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ABSTRACT

The crystal structure of p-chloro~bis (p—diphenylphosphido)-
tris(triethylphosphine)-tri-palladium fluoroborate has been determined
by the single crystal x-ray diffraction method. The data was collected
automatically at room temperature on a Picker 4-circle diffractometer
uéing MoK radia;ion. The structure was solved by the heavy atom
method, and refined by the full matrix least squares method using only
reflections where the net count was greater than 3¢ (0 is the estimated
standard deviation of the net count).

Crystals of [Pd301(PPh (PEt3)3][BF4] are monoclinic with

2)2
a =1614(1), b = 1951.2(8), ¢ = 1691.2(6) pm, B = 97.660(6), and

space group le/c (no. 14). The measured and the calculated densities
are 1.49 and 1.47 g cm-3 respectively. Over 4,000 (26max = 400)
counter intensities were measured of which 2866 independent reflections
were used to refine the structure to an R value of .105. The palladium
atoms are arranged approximately in an equilateral triangle, with
diphenylphosphido ligands bridging two of the sides and a chloro

bridge on the other side. Omne triethylphosphine ligand is co-ordinated
terminally to each palladium atom. Some of the important dimensions

of the structure are given. The distance between the palladiums,

which are bridged by the chlorine atom, is 289(2) pm whilst the

average of the other two Pd-Pd distances is 293(2) pm. The angles



111

: . ’ 0
in the palladium triangle are close to 60, and the average

Pd—PEt3 distance is 230(1) pm with the Pd—Pd-PEt3 angle close to

1500. The average Pd-Cl distance is 241(1) pm and the Pd-Cl-Pd

angle is 73.8°(8). The average Pd-PPh, distance from the palladiums

2

with the chloro bridge is 222(2) pm as opposed to the average

Pd—PPh2 distance from the unique palladium, 227(2) pm, and the

average Pd-PPh,-Pd angle is 81.40(6). The presence of metal-metal

2

bonding in this complex is discussed in some detail and it is

, - > P ) 3F is & { Y .
concluded that [ld3Cl(Ilh2)2(PEt3)3][I14] is a metal cluster
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CHAPTER 1

INTRODUCTION

1.1 Metal Clusters: General

Metal clusters are compounds with at least one metal
ring or polyhedron, where there is a network of metal atoms held
together by metal-metal bonds, with at least two metal-metal
bonds to each metal atom. They are most commonly found in
transition metal compounds with low oxidation states, where the
bonds are due to direct overlap of the transition metal d or
prdy hybrid orbitals. Transition metal clusters may be regarded
as species intermediate between simple monometallic covalently
bonded compounds and the crystalline metals. They exhibit neither
metallic conductivity nor metallic optical properties, but transition
metal clusters often have colours more intense than those of com—
parable transition metal derivatives without any metal-metal bonding.
The presence of these metal-metal bonds may be inferred
from diagnostic techniques such as mass spectrometry and chemical
reactions none of which is conclusive by itself. Spiro (1, p. 1)
has found that force constants associated with M-M stretching
correlate quantitatively with bond strength, but perhaps the most
direct evidence can be obtained by revealing the presence of very

short metal-metal distances by x-ray crystallography.




1.2 Metal-Metal Bonding

Compounds involving metal-metal bonds have been divided
into two classes (2, p. 120). The first class includes all metals,
the simple binary compounds of approximate stoichiometry MX (where M
is a metal from the left of the transition metal block and X can be
I, Br, O, S etc. i.e. a highly polarizable ligand of low ligand field
strength) and the metal-metal bonding found in some classical molecular
complexes such as square planar complexes of platinum and palladium.
These may crystallise in columns so that the M-M distances are con-
siderably shorter than the normal non-bonding distances (3). The
best known examples of columnar packing are to be found in the nickel,
palladium and platinum derivatives of dimethylglyoxime which have metal-
metal distances of the order of 3.25 K (4). The second class of
compound is the large number of molecular complexes which have
metal-metal bonds. Some of these contain only two metal atoms and a
single two center bond, and others contain three or more metal atoms
forming polygons or polyhedra. Our compound belongs to this class
and this is the class which will be discussed in most detail. However,
before compounds of class I are dispensed with entirely, it is
necessary to discuss more rigorously some generalities about both
classes.

The most important single condition for the formation
of metal-metal bonds is a low formal oxidation state. The position

of the metal atoms in the periodic table also plays a significant

role in determining the nature and importance of the exchange




interactions. Metal-metal bonds in binary halides, oxides and
sulphides are more common in metals to the right of the first row
transition series. Effective nuclear charge increases across a
period and down a group and for this reason metal-metal bonds are
much more common in the chemistry of the second and third row
elements, reaching a peak in the middle of the transition block,
and the strength of metal-metal bonds increases upon descending
a column. Thus, for the bonding d orbitals of the metal, the
strength of the metal-metal bond is in the following sequence;
5d > 4d > 3d (5, p. 297).

An example of this is shown by the fact that the iron
triangle of Fe3(CO)12 is broken much more readily than the Ru
triangle of Ru3(CO)12 upon reaction with reagents such as tertiary

phosphines and cyclo-octatetraene.

1.3 Role of the Ligand

The nature of the ligand co-ordinated to a metal, which
forms a stable metal-metal bonded complex, plays an equally important
though less well-understood role than the metal. In the first class
of compound the ligands appear to promote cation-cation interactiomns.

The structures of the MX compounds consist of MX, octahedra sharing

6
edges or faces and joined by bridging X groups; the exchange inter-
actions occur through the common octahedral edges of faces. Compounds

of metals to the right of the first row of the transition metal block

and in the second and third rows usually involve chloride anions and/or




m acid ligands of high field strength such as carbon monoxide and
phosphines. These ligands tend to stabilize metal metal bonds in

a large number of complexes containing MX_ tetragoral pyramids

5
with similar entities interacting at the vacant octahedral
positions to form dimeric or cluster compounds (2nd class). This
class of compound may be taken to include the many bimetallic
complexes which contain trigonal, bi-pyramidal, square planar and
linear arrangements of ligands about the metal atoms. Substitution
by ligands of lower field strength generally leads to weakening of
metal-metal bonds.

The trends in the formation of metal-metal bonds can be
discussed quantitatively, by concepts developed by Morin,
Goodenough and Lewis and Nyholm (2, p. 122) based on a consideration
of their molecular orbitals. In compounds of type I, whose structures
consist of MX, octahedra the extent of metal-metal interactions is

6

determined by the overlap of the t, orbitals on neighbouring cations

2g
and the factors which will favour M-M bonds will be those which favour
an increase in the energy of these orbitals relative to the o bonding
orbitals of the MX6 octahedra. Thus the t2g orbitals must project as
far as possible and highly polarizable 7 electron donors such as oxide
or iodide tend to raise the energy of the t2g orbitals in transition

metal complexes, facilitating orbital overlap in complexes of this

type. Another factor which appears to favour complexes of this




kind are low oxidation states — the d orbitals in cations of
high oxidation state are too small to permit suffi cient cation-
cation interactions. The same effect shows up in the gradual
decrease in importance of M-M bonding in non-organometallic
compounds in the passage from left to right across the first
transition series.

Other factors, such as coulombic forces, are of
undoubted importance, whilst it has also been shown (2) that
elements which tend to form cluster compounds are those with high
enthalpies of sublimation in the metallic state. Sheldon (2) has
suggested that metal atoms possess 'preferred valence states',
which are strongly determined by the availability of the d-orbitals
for bonding. When metals of high preferred valence states are
constrained to low formal oxidation states, metal-metal bonding
will occur so that the metal atoms attain the preferred higher
valence states.

The mode of bonding in cluster compounds is more obscure
but comparison with the better known organometallic chemistry is
of great value as it is evident that the 'raison d'étre' of many
organdmetallic and bimetallic compounds of the transition metals
is ., by and large, the same. The chemistry of bimetallic compounds
bears a strong resemblance to that of organometallic compounds.
For instance the metathetical reactions of NaMn(CO)5 with methyl

iodide and triphenyltin chloride to produce MeMn(CO)5 and




Ph3SnMn(CO)5 respectively, have an obvious similarity. The same
type of compound is commonly found in organometallic and bimetallic
systems such as Et3SiCo(CO)4 which can be obtained from its silicon
organometallic analogue, EtBSiH (6).

