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ABSTRACT

The work presented in this thesis can be broadly
classified irto three sections. Firstly, chapters 2, 3 and
4 deal with the chemistry of homonuclear gold complexes
derived from the reaction cf [AuC=Ct-Bu], "Auc,"s with
various diphosphine ligands. Secondly, in chapter 5 the
synthesis, characterization and reactivity of some
heteronuclear platinum-gold cluster complexes are
discussed. Finally, chapters 6, 7 and 8 deals with the
chemistry of homonuclear platinum cluster complexes derived
from the reaction of the coordinatively unsaturated

triplatinum cluster, [Pt,(u,-H) (p-dppm),](PF,), "Pt H",

with various reagents.

The reaction of "AuC," with the diphosphine
ligands, CH,(PR,), (R = Me, dmpm; R = Ph, dppm), yielded
the complexes [t-BuC=C-Au-R,PCH,PR,], which were fluxional
in solution. The dmpm complex dimerizes in chlorinated
solvents to form [Au,(u~dmpm) ,]Ce,.2H,0. The crystal and
molecular structures of the chloride and the iodide salts
have been determined by X-ray diffraction methods.

The reaction of "AuC," with (MeO) ,PCH,P(OMe),,
dmopm, forms [CH,{P(OMe),AuC=Ct-Bu},], which oligomerizes
upon crystallization from CH,C¢,/pentane to give

[Au, (C=Ct-Bu) {u,-(MeO) ,PCHP(OMe) ,}]},, "Au.". A further




slow crystallization of "Au, " from CHC?,/pentane gave
(AugyCe,{p,— (MeO) ,PCHP(OMe) ,},{p ,~ (MeO) ,PCP(OMe) ,},], "Au,",
as the CHC¢, solvate, whose structure was determined by
X-ray diffraction. "Au," is a new type of cage containing
the first structurally characterized example of a

{1 ,~R,PCPR,]2~ ligand.

The diphcsphine ligand, dppm, reacts with "AucC,"

to yield [Au,(C=Ct-Bu), (u~-dppm) ]}, whose structure was
determined by x-ray crystallograpny. Pyrolysis of this
digold complex yielded a tetranuclear gold complex,
[Au, (u,-Ph,PCHPPh,) (p~Ph,PCH,PPh,) (C=Ct-Bu) ,]1. The
combination of the results of the reaction of "AuC," with
the dppm ligand and those with the dmopm ligand suggest a
possible reaction pathway for the formatio): of the novel
octagold cage complex, "Au,".

Auration of the triplatinum complex "Pt H" with
LAut, L=PPh,, gave [Pt, (g,~H) (g,-AuPPh,) (u-dppm) ,](PF,),,
which can be deprotonated to [Pt,(u,-AuPPh,) (p-dppm),] (PF)
and then further aurated to (Pt, (g, -AuPPh,),(x-dppm) ,]

(PF.), thus providing a route to novel platinum cluster

hydrides. The reactions of these hetero bimetallic
complexes with various main group reagents were also
studied.

The reaction of tertiary phosphines and phosphites
with the triplatinum cor lex "Pt H" yielded the clusters
[Pt,(p,-H) (L) (p~dppm) ,](PF;), L = Phosphine or phosphite.

The cluster complex (Pt,(u,-H) (P(OMe) ;) (u-dppm) , ] (PF ) war




characterized by X-ray crystallography. These clusters
contain an asymmetrically capping hydride ligand for which
the spectroscopic parameters were obtained. The phosphine
and phosphite ligands displayed a unique fluxionality which
was deduced using multinuclear NMR data.

The triplatinum complex "Pt H" can be proton:ted
rapidly and reversibly by aq. HPF,, to give
[Pt,(u,-H) ,(n-dppm) ,12%, and [Pt,(u,-H),(u-dppm),]**. When
the protonation was carried out using CF,COOH, an
asymmetric complex, [Pt,(u,-H) (H) (p-dppm),(x—CF,C00)]*, was
obtained. These dihydrido complexes react with CO to
quantitatively eliminate hydrogen and form the parent
carbonyl complex, [Pt,(u,-CO)(p-dppm),]2*, "Pt,CO". They
also react with various phosphine and phosphite ligands, L,
to yield [Pt,(g-H) (H) (L) (p—-dppm),]2?*. However, phenyl
phosphine, PPhH,, reacted with "Pt H" to yield
[Pt, (x,-PPh) (H) (4-dppm) ,]1*.

Finally, the chemistry of some tetraplatinum
clusters was examined. The reaction of "Pt,H" and "Pt,cO"
with the Pt(0) reagent, [Pt(CO),L,], L = PPh,, yielded
[Pt,(g-H) (p-CO) , (PPh,) (x-dppm) ,]*, and
(Pt,(u-CO) ,(PPh,) (p-dppm) ,] 2%, respectively. The
fluxionality of these clusters was deduced on the basis of
variable temperature multinuclear NMR data and by

comparison with the previously characterized cluster

[Pt,(x-H) (p=CO) , (¢-dppm) , (n'-dppm) ] *.
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CHAPTER 1

INTRODUCTION

As this thesis deals with the chemistry of gold
and platinum cluster complexes, we shall review the
chemistry of these two elements individually. This will be
followed by a section on the chemistry of mixed metal
clusters containing platinum and gold. Finally, this
chapter concludes with a section on the scope of this

thesis.

1.1 GOLD:
1.1.1 Physical properties:

The concentration of gold in earth's crust is on
average about 0.004 ppm, thus making it one of the rare
elements on this planet. Gold usually occurs in nature in
the metallic form. It is a soft, yellow metal with the
highest ductility and malleability of any element. Gold
also has high thermal and electrical conductivity; hence
its use in electronics. The pure metal melts at 1063°C and
boils at 2966°C. The beauty and rarity of gold has led to
its use in jewellery and as a standard for monetary systems
throughout the world. Like other group IB metals, gold
crystallizes in the face-centred cubic lattice and the

closest inter-nuclear distance is 2.884 A.°
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1.1.2 Chemical reactivity of gold:

Gold is the most noble of the metals, being the
only one which is not attacked by either oxygen or sulfur
at any temperature. Gold will dissolve in aqueous
solutions containing a good ligand for gold and an
oxidizing agent, but neither condition alone is sufficient.
Thus gold will not dissolve appreciably in aqueous HC? or
HNO,, but dissolves readily in aqua regia to give
tetrachloroauric (III) acid, H[AuCe,].

In complexes containing a single gold atom, the
oxidation states 0, +1, +2, +3 and +5 are well established
and gold also forms many complexes with metal-metal bonds
in which it is difficult to assign a formal oxidation state
to the metal atom. Gold has the electronic coafiguration
[Xe]4£f'45d'%6s'. Complexes of gold(I) with two-coordinate,
linear geometry at the metal centre are the most common?,
although three-coordinate trigonal and four-coordinate,
tetrahedrzl species have also been prepared.?:3 Gold(I.I)
complexes have the four co-ordinate square-planar
stereochemistry. Five-coordinate and six-coordinate
gold(III) complexes are rare, but when formed they have
square pyramidal and octahedral geometries, respectively
(see Table 1.1). The oxidation states 0, +2 and +5 are
considered unusual for gold, but crystallographically
characterized complexes do exist for them.?

In each of the oxidation states gold forms a host of

complexes with a variety of ligands. In general, gold(I) and




Table 1.1: Geometries and Oxidation States of Gold

[ Oxidation Coordination Geometry T Complex
State Number

0 2 trans-bent geometry {{(PhgP)Au}2]

1 knear [(Ph3P)AuCeFs)
trigonal [(Ph3P)2AuCi]

tetrahedral {(Ph~MeP)4Au]t

distorted. Square  [Au2(u-CH2PEt2CH2)2CIz]

planar i
square planar cis-[(Ph3P)Au(CgFs)2Cl]

square pyramidal [AuCli3(dmphen)]
octahedral [Au(diars)2l2]
octahedral (AuFg]

2
3
4
4
4
5
6
6

dmphen = 2,9-dimethyl-1,10phenanthroline

gold(III) form stable complexes with isocyanides,
phosphines, halogens, sulfides and acetylenes, whereas
gold(V) complexes are limited to only the fluoride ligand.
Gold in its +1 and +3 formal oxidation states also
forms many organometallic compounds with 75'-alkyls, aryls,
n?-olefins and acetylenes, and jpS-cyclopentadienyl rings.
Some of the organcgold compounds of the type
[AuR(CNR') ], where R and R' are alkyl and aryl groups,
have low thermal stability. As a result of their
volatility, the more stable members of the series have been
used as precursors for chemical vapour depcsition of
gold.'? Gold complexes have also been used as drugs in the
treatment of certain type of arthritis. For example,

various gold(I) thiol compounds are used in the treatment



of rheumatoid arthritis.

1.1.3 Gold Cluster Compounds

This class of compounds contain two or more gold
atoms in which the average oxidation state of gold is less
than one. A number of reviews are available on this

topic.3,l3,|9,19

The simplest complex is the binuclear
[Au, (PPh,),], prepared by reaction of [AuI(PPh,)] with
sodium naphtbalide, NaC, H,. It has the trans bent
structure with r{(AuAu) = 2.76 A and angle AuAuP = 129 ,
rather than the expected linear structure.*

In general gold cluster compounds have been
synthesized by the reduction of mononuclear gold phosphine
complexes'3,14, AuX(PR,) (X = halide, NO,” etc.), Equations

1.1 to 1.3.

Aul(PPh,) + NaBH, ——— Au,,I,(PPh,),

Equation 1.1

Auce(PPh,) + Ti(n-C H,CH,), —— [Au,(PPh,)]*3

Equation 1.2

Auce (PCyPh,) + NaBH, —— 5 [Au,(PCyPh,) ]*?

Equation 1.3

An attractive but not widely used synthetic route




is derived from metal vapour synthesis technology and
involves the evaporation of gold metal atoms into cooled
(-100°C) ethanolic film containing AuX(PAr,) and PAr,. Good
yields (60 - 80%) have been reported for
(Au,, (SCN) ,(PAr,) ,] and [Au,(PAr,), ] (NO,),.'s

Cluster aggregation may also be achieved either by
the addition of labile monomeric gold(I) complexes or by
the addition of €2~ or Br~. Examples of such processes are

shown in equations 1.4 and 1.5.

2 ce-
Au, . (PMe,Ph). . ]*® + or -E9H . rau .ce,(PMe,pPh)  ]*?
LI 2 10 13 2 2 10

2 AuCe (PMe,Ph)

Equation 1.4

(Au, (PPh,) ;172 + Au(NO,) (PPh,) —— [Au,(PPh,),]*?

Equation 1.5

It appears that in the gold phosphine cluster
cations the extent of cluster growth is primarily limited
by the steric demands of the peripheral ligands. When
srall ions such as C¢~ or Br~ replace one of the bulkier
phosphine ligands then cluster growth proceeds until it is
limited once more by the steric demands of the new set of
ligands.

For low nuclearity clusters the competing demands
of adopting a compact arrangement of metal atoms and a

minimization of the non-bonded repulsions between the




ligand atoms can be resolved in an alternative fashion,
that is, changing the cluster geometry. This possibility
is particularly important in the case of gold cluster
compounds, because the energy differences separating the
alternate skeletal geometries are rather small. Examples

can be drawn from the known hexanuclear gold cluster

P\AU,P ;
p P
P AN /
\Au/ \Au/ Au\,{u—-"“
/ l // /I ~ \
/ Al — A —Ay
Au Au /7 \
P P P I
\Au< P P
o/
[Aug(dppp)4] 2 [Aug(PPha)s}"?
Scheme 1.1

geometries. An edge sharing bi-tetrahedral geometry has
been reported for [.1\1.15(P’Ph,)"]1+ and bi-edge bridged

tetrahedral geometry for [Aus(dppp)4]+?, scheme 1.1.

1.1.4 Structure and bonding in gold clusters

The bonding in gold cluster compounds originates
primarily from the overlap of 6s orbitals and is of a
multicentre nature. This type of interaction is maximized
when the number of nearest gold atoms is the largest and is

achieved for deltahedral clusters, that is those which have




triangular faces exclusively.'® For low nuclearity

clusters the observed geometries either conform to this
generalization, for example, Au,I,{PPh,), - tetrahedral;
[Aug (C) {P(p-CH,CH,) ;}¢]12t ~ octahedral; [Au,(PPh,),]* -
pentagonal bipyramidal or form condensed polyhedra derived
from these fundamental polyhedra, for example

(Au, (PPh,) . ]2* - edge-sharing bi-tetrahedral.

The high nuclearity clusters are characterized by
the presence of an additional central gold atom and the
presence of this atom makes a fundamental contribution to
the bonding because the radial metal-metal bonding to the
central metal atom is stronger than the peripheral
metal-metal bonding on the surface of the cluster.'® 1In
particular, the radial Au-Au bonds in such clusters are 10
to 20 pm shorter than the peripheral Au-Au bonds.?

Structurally these higher nuclearity clusters fall
into two categories which relate to the topology of the
gold atoms on the surface of the polyhedron. Scheme 1.2
illustrates the difference in topology in these complexes.
Thus the compounds illustrated in scheme 1.2(c) and 1.2(d)
can be described as spherical because the metal atoms lie
on or close to a sphere, whereas those illustrated in
scheme 1.2(a) and 1.2(b) have a more open structure wherein
the peripheral atoms lie approximately on a torus or
resemble more closely a 'doughnut' arrangement. This
topological distinction has an electronic significance

since the spherical polyhedra of formula ([Au(AuPR,),]¥** are
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Scheme 1.2 . Examples of Gold Cluster cations, [Au(AUPR3)a)**,
with toroidal and spherical topologies.




characterized by a total of 12n + 18 electrons and the
toroidal polyhedra by a total of 12n + 16 electrons.'? The
use of general topological descriptions for this class of
cluster compounds is particularly necessary because of the
stereochemical non-rigidity of these compounds. For
example, [Au,(p-C H,OMe),},](NO,), cluster cation

co-crystallizes in two modifications, one-orthorhombic and

Scheme 1.3

the other tetragonal with quite different skeletal
geometries shown in scheme 1.3.

31P{'H} NMR studies have established that the
majority of centred gold phosphine clusters are
stereochemically non-rigid on the NMR time-scale.'® Thus
the studies described above demonstrates that the molecular
clusters of gold are so flexible that minor electronic and
steric effects can result in dramatic skeletal

rearrangements.'?




1.2 PLATINUM

1.2.1 Physical properties:

Platinum is a grey-white, lustrous metal which is
sufficiently ductile and malleable, and for these reasons,
its major use was in jewellery until the middle of this
century. The corrosion resistance properties and high
melting point (1772°C) of platinum led to its use in the
lining of orifices and crucibles in the manufacture of high
grade optical glass.29s,2' The chemist exploited the
metal's inherent unreactivity and developed platinum
labware although some chemists did experiment with platinum

compounds as enrly as the 1820's.

1.2.2 Chemical reactivity of platinum:

The first organometallic derivative,
K[(Pt(C,H,)C¢,].H,0, was prepared by William Christopher
Zeise in 1827.22? The organometallic chemistry of platinum
was dormant for the next seventy years. It awoke slowly
with the formation of "Me,PtI" and other methyl platinum
compounds early in this century.?? Despite its slow
advance, the organic chemitry of platinum was growing
faster than that of most other transition metals.

From 1951 and into the 1970's, the preparation of
ferrocene, and the availability of X-ray crystallography,

IR and NMR spectroscopy for molecular structure elucidation




led to renaissance of organometallic chemistry. Many
different classes of complexes and reaction types were
discovered.

Platinum has a partially filled d-orbital
(electronic configuration being [Xe]4f'45d%4s') and hence
forms stable compounds in various oxidation states.?° The
oxidation states 0, +2 and +4 are the most common althou h
more recently +1, +3, +5 and +6 species have been
prepared.?4 Oxidation and reduction may take place in two
electron steps between the three main oxidation states and
is usually accompanied by the addition or loss of two
ligands. The stereochemistry of Pt(™) is varied, depending
on the coordination number, while Pt(II) complexes are
usually sguare planar and Pt{IV) complexes are octahedral

(see Table 1.2).

Table 1.2 : Geometries and Oxidation States of Platinum

| Oxidation Coordination Geometry Complex
State Number

0 linear [Pt(PPh'Bu3)2)
trigonal (Pt(PPh3)3]
tetrahedral [P{(PF3)4]

Square planar [PtCl(u-dppm)]2
Square planar [P1CI2(PMeg3)2]
trigonal bipyramidal [PY{SnCl3)s]3
octahedral [(CH3)3Pti)s
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Platinum forms a host of complexes with a variety
of ligands in each of oxidation states. In general, Pt(0)
forms stable complexes with carbonyl, isocyanides,
phosphines, olefins and acetylenes whereas Pt(II) and
Pt (IV) show preference for nitrogen in aliphatic amines,
halogens, cyanide and ligands with heavy donors such as
phosphorus, arsenic, sulfur and selenium.?9°-2' Platinum in
its +2 and +4 formal oxidation states also forms a number
of organometallic complexes with ligands such as »'-alkyls,
aryls and vinyls, n2-olefins and acetylenes, np3-allylic
groups, and nS-cyclopentadienyl rings.

The NMR active Pt nucleus (33.7% '95Pt, I = })
gives an ideal probe for determining connectivities in
platinum complexes. The coupling constants between
platinum and other nuclei, and in some cases the '95Pt
chemical shifts give invaluable aid in determining the

structure.

1.2.3 cComparison of clusters and metal surfaces

The correlations that exist between metal surfaces
and clusters has been discussed in detail elsewhere.3?
Metal core structures of clusters can be viewed as
fragments of hexagonal close-packed, or body-centred cubic
metal bulk structures. The average bond energies for
ligand-metal and metal-metal bonds are comparable for
specific metals in both the cluster and the transition

metal surface, and the geometry of ligands bound to

12
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clusters and to metal surfaces are similar in many
instances. 1In addition, ligand mobility has been observed
for both ligands bound to transition metal clusters and
molecules bound to surfaces.

However, there are some important differences
between surfaces and clusters. There is a greater degree
of metal-metal interactions for surfaces, while the degree
of metal-ligand interactions are larger for clusters.

There is also a difference in the degree of coordinative
unsaturation between the cluster state and the surface
state. The metal atoms of surfaces are less coordinatively
saturated, even for states in which molecules or molecular
fragments are chemisorbed at the surface, than the metal
atoms at the periphery of a molecular metal cluster. Metal
surfaces are more reactive than metal clusters. This is
due, in part, to the high degree of coordinative
unsaturation of the surface which results in surfaces
exhibiting a wide range and high level of catalytic

activity.

1.2.4 Trinuclear clusters o. Platinum

One object of the research into complexes
containing triplatinum centres was to mimic the chemistry
occuring on a surface. A trinuclear cluster is, perhaps,
the simplest model of a surface. It allows all possible
bridging species to be formed and brought close enough to

react.
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The earliest reported triplatinum clusters of
Chatt showed novel equilibrium based on the bulkiness of

the phosphine (scheme 1.4).33 The reaction of species I

[Pt,(k-CO),L,]

L 4

3(Pt(CO)L,]

Equation 1.6

[Pt,(x-CO),L,] 2L, 3C0 ,  3(pt(co),L,]
Equation 1.7
<
with excess phosphine or cgponyl ligands, however, leads to
cluster degradation and formation of mconomeric products,
equations 1.6 and 1.7.

Farrar and coworkers have shown?* that reaction of
species II with various reagents also results in
degradation products, scheme 1.5.

The problem of cluster degradation is overcome by

using appropriate bridging ligands to bind the trinuclear




cluster together. The most widely used bridging ligand in

transition metal chemistry is the diphosphine ligand,

(Pta(n-CO)al 3]

Scheme 1.5

bis(diphenyl phosphino)methane, (dppm), and its chemistry
has been reviewed.?5 Recentiy, a triplatinum cluster with
three bridging dppm ligands has been prepared in this
laboratory: (Pt,(u,-H) (¢~dppm),](PF.;), 1. This cation is a
42 electron, coordinatively unsaturated cluster and, as has
been argued, ’? shculd be able to mimic the reactions
occurring at a metal surface. It is indeed the case that 1
sucessfully mimics the Pt(111) surface.?® Triplatinum
clusters with 42, 44 and 46 electron counts have all been

prepared, although 42 and 46 electron species are the most




common. The molecular orbital theory which predicts the
geometry and the number of valence electrons for stabilized

triplatinum clusters is discussed in the following section.

1.2.5 Molecular orbital theory of a trinuclear cluster

It has been proposed that D, trinuclear metal
clusters are the inorganic equivalent of cyclopropane. 3’
The isolobal connection between a d®-ML, fragment and a CH,
fragment has been discussed in Hoffmann's N>bel lecture
paper in 1982.37 He has extended the isolobal analogy to
show a relationship between dM-ML, and dn*:-M1,

(scheme 1.6).

d®-mu -y CH, -~y d1°~ML2

ay - by — A

b2 — Ay bs
= tog =,
L
L lO H D L
R ~ -~
L/ Tb TGN e H@
L

Scheme 1.6 : Isolobal analogy




The CH, is derived from tetrahedral geometry
while the PtL, fragment is derived from square planar
geometry. This leads to a difference in relative energies
of the b, and a, orbitals. The isolobal analogy predicts
the ass2mbly of three ML, fragments to form, using Mingos's
terminology?®, a latitudinal trimer, [Pt ,L,]. This means
that the ligands are in the plane of platinum triangle.
This predicted geometry is observed in the 42 electron
cluster, 1. There are no known [Pt,L,] species with just
terminal ligands. Usually one gets three bridging and
three terminal ligands which effectively stabilizes the a,
orbital, and increases HOMO-LUMO gap. 3%

Mealli has examined the MO interactions of the
(Pt ,L,] species with p,-c02t+ (co?* is isolobal to Ht).?¢
The ligands, L, he has chosen for his calculation are
carbonyls, so the MO's obtained will be similar in that
they wil) have the correct ordering but the actual energies
may differ slightly. Thus, with a valence electron count
of 42, the p,-CO ligand stabilizes the cluster. The MO
interaction of the [Pt,L,] is discussed in detail in
chapter 5.

If two or more electrons are added to the valence
shells of these clusters the electrons can enter the
non-bonding platinum orbital (pz) on any of the olatinum
atoms, or the anti-bonding orbitals. The addition of 4
elaectrons to the molecular orbitals of [Pt ,L.] gives a

valence count of 46 and fills two anti-bonding orbitals.

17
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Many stable 46 electron species are found experimentally

and indeed contain only a single metal-metal bond. 4°

1.3 HETERONUCLEAR CLUSTERS CONTAINING PLATINUM AND GOLD
The introduction of a hetero metal unit into a
cluster would prokably increase the reactivity because of
the inherent polarity in mixed metal bonds. The class of
heteronuclear complexes which has received much recent
interest are those with Pt-Au bonds and their chemistry has
been reviewed4'. Most of such compounds are clusters
containing PtAu,, Pt,Au, Pt,Au,, Pt,Au, Pt Au,, PtAu_,

PtAu, and PtAu, units, all having been prepared since

1984. 91
[ -1+
PEL, PEt; PP
2 [(thf) Au(PPha)] (CF3SO I o
H e Pt —Cl [(thf)Au(PPhg)] (CF3S03) - Cl—pp™ |
-CF3S0O3H I
PE1 e, U
3
3 Nppy,
- .
Equation 1.8

Most of these compounds have been prepared by

reactions of Ph,PAu* with a platinum hydride or an

electron-rich cluster of platinum and are based on the




isolobal relationship for H* and Ph,PAut.%2 Some complexes

are shown in equations 1.8 and 1.9.

L
\
Au
0 / }\
L gye——C~, —F i [AUlLT, CeHe N
Pt Pt - Pt Pt
ii. SOz. CH20|2 l
(\:\H/ (': L\H/ ¢
0 | 0 o | °
L

L = P(CgHy1)a, L' = P(p-CeHsF)3

Equation 1.9

In most of these clusters the L-Au groups are
p,-bridging an edge or p,-capping a face but px, and g
situations are also encountered in higher nuclearity
clusters.

In clusters containing one L-Au fragment, the gold
unit generally occupies the edge-bridging or face-capping
position of H in the corresponding hydrido cluster.43 1In
cases where the location of the H atom of an hydrido
cluster could not be directly found by diffraction methods,
the postition of Ph,P-Au fragment may serve to predict the
H bonding site.

According to electron counting rules<4 relating to
bonding, the 12 electron [L—Au]+ fragment contributes no

electron to cluster bonding. As a result, its

incorporation into such a system is not expected to alter




its structure. Wwhen two or more I-Au fragments are present
in a cluster, the isolobal analogy cannot be applied for
predicting the structures since Au-Au bonding interactions
between adjacent groups become significant.

The principle that seems to govern the build-up of
the L-Au unit containing clusters is that the first IL-Au
unit occupies the position of H in the corresponding
hydrido complex, taking into account the steric factors.
The successive gold atoms add to the least hindered
triangular faces next to existing gold atoms. This leads
to a compact arrangement consisting nof face-sharing
tetrahedra with as many adjacent gold atoms as possible.4s
Exceptions have been noted<¢¢ to this general trend.

Mingos and coworkers have discussed the bonding in
several gold-platinum cluster compounds on the basis of
semi-empirical molecular orbital calculations.4’ The
extent of Pt-Au bonding has been quantified in terms of
reduced overlap populations.

Platinum-gold cluster complexes also exhibit
interesting reactivity. For example, CO reacts with
[PtAu, (PPh,) ,]?% to give [PtAu,(PPh,),(CO)]2*. During this
reaction an interesting change occurs in the cluster
geometry4®, as shown in equation 1.10.

The starting material contains a centred crown
structure with the Pt atom in the middle surrounded by
eight gold atoms. On reacting with the carbonyl ligand, the

Pt atom is lifted out of the hole to the surface of the
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Equation 1.10

crown. The resulting structure is similar to those
observed in Pt-Au alloys. The central platinunm is
surrounded by eight Au atoms in a structure similar to two
(100) planes of an f.c.c.packing.4®

There have been relatively few investigations on
the use of transition metal-gold complexes as homogeneous
catalysts. Some studies indicate that the addition of
AuPPh,* unit to a transition metal complex may lead to an
increase in both reactivity and selectivity. For example,
[(AuRu,(H) ,(CO),,(PPh,)] is more active and selective than
the parent complex, [Ru,(H),(CO),,], for the catalytic
isomerization of 1-pentene at 35°C.49 More work is needed
in this area to understand why the gold enhances the

reactivity in such systems.




1.4 SCOPE OF THE THESIS:

This thesis deals with the study of homo- and
heteronuclear clusters of platinum and gold.

Initially, the synthesis and characterization of
some homo~nuclear gold complexes with various diphosphines
will be considered. The diphosphine ligands, CH,(PR,),,
used in this study are dppm (R = Ph), dmpm (R = Me) and
dmopm (R = OMe). The mechanism of formation of the
complexes and their structures will also be discussed.

This work is important in that the rational synthesis of
metal clusters is rarely presented due to the general lack
of mechanistic details in the synthesis itself.59

This thesis is also concerned with the reactions
between the 42 electron, cationic cluster,

(Pt,(p,-H) (p.~-dppm) ,](PF;), 1, and various main group
reagents. The impetus for this study was the similarity of
1 to the Pt(111) surface. Various reagents were reacted
with the cluster and, whenever possible, the reactions were
compared to the analogous surface reaction with the hope of
gaining some insight on the kind of species formed on a
platinum surface. These clusters also exhibit a novel
chemistry in their own right.

