(3)
90.5(4)
175.5(4)
111.7(4)
106.7(5)
106.6(5)
122.2(3)
101.9(4)
102.8(5)
118.1(4)
104.5(5)
101.4(4)
115.6(4)
103.0(4)
105.2(5)
119.4(4)
103.7(4)
102.2(5)
120.7(4)
101.6(5)
105.7(4)
120.1(3)
98.4(4)
95.9(3)
89.7(6)
90.5(7)
88.5(6)
175.3(8)
175.9(7)
91.6(7)
88.1(7)
129.9(6)
123.9(6)
112.2(4)
108.2(4)
76.5(3)
171.4(8)
118.3(8)
120.8(6)
118.3(6)
119.7(8)
115.7(7)
117.8(7)
116.2(10)
117.1(7)
119.9(10)
121.2(6)
121.3(6)




P3) - C(K1) - C(K6)
P(4) - C(L1) - C(L6)

P(3) - CMI) - C(M6)
P(5) - C(N1) - C(N6)
P(5) - C(O1) - C(O6)

118.0(8)
119.0(9)
118.2(6)
120.1(7)
119.0(8)
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P(@4) - C(L1) - CL2)
P3)- CMI) - C(M2)
P(5) - C(N1) - C(N2)
P(5) - C(O1)-C(02)

120.5(8)
121.6(6)
119.7(8)
120.8(7)



Table 2.2.9. Crystallographic data of the structure analysis of compound 8

Formula
Formula wt
Crystal system
Space group
a

b A

© o o P

<X ™R O

v A?
Z
F(0 0 0)
D calc gem®
T K
Crystal colour and habit
Crystal size mm
Cell: reflections used O range(®)
uMo-Ka) cm’
Transmission on F?
Measured reflections
Unique reflections
Observed reflections 1> 3o(])
0 range °
Miller indices h

k

|
Decay in mean standard (%)
Rine
No. of parameters
R(F)
Ry (F)
S
ApPmax. and Appin. €A™
A/ max.

CosHgrFsO/PsPtsRe
2509.99
triclinic

P1

13.993(1)
17.868(1)
19.753(2)
88.198(7)
87.766(7)
72.344(4)
4702.9(7)

2

2428

1.772

300

dark red opaque
0.33x0.25x0.15
25 reflections 20.8<0<22.9
59.93
0.75->1.20
31620

28432

14765

2.4-30.5
=200

<2525
-28—28

2.2

0.031

464

0.0405

0.0429

1.53

1.19 - -0.94
0.10

77




2.2.5. The structure of [Pt;1{Re(CO)s}(u-dppm);]CH:CL; H,0, 9

The molecular structure of [Pt3(us-I){Re(CO)s}(u-dppm)s], 9, is illustrated
in Figure 2.2.9 from the results of X-ray analysis. Selected bond lengths and angles
are listed in Table 2.2.11. The structure of complex 9,CH,Cl; HO shows that the
addition of halide to the parent complex [Pt3{u3-Re(CO);}(u-dppm)s]*, 4, (Xiao,
Puddephatt, Manojlovic-Muir & Muir, 1993) occurs at the Pt; site and not at the Re
centre. Also, addition of iodide evidently changes the electron count of the cluster
complex from 54 in 4 to 60 in 9.

The structure of 9 contains a triangular Pt; unit capped by a Re(CO);
fragment to form a distorted tetrahedral Pt;Re cluster in which Pt atoms and CO
groups complete a highly distorted octahedral coordination geometry around the Re
centre [C-Re-C 84.1(5)-85.3(5), Pt-Re-Pt 56.0(1)-57.1(1)°]. The other face of the
Pt; cluster is capped by a weakly bonded iodide ligand, resulting in a trigonal
bipyramidal [Pts(us-I)(us-Re) core with approximate C; symmetry. The Pt; triangle
is edge-bridged by three dppm ligands to form a Pt;(u-dppm); fragment with an
essentially planar Pt;Ps skeleton. All three Pt,P,C rings adopt an envelope
conformation with the methylenic carbon atom at the flap. Two flaps lie on the iodo
side and one on the Re side the Pt; plane (see Figure 2.2.10). Such a conformation
of the Pt3(u-dppm); fragment is characterized by different numbers of axial and
equatorial phenyl groups on the opposite faces of the Pt; cluster (Puddephatt,
Manojlovic-Muir & Muir, 1990). The iodide ligand adds to the face associated with
lower steric hindrance. The conformation results in approximate C, symmetry of the
[Pts(us-I){u3-Re(CO)s } (u-dppm)s] unit, the mirror plane passing through the Pt(2),
Re, I and C(2) atoms and bisecting the Pt(1)-Pt(3) bond (see Figure 2.2.10).
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The Pt-P and Re-C bond lengths are unexceptional (see Table 2.2.11). In the
Pt;Re core both the Pt-Pt [2.586(1), 2.598(1), 2.613(1) A] and Pt-Re [2.728(1),
2.739(1), 2.771(1) A] distances display small variations. Mean Pt-Pt [2.60 A in 9
and 4] and Pt-Re [2.75 A in 9 and 2.67 A in 4] distances show that the addition of
the iodide donor to the Pt; cluster in 9 has no effect on Pt-Pt bonding, but causes
lengthening of the Pt-Re bonds. In contrast, addition of the P(OPh); donor to the Re
site in 8 (Xiao, Hao, Puddephatt, Manojlovic-Muir Muir & Torabi, 1995b)
lengthens both Pt-Pt and Pt-Re bonds (mean values 2.64 and 2.80 A respectively),
and the effect on the Pt-Re bonds is substantially higher than in 9. The Pt-I distances
in 9 (see Table 2.2.11), which also display small variations, are much longer than the
Pt-I bonds [2.806(2)-2.825(2) A] in [Pt(us-I)Mes]s (Allman & Kuchazczyk, 1983)
where no direct Pt-Pt bonding is observed. It is, however, interesting to compare
them with analogous distances in the molecular structures of the closely related
complexes [Pds(ps-I)(us-CO)(u-dppm);]?  (Lloyd, Manojlovic-Muir Muir &
Puddephatt, 1993) and [Aus(us-I)(ps-Aul)(u-dppm)s] (van der Veldon, Bour, Pet,
Bosman & Noordik, 1983) in which the Re(CO); fragment is replaced, respectively,
by CO and Aul units. In all three complexes the M-(u3-I) distances are too long to
be ascribed to normal covalent bonds. Nevertheless, the Pd-I [2.591(1)-3.083(1) A],
Pt-I [3.113(1)-3.343(1) A] and Au-psI [3.132(2)-3.668(2) A] distances follow very
roughly the order of the metal atom radii, Pd<Pt<Au and both the Pd-I and Au-(u;-
I) distances are considered indicative of some degree of covalency (Lloyd,
Manojlovic-Muir Muir & Pudd<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>