Based on the fact that there are strong parallels between
metal-carbon and metal-metal bonding and the fact that the synthesis
of many organometallic compounds has been made possible by the
presence of good m electron accepting ligands which would increase
the energy difference between the highest energy orbital which
contains electrons and the lowest energy orbital which is vacant,

the stabilities of many organobimetallic complexes have been

rationalized.

1.4 Triangular Metal Clusters

A metal cluster can be represented as a polyhedron with
the vertices corresponding to metal atoms, the edges corresponding
to metal-metal bonds, and the faces real polygons with at least
three sides (edges). The following two factors make the metal
triangle the most favourable building block for transition metal
clusters: (i) A closed triangle possesses at least two more
bonding electrons than the equivalent line (or chain) segment.
(ii) Minimizing the maximum metal to metal distance in a basic
building block for a metal cluster will maximize the bond delocal-

ization within this building block. The smallest maximum metal to




metal distances are found for the most compact clusters
This distance increases monotonically as the dimensions of the cluster
change in the order; 3D - 2D - 1D.

The electronic configurations of transition metal atoms
in metal cluster derivatives are most conveniently determined if all
metal atoms and surrounding ligands are considered as neutral species,
and each metal-metal bond is treated as a covalent bond. Many of
the "early triangular clusters" were found to have the favoured
18-outer-electron rare gas configuration (7), however, the more

recent ones do not enhance this trend (8).

1.5 Triangular Clusters of Ni, Pd and Pt

It is only within the last ten years that most of the
structures of the group VIII triad of Ni, Pd and Pt, which have
triangular arrangements of metal atoms, have been elucidated.
There are many examples in the literature (5, p. 380) of Ni-Ni
bonds in organometallic complexes and considerably more nickel
than palladium or platinum clusters have been reported. An early
example, which is formed by the reduction of the complex

(nS—CSHS)Ni(CO)2 by sodium amalgam, is the triangular cluster

(n5—C5H5)3Ni3(CO)2 and is reported (9) to have the structure;




An interesting nickel triangular arrangement is found

in the structure of the complex [Ni3(CO)3(u2—C0)3]§— (10),

This represented the first unambiguous example of a hexanuclear
metal carbonyl cluster system with twelve ligands. It is prepared
by the reduction of nickel tetracarbonyl with sodium metal in‘THF
o P ; o)
(60°C, 20 hrs.) or with KOH in methanol (55°C, 5 hrs.).
Cluster complexes of platinum and palladium, especially
those containing tertiary phosphines have proved notoriously

difficult to characterize (11). Clusters with the palladium triangle

are the least well characterized.




One of the first palladium clusters was characterized
on the basis of 31P N.M.R. work by Coulson et al (15) and thought

to have the triangular shape.

PPh

3 P 2
PPh / '
3\Pd d/CFL

PPh P4

Due to poor resolution of the N.M.R. there was some doubt as to the position of
the terminal groups but based on I.R., molecular weight measurement,
and N.M.R. evidence and its apparent stability towards triphenyl-
phosphine, it seemed likely that it existed as a cluster formation.
The only complex containing a palladium triangle with
metal-metal bonding and whose structure has been resolved by x-ray
diffraction methods, is the complex di-u-SO2 pentakis (t-butyl

isocyanide)-triangulo-tripalladium-dibenzene (16).
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The palladium-palladium distance was found to be ca. 2.75 R
and the oxidation number of the palladium is zero. A similar
Pd(0) cluster with three SO2 bridges has been reported but no
structure done (17). Some other Pd(0) and Pt(0) carbonyl com-
plexes have recently been prepared by T. Yoshida et al (18) who

were studying the reactivity of ML, compounds (M = Pd(0), Pt(0), and

2
L was a variety of phosphine ligands). They found on bubbling CO

into a solution of ML, in n-hexane, yellow crystals formed and on

2
the basis of I.R. and 1H N.M.R. evidence they postulated the structure
shown,
T
//'M\\\ /O
/
’/ \\ C/
/ A l
/ \
7 LN
/M-\-—-—-M\L
L ﬁ/
0

Workers in our lab, have prepared a series of [PdBX(PR3)3(PPh2)2][Y]

complexes; (X = C1, R = Et, Ph, Y =~BF4), (X = Br, I, SCF,, R = Ph,

3’
on i 31
Y = BF4) (19) which the basis of "H N.M.R., P N.M.R. and their
a
chemical reactivity are thought to involve a triangular arrangement
of palladiums.

The number of fully characterized complexes with platinum

triangles is larger than the number of known compounds with palladium
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triangles. Some of these are similar to nickel and palladium
compounds already mentioned. One of the first palladium complexes
to be characterized completely is the tetranuclear metal cluster
system [PtA{PPhMe2}4(CO)5] which consists of two platinum triangles
with one equivalent side. The Pt-Pt bond length is

2.79 K between the unique platinums, Pt(2) and Pt(3), and 2.75 X

between Pt(1) and Pt(2), and Pt(1l) and Pt(3). (20).
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The individual intratriangular distances in the dianion
[PtB(CO)B(pZ—CO)3]§— (22) are all within .01 X of the average value
of 2.66 K and within the expected range for Pt-Pt single bonds.
[PtB(CO)B(uZ-CO)3]§_ is an analogue of the previously mentioned
nickel dianion (10) and has numerous oligomers of the type

[Pt3(CO)3(u2—CO)3]i— where n is a small integer.

However, there is one marked difference in the structure of these
oligomers compared to the nickel analogue, where the metal arrange-
ment is trigonal anti-prismatic, whilst the structure of
[Pt3(CO)3(u2—CO)3]§- is trigonal prismatic. These complexes
represented the first known examples showing that metal-metal inter-
actions involving first row transition metals can be sufficiently
different from those involving third row transition metals to produce
two different metal architectures which are conformers of each other.
A triangular Pt(0) compound has been characterized by

diffraction methods (23) and its structure is probably similar to
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that of other Pd(0) and Pt(0) analogues (18,24). The structure

of the complex PtBEP(C6H )3]4(C0)3 is shown, and the Pt-Pt

11
o
bond lengths are ca. 2.7 A.

An interesting compound, which has been fully characterized by

Carty (25), is the complex [PtB(PPh (Pth)zPh]C6H6. The platinum

3)2

skeleton is basically a triangle but there appears to be no metallic

bonding between two of the platinums where the distance between them
o} o

is 3.63 A, whilst the other Pt-Pt distances (ca. 2.78 A) agree

with previously cited examples of metal-metal bonding in platinum

complexes.
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A very symmetrical Pt(0) triangular complex (26) corresponding to
the palladium complex (17) has had its structure elucidated
recently by x-ray techniques. The structure of [Pt3(802)3(PPh3)3]
is shown and the Pt-Pt distances of 2.695 and 2.712 X are

consistent with those expected for single Pt-Pt bonds.
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CHAPTER 2

THE CRYSTAL STRUCTURE OF [Pd3C1(Pth)Z(PEtS)BJ[BF4]

2.1 Introduction

Until now, the only crystal structure reported for a
palladium triangular metal cluster was one by Sei Otsuba and co-
workers (16). Some interesting palladium metal clusters (19) of

the type [Pd3X(PPh2)2(PR 1][Y], where X = €1, R = Et, Ph or R, =

3)3 3
MezPh; X = Br, I, SCF3, R =Ph, Y = BFA’ were characterized on the
basis of I.R. and 31P N.M.R. and these were considered to have
palladium atoms in a triangular arrangement. A preliminary x-ray

study was carried out on the [Pd3Cl(PPh (PPh3)3][BF4] complex (27)

2)2
which suggested a triangular cluster of palladium atoms, with bridging
diphenylphosphido and chloride ligands. Due to the high value of

the R factor (R = 0.42) obtained, these results could not be relied
upon. The high value of the R factor was the result of a phasing
problem due to the position of the 'heavy atoms' which contribute
very little to half of the reflections. It was felt that this
"phasing problem" could be overcome if the size of the unit cell

were changed sufficiently to unequivocally alter the positions of

the heavy atoms. The obvious method of achieving this was by sub-

stitution of some/or all of the co-ordinating ligands, in the belief

that the crystal structure would be thus changed.
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2.2 Experimental