The reagents used were acids such as CF,COOH and
aq. HPF,, phosphines and phosphites, gold and silver
cations. The products were fully characterized using
spectroscopic techniques and in some cases X-ray

crystallographic studies were carried out. In addition the

22




characterization and a study of the reactivity of some

novel tetraplatinum clusters were also carried out.
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CHAPTER 2
GOLD(I) DIMERS. THE SYNTHESIS AND REACTIONS OF
(t-BuCaC-Au (dmpm-P) ], AND THE CRYSTAL AND MOLECULAR
STRUCTURES OF [Au, (px-dmpm),]X,.2K,0, X = cC¢, I

2.1 INTRODUCTION
Diphosphine ligands such as CH, (PR,),
[R = Ph, dppm, R = Me, dmpm); CH,=C(PPh,), (vdpp),
_ —
EtOCH,CH(PPh,), (edpp) and CH,CH,C(PPh,), (cdpp) are
commonly used to bind two metal centres in close

roximity'2=1'¢, A number of gold complexes have been

PN\ P-|
ol /7 |or
/ Au
P /7

NP

1a, PP = dppm, X = Cl 3, PP = edpp
1b, PP = dppm, X = Br
1¢, PP = vdpp, X =Cl

4, PP = dppm 5, PP = dmpm, X =C)




synthesized using these ligands. Unlike the usuzl

two-coordinate, linear aeometry in Au(I) complexes'?, the
complexes prepared using these ligands tend to be three
coordinate. Some complexes containing dppm and related
ligands whose structures have been determined by X-ray
crystallography are shown in scheme 2.1, 1-4 '371¢,

In complexes 1 and 4 both gold(I) centres are
3-coordinate, but the former has only terminal halides and
is neutral while the latter has a bridging halide and is
cationic. Complexes 2 and 3 each have one 3-ccordinate and
one 2-coordinate gold(I) centre, but in 2 the chloride
ligand is cpproximately perpendicular to the 8~membered
Au,P,C, ring whereas in 3 the chloride is approximately
ccplanar with this ring. These changes in the coordination
environment have a major effect in the '9?Au Mossbauer
spectra'4. These structures, 1-4, provide good examples of
surprizingly large structural effects originating from
relatively small changes in the ligand geometry (e.g. 1la,
1b, 4)'271'¢, The reasons for the structures being
different are not known, but the energy differences are
small and the unsymmetrical complexes 2 and 3 are fluxional
in solution'4,'5s,

In these complerxes, the gold-halogen bonds are
iong and presumably weak but are still strong enough to
give a considerakle distortion of the PAuP angle away from

the normal 180° found for 2-coordinate gold(I). Gold(I)

coordination geometry seems to be particularly sensitive to




these second order interactions, since ligands present in

excess of coordination number 2 are structurally effective,
although only weakly bonded.

We were interested in studying how the
coordinating ability of the ligand X (t-Buc=C, C¢, I) and
the steric bulk of the diphosphine ligand affected the
structures of complexes of the formula {(AuX(R,PCH,PR,) )}
and chose to investigate the molecules containing the
ligand Me,PCH,PMe,, dmpm, which is less bulky than the
pLenyl substituted ligands dppm, vdpp and cdpp. Despite
this lesser steric effect, the X-ray analyses revealed that
the molecular structures of the gold(I) chloride and iodide
derivatives possess the ionic structure
{Au, (x-dmpm) ,]X,.2H,0, where X = C¢, I (5a anc 5b
respectively) 8720, To date, we have been unable to obtain
suitable crystals of the acetylide species for
crystallographic analysis. The acetylide complex
[t~-BuC=C-Au(dmpm-P) ], 6a, undergoes a fluxional process
involving a three coordinate Au(I) centre. Complex 6a
dimerizes by a first-order process in chlorinated solvents,
with substitution of the acetylide ligand by chloride ion,

to form {[Au, (p-dmpm),]Ce,.2H,0, S5Sa.

2.2 EXPERIMENTAL

All experiments were carried out under a dry,

oxygen free dinitrogen atmosphere.
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2.2.1 [AuCe(SMe,)]

Solid gold (10 g) was dissolved in aqua regia (200
rL) and diluted by the addition of water. On dropwise
addition of SMe, (40 mL) to this solution, a yellow
precipitate of [AuC?(SMe,)] separated out.
Recrystallization in CH,C¢, vielded a white crystalline

solid. Yield: 85%

2.2.2 [AuCs=Ct-Bu]

The acetylide complex [AuC=Ct-Bu] has been
synthesized by the reaction of t-BuCCH with an aqueous
solution of Au(I)22, We found a different synthetic route
which gave [AuC=Ct-~Bu] in good yields. To a stirred
solution of [AuC¢(SMe,)] (6.0 g, 20.4 mmol) in diethyl
ether at -80°C, an ethereal solution of t-BulCLi (45 mmol)
was added slowly. On warming the solution to room
temperature over a period of 1.5 h, and hydrolysing the
excess lithium reagent by adding saturated NH,C¢ solution,
the e“her layer turned yellow. The ether layer was
separated and dried over MgSO,. On removal of solvent, a
pale yellow solid was obtained. Yield: 80%. Anal. calcd.
for C;H,Au: C, 25.9; H,3.3%. Found: C,25.7; H,3.3%. 'H NMR
(in acetone-d.) & 1.25 [s, t-Bu]. IR (Nujol): 2000, 1972

em~1 [, (C=C)].

2.2.3 [Au(CeCt-Bu) (dmpm-P)], 6a

To a yellow suspension of [AuC=Ct-Bu] (0.350 g,




1.25% mmol) in acetone (10 nmL) was added dmpm (0.171 g,

1.257 mmol). An instant colour change from a yellow
suspension to a white powder was observed. The solution
was stirred for 2 h. The white solid was filtered, dried
under vacuum, and identified as [Au(C=Ct-Bu) (dmpm~-P)].
Yield: 72%. Mp: 163°C (dec); IR (nujol): 2100 cm™!
[»{C=C)]:; 'H NMR in CDC¢, at 20°C: 51.19 (s, 9H, t-Bu):
1.77 (br.s, 12H, MeP); 2.93 (s, 2H, PCH,P); ?'P{'H) NMR:
3.8 (br.s, P). 'H NMR in CD,C¢, at -80°C: 51.08 (s, 9H,
t-Bu); 1.70 and 1.88 (br.s, each SH, MeP); 3.1 (m, PCH,P).
Anal. Calcd. for C,,H,,AuP,: C, 31.9; H, 5.60. Found: C,
29.8; H, 5.47. MsS: Calcd for C, ,H,,AuP,: m/e = 414;

Found m/e = 414; 333 (P - C=Ct-Bu).

2.2.4 [Au(C=Ct-Bu) (dppm-P)], 6b

[AuC=Ct-Bu] (0.256 g, 0.922 mmol) was suspended in
CH,C2, (3 mL). To this was added dppm (0.354 g, 0.922
mmol) in CH,C¢, (5 mL). After 3 h. stirring, the product
was precipitated by slow addition of pentane. The product
was washed with diethyl ether and dried under vacuum.
Yield: 68%. Mp: 99°C (dec); 'H NMR in CD C¢ , at 20°C:
61.25 (s, 9H, t-Bu); 3.25 (br.s, 2H, PCH,P); 7.31 to 7.51
(m, 20H, PC_H.); 3'P{'H) NMR at 20°C: -Au-ﬁﬁ’ﬂ\bb; 523.35

(br.s; P3); -27.20 (br.s, PP). MS caled for C, H, AuP,:

m/e = 662; Found: m/e 662; 384 (P - AuC=sCt-Bu); 278

(P - dppm).




2.2.5 [Au,(p-dmpmj,]Cl,*2H,0, 5a
This complex was obtained by two different
procedures.
(a) To a yellow suspension of [AuC=Ct-Bu] (0.345 g,
1.241 mmol) in CH,C?, (10 mL) was added dmpm (0.169 g,
1.241 mmol). Immediately the solution turned milky. The
solution was stirred for 3 h. On slow evaporation of
solvent, colourless crystals were obtained which were
characterized as [Au,(p-dmpm),]C¢,*2H,0. Yield: 75%.
Mp: 228°C (dec): 'H NMR in CD Le , at 20°C: 51.84 (m,
2J(PH) + 4J(PH) = 7, 24H, MeP); 2.98 (quintuplet, 2J(PH) +
aJ(PH) = 10, 4H, PCH,P):; 3*'P('H) NMP at 20°C: 5.6 (s,
P). Anal. Calcd for C, H,,Au,C¢,0,P,: C, 15.53; H, 4.17.
Found: C, 15.94; H, 3.85.
(b) To a solution of [AuC¢(SMe,)] (0.305 g, 1,037
mmol) in CH,C¢, (6 mL) was added dmpm (0.141 g, 1.037 mmol)
and the mixture was stirred for 3 h. On removal of
solvents, a white solid was isclated. Yield: 70%. Anal.
Calcd. for C, . H,,Au,C?,0,P,: C, 15.53; H, 4.17. Found:

c, 15.30; H, 3.96.

2.2.6 [Au,(p-dmpm),]I,-2H,0, 5b

A solution of NaI (0.051 g, 0.340 mmol) in acetone
(5 mL) was added to a suspension of [AuC¢(SMe,)] (0.103 g,
0.349 mmol) dissolved in acetone (5 mL). The contents were
stirred at -78°C for 0.5 h. [AuI(SMe,)] was then filtered

into a Schlenck tube containing dmpm (0.049 g, 0.360 wmol)
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and the contents were stirred at -78°C for 3 h. A pale

yellow solid turning white on exposure to air was

isolated. The product was washed with cyclohexane and
dried under vacuum. Recrystallization in water gave
colourless crystals. Yield: 60%. Mp: 233°C (dec); 'H
NMR in CD,C¢, at 20°C: 51.71 (s, 24H, MeP); 2.44 (br.m,
2J(PH) + 4J(PH) = 8, 4H, PCH,P): 3'P{'H} NMR at 20°C:

6-7.8 (s, P). Anal. Calcd. for C, H,,Au,I,0,P,: C, 12.56;
H, 3.37. Found: C, 12.61; H, 3.08. MS: m/e = 793

(P - (I, —2H,0)], 657 [P - (dmpm, I)].

2.2.7 [Au,(u-cmpm), ]Cl,, 7a

To a solution of [AuCe¢(SMe,)] (0.511 g, 1.736
mmol) in CH,C¢, (10 mL) was added dmpm (0.354 g, 2.604
mmol). The contents were stirred for 3 h. A yellow solid
was obtained which was filtered and dried under vacuum.
Yield: 69%. 'H NMR in CD,C¢, at 20°C: 451.76 (m,
2J(PH) + 4J(PH) = 8, 36H, MeP): 2.97 (br.m, 2J(PH) + 4J(PH)
= 12, 6H, PCH,P). 3'P('H} NMR at 20°C: 53.24 (s, Aup).
Anal. Calcd. for C, H,,Au,C¢,P.: C, 20.63; H, 4.85.

Found: C, 20.30; H, 4.86.

2.2.8 [Au,(x—-dmpm),]I,, 7b

The work-up procedure was similar to that of
(Au, (p=dmpm) ,]I,. The stoichiometries of the reagents used
were as follows: Nal (0.070 g, 0.457 mmol). [AuC?(SMe,)]

(0.103 g, 0.349 mmol) and dmpm (0.070 g, 0.515 mmol).




Yield: 73%. Mp: 290°C (dec). 'H NMR in CD_C¢, at 20°C:
51.71 (s, 36H, MeP); 2.40 (br.s, 6H, PCH,P): ?3'P{'H) NMR
at 20°C: 5 -8.5 (s, AupP). Anal. Calcd. for C, H, Au I P

C, 17.06; H, 4.01. Found: C, 16.79; H, 4.00.

2.2.9 Kinetic Studies

The reaction kinetics of the conversion of the
acetylide product 6a to chloride product 5a was followed by
monitoring the decay of the MLCT band of 6a.
[AuC=Ct~Bu) (dmpm-P)] (0.0083 g, 2x10~5 M) was dissolved in
CHC?, (10 mL) and was transferred to a 1 cm cuvette and
placed in a cell compartment, maintained at 25°C. The
absorbance (at » = 282 nm) was recorded at 20 min intervals
for 5 h. Computer treatment of the data showed good
first-order kinetics, with the rate constant,

k= 7.9%x10"5 =1,

2.3 X-RAY DIFFRACTION STUDIES OF [Au,(x-dmpm),]Ce,.2H,0, 5a
2.3.1 Photographic examination

The first phase of a single crystal X-ray
dliffraction study is the determination of the symmetry of
the crystal lattice, the unit cell constants and the number
of formula units per cell. A photographic examination
employing Weissenberg and precession techniques was
undertaken to provide this irnformation. The theoretical

basis behind these methods are covered in many texts' and
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will only be dealt with in a brief fashion.

Colorless crystals of 5a were provided by Dr. Ilse
Treurnicht of this department. They were obtained by slow
diffusion of pentane into a chloroform solution of 6a at
room temperature. The crystals were observed under
binocular and polarising microscopes to find a suitable
crystal for photographic study. At this stage, several
possible defects, such as macroscopic twinning or poor
mosaicity can be identified. A crystal was chosen such
that it was transparent, with well formed faces and
displaying sharp extinctions when rotated under plane
polarized light. It was mounted such that the long
dimension of the crystal was roughly coincident with the
rotation axis of the goniometer head. It was along this
dimension that the crystal extinguished plane polarized
light. The goniometer head was then transferred to a
Weissenberg camera and the crystal was accurately alignn~d
by taking a series of setting photographs. Zero, first and
second-level Weissenberg photographs were recorded. These
photographs revealed, as expected from Friedel's law, a
centre of symmetry, but no additional symmetry, suggesting
that the crystal belonged to the triclinic system. The
crystal was then transferred onto a precession camera. The
precession technique involves rotation of the crystal about
a reciprocal axis. Thus, a reorientation of the crystal
was needed such that the real axis was replaced by the

reciprocal axis as the rotation axis. The crystal had a
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face nearly perpendicular to the direct axis. On the

assumption that this was the face associated with the real
axis, the crystal was reoriented on an optical goniometer
such that this face was perpendicular to the camera
rotation axis. Again, a series of setting photographs was
taken to align the crystal more accurately about the
reciprocal axis. Precession photographs of the zero, first
and second level nets were recorded. From the photographs

the following approximate unit cell constants were deduced.

a=12.9 A a = 82.8°
b = 10.0 A B = 89.4°
c=9.17 A ¥y = 65.7°

Volume = 1072 A?

The presence of systematic extinctions h+k+l = 2n
in these photographs indicated that the photcgraphic cell
was I-centered. Using the program TRACER?, this I-centered
cell was reduced to a primitive cell. The reduced

primitive cell had the following cell parameters;

a=28.14 A a = 103.7°
b = 10.0 A g = 108.3°
c=7.49 A vy = 69.0°

Volume = 536.1 A?

There were no other systematic absences other than
the one stated above, and this suggests that the crystal
belongs to triclinic system, with possible space groups P1,
No.1l, and P1, No.z 2. A search for additional symmetry at

10° intervals of precession camera dial settings was




unsuccessful.

The density of the crystal was determined by
flotation in a mixture of bromoform and methylene chloride,
and was found to be 2.283(1) g cm™3. This datum indicates
one formula unit of [Au,(p-dmpm),]Ce, per cell, for which
the calculated density is 2.264 g cm™3. In which case the
complex has a crystallographically imposed centre
of symmetry (in space group P1), or is a discrete salt
without any symmetry constraints in space group Pl. The
crystal data obtained in the preliminary investigation are
summarized in Table 2.1. The origin of cell constants
presented in thLe table is explained in the following

section 2.3.2.

2.3.2 Collection and reduction of intensity data
2.3.2.1 Data collection

Having determined the cell dimensions and space
group, the next stage in a structural analysis is the
collection of intensity data. A crystal of approxinate
dimensions 0.25 x 0.12 x 0.42mm3 was selected, glued (using
epoxy resin) to a glass fibre and transferred onto an
Enraf-Nonius CAD4AF diffractometer. Monochromatic
(graphite, 002, 20 = 12.2°) MoK, radiation (A = 0.71073 A)
was used at 22°C. The crystal, mounted in a random
orientation, was positioned optically in the centre of the
X-ray beam. The Enraf-Nonius routines? were then used to

determine an orientation matrix and accurate cell
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dimensions as follows. A ¢ rotation photograph of the
crystal was taken, at x = 0° and the (X,Y) coordinates of
twenty one reflections were measured. Setting angles were
determined using SCAN routine3. Of these, one was used to
optimize the crystal centering using the ALIGN routine?3.
The reflections were centred using the routine SETANGS3.

An orientation matrix was generated and these
reflections were indexed using the routine INDEX3. The
mosaicity of the crystal’ was examined by recording w-scans
of three low~-angle, intense reflections, using a wide-open
counter?®. These scans, varying in widths at half-height
from 0.10 to 0.115°, indicated that the crystal was single
and suitable for data collection. Program TRACER4 and the
routine TRANS3?, were used to obtain the reduced cell and
the standard setting?. Several cycles of recentering the
reflections and refining the cell constants and orientation
matrix were then performed. Reflections were then centred
at both + and -26. 1In order to obtain a more accurate
orientation matrix and cell constants, high angle
reflections were examined over the range 30° < 26 < 40°,
From this set, twenty intense reflections were chosen and
used to obtain cell parameters and the orientation matrix
for data collection.

Several checks of operating conditions and crystal
quality were undertaken before data collection. Four
intense, low angle reflections well distributed in

reciprocal space were chosen as 'standard' reflections,
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(100, 010, 001 and 102). w-scans of these reflections were
recorded; the average width at half-height was 0.10°. The
experimental conditions associated with data collection are
given in Table 2.1.

Variable scan rates within a maximum time per
datum of 90s were used in order to optimize counting
statistics. For extremely strong reflections, a 2r foil
attenuator with an accurately known transmissicn factor was
inserted in front of the counter to prevent counter
overflow (ie, coincidence losses). Background measurements
were recorded at 25% extensions of the scan range. Four
standard reflections were recorded every 10,800s of X-ray
exposure time, as a check on machine and crystal
stability. There was no significant change in the
intensity of standards throughout the data collection.
Hence no decay correction was neccessary. An orientation
check, using three reflections, was also performed at 200
reflection intervals throughout the data collection to test

for any crystal movement and instrumental instability. A
total of 4311 reflections was measured. The range of

Miller indices for data collection was h to h, k to k and 0
to ¢ for which 0 < 20 < 66°. A w-26 scan technique was
used to collect the data. w-scans of the four standards
were remeasured at the conclusion of data collection; scan
widths at half-height remained the same as they were at the
start.

The crystal was measured on a microscope fitted
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with a filar eye-piece to permit an absorption correction.
Eight faces were identified by optical goniometry as (001),
(100) and the forms (110}, (010}, and {101). Faces (100)
and {010} were the most prominent. A perspective view of
the crystal produced by programs CRYSTL<4 and ORTEP is

presented in appendix 5.

2.3.2.2 Data reduction:

Conversion of the raw intensity data into the
commonly used form (structure amplitudes) is known as data
reduction. Data reduction, structure solution and
refinement were performed using the Enraf-Nonius structure
determination package¢ running on a DEC PDP 11/23+
computer. Data reduction was performed by the program
BEGIN4. Corrections for background, monochromator
polarization, and Lorentz and polarization effects were
applied to the data. Each peak was corrected for the
background effects which arises from the presence of white
radiation in the X-ray beam, the corrections made by
assuming that the two background counts recorded at the
limits of the scan (ie, high and low angle portions of the
scan) are related linearly to each other. Lorentz and
polarization effects are functions of 26. The Lorentz
correction originates because the time that each reflection
is in the diffraction position is not constant', being

dependent on machine geometry and the diffracting angle’.

Polarization effects arise because the efficiency of
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reflection is greater for radiation polarized parallel to

the reflecting plane. Reflection of components parallel to

the surface depend on electron density only while those

perpendicular suffer from destructive interference as well'.
A staandard deviation o (I) was assigned to each

intensity I, where

o(I) = 20.1166 x A x (C — BR?)

N xL

and I = Fdpg = magnitude of reflection intensity

= attenuator factor (1.0 if not used)

= total count

= total background count

= ratio of scan time to background time = 2.0

= ratio of fastest scan rate to actual scan rate

o2 @ ow o »
]

= Lorentz-polarization factor.

A factor p,'? of value 0.04 was used to
down-weight irtense reflections and to account for
variations in counting statistics<4. This value was later
modified to improve the weighting scheme. The data were
corrected for absorption by applying a Gaussian absorption
correction’'' (routine ABSCOR4). Absorption of the X-ray
beam is dependent on the chemical composition of the
crystal and the pathlength through the crystal'. A arid of
dimensions 12 x 8 x 20 was used for the calculation.

Transmission factors for the crystal ranged from 0.112 to
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0.283, for an absorption coefficient of 140.74 cm™'.
Program PAINTY was then used to average the pairs of

symmetry equivalent reflections hk0 and hk0. R factors for
averaging (on F) were 0.009 and 0.014, respectively before
and after the absorption correction. Of the 4311
reflections processed, 3225 unique reflections with

I > 30(I) were used in the solution and refinement of the

structure.

2.3.3 Solution and Refinement of the structure:

If the positions of the atoms in the unit cell .ce
known, it is possible to calculate structu—e factors to
correspond to each measured intensity. The structure
factor for a given 'plane' in the crystal represents the
combined scattering power of the atoms in the crystal in
the direction of the reflected beam. A structure factor
consists of an amplitude and a phase angle, and its modulus
can be expressed as

IFhk1t = (A?pky + Bzhkl)i (see Appendix 4)
where the phase angle of {he structure factor, apyxjy, is
a = tan™' [Bhkx1/Ank1]). Unfortunately, the signs of Apy;
and Bpy) are not known and the phase angle, apx), cannot be
measured experimentally. Hence atomic positions cennot be
calculated directly from the experimental data. One early
solution to this 'Phase problem' was develioped by
Patterson’, which depends on the phaseless quantity

iFhr1!?, which can be re-~dily obtained from the intensity




data. The peaks in three-dimensional Patterson space

represent interatomic vectors in real space, with the
intensity of the peaks being roughly proportional to the
product of the atomic numbers. A Patterson synthesis will
therefore be dominated by heavy atom:heavy atom vectors,
allowing the heavy atoms (eg. Au) to be located. Usuaily
the heavy atoms make the largest contribution to the
structure factors, and once located, they can be used to
"phase" a diffference Fourier synthesis using the
calculated phase of the heavy atom contribution.

Since the molecule crystallized in the triclinic
system, it could belong to either the acentric space group
P1, or the centrosymmetric space group P1. A statistical
analysis of the data using the N(Z) test' suggested that
the space group was Pl, so a solution was attempted in this
space group.

Positional paramneteirs for the Au and P atoms were
obtained from a three dimensional Patterson synthesis
calculated with the program FOURIER4. A series of least
square refinements (program LSBD4) and difference Fcurier
synthesis (program FOURIER+“) were used to >ocate the
remaining 12 non-hydrogen atoms. At this stage it
became apparent that the cation possessed a centre of
symmetry, so the space group was changed to P1, and the
analysis was continued with the cation placed on the centre
at (0,0,0).

Since 2 = 1 and the salt sits on a




crystallographic centre of symmetry, it was only necessary

to locate one-half of the atoms. Once the positional
coordinates, (x,y,z) of the atoms in one-half of the
molecule were obtained, then (-x,-y,-z) translation of
these atoms gives those of the second-half of the
molecule. Thus, only the coordinates of one Au, one C¢,
two P's, five C's and fourteen H's need to be determined.

The atomic parameters were refined “+ full matrix
least~-squares techniques on F, minimizing the function
IW(1Fg1-1Fc1)?, where F, and F- are the observed and
calculated structure factor amplitudes and w, the weighting
factor, is given by w = 4Fy/02(Fo?) (Program LSBD4).
Scattering factors for neutral, non-H atoms were those of
Cromer and Waber®, and the real components of anomalous
dispersion were those of cromer® and were included for all
atoms. Until all non-hydrogen atoms were found, atoms were
refined as isotropic spheres. In subsequent cycles,
beginning with the heavy atoms and progressing to lighter
atoms, isotropic spheres were changed to anisotropic
thermal ellipsoids in order tc improve the descriptions of
the thermal vibration of atoms. This model, with only
non-hydrogen atoms was refined to convergence with
agreement factors R, = L(11Fg1 = 1Fs11) / EiFg1 = 0.094 and
R, = [EW(IFgl - 1Fc1)? / Tw(Fo)2?2)? = 0.129.

The 14 H atoms were located in a difference
Fourier synthesis with peaks ranging from 1.4(2) to

0.7(2)eA 3, and included in ideal positions (C-H = 0.93 %




sp?® hybridization) in calculations of F., but were not
refined (program HYDRO?). Positions for the methyl
hydrogen atoms were optimized by a least-squares routine
(program HYDRA“4). The scattering factor values were taken
from Stewart et al®. Refinement continued until no shifts
were observed upon H atom recalculation.

A difference Fourier synthesis run at this stage
revealed the presence of the oxygen atom of a water
molecule. The hydrogen atoms on the water molecule were
clearly visible in a difference Fourier, see Figure 2.2.
This solvent molecule was included in the model. For the
final cycles, positional and anisotropic thermal parameters
were refined for all non-H atoms, and H atom positions were
recalculated after each cycle. The model converged (3225
unique reflections for which I > 3¢(I), 92 variables) with
agreement factors R, = 0.035 and R, = 0.047.

In the final cycle no parameter shift exceeded
0.01 cf its estimated standard deviation, and, with a p
value of 0.06, the error in an observation of unit weight
was 1.28e. A total difference Fourier synthesis showed
that the highest peak, with an electron density of
3.4(1)eA" 3 is situated 0.88 A from the Au atom.

A statistical analysis of R, and R, in terms of
1IFg1, A" 'sine, and classes of indices showed no unusual
trends. There was no secondary extinction. Final
positional and U equivalent thermal parameters for the

non-H atoms are presented in Table 2.2. H atom parameters,
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anisotropi~z thermal parameters, selected torsion angles,

weighted least square planes are given in Tables 2.3, 2.4,

2.5 and 2.6. Structure amplitudes are listed in appendix 1.

2.4 X-RAY DIFFRACTION STUDIES OF [Au,(x-dmpm) ,]I,.2H,0, 5b

Clear, colourless, bladed crystals of 5b were
obtained by recrystallization from water solutions.
"reliminary photography showed the crystals to belong to
triclinic system, and cell constants were obtained. The
calculated cell volume was 572(1)A"2. The crystal density
was determined by neutral buoyancy in mixtures of CHBr, and
1,2-C,H,Br,. The value was found to be 2.718(1) g cm™3,
suggesting a Z value of 1.

The crystal selected ror data collection was of
approximate dimensions 0.32 x 0.09 x 0.14 mm?, with nine
faces as revealed by optical goniometry to be (010}, {121},
{001}, {100} and (Izo). A perspective view of the crystal
1s presented in appendix 5. Accurate unit cell parameters
were obtained from 20 reflections with 30° < 26 < 40°-
w-scans of several intense, low angle reflections had an
average width at half height of 0.11°. A summary of
crystal data and the experimental conditions used for data
collection is given in Table 2.1.

No significant decomposition was observed during
data collection. Background, monochromator polarization,
Lorentz, and polarization corrections were applied to the

data, and standard deviations were calculated based on




counting statistics4. A Gaussian absorption correction''

using a grid of size 22 x 6 x 10 was applied. The data
were processed, and a starting value of 0.04 was chosen for
p. Of the 4383 data collected, 2971 unique data with

I > 30(I) were used in the solution and preliminary
refinement of the structure.

The structure solution was begun on the assumption
that the space group was Pl. The positional parameters of
the Au atom were obtained from a three dimensional
Patterson synthesis, and the remaining 9 non-H atoms were
located from a series of least-squares refinements and
difference Fourier syntheses. Refinement proceeded
smoothly yielding residuals of R, = 0.053 and R, = 0.074
for the model where only Au, P, I were refined with
anisotropic thermal parameters.

The 14 H atoms were located in a difference
Fourier synthesis with electron densities varying from
1.1(3) to 0.5(3)eA"?, and their idealized contributions
included in the calculation of Fo; those on the water
molecule could not be found. The refinement of 92

variables with 2971 unique observations (I > 30 (I))

converged at R, = 0.030 and R, = 0.054. 1In the final cycle
all parameter shifts were less than 0.0l1¢, and, with a p
value of 0.06, the error in an observation of unit weight
was 1.38e. The highest peak in a difference Fourier
synthesis is of electron density 1.8(1)edA”? is at a

distance of 0.72 A from the I atom. A statistical analysis




of the structure factors showed no unusual trends. Final
positional parameters of non-H atoms are given in Table
2.2. Hydrogen atom parameters, anisotropic thermal
parameters, selected torsion angles and weighted
least-squares planes, are given in Table 2.3, 2.4, 2.5, and
2.6 respectively. Structure factor amplitudes are listed in

appendix 1.