[Pd3C1(PPh (PPh ][BF4] is one of several products

2)2 3)3

obtained by pyrolysis of [PdC1(PPh ][BF4] in THF in a Carius

3)3
tube, at 1300C, for several days. [PdCl(PPhB)B][BF4] was prepared
by methods outlined in (28,29). The substitution reactions as
shown in Fig. 1 were carried out on [PdBCl(Pth)z(PPh3)3][BF4].
From early recrystallisation attempts it appeared that
the most favourable crystals for diffraction studies could be
obtained from the tris triethylphosphine substituted cluster. A
sample of [Pd3Cl(PEt

(PPh ][BF4] was recrystallised from hot

3)3 2)2

ethanol under N2 in the apparatus shown in Fig. 2. Flat rectangular
plate shaped crystals formed on cooling the solution slowly inside a
polystyrene box, in a refrigerator. The solvent was removed by the
addition and subsequent removal of ether/heptane and the crystals
were dried under N2' All samples were characterized by routine
methods, including 31P N.M.R.. It was found that the atmosphere
caused rapid deterioration — probably oxidation. The crystals went
from a translucent orange-red to an opaque dark-brown colour when
exposed to the air for more than 90 minutes. The crystals were
examined under a microscope and those which appeared single and had
approximate dimensions of (.2 mm x .4 mm x .4 mm) were gently

dropped into Lindemann capillary tubes of the appropriate diameter.

They were fixed in the tube with silicone grease, and the open

end of the tubes was sealed by use of a hot nichrome wire.




/ 3PEt3

[Pd301(PPh )(PPh3)3][BF ]

FIG. 1.

3PMe 2Ph

o

-

D

17

[PdBI(Pth)z(PPh3)3][I]

black, crystalline — very small

[Pd3CI(PPh2)2(PEt3)3][BF4]
orange-red crystals

[Pd3Cl(PPh (PMeZPh)BJ[BF4]

2)2
oily residue

[Pd3Br(PPh2)2(PPh3)3][Br]

red~brown crystals — poor quality

Some Reactions of [PdBCl(Pth)Z(PPh3)3][BF4]-—

Resultant Crystallisation Attempts

—E

—E

\
/

FIG. 2 Apparatus for Crystallisation FIG. 3 Cell Axes
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The main practical difficulty involved positioning the
crystal in the tube so as to have its axes in a co venient position.
The b and c¢ axes were generally found to run diagonally across the
flat plate of the crystal, as shown in Fig. 3.

Numerous crystals were mounted in Lindemann tubes, but
many of these were found to be twinned, from photographic
observations. A further difficulty arose when the crystals were
also found to be susceptible to MoK radiation. The net count of
the standards dropped rapidly after four to five days of constant

irradiation with MoK x-rays.

2.3 Crystallographic Measurements

A series of Weissenberg and precession camera photographs
were obtained with CuK radiation. The space group P21/c was
established unequivocally from the systematic absences. Cell
parameters were measured from these photographs but, due to mounting
problems, the B angle was never recorded on photographs of a single
crystal. The unit cell was found to be monoclinic, i.e., a # b # ¢
and o = vy = 90° # B. Accurate cell dimensions were determined by
mounting a crystal on the diffractometer and measuring the angles at
which diffraction maxima occurred for 36 reflections. The cell
dimensions were then refined by the method of least squares using
A = 71.07 pm. The density was measured by floating the crystals in
a solution of carbon tetrachloride and n-heptane. Crystal data are

given in Table 1.
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TABLE I. CRYSTAL DATA FOR
H-CHLOROBIS (p~DIPHENYLPHOSPHIDO)TRIS (TRIETHYLPEOSPHINE)-
TRIPALLADIUM FLUOROBORATE

System Monoclinic
Space Group P21/c (No. 14)
Molecular Formul? C42H65BC1F4P5Pd3
Molecular Weight 1166.3
Cell Dimensions a=1.6141 (11) nm
b =1.9512 (8) nm
c =1.6912 (6) nm
B = 97.66 (6) deg
Cell Volume 5.2788 (46) nm°
Density (Calculated) 1.47 g cm_3
Density (Measured) 1.49 g c:m—3
No. of Molecules
per unit cell 4
Absorption Coefficient -1
(MoK) 12.5 cm

TABLE 1(A). ADDITIONAL DATA

1. Cell refinement 5
26 Range of reflections used 24-40

No. of reflections 36

2. Structure refinement

No. Variables (NV) 370

No. Observations (NO) 2866

NO/NV 7.7

Weighting Polynomial A = 88.8927

Coefficients B = -0.18845
C = 0.008997
D = -0.000008
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2.4 Diffractometry

The crystal habit of [PdBCl(PPhZ)Z(PEt3)3][BF4] is a
rectangular tablet showing the 100, 011, and 011 faces. It was
most convenient to mount the crystals in the Lindemann tubes with
the 0,1,1 (or 0,1,i) planes approximately parallel to the tube axis.
The tube was mounted on the diffractometer with its axis approximately
co-linear with the ¢ axis.

Intensity measurements were made automatically at room
temperature on a Picker 4-circle diffractometer using MoK radiation
and a Zr filter. Reflections were scanned in the 6/26 mode for one
minute at a rate of 2.4° per minute. The instrument was operated
in the bisecting position with w = 0. Background counts were
measured for 30s at the end of each scan. Three reflections of
high intensity were used as standards and their intensity measured
for every batch of fifty reflections.

A total of 2872 independent reflections (26 < 400), which
had the status of observed, where the criterion is that the net
count must be > 30, where o is the standard deviation of the net
count, were measured. Due to the effects of MoK radiation the data
set was collected in three stages. Three crystals were used, which had
the dimensions (.19 mm x .56 mm x .31 mm), (.18 mm x .63 mm x .53 mm)
and (.24 mm x .94 mm x .51 mm) and in cases where a reflection was
measured more than once the structure factor values were averaged,

after a scale factor had been applied. Data collection was terminated




21

at 20 = 40° owing to the reason that only a few reflections were
above the background.

The intensities were corrected for the Lorentz and
polarization effects. An absorption correction was applied
independently to the data from each of the crystals.

The effect of absorption may be calculated by evaluation

of the following integral:

Ay =3 7 e [ + rpla W

Ahkl is the transmission factor, r, and r, are the pathlengths

d
along the incident and diffracted beams, and V is the volume of the
crystal (cm3). Uy is the linear absorption coefficient of a compound

for radiation of a specified wavelength A, and is given by the

expression;

). (2)

L2 S a1l

<|'.:1

L
e 1
i = no. of atoms in the asymmetric unit

B = atomic absorption coefficient
n = no. of asymmetric units per unit cell

V = volume of unit cell

The intensities of the diffracted rays from a given crystal are
proportional to its volume but because of absorption there is an
optimum thickness which is a function of the linear absorption

coefficient, i.e.

t 2
optimum 1))

(3
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From the absorption factor calculation (1) which depends
on the pathlength of the incident and diffracted rays, it can be
seen that different reflections may suffer to a varying extent

from absorption and a systematic error will be introduced into

the intensities even for crystals of less than optimum size. The
worst case is that of a flat plate for which the paths of rays
passing through the leongest and shortest dimensions may differ by
a factor of 10 or more.

Although w, . for [Pd3C1(PPh (PEt3)3][BF4] is only

2)2
12.5 cmfl, and the ideal optimum thickness (.15 cm) is large, the
crystals formed as flat rectangular plates which is the worst case
for absorption. It was considered imperative that an absorption
correction be applied and this factor was evaluated numerically by
Gaussian integration using a program supplied by Penfold (32) and
modified by Bushnell (33).

The absorption correction was applied after the Lorentz and

polarization corrections were applied in the data reduction. Some

basis for evaluation of its utility may be ascertained from the
following. A preliminary investigation of the structure of this
compound was carried out on a data set consisting of 2273 independent
reflections from one crystal. The structure was essentially solved
from this data set, but due to the non-reliability of the cell
dimensions and the fact that the net count of one of the standards

dropped by 907% during data collection, indicating a possible

equivalent deterioration in the crystal, the complete data
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set was collected again in the manner stated. The original data set
refined to an R-value of .138 but on application of the absorption
correction to the intensity measurements, refinement halted at an

R-value of .130.

2.5 Structure Determination

The structure was solved by the usual heavy atom method.
The atomic scattering factor curves for Pd, Cl, B, F, P and C were
obtained from the work of Cromer and Waber (30). All atoms were
assumed to be uncharged and a correction for the anomalous dispersion
of palladium (31) made in the final stages of refinement. The
calculations were done using a set of programs supplied by Penfold
(32) and Bushnell (33). A list of these programs is given in
Appendix 1.

The co-ordinates of the three palladium atoms were obtained
from a three dimensional Patterson function. A subsequent Fourier
synthesis phased with the palladium atoms showed the position of the
five phosphorus atoms and the chlorine. The co-ordinates of these
nine atoms and the scale factor were refined by minimization of the
function w(|FO|-|FC|)2 using full matrix least squares. Unit weight
was given to all reflections at this stage. One cycle of refinement
for the 9 atom model, using anisotropic temperature factors gave an

R-value of .231. The remaining light atoms were located using
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Fourier and difference Fourier synthesis. When all the atoms were
located it was necessary to process the refinement in two stages,
having a fixed atom file of either the 24 carbons in the phenyl
rings, or the 18 carbons in the ethyl groups and the BF4 moiety,
and refining the positions of the nine heavy atoms along with‘those
atoms which were not in the 'fixed atom file'. Two complete cycles
of refinement gave an R value of .117 (Rw = ,131) and the structure
appeared fully refined at this position.

87 reflections of varying intensity, but whose structure
factors had poor agreement with calculated structure factor values,
were remeasured on a 'fresh' crystal (.32 x .93 x .55 mm). Lorentz
and polarization corrections, an absorption factor and a scale
factor were applied to these values, which were then substituted
for their respective values in the data set. The reflections (0,1,1),
(0,2,0), (1,1,1) and (1,1,1) were removed from the data set as it
was felt, that due to their low 20 angle (<4.3°) intensity measure-
ments were interfered with by the backstop on the diffractometer.
The reflections (2,0,0) and (2,2,0) were also removed as the counter
overflowgd whilst they were being measured. The palladium atoms were
treated as anomalous scatterers and refinement continued using new
weights (W) derived by using the weighting scheme proposed by

Cruickshank (42)a. The final R-value was .105 and, defining the

%W = scale x[(A + B [FOI + £ [Folz + D IFOIB)]_l, the coefficients

A, B, C and D were obtained by the error analysis of the data.
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1
weighted R-value as (ZWAZ/ZWFOZ)ﬁ, the corresponding weighted R
value was .135. Shifts of the final cycle were less than 37 of
the standard deviation for the heavy atoms and less than 157 of

the standard deviation for the remaining atoms.

The data was analysed for any systematic errors and
revealed that the agreement between ]FOI and IFCI was poorest for

. This variation can be related to the

reflections with low IFd
greater degree of uncertainty in the experimental collection of
weaker intensity reflections. The accuracy of the data might have
been improved for the low intensity reflections by counting each
reflection over a longer time period but this would have proved
extremely difficult due to crystal deterioration. The function
ZW(IFOI - IFc|)2 was not significantly dependent on either ]Fo|or
(sine 6/1). The average value of the function E, (E = [ZW(IFOI -
IFC|)2/(m - n)]%),for different sections with respect to IFOI and
(sine 6/)) were approximately equal indicating a satisfactory
weighting scheme. The average value of E using the weighting
scheme was .956.

Due to the high number of.parameters in the calculation
(see Téble 1(a)) no attempt was made to locate the hydrogen atoms.

A final difference map gave no indication of any misplaced atoms and

o-
showed no peak higher than 1.83 electrons A 3- The most prominent

features are near the palladium and phosphorus atoms and the lowest

o
negative peak (-1.29 electrons A3) is quite far from any of the
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heavy atoms (>300 pm). The ten most prominent positive peaks are
scattered irregularly round the palladium atoms. The final
positional and temperature factor parameters are listed in Tables

2 and 3. The structure factor table is given in Appendix 2.
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Table 2. (A) Positional Parameters for the Heavy Atoms in
p—-Chloro-bis (u~diphenylphosphido)tris (triethylphosphine)=-tripalladium fluoroborate®

Atom X Y Z
Pd(1) 0.2646(2) -0.0035(1) 0.3183(1)
Pd(2) 0.2398(2) 0.0111(1) 0.4863(1)
Pd(3) 0.2088(2) 0.1267(1) 0.3792(1)
Cc1 0.2011(6) 0.1257(4) 0.5203(5)
P(1) 0.2915(6) -0.0698(4) 0.2116(5)
P{2) 0.2356(6) -0.0330(5) 0.6118(5)
P{3) 0.1660(6) 0.2386(5) 0.3651(6)
P(4) 0.2775(5) -0.0796 (4) 0.4209(5)
P(5) 0.2306(6) 0.0980(4) 0.2562(5)
aEstimated standard deviations in parentheses.

(B) Anisotropic temperature parameters for the heavy atoms®
s Y11 Y22 Y33 Yyg Y1g Y23
Pd(1) 72(2) 27(1) 48(1) «6(12) - .8(12) 1.2¢12)
Pd(2) 78(2) 27(1) 48(1) 5:5(12) .8(12) 4.5(12)
Pd(3) 84(2) 26(1) 52(1) 3.8(12) -5.2(12) 3.3(12)
(] 144(9) 42(5) 59(5) 18(5) 21(5) -5(4)
P{1) 92(8) 47(5) 66(6) 11(5) -5(5) -8(5)
P(2) 98(8) 52(5) 62(6) 11(5) 7(5) 15(5)
P(3) 99(8) 47(5) 71(6) 6(5) -7(5) 3(5)
P(4) 67(7) 32(4) 57(5) 5(4) 6(4) 3(4)
P(5) 79(7) 34(4) 56(5) 2(4) -9(4) 1(4)
B0 exp = 2H2(Ullh2a*2 + Uk DR+ U3312c*2 + 20 hkakbk +

2U13hka*c* + 2U23klb*c*). Tabulated values should be multiplied

by 10 to obtain mean square amplitudes in pm2.
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Table 3. (A) Positional and isotropic temperature parameters
for C(1A)-C(3F), B and F(1)-F(4) atoms in » "
p—chloro-bis (u~diphenylphosphido)tris (triethylphosphine)-tri- palladium fluoroborate

Atom X Y z U 10 (pm)*
C(1A)  0.1938(28)  -0.0851(23)  0.1470(26) 111 (14)
C(1B)  0.1248(28)  -0.1152(24)  0.1815(26) 115(15)
C(1C)  0.3652(21)  -0.0345(17)  0.1484(19) 72(9)
C(1D)  0.4563(30)  -0.0266(26)  0.1825(28) 129(16)
C(LE)  0.3292(23)  -0.1532(20)  0.2398(22) 90(12)
C(1F)  0.3503(28)  -0.2033(24)  0.1650(27) 118(15)
C(2A)  0.3361(28)  -0.0067(24)  0.6756(36) 112(14)
C(2B)  0.3364(43) 0.0681(39)  0.6967(39) 205(27)
C(2C)  0.2249(22)  -0.1242(19)  0.6154(21) 82(10)
C(2D)  0.2109(31)  -0.1488(26)  0.7049(29) 133(17)
C(2E)  0.1536(23)  -0.0051(19)  0.6592(21) 86 (11)
C(2F)  0.0682(27)  -0.0088(22)  0.6139(25) 114(14)
C(3A)  0.2442(27) 0.2968(23)  0.4164(25) 112(14)
C(3B)  0.3213(29) 0.3019(25)  0.3722(28) 129(16)
C(3C)  0.1398(25) 0.2725(22)  0.2585(24) 103(13)
C(3D)  0.0990(29) 0.3447(25)  0.2579(27) 128(16)
C(3E)  0.0730(27) 0.2564(24)  0.4179(25) 113(14)
C(3F) =0.0047(31) 0.2103(27)  0.3844(30) 139(18)
B 0.2569(90) 0.5043(79)  0.4113(83) 318(53)
F(1) 0.2775(31) 0.4598(26)  0.4735(30) 259(20)
F(2) 0.1882(31) 0.4668(26)  0.3702(28) 294(19)
F(3) 0.2284(29) 0.5596(28)  0.4293(28) 301(20)
F(4) 0.3195(31) 0.4904(24)  0.3805(30) 350(20)

a . - :
Estimated standard deviations in parentheses.