2.5 RESULTS AND DISCUSSION
2.5.1 Synthesis and characterization of
[t-BuCsCAuPR,CH,PR,], R=Me, 6a; R=Ph, 6b

The above complexes 6a, R = Me and 6b, R = Ph were
prepared by reaction of AuC=Ct-Bu with an equimolar amount
of the corresponding diphosphine ligand as shown in

equation 2.1. They were readily characterized by

[AuCs=Ct-Bu] + R,PCH,PR, ———— [t-BuC=C-Au-PR,CH,PR,]
R = Me (6a)
Ph (6b)

Equation 2.1

elemental analysis and mass spectroscopy, and the
structures were defined by the 'H and 3'P NMR spectra.

Both 6a and 6b gave a parent ion peak in the mass spectrum.




2.5.2 Spectroscopic characterization of 6a and 6b

The i.r spectum of 6a in nujol mull showed a C=C
stretch at 2100 cm™'. The 3'P NMR spectrum of 6a at room
temperature revealed a broad singlet at 5 3.8, contrary to
the expected pattern. The NMR labelling scheme of 6a and 6b

is shown in scheme 2.2. We would expect 6a to generate

/\ pr2b

'By—C=BC——AU -w——— RP*
R®* = CH% R® = CH’;, 6a

R* = CgHs R®= CgHs, 6

Scheme 2.2 NMR labelling scheme of 6a and 6b

two signals; one due to the coordinated phosphine and the
other due to the free phosphorus atom. ‘rhe fact that only a
broad singlet was observed suggests that a rapid fluxional
process is involved. In contrast, the 3'P{'H} NMR spectrum
(Figure 2.1) of the dppm analogue, 6b, synthesized and
characterized by Dr. Ilse Treurnicht of this laboratory,
revealed two singlets at 5§ 29.4 and -27.2, characteristic
of coordinated and free phosphorus atoms, respectively. The
'H NMR spectrum of 6a at room temperature showed a singlet
due to MeP resonances at 5§ 1.77. However, this resonance
was split into two singlets at — 80°C, s[P3(CH3,) ,] 1.70
and s(PP(cHP,),] 1.88, of equal intensity. The above

results clearly indicate that 6a and 6b undergo a fluxional
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process.

2.5.3 Mechanism of the fluxional process in 6a and 6b
The complexes 6a and 6b contain monodentate
diphosphine ligands as shown by the variable temperature
NMR spectra. In the former case, the two MeP resonances
observed in the 'H NMR at - 80°C coalesce to a single
resonance at room temperature indicating fluxionality
according to Scher: 2.3, but the coalescence of 3'P

resonances did not occur for 6b indicating slower

'Bu—-CEC—Aud-——P'/\P" ——— 'Bu—CE=EC-AY

/ =

Bu——%Si!C-—-Au-1———-Pb’//\\‘pa

Scheme 2.3

fluxionality. Hence,; in complexes 6, it is clear that
gold(I) is 2-coordinate and that 3-coordination occurs only
in the transition state for exchange as shown in scheme
2.3. A similar fluxionality of dppm ligands has been
observed previously??,24, and monodentate phosphines also
undergo exchange in gold(I) complexes, for example the

exchange of free and coordinated PMe, in [MeAuPMe,] with

PMe, 25.




2.5.4 Synthesis and characterization of

[Au, (u~dmpm) ,]X,.2H,0, X=C¢, 5a; X=I, 5b.

The complex 5a was formed when complex 6a was
recrystallized slowly from the chlorinated solvents CHC?,
or CH,C¢,. Thus, although the gold-acetylide bond is
usually considered strong:¢, it can be cleaved in these
complexes. 5a was prepared more rationally by reaction of
[AuC? (SMe,)] with one equivalent of dmpm and when
recrystallized from CHC?,/n-pentane, it formed the hydrate
(Au, (u-dmpm) ,]C2,.2H,0, S5a. The iodide complex 5b was
prepared from [AuI(SMe,)], prepared in situ, with dmpm and
again it formed a hydrate [Au, (p-dmpm),]I,-2H,0, Sb, when
recrystallized from water. The 3'P NMR spectrum of 5a
revealed a singlet at § 5.6 suggesting that all the
phosphorus atoms are equivalent. In the 'H NMR spectrum,
the resonances due to the CH,P, protons appeared as a
quintuplet, & 2.98, 2J(PH) + 4J(PH) = 10 Hz, suggesting a
dimeric structure Sa. The NMR spectral data of 5b were
similar to those observed for 5a. The structure of 5a and
5b were determined by X-ray diffraction methods and are

discussed in detail in section 2.5.8.

2.5.5 Kinetic studies of the conversion of 6a to 5a
The reaction kinetics of the conversion of the
acetylide product 6a to chloride product 5a in chloroform

solvent were followed by the decay of the metal-ligand

charge transfer band of 6a (A = 282nm). Analysis of the




data showed good first-order‘kinetics with a rate constant
k =7.9 x 1075 87', A detailed kinetic study involving
variation of concentration of solvent, temperature etc. wes
not carried out. This reaction is likely to follow a
pseudo-first order kinetics. No attempt was made to study

other side products of this reaction.

2.5.6 Synthesis and characterization of [Au,(x-dmpm),]X,,
X =0C¢2, 7a; X =1I, 7b.

Reaction of [AuI(SMe,)], prepared in situ, with
either 1.5 or 2 equivalents of dmpm gave the white complex
(Au, (p—dmpm) ,]I,, 7b. The chloride analogue of this
complex, [Au,(u~dmpm),]C¢,, 7a, was prepared by Dr. Ilse
Treurnicht of this laboratory by a similar method. Both
species were obtained in analytically pure form and gave
single resonances in the NMR spectra aue to CH,P, CH,P, and
3'p groups, indicating a symmetrical structure. Slow
crystallization of these complexes led to partial loss of
dmpm and formation of the bis(diphosphine) complexes 5a and

5b respectively. Hence an X-ray structure of 7 could not

be obtained. However, the X-ray strurcture of the
corresponding tetrafluorobc.rate salt, [Au,(g-dmpm),](BF,),
has recently been reported?? which shows the symmetrical

structure 7, scheme 2.1, as suggested for 7a and 7b.

2.5.7 Reaction of 7b with excess dmpm

Coordination number four is known for gold(I)




complexes?®. Atteampts to prepare [Au,(px-dmpm) ,(dmpm-P)]I,,
8, by reacting 7b with excess dmpm were not successful.
This, together with the observation that dissociation of
dmpm from 7a and 7b occurs rapidly, suggests that the
binuclear Au(I) system has little tendency to exceed
coordination number three. In contrast, the isoeslectronic
(Pt, (u-dmpm) ,] readily adds one or two triphenylphosphine

ligands to give 4-coordinate platinum(0) centres?9.

2.5.8 Descriotion of crystal and molecular structures of
5a and 5b

The crystal structures of compounds 5a and 5b
consist of discrete [Auz(_u-dmpm)zl*’2 cations, halide anions
and water molecules. The anions are located above and
below the 8-membered ring formed by two gold atoms and the
atoms of the bidentate diphosphine ligands of the cation.

A stereo view of the salt ®a is presented in figure 2.4. A
perspective view of the . _plex cation 5a showing the atom
numbering scheme is presented in figure 2.3. The
structures are almost identical.

In he solid state the cationic dimers 5a and 5b
have an exact C; symmetry, the mid-point of the Au——Au'
vector coinciding with a crystallographic center of
inversion. The Au,P,C, ring adopts a chair
conformation. In both structures, the metal atoms are
spanned by two bridging dmpm ligands in a mutually trans

arrangement. The Au...Au separation, 3.014(3) A in 5a, is
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Table 2.2 Atomic Positional (x104) and Thermal (x103) Parameters
Atom e y z Ueq*(kz)

Compound Sa

Au 1392.2¢2)  161.0(2) -976.8(2) 30.10(4)
ce 3461(3) 2454(2) 3132(3) 64.3(6)
P(1) 864(2) 2089(1)  -2283(2) 27.0(3)
P(2) -2102(2) 1682(1) -401(2) 27.5(3)
0 2589(8) 5302(7) 3607(9) 80(2)
c(1) -790(10) 1624(9)  -4624(9) 58(2)
c(2) 3048(8) 3613(6)  -2300(9) 49(2)
c(3) -120(6) 2934(5)  -1039(6) 28(1)
c(4) -2520(7) 2921(6) 937(8) 41(1)
c(5) -4271(7) 938(7)  -2450(8) 41(1)

Compound 5b

Au 59.9.6(3) -192.7(3) -1294.7(3) 36.55(5)
I 2275.5(7) -2615.8¢7) -2120.7(8) 58.0(2)
P(1) 2433(2) 2095(2) -312(2) 34.5(4)
P(2) 4299(2) 1668(2)  -3008(2) 33.3(4)
o 1196(22)  -4976(15) -5766(22) 189(8)
c(1) 2216(11)  3671(10) 955(11)  57(2)
c(2) 268(11)  1655(13) -1646(13)  62(3)
c(3) 3446(8) 2941(7)  -1758(8) 37(1)
C(4) 5412(10)  2964(10)  -3965(11)  59(2)
c(5) 2451(10)  1048(10)  -4808(9) $N(2)

ot IZ Z ’ o
eq 5 i j iJ ai aj ai.aj.




TABLE 2.3.

parameters for 5a and 5b.

S5a

Sb

Atom
HICI
H2C1
H3C1
H1C2
H2C2
H3C2
H1C3
H2C3
H1C4
H2C4
H3C4
HICS
H2C "~
H3CS
H!'0

H20

H1C1
H2C1
H3C1
H1C2
H2C2
H372
HIC3
H2C3

H2(4
H3C4
H1CS
H2CS
H3CS

Hydrogen atom positional (x104) and thermal (x103)

X
-358
-313

-2044
3981
3570
2722
585

913
~1525

-2493

-3756

-4420

-4131

-5382
3059
3600
3318
1450
1765
-307

286
-317
4377
2602
5420
5729
4660
1745
2831
1808

y
2491

1191

948
3929
3301
4398
3558
3505
3226
3754
2425
1720

278

432
4600
6100
4112
4365
3357
2530

965
1238
3538
3545
3325
2470
3763
1872

581

366

z
-5066
-5329
-4688
-1102
-3067
-2738
-1774

39

2104
347
1050
-3074
-3205
-2129
3499
4490
1499
204
1820
7816
7481
9058
8941
7432
6921
5161
5526
4682
4347
5605

U(A?)
71
71
71
61
61
61
30
30
54
54
54
53
53
53
51
51
70
70
70
75
75
75
a1
a1
71
71
71
63
63
63

H1C1, H2C! and H3C! are bonded to C(1), etc.
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Table 2.5. Selected Torsion Angles in Degrees

Angle
Atom 1 Atom 2 Atom 3 Atom 4 S5a 5b
P(2)' Au P(1) C(3) -101.7(8) 137(1)
Au P(1) C(3) P(2) -45.9(3) 45.6(4)
P(1)’ Au' P(2) C(3) -147.8(10) -178(1)
Au’ P(2) C(3) P(1) 49.3(3) -46.8(4)
Table 2.6. Selected Least-Squares Plane
i. in Sa Crystallographic Equation of Plane

-2,3602 X - 3.7097 Y - 4.5204 Z - 0.0532 = 0

Atom X Y z Distance
Au 1.2988 0.2561 -0.7205 0 00
P(1) 0.4693 2.1749 -1.6841 0.00
P(2) -2.2225 1.5927 -0.2954 0.00
----- Other Atoms -----
ce 0.9943 1.6126 2.3103 -3.196(2)
o -0.9275 4.4814 2.6609 -4.262(7)
C(1) -0.0596 2.0061 -3.4105 1.620(7)
C(2) 1.6209 3.5799 -1.6955 -1.073(7)
C(3) -0.9645 2.8157 -0.7667 -0.643(S)
C(4) 3.3811 -2.5854 -0.6908 0.859(5)
C(5) 3.1308 -1.1345 1.8072 -1.821(6)
ii. in 5b Crystallographic Equation of Plane

~2.0810 X - 2.0782 Y - 6.4754 Z -~ 0.0000 = O

Atom X Y Y4 Distance
Au 5.2470 -0.1705 -0.9915 0.00
P(1) 2.0969 1.8977 -0.2386 0.00
P(2) 4.,3997 1.5193 -2.3033 0.00
————— Other Atoms -----

1 2.4746 -2.3622 -1.6240 3.443(1)
0 2.6169 -4 4881 -4.4159 4.519(17)
c(1) 1.5601 3.3210 0.7310 -1.842(8)
C(2) 0.6903 1.5040 -1.2602 1.190(6)
C(3) 3.3429 2.6690 -1.3463 -0.666(M
C(4) 5.5909 2.6962 -3.0367 0.826(8)
C(5) 3.3868 0.9639 -3.6817 1.385{7)




TABLE 2.7. Selected Bond Distances in 5a and 5b (A).

P(1)
Au
Au
Au
Au
Au
Au

Compound
Bond

Au Au’
P(1) P(2)
Au X
Au X'
Au P(1)
Au P(2)
P(1) Cc(1)
P(1) C(2)
P(1) C(3)
P(2) C(3)
P(2) c(4)
P(2) c(s)
X o

X o'
Angle

Au P(2)
P(1) Cc(1)
P(1) C(2)
P(1) C(3)
P(2) c(3)
P(2) Cc(4)
P(2) C(5)
Au X'
Au P(1)
Au P(2)
Au P(1)
Au P(2)
C(3) P(2)
X Au'
X o'

0 X'

5a, X = C2 5b
Distance
3.0143(3) 3
3.084(2) 3
3.467(2) 3
3.534(2) 3
2.302(1) 2
2.303(1) 2
1.813(6) 1
1.817(6) 1
1.819(6) 1
1.817(5) 1
1.817(7) 1
1.822(5) 1
3.227(8) 3
3.277(5) 3
Degrees
176.80(3) 177
115 2(3) 116.
114.8(2) 114,
111.6(2) 111,
112.2(2) 112
117.1(2) 117
111.4(2) 114,
129.01(6) 130.
86.33(5) 86.
91.91(S) 93.
95.13(4) 94,
88.05(4 87.
116.1(2) 116.
50.99(2) 49,
76.5(2) 44,
103.5(2) 135,

, X =1

.0190(4)
.116(3)
.5903(7)
.6780(6)
.303(2)
.301(2)
.804(9)
.783(8)
.837(8)
.831(7)
.83(1)
.T798(7)
.512(16)
.532(15)

.42(7)
7(4)
9(3)
8(2)
1(2)
.5(3)
7(3)
93(2)
44(4)
64(4)
66(4)
24(4)
3(4)
07(1)
7{5)
3(6)

X' is related to X by ithe centre at (0,0,0).
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shorter than that of 3.0190(4) A in 5b (A = 9.4, appendix
3), and both fall well outside the range considered typical
for Au~Au single bonds?°® (Ca. 2.757 - 2.780 A) and there is
no formal Au-Au bond present. The P...P bite distance of
3.084(2) A in 5a is shorter than that of 3.116(3) A in 5b
(» = 8.9). Thus, we see that the P....P distances are
slightly larger than the Au...Au distance, suagesting a
weak metal-metal interaction. The Au-P bond lengths in 5a
and 5b are indistinguishable, with a mean of 2.302(2) A.
The halide anions are located approximately normal to the
Au,P, plane, as indicated by the P-Au-X angles (see Table
2.10). The closest distances of approach between the gold
atoms and the halide anions are 3.467(2) and 3.534(2) A in
5a and 3.590(1) and 3.678(1) A in S5b. These distances
clearly indicate that the interaction is essentially ionic,
with little covalent character. 1In the analogous chlouride,
bromide and iodide dppm complexes, there is at least one
covalently bonded halide atom with

Au-C¢ = 2,771(4) - 2.963(4) A in compounds 1-3 and

Au-I = 3.127(3) - 3.196(2) A in ¢ '2-75s,

Each formula unit of the gold dimer in the crystal
lattice is associated with two molecules of water of
crystallization. A difference Fourier map of 5a showing
the presence o¢f H-atoms on the water molecule and the
hydrogen bonding scheme is presented in figure 2.2. Each
of the two water molecules forms two hydrogen bonds to

chloride ions of two neighbouring unit cells. The .ond
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distances 2nd bond angles between the atoms involved in
Hydrogen bonding are given in Table ..7. Thus, the crystal
structure contains polymeric chains made of discrete
molecules linked together by hydrogen bonds formed between

water molecules and the halide anions.

2.6 SUMMARY AND CONCLUSIONS

The acetylide complexes 6a and 6b undergo a
fluxional process involving a three-coordinate Au(I)
centre. Complex 6a dimerizes by a first order process in
chlorinated solvents, with the substitution of acetylide
ligand by chloride ion, to form [Au,(p-dmpm),]JCe,.2H,0, 5a.
The iodide comp. 2x, 5b, was found to have a similar
structure to that of the chloride salt, 5a.

It is interesting to note that widely different
structures 1-5 are adopted by complexes containing similar
ligands. It has been suggested that the Au,dppm, ring, and
the other rings with phenyl substituents on phosphorus,
must twist (giving non-linear PAuP groups) in order to
reduce steric hindrance between phenyl substituents, and
that this favours halide coora.natior. above the Au,P.C,
ring. Thus, steric effects would be responsible for the
greater tendency of the halide to coordinate in the dppm
complexes compared to the dmpm complexes'®. However, this
argument is contrary to the nore general trend that

increased steric hindrance usually leads to lower
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coordination numbers. In addition, there are now more
structures which do not conform to the expected pattern;
for example, in 3 the halide is coordinated in the plane of
the Au,P,C, ring rather than abov: the ring'®. Therefore,
it is more probable that the lower tendency of halide to
coordinate in the dmpm complexes is primarily an electronic
effect, and the greacer basicity of the dmpm ligand,

compared to that of the dppm ligand, overrides the steric

effect of the ligand in gold(I) dimers.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF A REMARKABLE CAGE
COMPLEX: THE CRYSTAL AND MOLECULAR STRUCTURE OF

[Au,C2,{u - (MeO) ,PCHP(OMe) ,},{u ,~(MeO) ,PCP(OMe) ,},].CHCL,

3.1 INTRODUCTION

3.1.1 Gold cluster complexes

The first example of a gold cluster compound,
Au, I, (PPh,),, was synthesized in 1968°, and subsequent
developments in this rapidly expanding field have
originated mainly from research laboratories at the
Universities of Nijmegen and Oxford'. The interest in this
area of gold chemistry is apparent from the number of
reviews published recently'/37¢, Despite appreciable

oractical difficulties both with synthesis and

purification, and wi*h crys*tal structure determinations
(gold cluster compounds often display disorder and/or
pseudosymmetry?), a number of new structures have appeared
in the past 15 yeurs.

All the known old cluscter ~atities ace stabilized
by tertiary phosphines and halide ligands. Gold clusters
are broadly classified into two types. Firstly, 'low
nuclearity' clusters, a term used to describe species which

contain six or less gold atoms; While 'high nuclearity®

clusters refers to complexes containiny more than six gold

atoms. The low nuclearity clusters have the
71
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stoichiometries [Aux(PR,)x+y]“+ (y = 0,2) and the higher

nuclearity derivatives [Aux+,(PR3)x+yxy]n+, where

[Aug(PPhg)gl** Aug 1(PPhy),

Auyyl3(PPhg); [Aug(dppp)a]®*

[AusaClp(PMe,Ph) o] (Aug{Ptola)]?*

Legend OAu, @P. ® 1, @ ¢

Scheme 3.1
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PR, = phosphine and X = halide. This difference arises

because the higher nucleaxity clusters contain an
additional metal atom at the centre of the polyhedron.
Scheme 3.1 illustrates the difference in stoichiometry. To
the best of our knowledge, there are only two polynuclear
gold complexes (nuclearity > 2) which contain deprotonated
diphosphines, namely, [Au,(dppm),(p,-dppm-H)](NO,), ? and

[Au,(C.Fg) ,(p,-dppm-H) ,] ®, shown in scheme 3.2.

P /\ +)
I CeHs
AU AU H P— Ay~ P\ Ad
| _H N /
P P~ C
N 7 C / \
N AU/ \P Au \ Au P/ H
P FsC — AT
\"“‘/ \T‘/ 5
P\\\\v//,P
Scheme 3.2

As a continuation of our work on reactions of
[AuCCt-Bu] with various diphosphines (as seen in cuaapter
2), we studied reactions with the diphosphine Cd,[P(OMe),],
(dmopm). The synthesis and isolation of dmopm ligand
related complexes were carried out by Dr. Ilse Treurnicht
of this laboratory. The products were unstable in solution
and attempted crystallization resulted in loss of alkynyl
ligands and oligomerization of the initial product was
observed. During attempts to grow single crystals for

X-ray analysis, recrystallization in CHC?,/pentane resulted




74
in further loss of alkynyl ligands and yieldad suitable

crystals. A three-dimensional X-ray analysis on these
crystals revealed a novel cage complex containing eight Au
atoms and hitherto structurally uncharacterized

[(p,—(MeO) ,PCP(OMe) ,} 2~ ligands, and the results are

described in this chapter.

3.2 EXPERIMENTAL
3.2.1 Synthesis of [Au,(C=Ct-Bu),(x-dmopm)], la
{AuccCt-Bu] (0.400g, 1.44 mmol) was suspended in
CH,Ce, (16mL). To this was added dmopm (MW 200.11, 4 1.113
g cm™3, 0.719 mmol). The mixture was stirred under
nitrogen for 20 h. during which the solution developed a
slight yellow colour. Solvent was then removed under
reduced pressure vielding an orange oil which was quite
unstable in air. Attempts at recrystallization were
unsuccessful. 'H n.m.r in CD,C¢,, 20°C; [s, 18H, t-Bu],
2.67 [t, 2H, 2J(PH) = 11, P,CH,], 3.88 [m, 12H,
3J(PH) = 15, MeO]. 31P['H] NMR in CD,Ce,, 20°C; & +166.6

(s, P)]

3.2.2 Synthesis of [Au,(u,-dmopm-H) (C=Ct-Bu)],, 3
Attempted crystallization of la by slow diffusion
of pentane into a CH,C¢, solution yielded microcrystalline
solid of complex 3. This conversion was shcwn by 'H and
3P NMR spectroscopy to take place in gquantitative yield

over several days. The crystals were needle-shaped and



macroscopically twinned; hence were not suitabl: for X-ray
diffraction studies. Mp: 208°C. Anal. calcd. for
c,,H,,Au,0,P,: C, 19.6; H, 3.5. Found: C, 19.6; H, 3.4.

'H NMR data in cD,ce,, 20°C: & 1.13 [s, 9H, t-Bu]; 3.66

(d, 12H, 3J(PH) = 13.2, OCH,2]; 3.85 [d, 6H, 3J(PH)

0
(=]
W
.
[¢0]
-

OCH,]; 3.88 [d, 12H, 3J(PH) = 13.6, OCH,P]; 4.01 [d, 6H,
3J(PH) = 12.5, ocH,4]1; 4.34 [dt, 3H, 2J(PH) = 15.5,

3g(PH) = 10, P,CHAu]. 3'P{'H) NM™ data in CD,C¢,, 20°C: &
161.6 [m, P2], 152.0 [m, PX]; J(AA') = +20,

J(AX) = J(A'X') = +130, J(AX') = J(A'X) = —4.8, J(XX') = 0.
The 3'P NMR spectrum was simulated as an AA'XX' spin
system, figure 3.1, but is consistent with [AX], where

n 3 2 and probably n = 3.

3.2.3 Synthesis of
[Auscez{ps—dmopm-H}2{p4-dmopm-H2}2].CHces' 4

Crystals of 3 were dissolved in CHC?¢, and layered
with n-pentane. Slow diffusion of pentane into the CHC¢,
solution over several days yielded colourless, bladed X-ray
diffraction quality crystals of 4 as the CHC¢, solvate.
Anal. calcd. for C, H.,Au,CR. 0O, . P,: C, 9.85; H, 2.0.
Found: C, 9.80, H, 2.1. 'H NMR data in ¢D,C¢,, 20°C: 3.03
(dt, 1H, 2J(PH) = 17, 3J(PH) = 8, CHP,], 3.12 [dt, 1H,
2J(PH) = 17, 3J(PH) = 8, CHP,], 3.70 - 4.63 [m, 48H,
ocd,). 3'P{'H) NMR data in cD,ce,, 20°C: s 157.7 [dqd,
3J(P2P?) = 64, 3J(P?P’) = 18, 1P, P?], 155.5 [dq,

3J(P4P6) = 69, 3J(P3PS)

3J(PSP¢) = 3J(P8P&¢) = 18, 1P,

75
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Ps], 150.4 [dd, 3J(P<4P¢) = 69, 3J(P4Ps) = 18, 1P, P4],
149.9 [A&d, 3J,0°2P3%) = 64, J(P?PS) = 18, 1P, P?], 148.4 (4,
3J(P'PS) = 25, 1P, P'], 145.6 [dt, 3J(P'P5) = 25,

3J (P4PS) = 3J(P¢PS) =18, 1P, PS5], 126.4 [d,

3J(P2P?) = 3J(PSP®) = 18, 2P, P’ and P®].

3.2.4 X-ray data collection, data reduction and structure
solution of 4

Transparent, colourless, bladed crystals of 4 were
grown by slow diffusion of pentane into a chloroform
solution. A preliminary photographic analysis showed no
symmetry other than triclinic. The crystal density was
determined by neutral buoyancy in mixtures of CH,I, and
pentane, and found to be 3.158(2) g cm™3., The calculated
volume was 2684 A3. With an empirical formula of
Au,C2, (dmopm) ,, which was Kknown at the beginning of crystal
structure analysis, Z was calculated :to be equal to 2 for
which the calculated density is 3.168 g cm™3. Thus the
molecules have no crystallographicaily imposed symmetry.

The crystal chosen for collection of intensity
data was of approximate dimensions 0.22 x 0.24 x 0.48 mm?3
with eight faces revealed by optical goniometry to be of the
forms (100), {010}, {111) and (011). The {100} and {111)
forms were well developed, and a perspective view of the
crystal is presented in appendix 5. Cell constants and an
orientation matrix were obtained from the setting angles of

19 reflections with 25 < 20 < 40°. w-scans of several



Tabie 3.1. Summary of X-ray Structure Determination of complex 4

Crystal Data
compour.u, formula weight
crystal system, space group

cell dimens (A, deg.)

cell volume (A3), z

temperature, C

density, g cm™3, obsd; calc

Experimental Details
diffractometer, monochromator
radiation, wavelength (A)
cryst-detec (mm), t.o.a. (.)
aperture (mm), vert; horiz

centering reflec: 8 range

Data Collection

approx. crystal dimens (mm)
cryst vol (mm3); no of faces
face indices

scan mode, width ( )

index, © ranges

scan speed (deg min~')

max time per datum, total time
standard reflections

monitor frequency, % var

no of data, standards collected

C,Ho,Au C2. 0, P,  2560.4
triclinic, P1 (no. 2)

a = 14.152(2) a = 91.17(1)
b = 18.373(2) 8 = 114.77(1)
c = 12.151(2) v = 108.16(1)
2684(2), 2
23

3.158(2), 3.158

Enraf-Nonius CAD4F, graphite
Mo, A(Ka mean) 0.71073
205, 2.5
4.0; 6.0 + 0.35tan8
19; 25 < 28 < 40

0.22 x 0.24 x 0.48
12.9 x 10-?; 8
{100}, {011}, {01G} and {111}
w-20, 0.90 + 0.35tam®
-16 < h < 16, -21 ¢ k < 21,
0<2<14; 0<OK25
1.0 to 2.5
90s, 220h
004, 020, 060 and 430
180m. 12.2
10219, 308

i



Table 3.1, continued.