Table 3.

(B) Positional and isotropic temperature parameters
for C(4A)-C(5L) atoms in p-chloro-bis(u~diphenylphosphido)-
tris(triethylphosphine)-tri~palladium fluoroborate?

8 x 35 )

Atom X Y z
C(4A)  0.3818(19)  -0.1109(16)  0.4590(17) 60(9)
C(4B)  0.4458(22)  -0.0732(18)  0.4379(20) 75(10)
C(4C)  0.5309(25)  -0.0867(21)  0.4716(23) 96 (12)
C(4D)  0.5458(23)  =-0.1441(19)  0.5155(21) 82(11)
C(4E)  0.4815(23)  -0.1858(19)  0.5366(22) 83(11)
C(4F)  0.3974(21)  -0.1718(17)  0.5051(19) 68(9)
C(4G)  0.2048(20)  -0.1501(16)  0.4122(18) 64(9)
C(4H)  0.1166(22)  =-0.1292(19)  0.4287(20) 81(10)
C(4I)  0.0523(23)  -0.1802(20)  0.4202(21) 84(11)
C(4J)  0.0800(27)  =-0.2476(22)  0.4048(24) 102(13)
C(4K)  0.1555(25)  =0.2661(21)  0.3977(22) 91(12)
C(4L)  0.2225(23)  =-0.2212(19)  0.4069(21) 82(11)
C(5A)  0.3075(19) 0.1508(16)  0.2172(18) 59(9)
C(5B)  0.3893(24) 0.1417(20)  0.2559(21) 88(12)
C(5C)  0.4536(31) 0.1839(27)  0.2339(30) 131(17)
C(5D)  0.4348(30) 0.2342(25)  0.1719(27) 118(15)
C(5E) 6.3545(27) 0.2387(21)  0.1387(24) 97(12)
C(5F)  0.2908(20) 0.1992(17)  0.1549(19) 68(9)
C(5G)  0.1391(18) 0.0941(14)  0.1848(16) 51(8)
C(5H)  0.0633(19) 0.0875(15)  0.2158(17) 57(8)
C(5I) =-0.0161(25) 0.0742(22)  0.1547(24) 101(13)
C(5J) -0.0059(22) 0.0700(18)  0.0778(21) 78 (10)
C(5K)  0.0712(23) 0.0780(19)  0.0507(20) 79(11)
C(5L)  0.1457(20) 0.0911(16)  0.1010(18) 65(9)
“Estimated standard deviations in parentheses.

29
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CHAPTER 3

3.1 Results

The crystal structure [Pd3CI(PPh2)2(PEt3)3][BF4]

consists of well separated [Pd3CI(PPh (PEt3)3]+ cations and

2)2
[BF4]_ anions. The interatomic distances, bond angles and least
squares planes are given in Tables 4, 5 and 6. The contents of
the unit cell are shown in Figure 4. The roman numeral subscripts
on the Pd and B atoms refer to the ions with the following co-
ordinates:

I X, Vs 2 ITT X, -y, 5+ z

IT X, Vs Z v X, 5+y, -2z

A perspective view of the [Pd301(PPh2)2(PEt3)3]+ cation is given
in Figure 5 which also gives the atomic labelling scheme.

Table 4(A) lists the bond distances concerning the heavy
atoms. The distances between Pd(1) and Pd(2), and Pd(1l) and Pd(3)
are equal and slightly larger than the Pd(2) - Pd(3) bond distances.
This can be attributed to the difference in the bridging ligands
as the chlorine atom bridges the shorter bond length. All Pd-Pd
distances are larger than the Pd-Pd distances found in
[PdB(SO (ButNC)SJ (276 pm) (16) and shorter than the non-bonding

]

(347.5 pm) (34) but comparable to the metal-metal bonding distance

2)2

Pd-Pd distance found in the Cl-bridged complex [Pd2C12(n3—C3H5)2

. 3
found in [PdjAc,(n’~C H,),] (294 pm) (19).
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The distances between the palladium atoms and their
respective terminal phosphorus atoms (P(1), P(2), P(3)) are equal
and are consistent with Pd-P values reported for PdCl(dtt)(PPh3)2 b
(232 pm) (35) and trans [(PPh3)2PdC1(—C6H4N=NC6H5)] (231 pm) (36).
The bridging phosphorus atoms (P(4), P(5)) are farther from Pd(1)
than Pd(2) or Pd(3). All the palladium to bridging phosphorus dis-
tances are shorter than the palladium to terminal phosphorus atom
distance and longer than the Pd-P distance found in di-p-chloro-bis
(u—diphenylphogphidotetracarbony1 iron palladium) (215 pm) (37), but
comparable with metal to phosphorus distances found in bridging di-
phenylphosphido complexes of ruthenium (228.6 pm) (38) and iridium
(229.8 pm) (38A). The Pd-Cl distance is longer than reported Pd-
terminal chlorine distances (233) (35) but consistent with the Pd-Cl
distances found in the chloride bridged complexes, PdZCl'z(n3-—CBH5)2
(241 pm) (34) and di- p-chloro-bis(p-diphenylphosphidotetracarbonyl
iron palladium) (242 pm) (37).

Table 5(A) gives the bond angles round the heavy atoms.
The three palladiums are almost an equilateral triangle with the
smallest angle opposite the chlorine bridge as expected. The
termipal phosphorus atoms are symmetrically placed round the
triangle but the bridging phosphorus atoms appear to be drawn
closer to the palladium atoms, which the chlorine atom bridges.

Table 6 gives the least squares plane concerning the
palladium co-ordination. The heavy atom skeleton is approximately

planar, deviations from the least squares plane being P(1l), 11;

P(2), 10; C1, -10 pm.

= dtt = p-tolylNNNtolyl-p.
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The bond lengths and bond angles of the triethylphosphine
ligands are listed in Tables 4(B) and 5(B) respectively. These
values are relatively inexact owing to the high thermal motion of
the carbon atoms, more especially the terminal ones. The average
P-C distance found in the triethylphosphine ligands is 184 pm as
compared to distances found in [PtCl(PEt3)2(phen)][BF4] (186 pm)

(39) and [PtCl3(PEt3)]- (184 pm) (39A). The average C-C distance
is 155 pm and indicates a single bond. This is consistent with
distances found in (39) (154 pm) and in (39A) (155 pm).

The values of the bond angles, given in Table 5(B) are in
general close to 109° and show an approximate tetrahedral arrangement
round the phosphorus and carbon atoms. The Pd-P-C angle is generally
greater than the tetrahedral angle 109° and the C-P-C angle less than
109° and this is consistent with values reported in (39) and (39A).

Tables 4(C) and 5(C) give the bond lengths and angles
respectively for the diphenylphosphido ligands. The average P-C
length is 180 pm. Diphenylphosphido bridges are present in the
structure elucidated by Carty (25) but no P-C bond lengths are given.
The P-C distances in our complex, however, are consistent with wvalues
reported for trans-di-iodobis(dimethylphenylphosphine)palladium(II)
(182 pm) (40). The carbon to carbon distances in the four phenyl

rings average 140 pm, 142 pm, 139 pm and 142 pm respectively. These

compare favourably with cited examples, e.g. (139 pm) (41). The
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bond angles in the phenyl rings are close to 120° and the bond
angles round the phosphorus atoms close to tetrahedral.

Tables 4(D) and 5(D) contain the values for the bond
lengths and angles respectively of the tetrafluoroborate ion. The
error of these values is usually high owing to a very high thermal
motion of the fluorine atoms (a trend which is consistent with other
crystal structures containing the BF4— ion). The average value of
B-F bond distances in our complex is 132 pm and the angles round the
boron atom are close to tetrahedral. These values are in accord

with data reported for [PtCl(PEt (Phen)][BFa] (39) and

3)2
[Ni(FB(ONCHCSHB—N)3P][BF4] (43).

No standard deviations for the bond lengths and angles
of the BF4— ion are given in these tables. The positions of these
atoms were picked from the second last difference map and were only
included in one cycle of refinement. When the final cycle of
refinement was carried out which produces the input file for ORFFE
(Appendix 1), the positional and temperature parameters of the BF4
moiety (especially the boron) moved by unreasonable amounts and the
standard deviations given by the ORFFE output were extremely large.
It was felt that the atomic positions before this cycle of refinement

were more accurate, because of the values of the bond lengths and

angles, and these are given in Tables 4(D) and 5(D).
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Table 4. Inter—Atomic Distances in p-chloro bis s
(u-diphenylphosphido) tris (triethylphosphine)-tri-palladium fluoroborate

(A) The heavy atom co-ordination

Bond Length (pm) Bond Length (pm) ‘
Pd(1)-Pd(2) 293(2) PA(1)-P(4) 227(1)
Pd(1)-Pd(3) 293(2) Pd(2)~P (4) 222(2) ‘
Pd(2)-Pd(3) 289(2) PA(1)-P(5) 228(2)

Pd(1)-P (1) 231(2) Pd(3)-P(5) 223(2)
Pd(2)-P(2) 230(1) Pd(2)-C1 241(1) i
Pd(3)-P(3) 229(1) Pd(3)-Cl 241 (1)

(B) The triethylphosphine ligands

Bond Length (pm) Bond Length (pm) |
P (1)-C(1A) 182(7) C(1A)-C(1B) 145(6) ‘
P (1)-C(1C) 184 (5) C(1C)-C(1D) 151(6) f
P (1)-C(1E) 178(4) C(1E)-C(1F) 167(6) i
P(2)-C(24) 189(7) C(24)-C(2B) 150(7) i
P (2)-C(2C) 179(4) C(2€)-C(2D) 163(6)
P (2)-C(2E) 180(5) C(2E)-C(2F) 157(6)
P (3)-C(3A) 183(6) C(3A)-C(3B) 154(7)
P (3)-C(3C) 192(5) C(3€)-C(3D) 155(6)

P(3)-C(3E) 188(6) C(3E)-C(3F) 159(7)




(C) The di-phenylphosphido ligands
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Bond Length (pm) Bond Length (pm)
P (4)-C(4A) 183(5) P (4)-C(4G) 180(3)
C(4A)~C (4B) 135(4) C(4G)~C(4H) 154(5)
C(4A)~C (4F) 142(4) C(4G)-C(4L) 142(5)
C(4B)-C(4C) 144(6) C(4H)-C(4TI) 143(5)
C(4C)-C(4D) 135(5) C(41)-C(4J) 142(5)
C(4D)~C (4E) 140(5) C(4J)-C(4K) 129(5)
C(4E)-C (4F) 142(5) C (4K)~C (4L) 138(5)
P(5)-C(54) 180 (4) P (5)-C(5G) 178(6)
C(5A)-C(5B) 140(6) C(5G)-C(5H) 140(5)
C(5A)-C(5F) 141(4) C(5G)-C(5L) 144 (4)
C(5B)-C(5C) 141(6) C(5H)-C(5T) 156(7)
C(5C)-C(5D) 144(6) C(5I)-C(5J) 133(5)
C(5D)~C(5E) 134(5) C(5J)~C(5K) 139(5)
C(5E)-C(5F) 134(5) C(5K)-C(5L) 140(6)
(D) The BF, ion
Atoms Length (pm) Atoms Length (pm)
B-F (1) 137 F(1)-F(2) 211
B-F(2) 143 F(1)-F(3) 219
B-F(3) 123 F(1)-F(4) 189
B-F (4) 123 F(2)-F(3) 213
F(3)-F(4) 223 F(2)-F(4) 215

a ) . 5 . .
Estimated standard deviations in parentheses in tenths of a pm.
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Table 5. Bond Angles in p—chloro-bis o
(u—diphenylphosphido)tris(triethylphosphine)—=tri—palladium fluoroborate

(A) The heavy atom co-ordination

Bonds Angle (deg) Bonds Angle (deg)
Pd(2)-Pd(1)-Pd(3) 59.1(8) Pd(3)-Pd(2)-P (4) 110.3(4)
Pd(1)-Pd(2)-Pd(3) 60.3(4) Pd(3)-Pd(2)-Cl 53.0(4)
Pd(1)-Pd(3)-Pd(2) 60.5(5) P (2)-Pd(2)-P (4) 101.8(8)
Pd(2)-Pd(1)-P(1) 151.1(4) P (2)-Pd(2)-Cl 95.0(9)
Pd(2)-Pd(1)-P (4) 48.3(2) P (4)-Pd (2)-Cl 163.2(3)
Pd(2)-Pd(1)-P(5) 107.8(6) Pd(1)-Pd(3)-P(3) 153.2(3)
Pd(3)-Pd(1)-P (1) 149.3(6) Pd(1)-Pd(3)-P(5) 50.2(9)
Pd(3)-Pd(1)-P (4) 107.4(8) Pd(1)-Pd(3)-Cl 113.6(9)
Pd(3)-Pd(1)-P(5) 48.7(3) Pd(2)-Pd(3)-P(3) 146.3(6)
P(1)-Pd(1)-P(4) 102.9(4) Pd(2)-Pd(3)-P(5) 110.7(3)
P(1)-Pd(1)-P(5) 100.7 (4) Pd(2)-Pd(3)-Cl 53.2(5)
P(4)-Pd(1)-P(5) 156.0(6) P(3)-Pd(3)-P(5) 103.0(9)
Pd(1)-Pd(2)-P(2) 151.8(3) P(3)-Pd(3)-Cl 93.2(10)
Pd(1)-Pd(2)-P (4) 50.0(7) P(5)-Pd(3)-Cl 163.7(3)
Pd(1)-Pd(2)-Cl 113.2(8) Pd(1)-P (4)-Pd(2) 81.7(6)
Pd(3)-Pd(2)-P(2) 147.8(5) Pd(1)-P(5)-Pd(3) 81.1(6)

Pd(2)-C1-Pd(3) 73.8(8)
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(B) The triethylphosphine 1ligands

Bonds Angle (deg) Bonds Angle (deg)
Pd(1)-P(1)-C(1A) 108.8(21) Pd(2)-P (2)-C(2A) 107.2(26)
Pd (1)-P (1)-C(1C) 116.2(18) Pd(2)-P(2)-C(2C) 114.8(13)
Pd(1)-P(1)-C(1E) 113.3(15) Pd(2)-P (2)-C(2E) 111.7(23)
C(14)-P(1)-C(1C) 106.9(18) C(2A)-P(2)-C(2C) 109.3(19)
C(1A)-P (1)-C(1E) 104.4(21) C(24)-P(2)-C(2E) 105.0(19)
C(1C)-P(1)-C(1E) 106.5(17) C(2C)-P(2)-C(2E) 108.4(18)
P(1)-C(1A)-C(1B) 118.5(33) P (2)-C(2A)-C(2B) 112.0(38)
P(1)-C(1C)~C(1D) 118.9(29) P(2)-C(2C)-C(2D) 110.6(27)
P(1)-C(1E)-C(1F) 115.4(27) P (2)-C(2E)-C(2F) 112.1(27)
Pd(3)-P(3)-C(3A) 111.3(19) C(3C)-P(3)-C(3E) 107.1(28)
Pd(3)-P(3)-C(3C) 116.9(15) P(3)-C(3A)-C(3B) 111.3(32)
Pd(3)-P(3)-C(3E) 112.1(15) P(3)-C(3C)-C(3D) 111.1(31)
C(3A)-P(3)-C(3C) 106.4(28) P (3)-C(3E)-C(3F) 111.6(31)
C(3A)-P(3)-C(3E) 101.8(20)
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(C) The di-phenylphosphido ligands