Data Processing

corrections

decay, absorption corrections
abs coeff (cm™'); grid size
transmission, max., min.

no of unique data, sirnif.

Structure Refinement

no. of observ., variables
final model; R, and R,
top resid., (e k‘3 coord.)
largest shift, parameter

Computer software

Lorentz, polarization and
monochromator polarization
Isotropic; Gaussian

222.8, 8 x 10 x 20

0.094, 0.024
9418, 1 > 0

5677, 436
0.036, 0.037

1.76 (0.230 0.341 0.453)
0.23, Y-coordinate of 042(A)
SHELX-86 and SHELX-76

78



intense, low-angle reflections had an average width of

0.125 and 0.142° before and after the data collection,
respectively. 10219 reflections were collected over 9 days
using a w-20 scan, out to a maximum 26 of 50°. Scan widths
of 0.90° and variable scan rates within a maximum time per
datum of 90s were used. Standard reflections 004, 020, 060
and 430 were recorded every 10800s of X-ray exposure time
and showed an average decay of -12.2%. As this was thought
to be significant, an isotropic decay correction was
applied'4. The data were corrected for background,
monochromator polarization, Lorentz and polariztion. A
Gaussian absorption correction was applied'4 and 663
symmetry equivalent reflections were averaged to give 9418
unique reflections with I > 0 for the analysis. Crystal
data and parameters associated with data collection are
given in Table 3.1.

Several attempts to solve the structure using
Patterson and Fourier techniques were unsuccessful due to
the complexity of the structure. The presence of a large
number of heavy atoms gave rise to several unresolved,
intense, overlapping peaks. Using Sheldrick's SHELXS-86
program®, the position of the eight Au atoms, eight P atoms
and thcse of five chlorines were found. After several
cycles of least-squares refinemenc and a difference Fourier
synthesis, the positions of all the remaining non-H atoms

in the complex were revealed. Refinement proceeded

smoothly yielding residuals of R, = 0.0375 and R, ~ 0.0471




80
for the model where Au, P anc C{¢ atoms were assigned
anisotropic, and 0 and C atoms isotropic thermal
parameters. Several of the methoxy groups showed excessive
thermal motion, so the final refinement was carried out
using SHELX-76'°, A disorder model was necessary for one
of the methoxy groups, namely -0(42)C(42), while assignment
of anisotropic thermal parameters was sufficient for C(12),
C(81) and C(82). The geometries of the disordered -OMe
groups and those of J5(12)-C(12), 0(81)-C(81), 0O(82)-C(82)
were constrained with DFIX (0-C = 1.43(1)A and
P-C = 2.625(1)4).

48 Hydrogen atoms {all but those of the disorder:d
methoxy group 0(42)/C(42)) could be located in a difference
Fourier map with peak heights between 0.33(6) and 0.79(6)
eA”? and were included ir idealized positions (sp?®, C-H =
0.95A, staggered conformation) in calculations of Fe, but
not refined. The structure was refined by full-matrix
least-squares on F, minimizing Xw(11Fg1 = 1Fc11) 2,
weight = 0.854/[{(0(F))}? + 0.000938F2]. Neutral atom
scattering factors were taken from ref.15 and H atom
scattering factors were those of Stewart et al‘'s,
Refinement progressed until no shifts in atomic positional
parameters greater than 0.1 were observed. A statistical
analysis of structure factors showed evidence for the
presence of secondary extinctior (i.e, Fo > F, for intense
low angle reflections). Hence an extinction correction was

included'?, refined coefficient = 8.8(13) x 10°5. In the



final cycle 436 variables were refined using 5677 unique 81

reflections with I > 2.50(I). The final residuals were

R, = 0.0255 and R, = 0.0371. A total difference Fourier
synthesis showed the highest peak, with an electron density
of 1.76 eA~3, located 1.12 A from Au(l). A statistical
analysis of R, and R, in terms of data collection order,
1F,1, A\~ 'sine and classes of indices showed no unusual
trends, thus indicatiny a satisfactory weighting scheme.
Final positional ani U(equivalent) thermal parameters for
non-H atoms are given in Table 3.2. Anisotropic thermal
parameters, H-atom parameters, selected torsion angles ana
weighted least-squares plane calculations are given in
Tables 3.3, 3.4, 3.5 and 3.6 respectively. Structure

amplitudes are listed in appendix 1.

3.3 RESULTS AND DISCUSSION
3.3.1 Characterization of the products of reaction of
[AuCsCt-Bu] with dmopm

The reaction of [AuC=Ct-Bu)] with the ligand
dmopm, is complex. The first product formed, la, was
obtained as an orange o0il which was short-lived in solution
and attempts to isolate it as a solid gave a mixture of
complexes. The 'H NMR spectrum of 1o reveals a triplet
centred at & 2.67 due to CH,P, protons, with ?J(PH) = 11
Hz. The 3'P('H} NMR spectrum of la&a gave a singlet at
166.6 indicating that the phosphorus nuclei are chemically

equivalent. These data suggest a symmetric dimeric
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structure for la, as shown in scheme 3.3.

(OCH3|)>2 Ch
o~ v
M >P(NCH,),
c’ Au/
(CHS)SC c/
/Cé
(CH3)3 C

Scheme 3.3

3.3.2 Characterization of [Au, (x,-dmopm-H) (CECt=-Bu)]p, 3
Slow crystallization of la from CH,C¢,/pentane
gave a single colourle:... product whose elemental analysis
suggested a formulation as [Au,(u,-dmopm-H) (C=Ct-Bu) ], 3.
The 3'P('H} NMR spectrum (figure 3.1) of this complex
appeared as an apparent AA'XX' multiplet. The 'H NMR
spectrum (fiqure 3.2) showed four sets of doublets in the
methoxy region in the ratio 2:1:2:1, while the methylene
protons of the diphosphine gave a single resonance
appearing as a doublet of triplets. We were unable to
deduce the structure of 3 from these data. Unfortunately
the crystals were twinned and unsuitable for single-crystal

studies , so a further crystallization was attempted.

3.3.3 Syntheis and characterization of
(Au,Ce, (g ,~dmopm-H) , (4 ,~dmopm-H,) ,].CHC2,, 4

A different solvent system was then tried in an



e E———————

85

¥ 3o (2HW 002) wnayoads ¥HN H: :€°¢ @anbrg

(Wdd) e C € 14 &




86

7 30 (ZHW 9°121) wni3oads ¥WN {Hi)ldie :v°€ ®InbTd

Q2L 82l Gl OGlL GGl (Wdd) ¢

{ 1 } | |

RV A T

m& Pn_ mn_ v& o& Nn_
(Mo
: W
wa”
/ol-ﬁi..lﬁa \:E
AV?« §=< @.Z
MR H e .\ \
\ @d w (w)nv @0
(n)ny \
/ sy

—‘ ?v&
84 5&



attempt to grow suitable single crystals of 3 for
structural studies. Recrystallization of 3 from

CHC¢ ,/pentane was carried out over several days, and
yielded beautiful, colourless, single crystals suitable for
X-ray analysis. The 'H and 3'P{'H) NMR spectra (figure 3.3
and 3.4) were very complex and different from that observed
for 3, and elemental analysis also suggested formation of
another new complex. The only information that was derived
from the 3'P{'H} NMR spectrum was that there were eight
phosphorus atoms in the new complex; six of which were
chemically inequivalent. This suggested that there were
four dmopm ligands coordinated to eight gold atoms. A
combination of elemental analysis, NMR spectral data and
the preliminary X-ray data indicated that complex 4 had an
empirical formula, Au,C? (dmopm),, and a full,

three-dimensional X-ray analysis was undertaken.

3.3.4 Description of the crystal and molecular structure
of 4

The crystal structure consists of discrete
molecules of the octagold complex, 4, and chloroform. The
closest distance of approach being 2.19A between the
symmetry related atoms of H723 at (x%,y,2z) and (1-x, 1l-y,
1-z). The molecular structure of 4 shown in figure 3.5 is
characterized by the bond lengths and angles listed in

Tables 3.7 and 3.8 respectively. Some weighted

least-squares planes are given in Table 3.6. A stereo view

87



Table 3.2.

Atom
Au(l)
Au(2)
Au(3)
Au(4)
Au(S)
Au(6)
Au(7)
Au/8)
Cce(1)
Ce(2)
Ce(3)
CcLe(4)
Ce(S)
P(1)
P(2)
P(3)
P(4)
P(5)
P{5)
P(7)
P(8)
0o(11)
0(12)
0(21)
0(22)
0(31)
0(32)
0(41)
0(42)B
O(42)A
0(51)
0(52)

Atomic Positional

Parameters of 4

X
1085
2358.

661
-1521
721
-783
2795
-3616.

.7(6)

2(5)

.8(5)
.4(5)
.2(6)
.4(5)
.9(6)

5(6)

2332(5)
-4042(7)
5841(7)
5256(12)
3572(8)
2246(4)
2525(4)
~1023(3)
-1344(4)

162(4)

189(4)
3107 (4)
-3156(4)
1990(11)
3511(10)
2982(11)
3402(11)
~1011(9)
~1746(9)
-1328(11)
-2346(23)
-2384(15)
-851(12)
1070(11)

y
1525.6(4)

3338.1(4)
3516.6(4)
1785.4(4)
1561.4(4)
2868.0(4)
5171.0(4)
1561.0(4)
5860(3;
502(4)
2339(5)
1011(8)
1357(8)
2623(3)
3189(3)
3594(2)
659(2)
463(3)
2862(3)
4403(3)
2561(3)
2666 (8)
2674(7)
4028(7)
2780(8)
4372(6)
3628(7)
557(8)
-106(23)
-108(14)
-153(7)
63(7)

z
1352.6(6)
3646.9(6)
1336.9(6)

953.0(6)
4275.5(6)
3220.7(6)
3130.1(7)
1904.1(7)
4317(5)
2329(7)
4817(9)
5886(12)
3887(13)
1157(4)
5536(4)

860(4)

463(4)
2954 (4)
5232(4)
1970(4)

998(4)
-246(11)
1685(12)
6386(11)
6276(12)
1494(10)
-547(10)
-838(11)

569(28)

141(18)
3055(13)
3325(12)

(x104) and Thermal (x103)

Ueq(A?)
40.4(3)
38.5(3)
35.2(3)
36.3(3)
40.3(3)
36.5(3)
45.3(3)
52.0(3)
67(2)

98(4)

125(5)
192(9)
212(8)

39(2)
40(2)
32(2;
42(2)
44(2)
38(2)
39(2)
40(2)
54(6)
57(6)
58(6)
59(6)
39(5)
45(5)
59(6)
49(<)
49(4)
63(7)
58(6)



Table 3.2, continued.

Atom
0(61)
0(62)
0o(71)
0(72)
0(81)
0(82)
C(1)
c(11)
C(12)
Cc(17)
C(21)
Cc(22)
C(26)
C(31)
C(32)
C(38)
C(41)
C(42)A
C(42)B
C(45)
C(51)
C(52)
C61)
C(62)
C(71)
C(72)
C(81)
C(82)

X

-487(9)
564(10)
2813(10)

4384(9)
-3840(10)
-3454(11)
4923(27)
919(25)
3771(12)
2252(14)
3267(18)
4469(22)
1336(15)
-394(16)
-1901(16)
-1757(13)
-2088(24)
-3240(14)
-3451(10)
-79(13)
-1278(22)
1610(20)
-1560(18)
559(21)
3365(16)
5042(18)
-4991(16)
-3139(20)

1 1
Ueq - 3 lej le a, a‘i ai.aj.

y
2244(7)

3645(7)
4548(7)
4504(7)
2411(9)
3301(8)
1349(20)
2651(17)
2055(13)
3455(10)
4090(13)
3101(16)
2547(10)
5109(11)
3076(11)
2829(9)
743(17)
-116(13)
-138(22)
503(10)
-942(15)
-59(14)
2226(13)
4356 (15)
5294(11)
4374(12)
1932(27)
3604(10)

z
5772(11)
6153(11)

590(10)
2401(11)
-452(12)
1277(10)
4497(30)

-1126(26)
1291(26)
1864(15)
7667(19)
6329(24)
5640(17)
1347(17)
-1508(18)
1326 (14)
-1860(26)

480(30)
-209 (44)
1422(14)
2462(23)
4597(21)
5605(19)
5698(23)

389(17)
3637(19)

-1057(13)
2522(14)

Ueq(kz)
47(5)
53(6)
49(5)
51(5)
74(7)
64(7)
124(11)
98(8)
114(17)
40(4)
65(6)
87(7)
47(4)
54(5)
55(5)
36(4)
97(8)
54(4)
54(4)
39(4)
84(7)
73(6)
64(5)
82(7)
54(5)
62(5)
218(26)
82(13)
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Table 3.4. Hydrogen atom Positional (x104) and thermal (x1093)

Parameters for 4

Atom x y z U(A’)
H1 4986 1025 3932 136
H26 1581 2484 6477 51
H4S -68 19 1150 43
H111 907 2681 -1912 70
H112 771 3080 -878 70
H113 363 2179 -1177 70
H121 4554 2176 1685 70
H122 3517 1994 421 70
H123 3416 1587 1492 70
H211 3518 4621 8022 70
H212 3842 3885 8062 70
H213 2632 3803 7770 70
H221 4919 2820 6783 70
H222 4797 3630 6719 70
H223 4401 3069 5516 70
H311 -466 5512 1773 70
H312 -671 5142 497 70
H313 368 5164 1673 70
H321 -2347 3177 -2285 70
H322 -2259 2566 -1421 70
H323 -1198 3119 -1464 70
H411 -1967 650 -2554 70
H412 -1990 1276 -1700 70
H413 -2822 429 -2023 70
H511 -1881 ~-1231 2615 70
H512 -707 -1158 2773 70
H513 -1527 -961 1600 70
H521 2130 -302 4670 70
H522 1065 -378 4812 70
H523 1989 431 5137 70
H611 -1850 1825 5982 70

H612 -2049 2128 4751 70
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Table 3.4, continued.

Atom X y Zz U(A’)
H613 -1492 2713 5973 70
ho21 804 4760 €305 70
H622 -173 4296 5112 70
H623 1046 4487 5326 70
H711 3109 5295 -469 70
H712 4145 5403 767 70
H713 3209 5683 740 70
H721 5777 4456 3756 70
H722 4708 3854 3717 70
H723 5064 4725 4240 70
H811 -5262 1908 -1922 70
H812 -5400 2147 -781 70
H813 -5077 1422 -871 70
H821 -3368 4036 2539 70
H822 -2353 3767 2983 70
H823 -3483 3212 2869 70

Table 3.5. Selected Torsion Angles () in 4

Atom 1 Atom 2 Atom 3 Atom 4 Angle
Au(2) P(2) C(26) Au(S) 44.0 (10)
Au(2) P(2) C(26) P(6) -69.8 (12)
Au(4) P(4) C(45) Au(l) -54.0(9)
Au(4) P(4) C(4s5) P(5) 62.8(11)
Au(S) P(S) C(45) Aa(l) 36.2(12)
Au(S) P(5) C(45) P(4) -74.8(11)
Au(6) P(6) C(26) Au(S5) -43.1(10)
Au(6) P(6) C(26) P(2) 71.4(11)
Au(l) P(1) Cc(17) Au(l) -52.2(9;
Au(1) P(1) C(17) P(7) 176.3(9)
Au(7) P(7) C{17) Au(2) -42.5(10)
Au(7) P(7) C(17)  Au(3) 50.0(10)
Au(7) P(7) c(17y  P(1) -175.0(10)
Au(3) P(3) Cc(38) Au(4) -40.5(9)
Au(3) P(3) C(38) Au(6) 55.1(9)
Au(3) P(3) C(38) P(8) -171.5(9)
Au(8) P(8) C(38) Au(4) 49.0(7)
Au(8) P(8) C(38) Au(6) -45.1(9)

Au(8) P(8) C(38) P(3) -177.8(9)
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Table 3.7.

Atom 1
Au(l)
Au(1l)
Au(l)
Au(l)
Au(8)
Au(2)
Au(2)
Au(2)
Au(2)
P(6)
P(7)
Au(4)
Au(4)
P(1)
Au(l)
Au(l)
Au(2)
Au(2)
Au(3)
Au(3)
Au(4)
Au(4)
Au(3)
Au(S)
Au(6)
P(4)
P(5)
P(1)
P(2)
P(3)
P(4)
P(5)

Atom 2
Au(2)
Au(3)
Au(4)
Au(s)
P(8)
Au(3)
Au(S)
Au(6)
Au(7)
C(26)
C(17)
Au(S)
Au(8)
C(17)
P(1)
C(45)
P(2)
c(17)
P(3)
cam
P(4)
C(38)
P(5)
C(26)
P(6)
0(42)B
C(45)
0(11)
0(21)
0(31)
0(41)
0(51)

Distance
LT12(1)
.887(1)
.699(1)
.798(1)
.225(7)
.938(1)
.671(1)
.054(1)
.351(1)
.77(3)
.75(3)
.085(1)
.525(2)
.74(2)
.258(7)
.108(25)
.238(7)
.129(24)
.258(6)
.107(24)
.258(6)
.117(23)
.255(7)
.115(26)
.249(6)
L71(S)
.715(2)
.60(2)
.62(2)
.60(2)
.60(2)
.58(2)

_ e s e o e o NONORRN NN NN NN =W R o oE WA WN N W W W W

Atom 1
Au(6)
Au(7)
Au(7)
Au(8)
Cce(3)
ce(s)
cR(4)
P(2)
Au(3)
Au(3)
Au(3)
Au(4)
Au(S)
Au(6)
0(42)B
0(42)A
0(82)
0(51)
0(52)
0(61)
0(62)
0(71)
0(72)
0(81)
P(3)
P(4)
P(8)
P(1)
P(2)
P(3)
P(4)
P(S)

Selected bond distances in 4 (A)

Atom 2
C(38)
Ce(1)
P(7)
Cc2(2)
C(1)
c(1)
C(1)
C(26)
Au(4)
Au(6)
Au(7)
Au(6)
Au(6)
Au(8)
C(42)B
C(42)A
C(82)
C(51)
C(52)
C(61)
C(62)
c(71)
C(72)
C(81)
C(38)
C(45)
C(38)
0(12)
0(22)
0(32)
0(42)A
0(52)

Distance

2.116(23)
2.313(7)
2.236(7)
2.310(8)
1.80(5)
1.74(S)
1.74(S)
1.79(3)
3.534(1)
3.655(1)
3.406(1)
2.951(1)
3.601(1)
3.
1
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

587(2)

.44
.43

.43(2)
.43(4)
.47(4)
.43(3)
.44(4)
.43(3)
.47(3)
.43

.73(2)
.80(3)
.75(2)
.60(2)
.61(2)
.60(2)
.58(3)
.58(2)



Table 3.7, continued.

Atom 1
P(6)
P(7)
P(8)
0(12)
0(22)
0(32)

Atom 1
P(2)
P(4)
P(6)
Cc2(2)
Au(2)
Au(4)
Au(l)
o(11)
0(12)
Au(2)
0(21)
0(22)
Au(3)
0(31)
0(32)
Au(4)
Au(4)
0o(41)
0(42)B
Au(S)

Atom 2
0(62)
0(72)
0(82)
Cc(12)
C(22)
C(32)

Atom 2
Au(2)
Au(4)
Au(b6)
Au(8)
Au(3)
Au(6)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(4)
P(35)

Atom 1 Atom 2 Distance
P(6) 0(61) 1.59(2)
P(7) 0o(71) 1.61(2)
P(8) 0o(81) 1.58(2)
o(11) C(11) 1.43(4)
0(21) C(21) 1.43(3)
0(31) C(31) 1.43(3)
0(41) C(41) 1.39(4)

Table 3.8. Selected Bond Angles () in 4
Atom 1 Atom 2 Atom 3  Angle
P(1) Au(l) C(45) 176.2(7)
P(3) Au(3) c(17) 177.5(7)
P(5) Au(S5) C(26) 174.8(8)
ce(1)  Au(7) P(7) 174 .4(3)
Au(3) Au(2) P(2) 136.5(2)
Au(b) Au(4) P(4) 136.9(2)
Au(l) P(1) 0o(11) 112.3(8)
Au(l) P(1) cC17) 112.3(9)
o(11) P(1) €7 110.8(11)
Au(2) P(2) 0(21) 110.3(8)
Au(2) P(2) C(26) 117.1(9)
0(21) P(2) C(26) 110.6(11)
Au(3) P(3) o0(31) 115.7(7)
Au(3) P(3) C(38) 108.6(8)
0(31) P(3) C(38) 106.5(10)
Au(4) P(4) 0(41) 114.0(8)
Au(4) P(4) 0(42)A 116.3(10)
0(41) P(4) 0(42)B 112.2(19)
0(41) P(4) C(45) 99.5(10)
0(42) P(4) C(45) 110.4(14)
Au(S) P(5) O(52) 112.7(8)

Au(S)

P(5)

Distance

ot b e bk b b

.60(2)
.66G(2)
.61(2)
.43(2)
.41(4)
.43(3)

Atom 3 Angle

c(17)
C(38)
C(38)
P(8)
P(3)
P(6)
0(12)
0(12)
c(17)
0(22)
0(22)
C(26)
0(32)
0(32)
C(38)
0(42)B
C(4S5)
0(42)A
C(45)
0(51)
C(45)

177.
177.

177

131

107

107

5(7)
2(7)

.4(7)
177.

5(3)

.2(2)
133.
114.

98.
.0(11)
114.
104,

98.
116.

99.
110.
109.
117.

95.
103,
.7(8)
120.

2(2)
8(8)
8(10)

3(8)
8(11)
7(12)
0(7)
0(9)
6(11)
6(17)
8(8)
6(13)
2(16)

3(9)



Table 3.8, continued.

Atom 1
0(51)
0(52)
Au(6)
0(61)
0(62)
Au(7)
o(71)
0(72)
Au(B)
0(81)
0(82)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)
P(7)
P(8)
ce(3)
ce(4)
Au(2)
Au(3)
P(1)
Au(S)
Au(4)
Au(4)
Au(b6)
Au(l)
P(4)

Atom 2 Atom 3

P(5)
P(5)
P(6)
P(6)
P(6)
P(7)
P(7)
P(7)
P(8)
P(8)
P(8)
0(12)
0(22)
0(32)
O(42)A
o(51)
0(61)
0(71)
0(81)
c(1)
c(1)
c(17)
c(17)
c(17)
C(26)
C(38)
c(38)
C(38)
C(45)
C(45)

0(52)
C(45)
0(62)
0(62)
C(26)
0(72)
0(72)
Cc(17)
0(82)
0(82)
C(38)
C(12)
C(22)
C(32)
C(42)A
C(51)
C(61)
Cc(71)
C(81)
Ce(4)
Cce(s)
P(1)
P(1)
P(7)
P(6)
Au(6 )
P(8)
P(8 )
P(4)
P(5)

Angle

104.
98.
115.

100

114
115

97
111
120
116

121

111
114,

124.

103.
88.
10S.
110.
99.
114,

2(11)
4(11)
9(7)

.9(10)
108.
115.

97.

9(11)
7(8)
7(10)

.2(11)
.5(7)

.0(11)
.5(11)
.0(12)
.1(21)
120.
121,
120.
120.
119,

2(16)
1(22)
5(20)
1(18)
0(16)

.3(14)
107.
110.

4(28)
3(29)

.2(12)

3(13)
8(14)
5(13)
4(9)

8(11)
0(11)
6(11)
8(13)

Atom 1
0(51)
Au(6)
Au(6)
0(61)
Au(7)
Au(7)
0(71)
Au(8)
Au(8)
0(81)
P(1)
P(2)
P(3)
P(4)
P(4)
P(5)
P(6)
P(7)
P(8)
Ce(3)
Au(2)
Au(2)
Au(3)
Au(S)
P(2)
Au(4)
Au(6)
P(3)
Au(l)

Atom 2
P(5)
P(6)
P(6)
P(6)
P(7)
P(7)
P(7)
P(8)
P(8)
P(8)
0(11)
0(21)
0(31)
0(41)
0(42)B
0(52)
0(62)
0(72)
0(82)
C(1)
camn
C(17)
c(17)
C(26)
C(26)
C(38)
C(38)
C(38)
C(45)

Atom 3 Angle

C(45)
0(61)
C(26)
C(26)
o(71)
c(17)
C(17)
0(81)
C(38)
C(38)
C(11)
C(21)
Cc(31)
C(41)
C(42)B
C(52)
C(62)
C(72)
C(82)
ce(s)
Au(3)
P(7)
P(7)
P(2)
P(6)
P(3)
P(3)
P(8)
P(5)

112
113.
116

98.
116
105.
106
115.
109
106.
120.
120.
119.
120.
113.
119,
120.
119.
119,
107.

87.
107.
105.
104.
116.
111,
108.
126.
109.

.4(12)

9(7)

.7(9)

2(11)

.7(9)

8(8)

L7(11)

3(8)

.9(8)

8(11)
4(20)
7¢19)
3(16)
1(21)
2(30)
9(18)
4(20)
$(17)
2(12)
2(28)
8(9)

2(12)
2(12)
8(12)
6(15)
7(11)
1(12)
3(14)
6(12)



Figure 3.5:

A perspective view of 4, giving the atom
numbering scheme. Atoms of the methoxy groups
and the hydrogen atoms on the methylenic
carbons are removed for clarity.
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of the molecule is shown in figure 3.6.

The cage complex, 4, contains eight gold atoms;
Au(l) to Au(6) are arranged as a distorted octahedron.
While Au(7) bridges an equatorial edge of the octahedron
[defined by Au(2)-Au(3)], Au(8) bridges an axial edge
[defined by Au(4)-Au(6)]. Thus, we have a bi-edge bridged
distorted octahedral arrangement of gold atoms. The Au-Au
distances range from 2.938(1) to 4.085(1)A and hence there
are no formal Au-Au bonds in this cage complex. The
equatorial edge Av(2)-Au(3) with a distance of 2.938(1) A
and the axial edge Au(4)-Au(6) at 2.951(1)A are the
shortest Au....Au distances and suggest a weak M-M
interaction between the-.e atoms. Each of the eight Au
centers is two coordinate, either to a carbon or chlorine
atom trans to a bridging phosphine. 1In Au(l) to Au(6), the
P atoms coordinated to Au are trans to a carbon, whereas in
Au(7) and Au(8) they are trans to chlorine atoms Cf (1) and
Ce2(2), respectively. The P-Au-C and P-Au~C¢ angles range
from 174.4(2) to 177.5(6)°, characteristic of gold in the
+1 oxidation state<4™¢. The Au-C distances range from
2.107(20) to 2.128(19)A, typical for Au-sp?®C bonds® (for
example, Au-C = 2.019(12) A in [Au,(C,F,) ,{pn,~-dppm-H} ,]°
and 2.124(28)A in [Ph,PAu(CH, ] '').

There are four bidentate dmopm ligands with each
of their eight phosphorus atoms forming a Au-P single
bond. Two of the diphosphine ligands, namely

P(4)-C(45)-P(5) and P(2)-C(26)-P(6), are singly

100
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deprotonated at the methylenic carbon atom to form a
6-electron donor ligand, [ (MeO) ,PCHP(OMe),]”; while the
other two dmopm ligands, namely P(1)-C(17)-P(7) and
P(R)~-C(38)-P(8) are doubly deprotonated at the methylenic
carbon to give a 8-electron donor ligand,

[ (MeOQ) ,PCP(OMe) ,]12~. The Au-P distances range from
2.226(5) to 2.258(5)A, which are typical for gold-phosphine
polynuclear complexes':4~6, The triangular faces defined by
Au(l), Au(4), Au(5) and Au(2), Au(6), Au(5) are capped by
the (PCHP)~ ligands. <“he ligand is coordinated through the
deprotonated methylenic carbon atom and the two phosphorus
atoms in a p,-bonding mode, and thus forms two fused
four-membered Au,PC dimetallacycles. A view of the
Au(2)-Au(6)-Au(5) triangle is presented in figqure 3.7(a).
The metallation at the methylenic carbon of the dmopm
ligand causes significant angular distortions at the sp3
hybridized methylenic carbon (angles at C(26) are 104.8(2),
103.5(7) and 116.6(11)° and those at C(45) are 99.6(8),
109.6(5) and 114.8(12)°). Similar distortions were
observed in [M,(x,-Me,PCHPMe,) (CO),(x-H)] (M = Ru,
Os)'2713, The dihedral angle between the plane of
triangular Au atoms and the plane defined by the methylenic
carbon and phosphorus atoms of the (u,-PCHP)~ ligand is
close to zero, showing that the two planes are parallel to
each other (the angle between the planes P(4)-C(45%)~P(5)
and Au(l)-~Au(4)-Au(S) is 1.54°; between the planes

P(2)~-C(26)~-P(6) and Au(2)-Au(6)-Au(5) is 0.58°, Table 3.6).
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Figure 3.7: (a) A view of the singly deprotonated
'u,~(MeO) ,PCHP (OMe) .} ligand.
(b) A view of the doubly deprotonated
{#,-(MeO) ,PCP(OMe) ,}) ligand.
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Au(7) and the atoms of the triangular face of the

octahedron, namely Au(l), Au(2) and Au(3), are arranged in
a butterfly configquration. Au(8) along with Au(3), Au(4)
and Au(6) are also arranged in this way. Each of these
tetranuclear butterfly arrangement is bridged by a doubly
deprotonated (p,-(RO),PCP(OR),]?~ ligand. This novel
coordination mode of the diphosphine is shown in the figure
3.7(b). Doubly deprotonated methylenic carbons, C{(17) and
C(38), bridge the hinge of the butterfly (i.e C(17) bridges
Au(2)-Au(3) bond and C(38) bridges Au(4)-Au(6) bond) while
P(1), P(7) and P(3), P(8) coordinate to the Au atoms at the
"wing~tip" of the Lutterfly, namely, Au(l), Au(7) and
Au(3), Au(8) respectively. Thus, the coordination of the
ligand to the butterfly forms four fused four-membered
Au,PC dimetallacycles and one Au,C dimetallacyclopropyl
ring (i.e. Au(2)-C(17)-aAu(3) and Au(4)-C(38)-Au(6) rings).
Steric requirements of the ligands, and especiallly
metallation of the deprotonated methylenic carbon atoms of
the dmopm ligand, lead to an unusual concave, rather than
convex, ligand geometry. Further, there are substantial
angular distortions of the molecular geometry and some
short intramolecular non-bonding distances. Thus the

(p ,~PCP) 2~ bridging mode causes severe distortion of angles
at the carbons C(17) and C(38) [Au(4)-C(38)~Au(6) 88.4(7)°,
P(3)-C(38)-P(8) 126.3(11)"; Au(2)-C(17)-Au(3) 87.9 ,
P(1)-C(17)-P(7) 124.8(13)°), and results in short Au...Au

distances [Au(2)...Au(3) 2.938(1)A; Au(4)...Au(6)
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2.951(1)A]. It is interesting to note that the dihedral
angle between the plane formed by the doubly deprotonated
carbon and the phosphorus atoms of the (u,-PCP)?2~ ligand
and the atoms of the butterfly arrangement average to
90.0(8)° (see Table 3.6). The four deprotonated methylenic
carbons, namely, C(17), C(26), C(38) and C(45) are in a
near tetrahedral arrangement with C....C distance ranging
from 5.169 to 5.505A.

Thus, in summary, we observe that the structure of

4 is a new type of cage containing four fused 9-membered

L ]
rings. Two of these rings contain AuPCAuPCAuPC units,

while the other two rings contain AuPCPAuCPAuC* unit,
incorporating the carbon atom ¢* of the

# .~ (MeO) ,PC*P(OMe) ,2~ ligands. The phosphorus atom of each
of these (u,-PCP)2?~ ligands which is not involved in the
ring formation is bonded to an exocyclic AuC? unit. The
cage complex is electrically neutral. There are eight gold
centres in +1 oxidation state. These are neutralized by
the presence of two C¢~ ligands, two singly negative
(p,-PCHP)~ units and two doubly negative (u,~PCP)~2 units.
The cage has 112 cluster valence electrons and cannot be
classified under any of the known cluster skeletal
gecmetries'. None of the other known octanuclear gold
derivatives adopt di-edge bridged pseudo octahedral

structure’.
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3.3.5 Spectroscopic characterization of 4

Having solved the crystal and molecular structure
of 4, we can now attempt to interpret the 3'P{'H} and 'H
NMR spectra of 4.

The 3'P('H) NMR spectrum of 4 is shown in figure
3.4. Seven resonances in the intensity ratio 1:1:1:1:1:1:2
are observed. The signal at the high field (s 126.4),
integrating to two phosphorus atoms can readily be assigned
to the two phosphorus atoms P’ and P? which are in almost
identical chemical environments. There are several
possible ways of assigning the other six resonances. The
NMR labelling scheme of one such structure is shown in

scheme 3.4. Each of the two signals due to P2 and P3

P(5)
N\ . _H

—C
P4~ AulS)
Au(l)
Cl(2) Au(d) S~re)

Wﬂ
H N\ P(1)
Au(8) Au(ﬁ) Au(2)

\
ow// \\\puy-——AuDr-—-C\\\
P
Au(7)

cin””

Scheme3.4: NMR labeling scheme for 4

appear as a doublet of doublets with J, = 64 Hz and J, = 18

Hz. The larger of the couplirigs is assigned to 3J(P?P3)
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and is mediated through the Au?-Au3 bond. A coupling of

similar magnitude is found for P¢ and P4, where
3J(P4P8) = 69 Hz, and we believe that this coupling takes
place via the Au“4-Au® bond. Each of the seven phosphorus
resonances shows multiplets with a coupling constant of 18
Hz, and these are assigned to 3J(P-Au-C-P) type couplings.
Such coupling between the phosphorus atoms was seen in
[Au, (C=Ct-Bu) , (p ,~dppm-H) (p-dppm) ], 2b, (details in chapter
4). The remainder of the 3'P NMR parameters can be found
in the experimental section of this chapter.

In the 'H NMR spectrum, the signals due to the
-OMe groups of the dmopm ligands appear as a complex,
overlapping group of peaks at § 3.70 to 4.03 (figure 3.3).
Apart from the -OMe protons, there are only two other
hydrogen atoms in the cage complex. These are from the
singly deprotonated [ (MeO) ,PCHP(OMe) ,]}~ ligands. The
signal due to these protons appear as doublet of doublets
at 5§ 3.03 and 3.12, each with 2J(PH) = 17 Hz and 3J(PH) = 8

Hz.

3.3.6 Spectroscopic characterization of complex 3

In a similar fashion, we should now be able to
identify the precursor complex, 3, whose 'H and 3'P{'H} NMR
spectrum are shown in figures 3.2 and 3.1 respectively.
The 'H NMR of 3 reveals four different signals in the -OCH,
region (& 3.66 - 4.01) with an intensity ratio 2:1:2:1,

which suggests that the molecule contains six phosphorus
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centres or multiples thereof. However, as complex 3 is the

precursor to the cage complex 4, it reasonable to assume
that 3 contains only three dmopm ligands (ie. 6 phosphorus

atoms). Since the elemental analysis suggested the

R
”
>
\ /AU
- P, \
\C'\ Au P/ \
o/ “H P~
\ H-C \Au
R\c Au AU/ \C
%C \IH / \\
c* P
Au / N C
, \ \
P
/‘ R
7

R=C(CHa)3; P =P(MeO)
N
Scheme 3.5

formulation as [Au, (dmopm~H) (C=Ct-Bu) ], it is likely that
n = 3. Thus we assign the molecular formula of 3 ac

[(Aug (dmopm-H) , (C=Ct-Bu) ,], for which a likely structure is
proposed in scheme 3.5. The proposed structure contains
three P,C*HAu units, where C* is a chiral carbon centre.
This leads to the possibility of four stereoisomers, namely
RRR, RRS, RSS and SSS, where R and S represent the
chirality at the carbon centres of the P,C*HAu unit. These
configurations are represented in scheme 3.6.

In the 'H NMR spectrum of 3, the methine protons,

P,C*ﬂAu, appear as a single resonance centred at & 4.34




Scheme 3.6

with 2J(PH) = 15.5 Hz and *J(PH) = 14 Hz. As stated
earlier, the ?'P NMR revealed two peaks centred at s 161.0
and 152.0 and appear as a [AX], spin system (figure 3.1)
but is consistent with [AX], where n : 2 and probably n =
If we consider either the RRS or RSS species, we
should observe six different phosphorus resonances in the

3'P{'H} NMR, since there is no symmetry in the molecule.

3.
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Hence all six phosphorus nuclei are chemically and
magnetically inequivalent. If we assume accidental
degeneracy of some of the nucleii, the simplest spin system
expected in the 3'P NMR is A,BX,Y, where A, and X, are the
four phosphorus nuclei in the R-CHAuP, units and B, Y are
the phosphorus nuclei in the S-CHAuP, unit.

In the 'H NMR spectrum, the methine protons should
appear in a 2:1 intensity ratio to say the least, and all
the 12 -OCH, groups may appear as four sets of protons in a
2:1:2:1 ratio.

Let us look at the NMR spectral features that are
expected for the RRR or SSS model. Both of these
diastercumers have a three-fold symmetry axis perpendicular
to the plane containing the 9-membered ring. This makes
all three exo-cyclic P32 atoms equivalent, as are the three
endo-cyclic PX atoms. Thus, we would expect an AA'XX' spin
system in the 3'P NMR spectrum. The three-fold degeneracy
makes all three methine protons chemically and magnetically
equivalent. The -OCH, protons should appear as four sets
of resonances in a 1:1:1:1 ratio.

Considering the two pairs of models, RRS/RSS and
RRR/SSS as discussed above, we find that RRR/SSS model
agrees well with two of three spectral characteristics
observed; while the RRS/RSS does not agree with any.
However, when spectral resonance degeneracy is considered,
one of the resonances (i.e., =OCH, groups) that is expected

from RRS/RSS model agrees with the observed spectrum.
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Under these conditions we are inclined to tentatively
assign RRR/SSS structure for complex 3, but in the absence

of a crystal structure analysis, nothing more can be said.

3.4 SUMMARY AND CONCLUSIONS

Reaction of [AuC=Ct-Bu] with (MeO) ,PCH,P(OMe),,
dmopm, followed by recrystallization from CH,C¢, and then
CHC?, gave a novel cage complex, 4, which contains four
fused nine-membered rings and the first example of a
structurally characterized [u,- R,PCPR,]2?~ ligand. A
possible structure has been assigned to one of the
intermediates, 3, involved in the sequential metallation of
the dmopm ligand.

The deprotonation of the diphosphines in these
complexes has been achieved under mild conditions, contrary
to the conventicnal methods which involve rigorous reaction
conditions. It is likely that the very easy deprotonation
of the dmopm ligand is aided by the electronegative
substituents on phosphorus which may increase the acidity
of the CH,P, protons compared to the more common R,PCH,PR,
ligands with R = alkyl or aryl. e presence of the basic
alkynyl ligand also enhances the possibility of a
nucleophilic attack on the CH,P, protons. 1In turn, this
promises a rich chemistry of ligands (RO) ,PCH,P(OR), in
forming and stabilizing unusual cage and cluster complexes

of other elements.
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CHAPTER 4

A STUDY OF THE CRYSTAL AND MOLECULAR STRUCTURE OF

{ (t-BuCsC) ,Au, (x~dppm)) AND ITS REACTIONS

4.1 INTRODUCTION
4.1.1 Chemistry of deprotonated diphosphines

The ligand R,PCH,PR, (R = alkyl, aryl, alkoxy or
aryloxy) are often used as ligands to bridge two metal
atoms and have been of great significance in the

development of organometallic chemistry of bimetallic and

cluster complexes'. These ligands c¢an be deprotonated to
\/
z p\ \P/
| | \P/ 7
M M P
/\ I\
A B C
H
\ [ / H H
“p—C——p” \}, /c' Sp—cC—p%
N
=2V
Me—|—M
M——M \,I,,/ M M
D E F
Scheme 4.1

give the 6 electron donor [R,PCHPR,]~ ligand, which can

then coordinate to metal centres in different bonding modes

as shown in scheme 4.1. Thus the [R,PCHPR,]™ ligand can

112
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act as a monodentate anion (C-donor)?2, C; a neutral chelate
(p,P donors)3~5, B; a bidentate . ,-(P,P or P,C donors)¢~8,
A, D; or tridentate anion u,-(P,C,P donors)®~'', E; or

u,-(P,C,P donors)'?, F.

+2 H
P +
li’/\ 2 —l \(l:i___P —l
l
PhyP —Pi Tt—PPh:, KOHEIOH __  ph,p —Pi Tt— PPh,
P P ) P
N P ~S
P p == dppm
Equation 4.1
P'/A\\P o T/’”\xT o
Ci . o s
IIRh’ rlan/ ———Mr—-"ZL"."HR ©~fn ':‘ 'R/ Rh
o'l o7 =0 A\\_}/l
P P
N \\?',
H
p/\ p == dppm
Equation 4.2
N\ H
~
P P C ——p"
oC l\lﬂ l\ld co A (OC) l\|4\ T. l!ll(CO)
— ——— \ e — | —
(G Ny (C0% M = Os, Ru ? ~Nu
.
(CO), (o), H
p* /\ P S dmpm
Equation 4.3

The deprotonation of the methylene group of the

diphosphine occurs usually in presence of strong bases’




(equations 4.1, 4.2) or on pyrolysis of the cluster

complex?®:,'? (equation 4.3).
In other cases, the groups attached to the metal

centre are basic enough to deprotonate the

diphosphinet!'<'4, equations 4.4 to 4.5.

P Au
A HC/C P)\CH

2AuCl(CHzPPi13) + 2 dppm 2PIPPhsCHaICT AN /
P Au P
Equation 4.4
3/n MMes,, + 3dppm -
h . -
-3MesH P/Fj\""
Me /
M o —]-r
gﬁ 4 Mes= Me PC M H

Me

Equation 4.5

Apart from the eight gold cage complex 4,

describad in chapter 3, there is only one report on the
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- Ph,
dppm AcO Hg P—0Ac Hg
3Ha(OAG), O~ c (05SCFa)z
[HQ(MGZSO;GI(‘DaSCFs)a AcO Hg P—OAc Hg
i e J

Equation 4.6



215
doubly deprotonated diphosphine ligand, [R,PCPR,]}27, in
which a species containing four Hg atoms coordinated to a
dppm ligand (equation 4.6). This species was observed only
in solution by '9°Hg NMR spectroscopy'S. The complex was
unstable in solution and could not be isolated.

In the previous chapter we concluded by saying
that the easy deprotonation of the dmopm ligand is aided by
the electronegative substituents on phosphorus which in
turn increases the acidity of the CH,P, protons. These
hydrogens were then abstracted by the alkynyl ligand, and
resulted in the formation of a Au-C bond. We decided to
investigate the course of similar reactions using other
diphosphines. One such study was conducted on the
Ph,PCH,PPh, (dppm) ligand coordinated gold (I) complex,
[(Au, (p~dppm) (C=Ct-Bu) ,], 1b. This complex has all the
characteristics that are needed for the deprotonation of
its dipheosphine ligand to occur. It has phenyl groups as
the substituents on the phosphorus, which in turn would
make the methylenic protons reasonably acidic. The t-butyl
acetylide ligands bound to Au atoms could then attack the
CH,P, protons and deprotonate them forming new
organometallic gold complexes.

This chapter describes the synthesis,
characterization and crystal structure of the precursor
l1b. Pyrolysis of 1b resulted in
tAu, (u ;-dppm-H) (x~dppm) (CxCt-Bu) ,], 2b; a complex

containing a singly deprotonated dppm ligand. A
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combination of this and the results seen earlier in chapter
3, vave some insight into the possible reaction pathway for
the formation of the octagold cage complex

{Au,C?,{u ,~(MeO) ,PCP(OMe) , ), {u,~ (MeO) ,PCHP(OMe) ,},], 4.

4.2 EXPERIMENTAL
4.2.1 Synthesis of [Au, (u-dppm) (CzCt-Bu),]; 1b

To a suspension of [AuC=Ct-Bu] (0.650 g, 2.33
mmol) in acetone (10 mL) was added a solution of dppm
(0.453 g, 1.18 mmol) in acetone (10 mL). The yellow
suspension dissolved giving a reddish-yellow solution.
After 1 h. stirring, the solution was concentrated and
layered with n-pentane. After 3 h. a white crystalline
solid precipitated, which was filtered, washed with cold
acetone and dried under vacuum. Yield: (77.5%). Anal.
calecd. for C,,H,,Au,P,: C, 47.23; H, 4.29. Found: C,
47.01; H, 4.60. 'H NMR data (in CDC¢,) at 20°C: 5 2.09 [s,
18H, t-Bu], 4.35 [t, 2J(PH) = 10, 2H, P,CH,], 8.0-8.6 [m,
20H, P(C.H,)]. ?'P{'H) NMR data (in cDc¢,) at 20°C: & 26.7

(s).

4.2.2 Synthesis of [Au,(x-dppm-H) (p-dppm) (CxCt-Bu),], 2b
Complex 1b (0.100 g, 0.11 mmol) was dissolved in

toluene (10 mL) and refluxed under an atmosphere of N, for

24h. The initially colourless solution turned yellow. The

solvent was removed under vacuum. The yellow precipitate
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was dissolved in acetone and layered with pentane. Pale
vyellow crystals separated out, and were filtered and dried
in vacuum. Yield: 55%. Anal. calcd. for C  H,,Au,P, : C,
45.40; H, 3.92. Found: C, 45.69, H, 4.04. 'H NMR data (in
CDCe,) at 20°C: l1.22, 1.26, 1.41 [s, 27H, t-Bu], 3.30 [t,
2H, 2J(PH?) = 11, P,CH2,], 4.48 [dt, 1H, 2J(PCHP) = 12.s5,
3y (pPPEP) = 7, P,cHPau), 6.75-8.60 [m, 40H, P(C_H.)]. ap
NMR data (in cDC¢,) at 20°C: s 28.9 [d, 2J(PRF) = 73, 1P,
P33}, 32.9 (dt, 2J(pPaprbP) = 73, 3g(PPPC) = 15, 1P, PP}, 31.2

[a, 3J(pbpc) = 15, 2P, PC].

4.2.3 X-ray data collection, reduction and structure
solution of 1b

Clear, colourless prismatic crystals of 1b were
obtained by slow diffusion of pentane into an acetone
solution. Photographic analysis showed Laue symmetry 2/m,
and the systematic absences observed defined the space
group P2,/c.'¢ The density of the crystal was determined
by neutral buoyancy in a mixture of 1,2-dibromocethane and
pentane.

The crystal selected for data collection had
six-faces as revealed by optical goniometry to be of the
forms {100} and {(011), with the (100} form well developed.
A perspective view of the crystal is presented in appendix
5. Unit cell parameters and an orientation matrix were
obtained from 21 reflections with 20 < 20 < 30°. w-scans

of several intense, low angle reflections had an average



Table 4.1.

Crystal Data

compound, formula weight
crystal system, space group
systemat ic absences

cell dimens (A, deg.)

cell volume (A3), y 4

temperature, C

density, g cm™3, obsd; calc

E<perimesncal Details
diffractometer, monochromator
radiation, wavelength (A)
cryst-detec (mm), t.o.a. (.)
aperture (mm), vert; horiz

centering reflec: 8 range

Data Collection

approx. crystal dimens (mm)
cryst vol (mm3®); no of faces
face indices

scan mode, width ( )

index, 8 ranges

scan speed (deg min~"')

max time per datum, total time

standard reflections
monftor frequency, % var

no of data, standards collected

C, ,H,,Au,P,.}C HO
monoclinic, P2,/c (no. 14)
h0g, 2 odd;

a = 14.047(1)

c = 17.140(3)

Summary of X-ray Structure Determination of complex 1b

1027.23

0kO, k odd
b = 16.124(1)
g = 103.17(2)
3780(1), 4
23
1.724(3), 1.755

Enraf-Nonius CAD4F, graphite
Mo, M(Ka mean) 0.71073

205, 2.5
4.0; 5.0 + 0.35tan®
20; 20 < 28 < 30

0.16 x 0.4C x 0.42
12.9 x 10-3; 6

{100} and {011}

w-28, 0.75 + 0.35tan®

-13<h <13, -15< k < 15,
0<Q2<14; 0<O<2
1.0 to 2.5
60s, 98h

100, 020, 002
180m, 0.3
7288, 174
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Table 4.1, continued.

Data Processing

corrections

decay, absorption corrections
abs coeff (cm™'); grid size
transmission, max., min.

no of unique data, signif.

Structure Refinement

no. of observ., variables
final model; R, and R,

top resid., (e A‘3 coord.)

largest shift, parameter

119

Lorentz, polarization and
monochromator polarization
none; Gaussian
78.52, 8 x 16 x 16
0.395, 0.162
4908 > (1)

2625, 206
0.0261, 0.0299
0.654 (0.062 0.104 -0.358)
0.005, Bl11 of C(6)
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width at half-height of 0.12 and 0.13° before and after
data collection, respectively. Intensity data were
measured at variable scan speeds within maximum time per
datum of 60s. 7283 observations were collected over 8 days
using w-20 scan up to a maximum 26 of 40°. Standard
reflections were monitored regularly, and showed no decay.
Standard deviations were assigned based upon counting
statistics, and a Gaussian absorption correction
applied.'? 5073 reflections were averaged to give 4908
unique reflections with I > ¢(I) for the analysis. Crystal
data and details >f the experimental conditions are
presented in Table 4.1.

The structure was solved using Patterson and
Fourier methods to locate first the Au atoms and
subsequently the remaining non-hydrogen and hydrogen atoms
in the complex. The Au and P atoms were refined with
anisotropic thermal parameters while C atoms were assigned
isotropic values. Refinement proceded smoothly yielding
residuals of R, = 0.041 and R, = 0.065 for this model prior
to the H atom location. All 40 H atoms were located in
areas of positive electron density in a difference Fourier
synthesis [(sin@)/» maximum 0.35] with 38 of thcu
appearing as distinct peaks with densities ranging from
0.2(1) to 0.7(1) eAX"?- They were included in idealized
positions vith thermal parameters set at 110% of that of
the atom to which they are bonded. Their positions were

updated as the refinement progressed, but not refined. At
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this stage of refinement, a difference Fourier synthesis
showed the presence of a disordered molecule of acetone
included in the crystal as solvent of crystallization, see
Figure 4.1. The solvent molecule was located at a centre
of symmetry at coordinates (0.5, 0.5, 0.5); a disorder
model as shown in figure 4.1 was constructed to account for
the electron density, with multiplicities of 0.5 for O and
C(14). The methyl carbon, C(15), was assigned a
multiplicity of 1. The acetone molecule was refined as a
rigid group (C-C = 1.484 A C-0 = 1.232 A) in subsequent
calculations with one overall temperature factor. The H
atoms on the solvent molecule were not located. At this
stage the structure was transferred to the SHELX-~76
program'® to complete the refinement. The four phenyl
rings were constrained as rigid groups'® (D, symmetry,

C-C = 1.392 A) and refined with individual isotropic
displacement parameters for the ring carbon atoms. In the
final model, the two Au atoms, twno P atoms, bridging
methylene C atom and the C atoms of the t-BuCeC ligand were
refined anisotropically. The structure was refined by
full-matrix least-squares techniques on F, minimizing
YW(11Fg1 = 1Fc11)?, weight = 1.6726/[{(c(F))?2 + 0.01484F2].
Scattering factors for neutral, non-hydrogen atoms were
taken from ref. 16, while H atom scattering factors were
taken from Stewart et al.?° The final cycles of refinement
included 206 variables, 2625 unique observations with

I > 30(I) converged at agreement factors R, = 0.0261 and R,
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= 0.0299. The highest residual electron density was
0.54 eA"? located midway between C(54) (0.68 A) and C{55)
(0.75 A) and was of no chemical significance.

A statistical analysis of R, and R, in terms of
data collection order, i1Fgi1, A" 'sine and various
combinations of Miller indices showed no unusual trends.
This indicates a satisfactory weighting scheme, ard the
absence of secondary extinction. Final positiocnal and
U(equivalent) thermal parameters for the non-H atoms are
given in Table 4.2. H-atom parameters, anisotropic thermal
parameters, selected torsion angles and least-squares plane
calculations are given in Tables 4.3, 4.4, 4.5, and 4.6

respectively. Structure amplitudes are listed in appendix 1.

4.3 RESULTS AND DISCUSSION
4.3.1 Synthesis and characterization of
[Au, (p~-dppm) (C=Ct-Bu) ,], 1b
Complex 1lb was synthesized by reaction of
[AuCs=Ct-Bu] with the diphosphine in 2:1 ratio (equation

4.7). It was characterized by 'H, ?'P{'H) NMR spectra

2[AuC=zCt-Bu] + dppm ——— [Au,(pu-dppm) (C=Ct-Bu),]

Equation 4.7

and elemental analysis and the structure of 1b was

elucidated by a single crystal X-ray diffraction
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technique. The 'H NMR spectrum of 1b showed a triplet
centred at 5 4.35 due to methylene protons, PCH,P, with
2J(PH) = 10 Hz. 3'P{'H) NMR revealed a singlet at 5 26.7
indicating that the two phosphorus atoms of the diphosphine

ligand are chemically equivalent. These data suggest a

KkHQg cH
=LH2
/'A"”
C
’,cgﬁa Ad//’
P

P(CgHs)2

(CH,),C

Scheme 4.2

gsymmetrical structure for 1lb as shown in scheme 4.2, which
was later confirmed by X~ray crystallography (see section

4.3.2).

4.3.2 Description of Crystal and Molecular structure of 1b
The crystal structure of 1b consists of discrete
molecules of [Au,(u-dppm) (C=Ct-Bu),] and a disordered
acetone molecule occluded in the lattice as solvent of
crystallization. The closest distance of approach being
2.54(2) A between HC(12A) and HC(25) in equivalent position
(X, Y+ % , 2 + %t ). The principal bond distances and bond
angles are presented in Table 4.7 and some weighted
least-squares planes are given in Table 4.6. Figure 4.2

shows perspective views of complex 1b, in the directions




parallel and perpendicular to Au,P,C, plane. Figure 4.3 is
a stereov.ew of the molecule. The four phenyl rings of the
dppm ligand are numbered C(21) to C(26), C(31) to C(36),
C(41) to C(46) and C(51) to C(56).