Bonds Angle (deg) Bonds Angle (deg)
Pd (1)-P (4)-C(4A) 118.3(23) Pd(1)-P (4)-C(4G) 116.4(23)
Pd(2)-P(4)-C(4A) 113.2(18) Pd(2)-P (4)~-C(4G) 115.6(16)
C(4A)-P (4)-C (4G) 109.5(16) P (4)-C(4G)~C (4H) 113.0(24)
P (4)-C(4A)-C(4B) 115.2(25) P (4)-C(4G)-C(4L) 128.0(26)
P (4)-C(4A)~-C (4F) 124.0(28) C(4G)~C (4H)-C(4T) 118.2(32)
C(4A)~C (4B)~C (4C) 121.2(33) C (4H)-C(4T)~C (4J) 114.8(35)
C(4B)-C(4C)~C (4D) 117.5(39) C(4I)-C (4J)~C(4K) 126.7(42)
C(4C)~-C(4D)-C (4E) 122.6(39) C(4J)-C (4K)~C (4L) 123.0(41)
C (4D)~-C (4E)~C (4F) 119.8(34) C (4K)~C (4L)-C (4G) 117.7(34)
C(4E)-C (4F)-C(4A) 117.2(33) C (4L)-C(4G)~C (4H) 117.9(30)
C(4F)-C(4A)-C(4B) 120.7(32)
Pd(1)-P(5)-C(5A) 122.0(12) Pd (1)-P (5)-C(5G) 113.7(14)
Pd (3)-P(5)-C(5A) 113.6(22) Pd(3)-P (5)-C(5G) 115.1(20)
C(5A)-P (5)-C(5G) 109.1 (14) P(5)-C(5G)~C(5H) 116.0(22)
P(5)-C(5A)-C(5B) 114.1(25) P (5)-C(5G)-C(5L) 120.4(30)
P(5)-C(5A)-C(5F) 125.6(29) C(5G)-C (5H)~C(5T) 116.8(28)
C(5A)-C(5B)-C(5C) 118.8(38) C(5H)-C(5I)-C(5J) 117.3(34)
C(5B)-C(5C)-C(5D) 119.9(48) C(51)-C(5J)-C(5K) 123.1(44)
C(5C)-C(5D)~C(5E) 116.6(48) C(5J)-C(5K)-C(5L) 123.6(36)
C(5D)-C(5E)-C(5F) 126.8(42) C(5K)-C (5L)~C (5G) 115.8(36)
C(5E)-C(5F)-C(5A) 117.4(38) C(5L)-C(5G)~C (5H) 123.3(37)
C(5F)-C(5A)-C(5B) 120.3(36)

S T
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(D) The BF4— ion
Bonds Angle (deg) Bonds Angle (deg)
F(1)-B-F(2) 98 F(2)-B-F(3) 106
F(1)-B-F(3) 115 F(2)-B-F(4) 108
F(1)-B-F(4) 93 F(3)-B-F(4) 131

a : e : g ;
Estimated standard deviations are given in parentheses in tenths of a

degree.




40

Table 6

Least squares plane (k.x + k,y + k3z = k,) of ieavy atom
co-ordination in u-chloro bis (u-dlphenyiphosphido)-tris—
(triethylphosphine)etri—palladium fluoroborate

2
Plane kl k2 k3 k4 X
Pd(1), Pd(2), Pd(3), P(1)-P(5), C1  0.9334  0.2813  0.2228 446.49  476.91
Max. dev. (pm) P(1) = 11.0(9)2
P(2) = 9.8(9)
clL = -10.4(9)

a - :
Estimated standard deviation in parentheses.
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Figure 4. The Unit Cell Contents of [PdBCl(Pth)z(PEt3)3][BF4].
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Figure 5.

+
The Crystal Structure of the [Pd3C1(PPh2)2(PEt3)3] Cation
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3.2 Discussion

Although not entirely conclusive, the most useful
criterion for detecting the presence of metal-metal bonds in a
compound is the revelation of short metal-metal distances by
x-ray crystallography. Metal-metal bond lengths are often a good
indication of the bond strength. Bond lengths of strong metal-metal

bonds are usually of the same order of magnitude as the interatomic

distances in the metals but a continuous range of progressively
weaker interactions can occur up to the non-bonding situation
represented by van der Waals contacts (350-400 pm). Bonding
interactions are, however, not usually considered significant
between metals more than about 320 pm apart.

The range of distances over which metal-metal bonds may
be found necessitates the assistance of other criteria in detecting
their presence. Vibrational spectroscopy can give an insight into
the nature of chemical bonds, since the measured frequencies can be
used to calculate valence force constants. Spiro (1) has attempted
to establish a scale of force constants associated with the stretching
of metal-metal bonds in the hope that such a scale will reflect
relative metal-metal bond strengths. Metal-metal vibrational
frequencies show up at the low end of the spectrum, usually below
250 cm—l, and infrared and Raman spectra have been used for the
identification of these frequencies (44). There are difficulties
inherent in identifying these metal-metal frequencies. Not only

are clusters often symmetrical molecules in which the metal-metal
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stretching frequencies are infrared inactive but the interpretation
of the spectra is complicated by the many low-frequency molecular
motions that can contribute. In the case of Raman spectroscopy,
data are few but may become more common with the introduction of
laser Raman spectroscopy.

The magnetic susceptibility of a compound may also be
used as evidence for the presence of metal-metal bonds. The outer
sphere electrons on metals involved in metal-metal bonding should
be paired, and as anticipated, most known clusters are diamagnetic.

The intense colours of cluster compounds should allow
their ultraviolet and visible absorption spectra to be useful
techniques for detecting the presence of metal-metal interactions.
However, very few investigations of the electronic spectra of
clusters have been carried out because of the theoretical difficulties.
Even satisfactory assignmentsof the spectra of simple binuclear metal-
metal bonded carbonyls have yet to be made.

All these physical methods of detecting metal-metal bonds
have certain limitations, and these difficulties are enhanced,
especially in the case of x-ray crystallography and magnetic
measurement, when bridging ligands are present, as is the case in
our complex. No clear judgement can be made from internuclear
distances and as to the magnetic criterion, significant depression
of paramagnetism can occur through spin exchange via bridging ligands.

These difficulties are by no means insurmountable and in the




45

discussion to follow, sufficient evidence will be produced to
show there is a significant amount of metal-metal onding in
[Pd3Cl(PPh2)2(PEt3)3][BF4].

Metal-metal bonding is most common when the metals
involved have zero or low oxidation states. The oxidation number

of palladium is zero in Pd3(SO (ButNC)S, 2(C6H6) (16), the only

2)2
other palladium cluster fully characterized. Platinum has a zero
oxidation state in the complexes Pt3[P(C6H11)3]4(C0)3 (23),

Pt4[P(C6H5)(CH (CO)5 (20) and Pt4(S0,),(PPhy), (26). The

3)2]4
‘oxidation state, as defined by Lewis and Nyholm (45), is the

"formal charge left on an atom when all the ligands are removed

in their closed shell configurations and any element—element bonds
are broken homolytically so as to leave an equal number of electrons
on each atom'". By this definition the average formal oxidation state
of palladium in our complex is 4/3. This is the same as the formal

oxidation state of platinum in Carty's complex, [Pt3(PPh3l(PPh Ph]

2)3
C6H6 (25), which is an analogue of our complex. However, the
structure of our complex is more similar to the structure of

Pd3(SO (ButNC)5 ,2(C6H6) (16), than that of Carty's complex where

2)2
one of the platinum-platinum distances in the triangle (363 pm), by
our earlier definition, is greater than that allowable for metal-metal
interactions.

The observed bond lengths in our complex provide some

evidence that electron density is not evenly distributed between
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the three palladiums. The fact that the shorter Pd-Pd distance is
found between the two palladiums with the Cl1 bridge, and the
distances from the respective phosphorus bridging atoms to these

palladiums is less than the corresponding Pd(1)-PPh, distances,

2

suggests that the dominant canonical form of our structure is:
P‘Et3
,/’///' (1)3\\\\\\
PPh2 ///////Pthy

Pd(2) Pd(3)

\

Two of the palladiums have an oxidation number of 2 and

t

the other zero, which is also an intuitively satisfying electron
density distribution.