Each molecular unit consists of two gold (I)
centres bridged by a dppm ligand. Each Au(I) centre is
linearly coordinated to a phosphorus atom of a bridging
diphosphine ligand and to a t-butyl acetylide group. The
molecule is U-shaped, with the two AuCCt-Bu units aligned
in close proximity with an intramolecular non-bonding
Au....Au distance of 3.330(1) A. The isoelectronic
complexes, PP(AuC?),, (PP = bidentate phosphine ligand)
also possess a similar structure in which the Au-C¢ 'arms'
are aligned parallel to each other. For the complex where
PP = (Ph,P) ,CH, which possesses crystallographic 2-fold
symmetry, Au....Au is 3.351 A and for PP = cis-Ph,PCHCHPPh,
it is 3.05 A.2's/22 It is expected that the cis-geometry
observed for 1lb would lead to greater steric repulsion
between the t-BuC=C groups attached to Au(I) centres.
Indeed this could be seen, in that the angle
P(1)-Au(1l)-C(1) is 169.1(3)° which is a large deviation
from the more usual values close to 180° seen in complexes
containing P-Au(I)-X bonds.2? The linear geometry observed
in Au(I) complexes is maintained at Au(2), whose angle
P(2)-Au(2)-C(7) is equal to 176.6(4)°. The methylene
carboa of the diphosphine ligand is situated above the

Au,P,C, plane. The dihedral angle between this plane and
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Table 4.2.
Atom

Au(l)
Au(2)
?(1)
P(2)
Cc(1)
C(2)
Cc(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
c(11)
C(12)
C(13)
Cc(14)
C(15)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
c(41)
C(42)

Atomic Positional (x104) and Thermal! (x103) Parameters

X

397.1(3)
824.6(3)

~1080(2)
-433(2)
1655(8)
2388(8)
3280(7)
3117(10)
3600(11)
4070(10)
1974(8)
2704(8)
3599(8)
3882(11)
4416(10)
3457(10)
-994(6)
5022(24)
4670(24)
-1709(5)
-2158(5)
-2603(5)
-2600(S)
-2152(5)
-1706(5)
-1944(4)
-1663(4)
-2335(4)
-3290(4)
-3571(4)
-2898(4)
-1428(5)
-2166(5)

y

1384.7(2)
2479.4(2)
1233(1)
1821(2)
1304(6)
1165(6)
959(7)
241(8)
1684(9)
822(12)
3070(6)
3331(6)
3622(7)
4445(9)
3060(11)
3739(9)
985(S)
4792(11)
5663(11)
355(4)
-263(4)
-932(4)
-983(4)
-365(4)
304(4)
2074(4)
2813(4)
3454(4)
3356(4)
2617(4)
1976(4)
2513(3)
2251(3)

926.6(2)
-605.6(2)

64(2)
-1442(2)
1765(6)
2264(6)
2843(7)
3363(8)
3396(8)
2457(9)
78(6)
488(6)
1034(7)
751(8)
1038(11)
1867(8)
-962(5)
4638(9)
4597(9)
367(3)
-157(3)
130(3)
941(3)
1466(3)
1179(3)
-11(4)
396(4)
357(4)
-88(4)
-495(4)
-456(4)
-1895(4)
-2535(4)

Ueq* (A7)
51.1(2)
57.1(2)
45.0(8)
48.3(8)
56(4)
60(4)
72(4)
122(6)
139(7)
181(9)
63(4)
61(4)
69(4)
151(8)
180(10)
122(7)
47(2)
141(4)
141(4)
46(2)
37(3)
71(3)
75(3)
77(3)
58(3)
44(2)
69(3)
83(3)
88(4)
86(4)
71(3)
56(3)
72(3)



Table 4.2 continued,

Atom

C(43)
C(44)
C(45)
C(46)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)

X

-2950(5)
~2996(5)
-2258(5)
-1474(5)
-119(4)
~465(4)
-202(4)
408(4)
754(4)
490(4)

y

2773(3)
3557(3)
3819(3)
3297(3)
1323(4)

547(4)

218(4)

665(4)
1441(4)
1770(4)

z

-2845(4)
-2516(4)
-1876(4)
-1565(4)
-2294(4)
-258:.(4)
-3255(4)
-3637(4)
-3348(4)
-2677(4)

o

Table 4.5.

parameters,

Atom

HC(4C)
KC(4B)
HC(4A)
HC(5B)
HC(5A)
HC(5C)
HC(6A)
HC(6B)
HC(6C)
HC(10A)
HC(10B)
HC(10C)
HC(11C)

5104 (24)

Ueq -

3708
2629
2908
3702
3113
4194
3923
4651
4159
3370
3999
4460
4525

4432(11)

a= IL jz:j Ui;

115
390
-232
2150
1812
1549
368
707
1308
4833
4384
4638
3019

4023(9)

a, a

- %

[
[
[ 2

3739
3640
3038
3086
3681
3765
2096
2849
2170

736

230
1107

512

Ugq* (A?)
101(4)
97(4)
90(4)
70(3)
52(3)
68(3)
81(3)
78(3)
75(3)
61(3)
141(4)

Hydrogen atom positional (x104) and thermal (x103)

U(A?)

100
100
100
100
100
100
100
100
100
100
100
100
100
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Table 4.3 continued,

Atom

HC(11A)
HC(11B)
HC(12C)
HC(12B)
HC(12A)
HC(13B)
HC(13A)
HC(22)
HC(23)
HC(24)
HC(?25)
HC’26)
HC(32)
HC(33)
HC(34)
HC(35)
HC(36)
HC(42)
HC(43)
HC(44)
HC(45)
HC\46)
HC(52)
HC(53)
HC(54)
HC(55)
HC(56)

4271
4987
2326
4034
2923
-1635
-612
-2160
-2910
-2905
-2150
-1400
-1011
-2144
-3749
-4222
-3090
-2135
-3454
-3531
-2290
-971
-882
-438
588
1170
727

2527
3273
3215
3967
4102

887
496
-228

-1353

-1439
-400

725
2880
3959
3794
2550
1471
1716
2595
3914
4354
3475

242
-312

440
1746
2300

1216
1390
2074
2197
1859
-1274
-949
-711
-228
1137
2019
1536
700
635
-115
-799
-734
-2760
-3282
-2728
-1650
-1128
-2323
-3453
-4096
-3609
-2479

U (A?)
100
100
100
100
100
47
47
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141

128



129

M > apttng + oea'nz+ awminz+, o0+, axnr, wut'nfaz-| - o
X * x ¥ X % Iy T Ty 2 Ty C z
s} uo}ssaadxa Joldej aanjeladwa) jedauad ayjl
(o1)s2- (6)S1 (6)62- (E1)¥OL (v1)8S1 (11)eot (T1)o
(81)¢01- (g1)61- (g1)92 (£2)€ST (61)781 (z1)v8 (1o
(o1)8- (1)s- (g1)€8- (z1)s11 (91)#S1 (91)+91 (01>
(9)L- (9)81 (9)¢€1- (6)vL (1L (8)29 (6)D
(9)L- (9)#1 (9)9- (8)¢L (L)69 iy (8)0
(9)L- (9)1z (9)z1- (8)¢L (L9 (wis (L)
(s1)9% 1z (v (r1)9T1 (vT)SIE (Z1)86 (9)D
(i on. - (auvoz- (zvort €29242 (E1)PEL ()
(01)¥S (6)L1- (6)L- (z1)9z1 (tnort (t1)zot (#)D
(L (9)71- (9)8 (8)sL (8)s8 (Wvy (€)0
(§)9- (9)¢ CINA (L)8S (L9 (s (2)d
()1 (9)¢- ($)6 (L)ss (L)8s (L)8y (1)2
(1T (1)o1 (D~ (2)9¢ (DLy (D1 (T)d
(Dy (1)8 (D¢ (T)8y (DVey (Der (1)d
(TVIT ¥ vz (2)6°6- ()T €9 (€)T°19 (v)8°9¢ (Z)nv
(TIL°0- (T)8°¢ (D)o'v ()L €S (€)s°0S ()T sy (1)nv
mND m—D -D mmD NnD _.—D wo Iy

q1 ul (¢QIx) sda23r3wesed Tewsayl dojdosrosjuy  “p'p d|qel



130

-mm-=emeem=---3UB|d U] SWOJY-m=mmcwe———==

(T)S1T°0 890%°C
(TILIT°0-  9901°'0
861°0- LOIO'IL
00Z°0 Pops 1
aouelIS|(q z

($)ev9- (T)d
($)r-6€1 (Z$)
()v 191 (ZP)D
Py L1~ (9¢)D
(929  (927)0
(19)v'9z (1)
(19)s°9v1  (€1)0
(ot)e'z1  (17)0
a|8uy $uoy

- 89¢6°T 6¥¥0°0-
8L86'1  eTPS'I-
- BL66't 8v¥6E'1
LTET'T  6561°0

'saue|d Salenbg-3sea] palda[as "9 I[qel

(€1)D
(1$)0
(1$)0
(1£)0
(12)0
(2)d
(2)d
(1)d

gwoy

(1)d
(2)d
(2)d
(1)d
(1)d
(Z)ny
(Z)nv
(1)ny

Zwoly

(1ny
(T)nv
(T)ny
(1)ny
(1)ny
(L)D
(L)D
(1)2

juoy

(9T Tp-
(9)0°91-
(9)T 8¢
(9)8°¢
(rr-zer-
(19)€°26-
(91)8°0¢€1
(17)L° €01~

a[8uy

(9$)0
(9%)d

(1)d
(2€)D
(z2)d
(1%0
(1€£)2
(€1)D

p woly

41 uy A.v saj3uy [vuojsJo] Pai1da[as ‘'G'p Iqel

0 = L6ST°T- Z S¥81°0- A 96¢8°0- X 601S°0
aue|d jo uojienba ojydeaBojjeisdiy

(1$)2 (2)d
(1#)2 (D)d
(€1 (T)d
(1£)0 (1)d
(122 (1)d
(T)d  (T)nv
(1)d  (1)ny
(1 d  (1)ny

€ woly 7z woly

1

‘ON 3ue]d

(Z)ny
(T)ny
(T)av
(1)ny
(ny
(L)
(1o
(1)

[ woly



131

pS'0 -+ T8 vel

3j3uy jeapayld

(9)LLy 0~ 06T8°€~ TEEL'T ¢8TL'O (18)2
(LovL'1 0291°€- EISO'y  #99T ' 1- (1#)o
(9)065'1 S810°'0- OvPE'€ 6STL'T- (1€)2

(9)660°0 0€19'0 ITLS'0 9EpS°T- (1z)o
nnnnnnnnnnnnn ~SWOAY dAYIQ=—-=m==mm—maue

"ON duejd "oN dueld

:saue|d uaamiag sajBuy jeipaylq

000°0 890v°T- 89t6°T 6¥v0°0- (T)d
000°0 6v09°1- ¢L8S'1 1120°1- (€1)D
000°0 9901°'0 8LB6'I  €T¥FS'I- (1)d
m——emece-m===3UB[d U] SWOIY--===----e-==
aouelsig z A X wo 1y
0 =2990°C + Z SI1SE°0- A STOV' O + X TS+8°0- [ 4
sue|d jo uojienba ojydesBojeisii) "ON 3ue|d

(9)Lps°1 06T8°€- TEEL'T  #8TL'O (1820
(9)90Z°1- 0T91°¢€- €ISO'F  $99T°1- (1¢)0
(9)L€6°1- S$8I0°0- OFVE'E  6STL'T- (1€)2
(9)L9g°0 0£19°0 1TLS°0  9¢pS°T- (12)0
(01)9SS°0-  L¥I8'0 10LE°S TLO9'E (8)o
(01)LyT' 1 ISLL'E 68L8°'1L 969%°T (7)
(01)61S°0- TOEL'0 86Y6'¥ ETPL'T (L)
(6)98L°0 0S¥6'T TEOL'T 8¥E9'L (1)5
(6)10L°0 6¥09°1- $L8S°1 11zo° 1~ (€1)0

mmmmmeme e e SWOJY JOYJQ-—mmmmm——mmm e

aoueisig z K X wo1ly

‘panuipiuod 9'p a|qel




Table 4.7.
Au(l) P(1)
Au(2) P(2)
Au(l) Au(2)
P(1) C(13)
P(1) C(31)
P(2) C(41)
c(1) C(2)
C(3) C(4)
C(3) C(6)
C(8) C(9)
c(9) C(11)
Angle
P(1) Au(l)
P(2) Au(2)
Au(l) P(1)
Au(l) P(1)
C(13) P(1)
Au(2) P(2)
Au(2) P(2)
Au(2) P(2)
C(13) P(2)
Au(l) C(1)
Au(2) C(7)
C(2) C(3)
C(2) C(3)
C(2) Cc(3)
<(4) C(3)
C(8) c(9)
C(8) c9
C(10) Cc(9)
C(10) Cc(9)
P(1) C(13)

e e e e e e e WONON

c(1)
C(7)
c(13)
c(31)
c(31)
c(13)
c(41)
c(51)
c(51)
C(2)
c(8)
c(4)
C(5)
C(6)
c(6)
C(10)
c(12)
c(11)
c(12)
P(2)

.270(3)
.269(2)
.330(1)
.833(8)
.804(7)
.818(7)
.201(13)
.510(15)
.432(15)
.464(15)
.461(16)

Degrees

169.
176.
113,
117.
106.
114
113,
114
104.
172.
172.
110.
109.
111,
113,
109.
111.
106.
107.
113.

1(3)
6(3)
4(3)
7(2)
6(3)

.2(3)

3(2)

.9(2)

1(3)
9(9)
4(10)
9(10)
9(10)
0(10)
1(12)
3(10)
6(9)
5(12)
S(11)
3(5)

Au(l)
Au(2)
P(1)
P(1)
P(2)
P(2)
C(2)
C(3)
<(7)
c(9)
C(9)

P(1)
P(1)
Au(l)
C(13)
C(21)
P(1)
P(1)
C(13)
C(41)
Cc(1)
C(7)
P(2)
P(2)
C(4)
c(S)
C(8)
P(2)
P(2)
c(11)

c(1)
c(7)
P(2)
C(21)
C(13)
c(51)
C(3)
c(5)
C(8)
C(10)
C(12)

Angle
C(21)
C(21)
P(1)
P(1)
P(1)
C(31)
C(31)
P(2)
P(2)
C(2)
C(8)
C(41)
C(41)
C(3)
C(3)
C(9)
C(51)
C(51)
C(9)

Selected Bond Distances (A) and angles (') in 1b.

.011(11)
.006(11)
.076(4)
.806(6)
849(9)
.807(T)
.450(14)
.508(16)
.180(13)
.497(16)
.497(15)

- = WwNw

bk gk ek gk b ek

Degrees

c(22) 123
C(26) 116.
C(21) 109.
c(21) 104.
c(31) 104.
c(32) 119.
C(36) 120.
c(41) 105.
c(51) 103.
c(3) 177
c(9) 176.
C(42) 120.
C(46) 119,
c(5) 106.
c(6) 105
c(11y) 111.
c(52) 123.
c(56) 116.
c(12) 110.

Numbers in parentheses are estimated standard deviations.

.6(2)

3(2)
4(2)
4(3)
2(3)
9(2)
1(2)
8(4)
5(3)

.0(11)

7(12)
8(2)
1(2)
7(10)

.0(12)

3(10)
9(2)
1(2)
5(12)
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Figure 4.2: Perspective views of lb, in the directions
parallel (below), and perpendicular (above) to

Au,P,C, plane.
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the plane containing P(1), C(13), and P(2) is 134.8(5)°.
One of the interesting aspects of this structure is the
spatial orientation of the phenyl rings of the

diphosphine. The four phenyl rings of the dppm ligand are
arranged in such a way that two of them are in the axial
plane [rings 3 and 4] while the other two are in the
equatorial plane [rings 2 and 5] with respect to the plane
containing P,Ar ,C, atoms [Figure 4.2]. Phenyl ring 3 (ie.
atoms C(31) to C(36) inclusive) is situated roughly
parallel to, and about 3.5 A from, phenyl ring 4 (ie. atoms
C(41) to C(46) inclusive). The plane of phenyl ring 3
makes an angle of 15.1(6)° to the plane of phenyl ring 4.
This interactiorn is similar to the packing observed in the
graphite allotrope of carbon?+4 and such packing is also
seen in several platinum complexes2S. The geometry about
the acetylenic carbon atoms C(1), C(2), C(7) and C(8) is
almost linear (172.9(8) to 177.0(11)°) and is
characteristic of sp hybridization. The Au-C distances are
2.006(10) and 2.011(9) A which are slightly longer than
those seen in other complexes containing Au-C (acetylenic)
bonds?? (1.935(19) A in [C,H,NH,AuCsCPh]2¢ and 1.993 A in
(PPh ,AuCzC(C_F.)]12?). The Au-P distances are
indistinguishable with a mean of 2.270(2) A which is normal

for gold-phosphine complexes. 23,28
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4.3.3 Synthesis and characterization of
(Au, (p ,-dppm-H) (p~dppm) (CsCt-Bu) ,], 2b

On refluxing a solution of 1b in toluene in a
inert atmosphere for 24h, a yellow solution is obtained
which upon precipitation by addition of n-pentane yields a
pale yellow product, 2b (equation 4.8). The product was

characterized by elemental analysis 'H and 3'P{'H} NMR

2[Au, (p—-dppm) (C=Ct-Bu) ,] — [Au,(p,-dppm-H) (xu-dppm) (C=Ct-Bu) ]

Equation 4.8

spectra. The proposed structure and the NMR labelling
scheme for complex 2b are shown in scheme 4.3.

Hﬂ

Aub, Pb\‘c -Ha
P°—C—/H°
Aud” \ ‘//Pa
.//C’ pe Au?

~ (CHa)3C

Scheme 4.3: NMR labeliing Scheme of 2b

The 3'P{'H} NMR spectrum of 2b revealed three sets
of peaks (figure 4.4), indicating three chemically
different phosphorus atoms. The signal due to P2 appeared

as a doublet centered ¢t 5§ 28.9 with 2J(pPapb) = 73 Hz. Pb

appeared at & 32.9 as a doublet of triplets due to coupling
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to P2 [2J(PaPP) = 73 Hz] and two chemically equivalent
phosphorus atoms, PC [3J(P2P€) = 15 Hz]. The signal dve to
PC was a doublet centred at § 32.2 with 3J(P2PC) = 15 Hz
and this peak was twice as intense as those due to P2 and
pb.

The 'H NMR spectrum (figure 4.5) of 2b revealed
two different signals due to the methylene protons (P,CH2,)
and methine proton (P,CHPAu). The signal due to HP at
4.48 appeared as a doublet of triplets due to coupling to
phosphorus nucleii PP and PC [3J(PPHP) = 7 Hz and 2J(PCHD)
= 15 Hz]. The two chemically equivalent protons, H2,
appear as a triplet centred at & 3.30 with 2J(PH) = 11 Hz,
and twice as intense as the signal due to HP. We could
even observe the chemically inequivalent protons of the
t-BuC=C groups appearing as singlets at s 1.22, 1.26 and
1.44. Thus, the 'H and 3'P{'H)}) NMR spectral data strorgly
support the proposed structure of complex 2b.

Complex 2b consists of four gold atoms and these
are linked together by a dppm and a singly deprotonated
dppm-H ligand. While the dppm ligand acts as a bidentate
ligand, bridging the Au2 and AuP centres, the deprotonated
diphosphine acts as a tridentate u,-(P,C,P donor) bridging
the AuP, Au€, and Au€' centres. To date, we have been
unable to grow suitable crystals of 2b for crystallographic

studies.
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4.3.4 Mechanism of formation of gold cage complex 4

The results obtained in this chapter combined with
those from chapter 3 helped us to understand the complex
chemistry involved in the formation of the octagold cage
complex 4 which was described in chapter 3.

The reaction of [AuC=Ct-Bu] with dmopm in a 2:1
ratio is complex. It is probable that the first formed
complex is the diphosphine bridged la by analogy with the
structurally characterized dppm analogue 1b. Complex 1b on
pyrolysis gave 2b whose structure is unambiguously
determined by multinuclear NMR methods as
[Au, (p=Ph,PCH,PPh,) (u,~Ph,PCHPPh,) (C=Ct~Bu) ,]. Slow
crystallization of la from CH,Ce, resulted in the formation
of [Au,{ (MeO) ,PCHP(OMe) ,}(C=Ct-Bu)]p, 3, for which a likely
structure with n = 3 is proposed (chapter 3).
Crystallization of complex 3 in CHC¢,/pentane resulted in
the formation of the novel octagold cage complex
(AuyCe,{p,~(MeO) ,PCP(OMe) ,},{p ,~ (MeO) ,PCHP(OMe) ,},], 4,
whose structure was characterized by X-ray diffraction
methods (details in chapter 3).

Given the structures of 1b, 2b and 4 which are
established unambiguously and the proposed structure of 3,
it is possible to understand the complex chemistry
involved. A possible reaction scheme is shown in scheme
4.4.

In the process of formation of tetranuclear

complex 2b, two molecules of 1lb react. When the molecules
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Scheme 4.4: Proposed reaction scheme for the forma‘a)n of cage complex 4

Legend:

@ - tiuCC
DO etc. = Aau
®-=cC

O=P

®-c

H
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of dimer 1b come in close contact with each other, the
alkynyl end of the first molecule attacks and abstracts one
of the methylenic protons of the diphosphine in the second
molecule. This results in the elimination of a molecule of
t-BuCCH, ard formation of a new Au-C bond; hence the
tetranuclear complex 2b. Deprotonation of the methylene
protons of the dppm ligand is well known, but occurs
usually in very strong basic medium. For example, the
complex cation of [Pt,(PPL,),(p-dppm),](PF,), reacts in the
presence of KOH/EtOH to yield

(Pt, (PPh,) , (pu-dppm) (p—dppm-H) ) (PF.), equation 4.1 and
reaction of [PtC¢(PEt,) (dppm)]* with LiPBu gives

[PtCe(PEt,) (dppm-H) ], equation 4.9.3

Ph, +1 Ph,

N N | v ”\/}w
SN T LN

Equation 4.9

However, in the process of formation of 2b from
1b, the alkynyl ligand itself seems to be basic enough to
deprotonate the dppm ligand without the necessity of an
added base. Extrapolating to the dmopm system, the

analogous dmopm product, 2a, is probably formed when two

molecules of la react, but this product is very unstable
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and further rezcts with a third molecule of la to form the
cyclic complex 3. During this process, two more molecules
of t—BuCCH are eliminated resulting in two more Au-C bonds
and thereby forming a cyclic nine-membered ring containing
the AuPCAuUPCAuPC unit. There are three [y ,-PCHP]~ units in
complex 3. For the formation of the octagold cage complex
4, complex 3 can then react with one more molecule of dimer
la. For this reaction to occur, 3 sitould have either the
RRS or RSS conformation (details given in cha, .er 3).
Hence, the proposed RRR/SSS structure of 3 must isomerize
to the RSS/RRS diastereomer. This is possible if cne of
the endocyclic Au-C bond cleaves and rearranges with an
exocyclic Au atom. In the RSS/RRS racemic modification,
two of the methine protons are directed above the
9-membered cyclic ring, while the third proton is directed
below the cyclic ring. The three exocyclic P-Au-C units
are free to rotate about the exocyclic P-C bonds. We
suggest that one of the exocyclic P-Au~C units rotates
along its P-C bond and rearranges, as shown in scheme 4.4,
structure 3'.

As there are no dimeric molecules la available in
the solution of complex 3, it is possible that some
molecules of complex 3 in solution reverts to la as shown

in equation 4.10. Thus, the regenerated molecules of 1la

3 t-BuCCH

(Au, (dmopm-H) (C=Ct-Bu) ], — 3 [Au, (p-dmopm) (C=Ct-Bu) , ]

Equation 4.10



reacts with 3' to yield the cage compiex 4. The AuCCt-Bu

ends of the incoming dimer can thus attack the two methine
protons on 3' which are pointing in the same direction,
while the P-Au-CCt-Bu unit that was swung around towards
the ring, can deprotonate one of the methylenic protons of
the incoming dimer. This sequence of reactions will result
in the elimination of three t-BuCCH molecules, and
formation of three more Au-C bonds. Construction of cage 4
is completed by a parallel reaction in which the remaining
two exocyclic AuCCt~-Bu units react with chloroform to give
two AuC? groups. A similar reaction has been obsserved

previously (chapter 2) 28,

4.4 SUMMARY AND CONCLUSIONS

Reaction of [AuC=Ct-Bu) with dppm resulted in
[Au, (u-dppm) (C=Ct-Bu) ,], 1lb whose structure was
characterized by X-ray diffraction methods. Complex 1lb, on
pyrolysis yields the tetragold complex,

[Au,(p ,~dppm-H) (p~dppm) (C=Ct-Bu) ,], 2b.

Formation of the novel gold complex 4 described in
chapter 3, has been rationalised in terms of a sequential
metallation of the diphosphine, resulting in the
oligomerization of the initial product, la. The driving
force for such a reaction to occur has been attributed to
the presence of the acidic CH,P, protons and the basic

alkynyl ligands in the initial products, la and 1b.
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CHAPTER 5
SYNTHESIS, CHARACTERIZATION AND REACTIVITY OF SOME dppn

STABILIZED ‘triangulo Pt,' - Au CLUSTERS

5.1 INTRODUCTION

There has been considerable interest recently in
the preparation and characterization of mixed metal cluster
compounds that contain Group Ib metal atoms.'r2,4 Amongst
these, compounds containing Pt-Au or Pt-Ag bonds have
received much attention. Consideration of bond
dissociation energy of the diatomic Au, molecule in the gas
phase (2.29 eV, 223 kJmol~')? suggests a more extensive
cluster chemistry for gold than other group Ib metals which
have smaller bond dissociation energies (Cu, 1.95 eV, 190
kJmol~'; Ag, 1.65 eV, 161 kJmol~'). Indeed these
dissociation energies exactly parallel the relative
occurrence of cluster compounds of these metals. Mixed
metal gold clusters are important because of their
potential use as catalysts in the preparation of materials
of definite composition. The reasons for interest in these
compounds are three fold. First of all, there are the
novel structures and bonding modes available in a mixed
metal system. Secondly, these complexes serve as models
for hetero bimetallic catalysts. Gold is known to
significantly alter the activity and selectivity of
platinum catalysts. Finally, an understanding of how the

transition metal~gold bond is formed is of fundamental
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interest and of importance in the design of syntheses of
new clusters.

Heteronuclear Pt-Au compounds of varying
nuclearity such as PtAu, 5 PtAu,,¢ Pt,Au,’ Pt,Au,,°®
Pt,Au,®,'% Pt . Au,,'' PtAu,,'? PtAu,,'? and PtAu,,'3 are
known and all these clusters have been characterized only
in the past five years. 1In these complexes, gold has a
strong tendency to form Au-Au bonds or bridged AuM, or AuM,
units. A few examples of structurally characterized

compounds are shown in scheme 5.1.

L
L T
C Au C
L o —|~C~ \Pt/L L'-—L/l \I!’t—L

c‘;\m/clz, (I)\Au/(l;
o] | o} N | N
L R L R

L

|

Au

,‘/\ ) .80} L
// \ / \9// P

/ \ \Pl/\,L S0,

Bu Au

Scheme5.1: L=PCy3 ; L'=PPhg ; L"=P(p-CeHyF)a: R=25MeCeHa
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The first Pt-Au cluster, (PtCe(AuPPh,),(PEt,),1%,
was synthesized by Braunstein and coworkers in 1984.¢
Equation 5.1 shows the substitution reaction in which the
hydride is replaced by an Au, fragment. This reaction
shows the synthetic route that is widely used in the
preparation of transition metal-gold bonds. That is, the
isoloi:al substitution of LAut (L=PR,) for H*'4.'s and

hence, formation of a Au-M bond.

PEt,

H—Pt——Cl + 2 [(thhAu({(PPhy)]" CF3SO5

PEt,
-Ci3S03H
+1
E tsT - ppha
\\\\\\\“"
¢ 'I°' CF4SOy
Au

Et,P

3 \PPh3

Equation 5.1

It has been shown that electrophilic fragment
R,PAut or AuCe? can be added to electron-rich binuclear c
trinuclear platinum complexes to yield Pt,Au or Pt,Au
clusters, respectively’r¢. The work presented in this

chapter shows that similar -eaction occurs when Ph,PAut
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reacts with the coordinativeiy unsaturated triplatinum
cluster, [Pt,(yx,-H) (p-dppm),1*, 2, to give

[Pt,(s#;-H) (u,-AuPPh,) (u-dppm) ,]1*2, 3a. 3a can be
deprotonated to yield [Pt,(mu,-AuPPh,) (¢-dppm).,]*, 4, and
further aurated to give [Pt,(p,-AuPPh,),(x-dppm),]tz, 5.
These reactions provide a route to novel platinum cluster
compounds and show clearly how electrophilic ligand
substitution can occur by a bimolecular stepwise
mechanism. Similarly, reaction of the fragment AgPPh *t
with 2 gives [Pt,(u,-H) (#,-AgPPh,) (u-dppm),]*2, 3b. 1In
addition, the reactivity of some of these clusters with
ligands such as PPh,, CO and H,S are discussed. The
product obtained in the reaction of 4 with CO shows an

interesting fluxional process.

5.2 EXPERIMENTAL
All the solvents were degassed with N, before
use. All preparations were carried out in a dry N,

atmosphere using Schlenck tube techniques.

5.2.1 [PPh,Au(thf)](PF,)

In a typical synthesis, a solution of AgPF, (6 mg,
0.0246 mmol) in THF (10mL) was added to an equimolar
solution of (AuPPh,C?] *n THF (10 mL). The contents were
stirred for 10 minutes and then filtered free from the

precipitated Agcf. The filtrate which contains



[PPh,Au(thf) ] (PF,) was then directly used for the

subsequent synthesis of mixed metal complexes.

5.2.2 [Pt,(u,~H) (k-dppm) ,](PF,), 2
In a typical synthesis, an orange suspension of
[Pt,(p,—CO) (p-dppm) ,]1(PF,),, 1 (50 mg, 0.0246 mmol) in
methancl (10 mL) was cooled to 0°C. To this was added a
two fold excess of NaBH, (2 mg, 0.0498 mmol) in methanol (2
mL). The contents dissolved and the solution slowly turned
reddish brown in colour. The solution was stirred for 15
minutes, and the solvent was removed at 5°C under reduced
pressure. The residue was dissolved in CH,C¢, (15 mL) and
filtered free from insoluble sodium salts. On removal of
CH,C?,, a red solid was obtained in 80% yield. The product
was unstable in air and was characterized in solution by
NMR spectroscopic techniques. The NMR data are given in

table 5.2.

5.2.3 [Pt ,(pu,-H) (px,~AuPPh,) (p~dppm),])(PF,),, 3a

To a solution of 2 (46 mg, 0.0246 mmol) in CH,Ce¢,
(5 mL) was added a solution of [PPh,Au(thf)](PF,) (15 mg,
0.0248 mmol) in THF (5 mL). The contents were stirred for
lh. On removal of solvents, a red solid was obtained which
was washed with ether (15 mL), giving a red
microcrystalline solid in 70% yield. Anal. calcd. for
C,,Hy,AUF, ,P,Pt, : C, 44.9; H, 3.32. Found : C, 44.4; H,

3.40. mp: 190°C.
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5.2.4 [Pt,(p,-H) (p,-AgPPh,) (p-dppm),](PF,),, 3b

To a solution of 2 (91 mg, 0.0480 mmol) in THF (10
nL) was added a solution of [AgPPh,(thf)](PF,) (19 mg,
0.0484 mmol, prepared by stirring a solution of AgPF_, and
PPh, in THF for 10 minutes) in THF (15 mL). The contents
were stirred at -78°C for 0.5h. On removal of solvent, a
red solid was obtained in 70% yield. Due to fairly rapid
decomposition of this complex at room temperature,
satisfactory analytical data could not e obtained. The
species was characterized in solution by multinuclear NMR

spectroscopic techniques.

5.2.5 [Pt,(u,~AuPPh,) (p-dppm),](PF,), 4

To a solution of 2 (121 mg, 0.0642 mmol) in CH,C¢,
(10 mL) was added a solution of [PPh,Au(thf)](PF;) (67 mg,
0.0645 mmol) in THF (15 mL). After the mixture was stir -ed
for 1h., it was washed with dil. NaOH (0.05M, 10 mL),
followed by water (25 mL) and dried over MgSO,. Upon
filtering and removing the solvent under reduced pressure,
a reddish brown solid was obtained which was washed with
ether (15 mL) and dried under vacuum. Yield: 73%. Anal.
calcd. for C, H,,AuF P, Pt,: C, 47.7; H, 3.49. Found: C,

46.9; H, 3.59. mp: 250°C. MS: Calcd. for

[Pt, (u,-AuPPh,) (p-dppm) ,]1*, m/e 2197; found, m/e 2197.
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5.2.6 [Pt,(p,~AuPPh,),(p-dppm),])(PF;),, 5

To a solution of 2 (102 mg, 0.0543 mmol) in CH,Ce,
(15 mL) was added a solution of [PPh,Au(thf)](PF.) (67 mg,
0.1102 mmel) in THF (5 mL). The contents were stirred for
lh. Solvent was then removed on a rotary evaporator. The
product was washed with pentane giving a red solid in 78%
yield. Anal. caled. for C,,,H, Au,F, P, Pt,: C, 45.2; H,
3.28. Found: C, 45.6; H, 3.39. MS: Calcd. for

[Pt, (u;-AuPPh,) ,(x-dppm) ,1*', m/e 2657; found, m/e 2657.

5.2.7 Reaction of 3a with NEt,

To a stirred solution of 3a (132 mg, 0.0532 mmol)
in CH,C?, (10 mL) was added an excess of NEt, (0.542
mmol) . “ter 15 minutes of reaction the solvent was
removed under vacuum. The red solid was washed with ether
(10 mL). 3'P and 'H NMR characterization of the product

indicated complex 4 as the only product.

5.2.8 Reaction of 4 with <~ _COOH

Complex 4 (75 mg. .0,2 mmol) was dissolved in
CH,C¢, (0.7 mL) and placed in an NMR tube (5 mm). To this
solution CF,COOH (2.5 gL, 0.0336 mmol) was added by
syringe, the cube sealed, and the contents were mixed
thoroughly. The 2'P NMR spectral data indicated complete

conversion of complex 4 to complex 3a.
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5.2.9 Reaction of 4 with one equivalent of
[PPh,Au(thf) ] (PF;)

To a solution of 3a (62 mg, 0.0250 mmol) in THF
(10 mL) was added a solution of [PPh,Au(thf)](PF,) (15 mg,
0.0253 mmol) in THF (5 mL) anc¢ the contents were left to
stir for 1h. The reaction solution was evaporated under
reduced pressure and washed with ether. This gave the red

solid product 5 in 90% yield.

5.2.10 Reaction of 5 with PPh,

To a solution of 5 (75 mg, 0.025 mmol) in acetone
(10 mL) was added PPh, (14 mg, 0.0534 mmol). The countents
were stirred for 2h. with no apparent colour change. NMR
characterization of the products indicated a mixture of 4

and [Au(PPh,),](PF,) [5°'P = 0.1].

5.2.11 React:on of 4 with H,S

Complex 4 (60 mg, 0.0253 mmol) was dissolved in
acetone (10 mL), and a slow flow of H,S was passed through
the solution. The reaction was accompanied by a color
change from red to yellow. Solvent was then removed on the
rotary evaporator. The product was washed with ether,
giving a yellow crystalline solid Yield: 80%. Anal. calcd.
for ¢, ,H,,F,P,Pt,S: C, 47.0; H, 3.52. Four~: C, 47.2, H.
3.74. IR (Nujol): »(PtH) = 2086 cm™'. MS: calcd. for
[Pt,(p-dppm) , (x,-S)H]*, m/e 1771; found, m/e 1770 (P-H).

NMR data: s(°'P) 22.8 [m, 'J(PtP) = 2992, 2J(PP) = 27,




1586
Pa); 2.6 [m, 'T(PtP) = 3110, 2J(PtP) = 181, 3J(PP) = 161,
PP); -15.1 [m, 'J(PtPj = 3840, PC]; 23.1 [s, S(AuPPh,),]:
§('H) -9.24 [t, 1H, 1J(PtH) = 11.€, ZJ(PH) = 13.5, PtH].

4.02 [s, 4H, CH,P,], 5.60 [s, 2L, CH,P,].

5.2.12 Reaction of 4 with €O to yieid 7

Complex 3a (50 mg, 0.02C1 mmol) was dissolved in
CD,Cl, (0.7 mL) and placed in an NMR tube (5 mm) fitted
with a Teflon tap. This tube was attached to a vacuum line
along with a vessel containing CO gas. The sample was
degassed under vacuum and frozen under liquid N,. Excess
CO was condensed into the tube, which was cooled to
liquid  nitrogen temporature, and the tap was closed. The
31F NMR spectrum was recorded at -60°C. At -60" C, the
spectrum corresponds tn that of product 7 in solution.
After recording the NMR spectra, the solvent was removed by
bubbling CO into the solutien. An IR spectrum of the
resulting red snlid was recorded.
NMR data: 5(°'P) 41.8 {s, 2J(PtP3) = 620, 1P, Pa); 14.3
[s, "J(PtPP) = 2922, 25(PtPP) = 213, 3:J(PbPP) = 204, 6P,

PP). IR (Nujol) : »(C=0) 1995 cm™'.

5.2.13 Reaction of 4 with '2CO to yield 7%

The procedure was the same as that described
above, with the exception that '3CO gas (99.4% abundant)
was used instead of '2C0O gas. Following the reaction, a

series of 'L, 3‘P('H}, and '3C('H) NMR spectra were run at
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-60°C. The NMR and IR data are reported in Table 5.3.

5.3 RESULTS AND DISCUSSION
5.3.1 Synthesis and characterization of complexes 2-5
The new triplatirum cluster complexes 2, 3, 4 and

5 were synthesized as shown in scheme 5.2 and 5.3.

2
Pas '|+1 LAG* P/\P "!+
P H P H
N N NS P
P/H:P?P'\P p~ \;P( N
co \_p’ Vp PAl/ P~
2 A.u
H L
3a
‘|+2
P/g\,l, OH'
I Y +2AuL*
\—-P/ Np
1
+2 /\ +1
P/l.'\ll’-‘ LAU® ;|> :u FID-I
| _Au -
i P(—| =Pt ‘—l_': P(=—] =P
L =PPhy ST Y7 N 7 Se” p
* P V4 N
p Al P L LA P™ p
A 4
L
5
Scheme 5.2

Complex 2 was prepared by a moedified literature

rethod'!é, Earlier methods involved a reaction of excess
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NaBH, or Na-amalgam reduction at room temperature with the
carbonyl complex 1 for 72h. This results in the formation
of a mixture of 2 and the trihydrido A-frame dimer,
[Pt,(u-H)H, (p—dppm) ,1*.'? In our method involving reaction
of 1 with two equivalents of NaBH, at 0°C for 15 minutes,

complex 2 is obtained in quantitative yield. Furcher

+1 +2
P/H\P-I LA P/H\P ]
N N V4 N
pr ISP TIN PTNNPCY N
, P \__ T P
M P P\I/ pt
Ag
L
2 L=Pph3 3b
Scheme 5.3

reaction of 2 with one equivalent of MPPh3+ (M = Au or Ag)
gives the novel complexes [Pta(ug-H)(pa-MPPhs)(u—dppm)g]+2
(M = Au, 3a; Ag, 3b).

Reaction of 3a with the bases such as NEt, or dil.
NaOH results in the formation of the deprotonated product,
4. Further auration of 4 using AuPPh3+ yields the digold
cluster 5. Complexes 3a, 4 and 5 were thermally stable and
could be isolated in analytically pure form as the
hexafluorophosphate salts which were deep red solids.
Complex 3b was thermally unstable and was characterized
solely by multinuclear NMR spectroscopy. With the
exception of 3b, all the other complexes gave a parent ion

peak in the FAB mass spectra (envelopes with the expected
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intensities due to the many isotopomers present). All the
complexes were characterised unambiguously in solution by

multinuclear NMR spectroscopic techniques.

5.3.2 Spectroscopic characterization of complexes 3 - 5
The ?'P{'H} and '°5Pt{'H} NMR spectral data of

complexes 3 - 5 are given in Table 5.1 and the NMR

labelling scheme for these complexes is shown in scheme

5.4. The main feature of the ?'P NMR spectra of 3 = 5

+Nn
P

P”’ M X | Complex | n

M Au H 3a 2

// \/ Ag H 3b 2

Pt* —— -7-/ Au _— 4 1

Pb/ \ ) Au AuP, 5 2
XY

Scheme 5.4: NMR labelling scheme for 33 - 5

(figure 5.1, 5.3 and 5.4) is the presence of two distinct
phosphorus signals P2 and PP. The further complexity of
the spectra are due to the four isotopomers (see
scheme 5.5) which are present as a result of zero, one, two
or three soin active '25pt nuclei; (I = % , 33.8% natural
abundance) in the cluster (see appendix 6).

The major resonances due to isotopomer I, which

gives a doubl=t due to PP (due to couping with B3,




160

B¢ 30 (ZHW v 121) wnajoeds ¥WN {Hi}di¢ :1°g aanbrg

(Wdd) ¢ O¢- €l- 0 L St 61

1 | 1 1 1 1 | 1 A

\ (qdqd)r,

(adqd)fe + ((did)r,

-/

(edrd)r,

,Il_b

2H 005 ZHOEL




i I tn v

m{? Pt Pt‘\--:—-/ Pt Pt\———;7 Pt Pt'\—:-/ Pr*

Natural 29 0% 44.4%, 22.7% 3.9%
Abundace

Scheme 55: '¥pt=pr

3J(Pan) = 19 Hz, 3a; 3J(Pan) = 22.5 Hz, 4) and a septet
due to P2 (due to coupling with six equivalent phosphorus
nuclei, PP, in the Pt, (p—-dppm) , unit). 1In the complex 5,
the signal due to PP appears as a triplet (Fiqure 5.4) due
to coupling with two chemically equivalent P2 nuclei on the
p,—AuPPh, units (*J(P2Pb) = 21 Hz). For isotopomer II,
there is a coupling between PP and Pt* which manifests
itself as a doublet superimposed on the PP resonance from
the isotopomer I. The presence of a single active Pt
nucleus made the PP nuclei magnetically inequivalent, and
thus PP couples to both Pt* and PP. Both 'J(PtPP) and

2J (PtPP) are well resolved and each satellite contains an
extra doublet splitting due to 3J(PPPP). This observation
cf long range PtP and PP coupling is characteristic of an
almost linear P-Pt-Pt-P unit and has proved to be a useful
criterion for the presence of such units. The 'J(PtP)
counling is obtained by measuring from the centre of the
upfizld satellite to the centre of the downfield

satellite. The three bond PS-pP coupling is responsible
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for the doublet splitting seen in the satellites of the PP
signal. The long range coupling, 2J(PtPP), is obtained by
measuring the separation between the inner satellites.
Since only one half of the doublet is observed, one can
measure from the downfield outer half of the satellite to
its partner on the upfield side and subtract 3J(PPPP) as
shown in figure 5.1. The spin system is complex in the
cases of isotopomers III and IV. Only a spectral
simulation would sort out the peaks ¢ iginating from the
contributions made by these two isotopomers.

The septet resonance due to P2 also contains '95Pt
satellites and the origin of these satellite spectra are
the isotopomers II, III and IV. For isotopomer II, there
is a coupling between P2 and Pt* which results in a doublet
centred about the P32 resonance from isotopomer I. Similar
coupling interactions in isotopomers III and IV resulted in
a triplet and a quartet, respectively, and these resonances
are also centred ahout the P2 resonance from isotopomer I.
Superposition of the multiplets should give a seven-line
spertrum whose intensities are in ratio 1:12:49:84:49:12:1
with lines separated by 0.5 2J(PtP2' (see appendix 7) The
outer lines were too weak to be observed, but the
intensities of the inner five lines were as expected (ie,
1:4:7:4:1). This pattern was observed for the P2 resonance
in complexes 3 to 5 and is characteristic of a Pt,(p,-X)
group in these complexes [X = AgPPb,, 3b or AuPPh, (3a, 4

and 5)].



Table 5.1 : 31P{1H} and 195p1{1H} NMR Spectrat Data for Complexes 3 - 5 §

Complex

5 Pb

1J (PtPb)
2) (PtP)

3y (pbpb)
5Pa

2J (PtP?)
3y (Parb,
1 (’°7AgP)
1J (109AgP)
2J (AgPY)

8 Pt

§ Inacetone-dg

Table 5.2 : TH NMR Spectral data for Complexes 210 5 §

Complex

1 (PtH)
2J (PbH)

3J (PAUPtH)

§ Inacetone-dg
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Characterization of the silver complex, 3b, was
aided by the resence of '9’Ag and '09%Ag, each having spin
I =3%. The 3'P NMR spectrum of 3b at -40°C (figure 5.3)
showed the resonance due to P2 at § +16.5 appearing as a
doublet of septets due to coupling with '97Ag/'99Ag and the
six chemically equivalent phosphorus nucleii of the
Pt,(x-dppm), unit ['J('°’AgP3) = 536 Hz; 'J('99%AgP3) = 550
Hz and 3J(PapP) = 8.5 Hz] and is accompanied by the
satellites due to '95Pt having the intensities expected for
a Pt,(p,-AgPPh,) unit.

The 'H NMR spectra of 3a and 3b revealed
characteristic metal-hydride signals upfield of TMS. The
signal in the 'H NMR spectrum of 3a (figure 5.2) was
observed at 5 -0.9 and appeared as a septet of doublets due
to coupling with six equivalent phosphorus nuclei of the
Pt,(dppm) , unit (2J(PPH) = 17 Hz) and the P2 nucleus of the
(p ,~AuP2Ph,) unit (3J(HPtAuP3) = 11.5 Hz), and with
satellites due to coupling to '95Pt ('J(PtH) = 317 Hz)
having the intensities expected for a Pt,(x,-H) group's. A
similar hydridic resonance was observed for 3b at -40°cC,
which appeared at & -1.12 with 'J(PtH) = 325 Hz. We note
that the NMR data does not preclude less symmetrical but
fluxional structures, such as structure with a
Pt, (H) (. ,~MPPh,) unit [M = Au, 3a; Ag, 3b], shown in scheme
5.6. However the NMR data are unchanged at -80°C and no
terminal Pt-H stretch was observed in the IR spectium, so

such structures are improbable.
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Scheme 56: L=PPh3, M=Au,3a; Ag, 3b

The resonance due to the CH,P, protons in the 'H
NMR spectra of 3a, 3b and 4 appeared as an "AB" quartet due
to non equivalent CH2HPP, protons, thus indicating that
these complexes are unsymmetrical, and the groups that are
capping above and below the Pt (u-dppm), unit are not the
same. In contrast, the resonance due to the CH,P, protons
of 5 appeared as a singlet at §5.20, suggesting a
symmetrical structure with u,-AuPPh, groups capping the
faces above and below the Pt, triangle. Thus, NMR spectral
data suggest a tetrabh<edral Pt Au metal skeleton for 4,
while 5 adopts a symmetrical trigonal bipyramidal Pt Au,
skeleton. Complexes 3a and 3b have a tetrahedral Pt M
arrangement of atonis, with the Pt, triangular face capped
by a triply bridaing hydride ligand. Structurally
characterized analogcu: corplexes of 4« and 5 are well

documented in the literature?,1'0,18,

5.3.3 Chemical reactivity of Au~-Pt clusters 3 - 5

The chemistry of mixed-metal gold cluster
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compounds has not been extensively reported.' The reaction
of these clusters with the lewis bases is dominated by the
abstraction of AuPR,* units, and replacement by a phosphine
or halide ligand. A number of clusters undergo reactions
with either CO or H,, which suggests the possibility of
using these compounds in homogeneous catalysis.

Compl«x 4 has a vacant face on one side of the
Pt, (u-dppm) , unit and hence varicus ligands can bo added
onto this face. The added ligand can bind to one Pt centre

in a terminal mode, or it can bridge a Pt-Pt edge in a

# ,-bridging moue, or cap the Pt, unit in a x,-bridging

mode. We have rcacted a few selected reagents with the

/L\ -l+1 + e -I+2
P™ T P P P
L Aos) K L/T\l

P{ :Pt/ Np ? ; p”” \\P(H\P
PT NpS BH B Pl N/

P l.'P H//S\Pt p
Au -~ -
,I:f’_l.:pl, H™/ / +  (AuPPh3)s3
P70\ ~
/P< _/P g /H\P
P P \_P

Scheme 5.7
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species 4 to form a range of compounds. Scheme 5.7 shows

the various products formed in these reactions.

5.3.3.1 Reaction of 4 with acids and bases

Complex 4 readily reacts with CF,COOH and yields
the protonated product 3a. The detailed characterization
of this product has been described earlier.

3a can be easily deprotonated by reacting with
bases like NEt, or dil.NaOH to revert to 4. These
react.ons demonstrate the stability of 3a and 4 towards
strong acids and bases. This is a unique feature of these
two clusters, since most of the cluster complexes are
unstable in acidic or basic medium and result in cluster
fragmentation. For example, the reaction of NEt, with
Os ,H,(CO) , ,AuPPh, induces the disproportionation of the
cluster to 0s H,(CO),, and Os_ H,(CO),,(AuFPh,),.'? This
was rationalized in terms of nucleophilic attack by NEt, at
the AuPPh, centre, followed by heterolytic cleavage of the
Au-0Os bond and further reaction of the liberated gold

cation.

5.3.3.2 Reaction of 4 with H,S

Reaction of H,S gas with 4 results in the
elimination of the AuPPh, unit and formation of the known
cluster [Pta(p3-S)(H)(y-dppm)3]+, 6. The spectral data
(see experimental) and the elemental analysis of 6 are in

full agreement with the reported work.2° The u,-S unit in
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6 cannot be displaced by any other ligand. These results
demonstrate the poisoning affinity of the sulfide towards
platinum, which is often observed in sulfur contaminated

heterogeneous catalysts.

5.3.3.3 Reaction of 4 with CO

Complex 4 adds CO readily and reversibly at room
temperature to give a 56 electron complex,
[Pta(ya-AuPPha)(CO)(p-dppm)3]+, 7. This species was stable
only under a positive pressure of CO, and hence was
characterized solely by spectroscopic rethods. Table 5.3
gives the NMR spectral data of 7 obtained at -60°C. The
3'P NMR spectrum of 7 at -60°C is shown in figure 5.5. The
NMR labelling scheme for 7 is given in scheme 5.8. The P2
resonance at 5§ 41.8 appears as a singlet with satellites
due to coupling to '95Pt [2J(PtPd) = 620 Hz) having the

intensities expected for a Pt,(g,-CO) group. We should

'] +1
P

L N
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O,

13C
0
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Scheme 5.8: NMR labelling scheme for 7
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Figure 5.5: ?'P('H) NMR spectrum (121.4 MHz) of 7 at =~-60°C.
Inset shows the resonance due to P2 in the '?CO
enriched sample, 7*.
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note that addition of a CO ligand to 4 leads to a collapse
of the 3J(papb) coupling from 22.5 Hz in 4 to zero in 7.
Thus, the signal due to P2 which appears as septet in4
collapses to a singlet in 7. The dppm resonance appears as
a sharp singlet at s -14.3. The spectrum does not change
even at -80°C, though a slight broadening of the dppm

resonance is observed.

Table 5.3 : NMR Spectral Data for Complex 7 in CD2Clo

31p{1}

dpa
2, (PtPa) ; 1 (Pt13cO)

30 (PaAuPL13C) | 3y (PaAuPt3c)

In the '3CO0 enriched cluster, 7*, the resonance
due to P2 appears as a doublet due to coupling with '3C0O
[*T(PAC) = 48 Hz, see the inset in figure 5.5). This is
confirmed by the '3C NMR spectrum of 7* at -60°C (figure
5.6)), where the '3CO resonance appears at 5 204.0 as an
apparent 1:4:7:4:1 quintet (due to 'J(PtC) = 368 Hz) of
doublets (3J(P3C) = 48 Hz). There is no observable change

in the '3C NMR spectrum even at -80°C. Thus the 3'P and
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Figure 5.6: '3C{'H) NMR spectrum (75.4 MHz) of 7* at -60°C.
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'3C NMR data suggest that in complex 7 both the AuPPh, unit
and the CO ligand are capping the faces above and below the
Pt,(u-dppm) , unit, in a triply bridging mode, as shown in
9. However, the IR spectrum of 7 shows the ,(C=0) stretch
at 1995 cm~'. The corresponding » (C=0) stretch is observed
at 1978 cm~' in the '3CO enriched, 7*. These IR data are
characteristic of a terminal carbonyl ligand and suggest
that in 7 the CO ligand is bound terminally to a single
platinum centre.

The IR and NMR spectral data of 7 can be
rationalized on the basis of a rapid fluxional process
involving migration of the CO ligand around the triangular
face of the cluster. The mechanism of fluxionality is

likely to occur as shown in equation 5.2. Thus, we see that

+1 +1 TN\ +1
T//TF\T'] ?/’?>\? ] ? L 7 ]
Au Au Au
p_ple_‘.pt—P —_— P-—p(..:.llpt_p St p_pﬁ\_l_‘p'_p
L\P,...I AP AP__;, 2 e gp/p(\:,,)
Cc C C
0 0 O
7 7' 7'.
Equation 5.2

the fluxional process is fast on the 2'P and '3C NMR time
scale and is slow on the IR time scale.
We cannot say if the ligand migration involves a

Pt,(u,-CC) or a Pt,(p,-CO) transition state, 8 or 9 (scheme




5.9), respectively. A similar fluxional process has been
observed earlier2? in the isoelectronic complexes

[Pt, (u,~CO) (L) (x.-dppm) ,1*2, where L = PR, or P(OR),, in

1
P/‘.'\P TA P/%\P '
| _Au_| | Au_|
2| py— —|=prt
A
p” WP pAl e —]
c o
0 o]
8 9
Scheme 5.9

which the ligand L migrates from one platinum to another on

the triangular face of the cluster.

5.3.3.4 Reaction of 5 with PPh,

It is krown in gold chemistry that the addition of
one or more equivalent of PPh, to a gcld cluster can lead
to the formation of a new cluster. For example,
(Au,Ir(H) (PPh,) (N0O,);* reacts with two equivalents of PPh
to form [AuIr(H)(PPh3)4]+ and [Au(PPh3)2]"’.23 The reaction
of the digold cluster 5 with two equivalents of PPh, in
acetone results in the extrusion of the AuPPh,* unit
yielding the monogold complex 4 and [Au(PPh,),)* (see
equation 5.3). 1n this case, more than one eguivalent of
PPh, was necessary co produce a complete reaction because

an ejuilibrium between [Au(PPh,),]* and PPh, ties up free
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PPh,. This equilibrium is rapid on the NMR time scale and

results in a signal that appears at 520.1, which is a

+2 +1
T/t'_\? '] Fl,/ll_\T "I
Au +L Au .
Pr=| Pt I Pr=|=p1 +  Aulp
RN 2R 7 SNpf N
R X/ ~ P P PN P
LpAl/ pv p P~/
Au
'
L
5 4
Equation 5.3

weighted average of the positions of [Au(PPh,),]% (540.1)

and free PPh,(5-10.2).

5.4 BONDING IN Au-Pt CLUSTERS 3 - 5 AND 7

Clvsters 3 - 5 contain a triangle of platinum
atoms capped either by a single MPR,% fragment (M = Au in
3a; Ag in 3b) or bicapped by a AuPR3+ unit on each side <f
the Pt, triangle (as in 5). Complex 4 contains both a
(u,-H) and a (u,-AuPR,) unit, capping opposite sides of the
triplatinum centre. Complexes 3 and 4 are isonlectronic
and contain 54 valence electrons, while 3a and 3b are
analogous to the isocelectronic
(Pt, (u,~AuPCy,) (¢-CO),(PCY,) ,)* (see scheme 5.1) cluster,
synthesized and structurally characterized by Mingos et al;

complex 5 is a 66 electron cluster.
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Figure 5.7 : Frontier Molecul: Orbitals of Pl3 (u-dppm')3 unit




179

The bonding in platinum-gold cluster complexes has
been discussed in detail elsewhere?¢, with reference to
semi-empirical molecular orbital calculations. 1In these
complexes the gold is contributing only a single valence
orbital (sp hybrid) to the cluster bonding?2s.

In complexes 3-5, H* and/or AuPR,* units cap the
42 elec n triangular Pt, clusters, based on the
Pt,(ux-dppm) ; unit. A detajled MO analysis of this
triplatinum unit was the subject of recent studies by Evans
and others?',28, The molecular orbitals and energy lzvels
for the Pt,(u-dppm), unit are illustrated in figure 5.7.

In this triplatinum system, there are 4 bonding orbitals
(namely a,', a," and the degenerate pair e') derived from
the combination of thrce PtL, units. The a," (derived from
Pt 6Py orbital) orbital is unavailable for occupation as a
result of the high lying nature of the Pt 6Py orbitals.

The cluster therefore has three occupied M-M bonding
molecular orbitals and a total of 42 electrons. The a,'’
bonding orbital contains two electrons and is the HOMO in
this system. It is formed by the combination of three PtL,
units, each having one inward-pointing orbital contributing
to the cluster bonding. It has been argued that the
addition of a capping ligand to this unit stabilizes the
existing molecular orbitals on it.?' In particular, the
capping process strongly stabilizes the a, (S7) skeletal
bonding HOMO.

A qualitative picture of the interaction diagram




O ... - o T
€ = 1] (]

a..z___--------——a'-‘, '

Au?