The average metal-metal distances found in our complex
(see Table 4(A)) are approximately 20 pm longer than the interatomic
distance in the metal (275 pm), which is of the same order of
magnitude as the corresponding average distances in PdB(SOZ)Z(ButNC)S’
ZC6H6 (274 pm) (16), the only other trimeric palladium cluster to be
characterized by x-ray diffraction techniques. Two other trimeric
palladium structures have been studied by x-ray diffraction techniques,

but their average metal-metal bond lengths, 315 pm in trimeric

palladium(II) acetate (14) and 352 pm in [Pd(2,2'-dimercaptodiethyl-

sulphide)]3 (46) indicate they have only very weak or zero metal-
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metal bonding. This is especially strange in the case of the
trimeric palladium(II) acetate as the platinum analogue, platinum(II)
acetate, is tetrameric (21) and the very short Pt-Pt distances

(249 pm) are indicative of strong metal-metal bonds. The metal-
metal distance in our complex is somewhat long for strong metal-
metal bonding. However, the dimeric n3—ally1 complex,
([(n3-C3H5)Pd(ac)]2), is considered to have a weak palladium-palladium
bond (47) and has a Pd-Pd distance (294 pm) sim’lar to ours. Also
the metal-metal distances in our complex are much shorter than those
found in chlorine Bridged palladium complexes, such as [Pd2012(n3—
).,] (Pd-Pd distance of 347.5 pm) (34) with no metallic bonding.

52

Further support for the hypothesis of metal-metal bonds in our

C3H

complex is obtained from the platinum analogue. In Carty's complex
(25), two of the metal-metal distances are well within the range for
metal-metal bonding whilst the other distance is clearly non-bonding.
Much larger metal-metal distances should thus be present in our
complex if there was no metallic bonding.

As we have discussed earlier, the triangle is an ideal
building block for metal clusters. The 'l8 electron rule' is not
always obeyed in the chemistry of cluster compounds. Most of the
known platinum and palladium clusters are two electrons short, but
without the existence of metal-metal bonds, the number of electrons

associated with metal atoms is lower.
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The diamagnetism of [PdBCl(Pth)z(PEt ][BF4] and its

3)3
red-orange colour both in solution and when crystalline, are only sug-
gestive of metal-metal bonding. More confirmatory evidence is

found in the chemical reactivity of the complex. Its stability
towards excess triethylphosphine is a good indication of the presence
of Pd-Pd bonding. This is based on the fact that although the
diphenylphosphido bridge is very strong in dimeric palladium complexes
with no metal-metal bonding, such as [PdCl(Pth)(PR3)]2 (48,49) and
not readily cleaved by neutral phosphine ligands, halogen bridges

in dimeric complexes are generally reactive to this type of ligand,

especially PEt Thus a triangular structure involving only two

3°
diphenylphosphido and one chloro bridge should not be stable to bridge
cleavage by phosphines, unless supported by metal bonds.

0f work done previously outside this laboratory, the most

closely related is by Coulson (15). The structure of [PdB(PPhZ)Z_

(PPh 12] (see page 9) was formulated, on the basis of analyses,

3)3C
ebullioscopic molecular weight, 31P N.M.R. and stability of the

compound to excess triphenylphosphine, as a neutral covalent cluster.
[Pd3Cl(PPh2)2(PPh3)3][C1], synthesised from [Pd3C1(PPh2) (PPh3)3][BF4]
by anion exchange (19), has an infrared spectrum identical to that of
Coulson's complex. The structure proposed by Coulson is incorrect as

[Pd3(PPh (PPhB)Clz] evidently contains a similar cationic cluster

2)2

to ours, but with triphenylphosphine groups substituted for
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triethylphosphine. This same skeleton of atoms was proposed by

Ch'eng Wan (27) in his structural study of [PdBCl(PthzéPPh3)3][BF4],

which was not completed because of the previously mentioned phasing

problem. It seems reasonable, therefore, to suggest that the

molecular structures of all the complexes, [PdBX(PPhZ)Z(PRB)B][YJ’

should be similar and 31P N.M.R. studies have supported this hypothesis.
Chemical shifts and coupling constants have provided useful

31P N.M.R. studies of these complexes.

structural information in the
In fact, based on the findings of Dixon and Rattray (19), 31P N.M.R.
may become a more popular tool in detecting M-M bonding in clusters
that have bridging phosphido ligands. It seems reasonable to expect
a larger coupling constant between two phosphorus nuclei, bonded to
different metals which are metal-metal bonded, than between two
phosphorus nuclei, bonded to different metals which are joined by
bridges. Furthermore, large chemical shift variations for the
bridging phosphorus atoms might be expected due to electron
delocalisation when M-M bonds are present. Both of these effects
have been found in practice for the present complex. The details
are as follows: -1P N.M.R. spectra for [Pd3Cl(Pth)z(PR3)3][BF4],

R = Ph or Et, were originally interpreted as belonging to the ABZX2
spin system. It is now clear that the actual molecular system is

ABB'XX' (A, B and B' are PR, groups and X and X' are PPh,). This
2

3

appears like an AB2X2 system under certain circumstances, notably

when JBB' is large and a type of virtual coupling prevails. The
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resulting parameters for both complexes are similar, and the data
follows for the triphenyl (and the triethyl substituted clusters)
= 83.7 (93) Hz,

respectively: -11.0(-13.5) Hz, 3

aB Iax = A~
128.3 (139), 3B = 121.5 (125), BX = -81.4 ppm (-61.8) relative to
P(OMe)B, positive values are upfield. Features unique to the cluster

system are the large values of J

AR’ and the large downfield shift

of the PPh2 groups. The other parameters are not uniquely deter-
minable from the spectrum and the assigned spin system agrees with
the crystal structure. Comparison of these values with the corres-

ponding parameters in the absence of Pd-Pd bonding (J < 5 Hz,

AA'
3y = +273 ppm) in [Pd2C12(u-PPh2)2(PHPh2)2] (50) emphasizes the
dramatic effects of metal-metal bonding. Thus in its absence the

coupling constant is quite small and the chemical shift of the

bridging phosphorus is very far upfield.

3.3 Conclusion

Not all the techniques for detecting M-M bonds have been
used for our complex. Some of these have not been used for practical
reasons and others, such as, in the case of infrared spectra, where
Pd-Pd vibrational frequencies have yet to be assigned, have only been
used for comparison purposes. However, substantial evidence has been
given to show that there is significant metal-metal bonding between
each palladium in our complex. The primary evidence in our case is

obtained from the bond lengths, the differences in structure of the
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platinum analogue and the effects of metal-metal bonding on the
31P N.M.R. parameters. Secondary evidence is obta ned from the
chemical reactivity of the complex and evidence of lesser importance
from the triangular shape of the molecule, its magnetic properties
and the colour of the complex.

Based on Johnson's definition of a cluster (51, p. 472),

the structure determination of [Pd3Cl(PPh2)2(PEt ][BF4] has

3)3
completed the characterization of the first palladium cluster with
an oxidation number greater than zero. It has also increased the
number of known crystal structures of palladium clusters by 100%,

and can be considered a significant addition to the field of cluster

chemistry.
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APPENDIX 1

A program in BASIC for measuring reflections
automatically on the diffractometer, used by
a P.D.P. 11 minicomputer, written by

G. W. Bushnell and S, Wong.

Least squares refinement for the cell
parameters, written by Busing and Levy,
modified by G. W. Bushnell.

Data reduction program for use on C.M.S.,
written by G. W. Bushmnell and Y. T. Chen.
Absorption correction program, written by
Coppens, Leiserowitz and Rabinovich. Modified
by F. H. Allen and since modified by

G. W. Bushnell.

Patterson, Fourier and D. Fourier Program
written by A. Zalkin.

Full matrix least squares refinement for atomic
and thermal parameters, written by Busing,
Martin and Levy. Modified and supplied by

B. R. Penfold.

Checking for the weighting reflection program,
written by P. W. R. Corfield.

Bond lengths and bond angle calculation,

written by W. H. Baur.
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9. ORFEE: Bond lengths and bond angles with their
estimated standard deviations calculation,
supplied by B. R. Penfold. (Original by
Busing, Martin, and Levy.)

10. MEANPLANE: Least squares mean plane calculation, written
by Pippy and Ahmed.

11. ORTEP: Plotting of stereo diagrams of the crystal
structure, written by C. K. Johnson.

12, FILIST: List of Fo and FC for publication purposes,

supplied by B. R. Penfold.




APPENDIX 2

Chloro bis (p-diphenylphosphido)tris(triethylp osphine)-
tri palladium fluoroborate

Final Values of 10 x FO

and 10 x F
c

bs alc
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