Figure 5.8 : Principal molecular orbitals for the metal skeleton of 4
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for ([Pt,(u,-AuPPh,) (x-dppm),]*, 3a, is presented in fiqure
5.8. Here, the gold atom is linearly sp hybridized. One
hybrid accepts a pair of electrons from the phosphine
ligand, the other overlaps with the a,' orbital of the Pt,

unit, forming a four-centre two-electron bond linking the

four metal atoms.

when a second AuPR,* unit is added to the cluster
complex 5, its sp hybrid interacts with the a,' orbital,
which then becomes a five-centre orbital (figure 5.9). The
pair of electrons is now even further delocalized, and is
expected to consequently increase both the Pt-Pt and Pt-Au
bond lengths. Thus, if the capped complexes 3a, 4 and 5
are considered to be formed by consecutive addition to the
a, HOMO of the Pt,(pu-dppmy, unit, then the individual Pt-H
and Pt-Au bonds are expectcd to be weaker for the dicapped
compounds.

This is reflected by the relative magnitudes of
the coupling constants 'J(PtH) and :3(PtAuP) for the
complexes 3-5 and 7. As expected, the magnitudes of the
coupling constants 'J(PtH) for the dicapped c<¢lusters 3a
(317 Hz)) and 3b (325 Hz) are less than those for the

monocapped cluster 2 (710 Hz). A similar trend is also

observed in 'J(PtC) values for the dicapped complex 7 (368
Hz) relative to the monocapped complex 1 (777 Hz).
Similarly, 2J(PtAuP) in 3a (503 Hz) and 5 (440 Hz) are much
reduced from the value found in 4 (892 Hz).

The 'J(PtH) value in the symmetric, dicapped,
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dihydride complex [Pt,(u,-H),(p-dppm),]1*2, 12, (the details
of this complex are given in chapter 6) is 420 Hz.
Consideration of the 'J(PtH) and 23 (PtAuP) coupling
constants in complexes 3a, 5, and 12 indicates that the
gold atom has a greater share of the a, HOMO of the

Pt, (p-dppm) , unit, than does hydrogen, in the mixed compiex
3a [ie, a lower 'J(PtH) and higher 2J(PtAuP) value compared

to those in the symmetrical complexes 12 and 5].

5.5 SUMMAKRY AND CONCLIU'SIONS

The synthesis and characterization of the platinum
group IB mixed metal complexes that were discussed in this
chapter resulted largely from the isolobal analogy between
AuL* and H* units'4/'5. The hydrido complex 2 was used as
the precursor in all the synthesis, with the aim of
substituting the hydridic proton with a LAut fragment. Not
only did we succeed, by this strategy in obtaining 4, but
we were also able to isolate and characterize the
intermediate 3a. A similar rationale explains the
selectivity of the substitution reaction defined by the
sequence 2 —— 3a —> 4 (scheme 5.2). This and the
sequence 4 5 (scheme 5.2) involving a symmetric
"intermediate", clearly illustrate how electrophilic ligand
substitution at the trinuclear site2? can occur by a
bimolecular, stepwise mechan.sm.

While AgPPh,* reacted with 2 to form 3b, its Cu(I)
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analogue did not react with 2. Attempts to synthesize
silver analogues of 4 and 5 were unsuccessful. Thus,
within group Ib metals, it is clear that gold has by far
the greatest ability to form heteroruclear Pt-M bonds.

Complexes 3a and 4 were stable towards acids and
bases. The ability of 3a to react with either
electrophiles such as Ht, raut, LAg* etc,) or nucleophiles
(such as CO, PPh,, H™ etc.,) makes it a remarkable complex
and suggests that it could be a good candidate for
heterometallic homogeneocus catalyst. Research in this area
is important because the addition of gold to supported
transition metal catalysts is known to sometimes favourably
affect reactivity and selectivity.?2:29 It may also be
possible to use met2l-gold cluster compounds to model
bimetallic metal-gold surfaces.'?

The observation of fluxionality of the CO ligand
in 7 involving migration about the Pt, trianrgle is almost
certainly a result of the coordinative unsaturation of the
cluster 3a, and provides a good example of the high
reactivity of such clusters. A fluxional process such as
this at a triplatinum centre can be considered to mimic CO
ligand migration on a Pt(111) surfacez%.

Finally, the bonding in complexes 3-7 has been
rationalized on the basis of earlier MO calculations. It
is observ:? that in the dicappcd complexes the Pt-M and the
Pt-L (L = H, CO) bonds are weaker than those observed in

the monocapped complexes.
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CHAPTER 6

REACTIVITY OF [Pt,(u,-H) (u~dppm),](PF,) WITH PHOSPHINES AND

PHOSPHITES. CRYSTAL AND MOLECULAR STRUCTURE OF AN
ASYMMETRICALLY BRIDGED HYDRIDO COMPLEX,

[Pta (“ 3-H) (“-dppm) 3{P(0Me) 3 }] (PFs)

6.1 INTRODUCTION

The role of tertiary phosphine and phosphite
ligands in the chemistry of platinum cluster comrplexes is
well documented in the literature.'”™S The chemistry is
influenced by the steric and electronic factors of these
ligands.?¢ For example, use of bulky tertiary phosphines
(i.e, with large cone angles) like PtBu3 (182°) or
P(C.H,,), (170°) stabilizes complexes of the type
(Pt,(u-CO),(PR,),], whereas the use of phosphines such as

PPh, (145°) and PMe,Ph (122°) with intermediate steric and

electronic parame .rs destabilizes these clusters.® It has

been shown that some phosphine ligands, L, add reversibily
tc the 42 electron clusters [Pt,(u-CO),L,) to give
fet,(p-CO),L,] and this can lead to either ligand
substitution reactions, or with less bulky phosphine
ligands L, to cluster fragmentation.2,?,8

The triplatinum complex, [Pt,(p,-CO) (pu-dppm),]z*t,
1, is a coordinatively unsaturated cluster? containing 42
valence electrons. Complex 1 reacts with phosphine and
phosphite ligands, L, to give [Pt,(y,-CO) (p-dppm),L]2%,

4.'° In complexes 4, the x,-CO ligand is asymmetrically
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bridging the triplatinum centre, being strongly bound to

the platinum centre with highest coordination number (ie,
higher electron density). Similarly, in the 46 electron
triplatinum complex'', [Pt,(u,=CO) (u-dmpm)_ ]2+, 5, the
carbonyl ligand is localized on the two platinum atoms

which have the extra phosphine ligand, and bridges between
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P P =dmpm

them as a (4,-CO0) ligand. Evans has suggested'? based on
extended Huckel Molecular orbital calculations (EHMO),
that, in these complexes, the capping carbonyl acts
primarily as a M-acid ligand and hence binds more strongly
to the metal centres with greater electron density.

We were interested to study the reactivity of
phosphine and phosphite ligands with the hydrido
triplatinum complex'?, (Pt,(u,=H) (p=dppm) ,]'*, 2, which has
@ capping hydride ligand that has no I-acid character. The

inteizst is in whether the ligands add at terminal or




bridging sites'°~'s, in how ligand addition affects
Pt,(u,-H) linkage'?,'S, in whether the added ligand and/or
hydride ligand is fluxional'?,'2,'4 and whether there would
be major differences from the correspondirg chemistry of
the carbonyl complex, 1. The results of this study will be
discussed in this chapter.

The phosphine ligand, PPhH,, can react with a
trinuclear cluster to form an adduct or it could
reductively eliminate a molecule of hydrogen to cap the
cluster as a bridqing phophinidene, (yx,-PPh). There are no
complexes containing the Pt,(u,-PPh) fragment that have
been reported in the literature. Dr. M.C. Jennings of this
laboratory has recently synthesized and characterized a few
complexes containing this unit'¢, Reactior of complex 2
with PPhH, resulted in a product containing a
[Pt,(x,-PPh)H]* unit. The results of this study will also

be discussed in this chapter.

6.2 EXPERIMENTAL

6.2.3 [Pt,(p,~H) (p-dppm),{(P(OMe),}](PF,).} CH,C¢,, 3a.
The hydrido triplatinum complex, 2, was prepared

as described in chapter 5. To a solution of complex 2 (40

mg, 0.0212 mmol)in CH,C?, (10 mL) was added P(OMe), (2.5

gL, 0.0211 mmol) by syringe. The contents were stirred

under nitrogen for 20 minutes. The solvent was evaporated

under vacuum to give the product 3a, which could be
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recrystallized from CH,C?,/pentane as red crystals. The

reaction was essentially quantitative as monitored by 3'P
NMR spectroscopy and isolated yields were -~85%. Anal.
calcd. for C, H,,CeF. O, P,Pt,: C, 46.1; H, 3.8%. Found: C,

46.0; H, 3.8%.

Similarly were prepared,
6.2.2 [Pt,(u,~H) (p-dppm) ,(P(OEt) ,)](PF.), 3b.
Anal.calcd. for C, H,,F.O,P,Pt.,: C, 47.5; H,

4.0%. Found: C, 4:.3; H, 4.1%.

5.2.3 (Pt,(u,-H) (p-dppm) ,{P(OPh) , ] (PF,), 3c.
Anal.calcd. for C,,H,,F.O,P,Pt,: C, 50.9; H,

3.8%. Found: C, 50.6; H, 4.0%.

6.2.4 [Pt,(u,-H) (p~-dppm) , (PPh Me) ] (PF.), 3d.
Anal. calcd. for C, H, ,F.O,P,Pt,: C, 50.7;

H,3.9%. Found: C, 50.2; H, 3.7%.

6.2.5 [Pt,(x,-PPh) (u-dppm) ,H] (PF,), 6.

To a solution of complex 2 (40 mg, 0.0212 mmol) in
CH,C¢, (10 mL) was added PPhH, (2.2 L, 0.0200 mmol) by
syringe. The contents were stirred under nitrogen for
thirty minutes. Solvent was removed under vacuum and the
resulting solid was washed with diethyl ether (15 mL)
followed by pentane (10 mL). The mustard coloured powder

was then dried under vacuum. Yield: 65%. The Solid
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complex was thermally unstable and hence satisfactory
analytical data could not be obtained. Anal. calcd. for
Cq,H,,F.P,Pt,: C, 48.4; H, 3.6%. Found: C, 47.2; H, 3.4%.

227 6

IR: »(PtH) 1962 cm™'.

6.2.6 X-ray crystal structure analysis of
[Pt,(x,~H) (p~dppm) ,{P(OMe) ,}] <F¢).% CH,C2,, 3a.
6.2.6.1 Data collection and reduction:

Small, bladed, red crystals of complex 3a were
grown from CH,C{,/hexane mixtures at room temperature,
filtered and dried. A photographic examination showed
triclinic symmetry, space group P1, No. 2.'? The crystal
density was determined by neutral buoyancy in mixtures of
CHBr, and hexanes, and preliminary cell constants were
obtained.

The cell constants and orientation matrix were
refined on an Enraf-Nonius CAD4F diffractometer?3 using the
angular settings for 20 high angle reflections. w-scans of
intense, low-angle reflections were recorded. Intensity
data were measured with variable scan speeds within a
maximum time per datum of 60s. Background estimates were
made by extending the scan by 25% on each side. Standard
reflections were monitored regularly, and showed decay
averaging 3.4%. 1In all, 11198 data were recorded, of which
448 were standards. The data were processed using

Enraf-Nonius Structure Determination Package?+4, version

3.0, running on a PDP 11/23+ computer. Standard deviations




Table 6.1,

Crystal Data

compound, formula weight
crystal system, space group
cell dimens (A, deg.)

cell volume (A3). z

temperature, C

density, g cm~3, obsd; calc

Experimental Details
diffractometer, monochromator
radiation, wavelength (A)
cryst-detec (mm), t.o.a. (.)
aperture {mm), vert; horiz

centering reflec; 8 range

Data Collection

approx. crystal dimens (mm)
cryst vol (mm3); no of faces
face indices

scan mode, width (.)

index, 6 ranges

scan speed (deg min~')

max time per datum, total time
standard reflections

monitor frequency, % var

no of data, standards collected

Summary of X-ray Structure Determination of complex 3a

C, H,gC2,F 0O,P Pt 2058.01
triclinic, PI (no. 2)
a = 14.083(3) a = 91.19(1)
b = 25.755(3) B = 112.39(2)
c = 11.609(2) v = 90.36(1)
3892(2), 2
23

1.791(2), 1.756

Enraf-Nonfus CAD4F, graphite
Mo, A(Ka mean) 0.71073
205, 2.5
4.0; 6.0 + 0.35tan®
20; 30 < 28 < 36

0.28 x 0.20 x 0.59
21.3 x 10-3; 7
{100}, {111}, {010} and 001
w-20, 0.80 + 0.35tanB
-1 <h <15, -27< k< 27,
12<02<0; 0<®Oc<22.5
1.0 to 2.5
60s, 210h
400, 020, 001 and 212
120m, 3.4
11198, 448
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Table 6.1, continued.

Data Processing

corrections

decay, absorption corrections
abs coeff (cm™!)
absorption, max., min.

no of unique data, signif.

Structure Refinement

no. of observ., variables
final model; R, and R,
top resid., (e AT’ coord.)
largest shift, parameter

Computer software

Lorentz, polarization and
monochromator polarization

Isotropic; Gaussian

53.97
0.388, 0.252
9529, 1 >0

7581, 326

0.0449, 0.0471
1.28 (0.333 0.500 0.591)
8.1, Z-coordinate of C(6)B
SHELX-76

193




194

were assigned based on counting statistics?4, and decay and
absorption corrections (program AGNOST'®) applied. 9529
unique data with I > 0 were available for the analysis.
Crystal data and experimental conditions are presented in

Table 6.1.

6.2.6,2 Solution and refinement of the structure

The structure was solved by Patterson and Fourier
techniques, and refined by full matrix least-squares
techniques on F, minimizing the functions Iw(i11F 1-1Fc11) 2,
where the weight 'w' is ‘- iven by
2.8295/[{o(F))}? + 0.000281F?]. Scattering factors for
neutral, non-hydrogen atoms and the real parts of the
anamolous dispersion correction were taken from ref 17,
while H atom scattering factors were taken from Stewart et
al'¢®., Once all the non-hydrogen atoms were located, ...e
structure was transferred to SHELX-76 program?° to complete
the refinement. The 12 phenyl rings were constrained?s to
D,h sSymmetry (C-C = 1.392 A) and refined with individual
thermal parameters for the ring carbon atoms. At a later
stage of re.inement, a diff-rence Fourier map showed
disorder in the P(OMe), ligand. The disorder observed in
the P(OMe) , group is shown in scheme 6.1. The ratio of
site occupancy factor for P(03Me), to P(OPMe), is 75 : 25.
The geometry of the disordered P(OMe), units were
constrained at P-0 = 1.60 A, 0-C = 1.43 A and P...C = 2.625

A. Refinement continued with a single overall temperature
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C(5)B C(5)A

C(6)A C(2)A 'p(z)a

C(4)B
_.-0@3)B

2 ; JOMA /[
ceB s ; CMA

O(3)A i l' _—-0'(1)8
\P(7)' e

Scheme 6.1: The disorder model for the P(OMe)3 group

factor for the oxygen and carbon atoms of the P(OMe) ,
group. A difference Fourier syntheses run at this stage
showed the presence of ! CH,C¢, in the asymmetric unit of
the cell, i.e, 1CH,Ce, molecule per unit cell. The
presence of the solvent molecule was also supported by the
'H NMR spectrum of 3a which showed signal due to CH,C?¢, at
5 5.28, integrating to one proton.

Since the unit cell contains 2 molecules of
complex 3a, it contains two PF,~ anions to maintain the
electrical neutrality. One of these PF,” anions is present
at a special position'?; at coc-dinates (0.5, 0.5, 0.5),
Wyckoff 'f', site symmetry i. The second PF,~ anion was
present in the asymmetric unit of the cell and at the same
site where the solvent was occupied. Hence the fluorine
atoms associated with this anion were poorly defined in the

difference Fourier map. The PF,~ anions were reiined as
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regular octahedrons with P-F = 1.58 A. Only the F%, P and
F atoms were as<igned anisotropic thermal parameters. The
non-hyd.ogcn a _as of the P(9)F, anion and CH,C?, molecule
were refined with a single overall temperature factor.

All the hydrogen atoms, except those belorging to
P(OMe) , ligand, solvent and the hydride , were in the
structural model in calculated positions (sp?, C-H = 0.90
A; sp3, C-H = 0.95 A) with thermal parameters set at 110%
of that of the atom to which they are borded. The
positions were updated as the refinement progressed, but
not refined. The hydrogen atom of the hydride ligand could
not be located in the difference Fourier map.

The final cycles of refinement included 326
variables, 7581 unique reflections, and converged at
agre~ment factors of R, = 0.0449 and R, = 0.0471. The
highest residual electron lensity was 1.28 eA~? situated
0.62A from C€(9) and was of no chemical significance. A
statistical analysis on 1F51, A~' sine, and various
combinations of Miller indices showed no unusual trends and
indicated a satisfactory weighting schenme.

Final positional and thermal parameters for the
non-hydrogen atoms are given in Table 6.2. Hydrogen atom
parameters, anisotropic thermal parameters, selected
torsional angles and weighted least-squares planes are

given in Tables 6.3, 6.4, 6.5 and 6.6 respectively.




6.3 RESULTS AND DISCUSSION
6.3.1 Formation of the complexes
[Pt,(p,-H) (4.-dppm) ,L] (PF,), 3
The reaction of [Pt,(u,-H) (x-dppm),]1(PF.), 2,

with the phosphite ligands P(OMe),, P(OEt),, P(OPh), and

"|+1
~,

the phosphine ligand PPh,Me gave the corresponding
/'\ +1

P P P

I~ |

p/l\p[ L Pt
\p/ NG » P/l \

L
\_/\_/ \_t.~

L=P(OMe)s., 3a

>

P

/\Tf

P

P(OEl);, 3b
P({OPh)3, 3¢
PPhoMe, 34
PPhH, , 3e
Scheme 6.2

complexes 3a-3d respectively in essentially gquantitative
yield, scheme 6.2. These complexes were thermally stable
and could be isolated in analytically pure form as the
hexafluorophosphate salts which were red solids. Complex
3a was structurally characterized by a single crystal
X=-ray diffraction study.

However, reaction of 2 with phenyl phosphine,
PPhH,, at -80°C resulted in the formation of a
phosphinidene complex, [Pt,(u,-PPh) (u-dppm), H](PF.), 6,
scheme 6.3. It is possible that the iritially formed

complex was the adduct 3e, which then reductively
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+1 1
NN s
21N PPhH, AN -Hp N

P/fpf::P(/J”\\P p,rPﬁEEl;7*”\\P ,417r/’ /N,
—p N/ 1N/ AN )
P \-P P
Ph H,
2 de 6
Scheme 6.3

eliminates a molecule of H, to yield complex 6.

6.3.2 Description of crystal and molecular structure of
[Pt, (p,~H) (p~dppm) ,{P(OMe) ,}]1(PF,) .} CH,C2,, 3a

The structure of 3a deduced spectroscopically
(section 6.3.3) was verified by X-ray crystallographic
methods. The crystals are built up from discrete cations,
anions and loosely entrapped methylene chlor_.de as solvent
of crystallization. The shc:test non-bonded interactions
between the cation and the anion are 2.39(1) A between
HC(76) and F(1), 2.49(1) A between HC(123) and F(8),
2.43(1) A between HC(84) and F(1) at (X, Y, Z-1), and
2.23(2) A Dpetween HC(102) and F(6) at (1i-X, 1-Y, 1-Z), all
less than the sum of Van der Waals radii, 2.8 A.2’ The
structure of the cation is characterized by bond lengths
and bond angles shown in Table 6.7. Figures 6.1(a) and
6.1(b) show the structure of the cation with two different

orientations of the disordered P(OMe), ligand. Figure 6.2




illustrates a stereo view of the cation of the complex 3a.

In the cation the platinum atoms form a triangle
with Pt-Pt distances 2.592(1), 2.635(1) and 2.705(1)A and
Pt-Pt-Pt angles 58.06(2), 59.61(2) and 62.33(2)°. The
shortest of the three Pt-Pt bonds, 2.592 (1)4, is
associated with Pt(1) and Pt(3) atoms which lack the
terminal phosphite ligand. Thus we see that there is a
slight increase in the M-M bond overlap between Pt (1) and
Pt(3) in order to compensate for the increase in electron
density at Pt(2) [due to the presence of a terminal P(OMe) ,
ligand bonded to Pt(2) centre]. Hence, the addition of the
phosphite ligand to complex 2 increases the electron count
from 42e to 44e, with the result that the two Pt-Pt bonds
associated with the unique Pt atom, Pt(2), are
significantly longer [Pt(2)-Pt(3) = 2.705(1),

Pt (2)-Pt(1) = 2.635(1)A] than the third Pt-Pt bond
[Pt(1)-Pt(3)=2.592(1)4].

The triangle of Pt atoms is held together by three
dppm ligands, each of which bridges a Pt-Pt edge. Thus we
have three Pt,P,C dimetallacycle units fused together to
form a Pt (u-dppm), unit. The rotational orientation of
the dppm ligands about the Pt-Pt bonds and conformations of
the Pt,P,C rings are such as to afford a Pt,P, skeleton
substantially distorted from an ideal latitudinal M,L,
geometry. The distortion is severe at the Pt(2) centre
whose coordination number is highest of the three platinum

centres [coordination number at Pt(2) is four; Pt(2) is
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Table 6.2.

Atom

Pt (1)
Pt (2)
Pt(3)
P(1)

P(2)

P(3)

P(4)

P(5)

P(6)

P(7)

Cc(1)

Cc(2)

C(12)
C(13)
Cc(14)
C(15)
Cc(16)
c(11)
Cc(22)
C(23)
Cc(24)
C(25)
C(26)
c(21)
c(32)
C(33)
C(34)
C(35)
C(36)
C(31)
C(42)
C(43)
C(44)
C(45)
C(46)
C(41)
C(52)
C(53)
C(54)
C(55)
C(56)
C(51)
C(62)
C(63)
C(64)
C(65)
C(66)
C(61)
C(72)

Atomic positional (x104) and Thermal (x1032) parameters

in 3a
x

2449.7(3)
2020.7(3)
3969.6(3)
842(2)
438(2)
2429(2)
4628(2)
5181(2)
3526(2)
2168(3)
-73(8)
3811(8)
991(5)
618(5)
-418(5)

-1079(S)

-705(5)
331(5)
741(6)
623(6)
329(6)
153(6)
271(6)
565(6)

1177(5)

1083(S)
123(5)

-743(5)

-649(5)
311(5)

-725(6)

-1524(6)
-2254(6)
-2186(6)
-1386(6)

-656(6)
2516(6)
2469(6)
2204 (6)
1987(6)
2034(6)
2298(6)
732(7)
134(7)
581(7)
1626(7)
2224(7)
1777(7)
6734(7)

y

3054.7(2)
2064.3(2)
2416.5(2)
3379(1)
2242(1)
1183(1)
1597(1)
3017(1)
3701(1)
2169(2)
2838(4)
1121(5)
3825(3)
4059(3)
4179(3)
4066(3)
3832(3)
3712(3)
3592(3)
3900 (3)
4415(3)
4622(3)
4314(3)
3799(3)
2409(3)
2541(3)
2653(3)
2633(3)
2501(3)
2389(3)
1359(3)
999(3)
1066(3)
1494(3)
1854(3)
1787(3)
260(3)
-27(3)
214(3)
742(3)
1029(3)
788(3)
676(4)
427(4)
261(4)
345(4)
594(4)
760(4)
1650(4)

z

575.5(4)
690.8(4)
1298.9(4)

-117(3)
-802(3)
825(3)
1409(3)
2314(3)
665(3)
2697(3)
~340(10)
1760(11)
~2203(8)
-3358(8)
-3914¢8)
-3314(8)
-2158(8)
-1603(8)
2165(7)
3100(7)
2875(7)
1715(7)
779(7)
1004 (7)
-2698(7)
-3893(7)
-4787(7)
-4486(7)
-3291(7)
-2397(7)
-1930(7)
-2187(7)
-1661(7)
-878(7)
-622(7)
-1148(7)
-469(7)
-1519(7)
-2660(7)
-2750(7)
-1700(7)
-559(7)
879(7)
1424(7)
2646(7)
3322(7)
2778(7)
1556(7)
2187(8)

U or Ueq(A’)

39.8(2)
40.1(2)
43.1(2)
13(1)
45(1)
47(1)
48(1)
48(1)
55(1)
70(2)
45(3)
55(3)
67(4)
81(4)
82(4)
71{4)
61(4)
51(3)
61(4)
75(4)
76(4)
82(4)
65(4)
44(3)
54(3)
82(4)
90(5)
86(5)
77 (4)
47(3)
72(4)
93(5)
100(5)
102(5)
76(4)
46(3)
71(4)
87(5)
104 (6)
91(5)
68(4)
55(3)
81(4)
106(6)
110(6)
99(5)
68(4)
55(3)
83(4)
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Table 6.2, continued.

Atom

C(73)
c(74)
c(75)
c(76)
c(71)
C(82)
C(83)
c(84)
c(85)
C(86)
c(81)
C(92)
C(93)
c(94)
C(95)
C(96)
c(91)
C(102)
C(103)
C(104)
C(105)
C(106)
c(101)
c(112)
C(113)
c(114)
c(115)
C(116)
c(111)
c(122)
C(123)
C(124)
c(125)
C(126)
c(121)
c(3)
o(1)A
0(2)A
0(3)A
C(4)A
C(5)A
C(6)A
0(1)B
0(2)B
0(3)B
C(4)B
C(5)B
C(6)B
P(8)
F(1)

X

7749(7)
7967(7)
7171(7)
6156(7)
5938(7)
4558(6)
4663 (6)
4892(6)
5017(6)
4912(6)
4683(6)
6233(6)
7049(6)
7926 (6)
7988(6)
7173(6)
6295(6)
6070(7)
6531(7)
6694(7)
6396(7)
5935(7)
5772(7)
3605(7)
3948(7)
4712(7)
5133(7)
4790(7)
4026(7)
2934(7)
2590(7)
2413(7)
2580(7)
2925(7)
3102(7)
4647(9)
2326(9)
2995(8)
1198(7)
3239(13)
3030(15)
402(9)
3099(17)
2658(29)
1121(18)
2937(38)
3449 (40)
270(27)
5000
4815

y

1583(4)
1296(4)
1076 (4)
1143(4)
1430(4)
1746(3)
1598(3)
1086(3)
723(3)
871(3)
1383(3)
2901(3)
2978(3)
3248(3)
3441(3)
3365(3)
3095(3)
3395(3)
3329(3)
2831(3)
2399(3)
2466(3)
2964 (3)
3279(4)
3235(4)
3570(4)
3950(4)
3995(4)
3659(4)
4570(4)
5075(4)
5385(4)
5190(4)
4685 (4)
4375(4)
3684(5)
2677 (4)
1776(S)
2065(5)
2988(6)
1672(9)
1710(8)
2533(11)
1680(10)
2298(12)
3072(12)
1759(22)
1869(21)
0000
605

z

2992(8)
4063(8)
4329(8)
3524(8)
2453(8)
-982(8)
-2087(8)
-2276(8)
-1360(8)
-255(8)
-66(8)
730(7)
351(7)
1127(7)
2283(7)
2662(7)
1886(7)
4816(9)
6096(9)
6571(9)
5765(9)
4485(9)
4010(9)
-1484(9)
-2458(9)
-2502(9)
-1571(9)
-597(9)
-553(9)
1664 (8)
1670(8)
643(8)
-390(8)
-396(8)
631(8)
2120(11)
3571(11)
3563(11)
3064(11)
3888(23)
4784(12)
2331(19)
3572(34)
3535(34)
2894 (42)
3734(70)
4748(38)
2462(63)
5000
4973

U or Ueq(
109(6)
105(6)
115(6)
89(5)
57(3)
70(4)
86(5)
87(S)
87(5)
68(4)
48(3)
71(4)
94(5)
96(5)
99(5)
74(4)
51(3)
78(4)
96 (S)
93(5)
103(5)
86(5)
55(3)
76(4)
130(7)
132(7)
117(6)
114(6)
65(4)
95(5)
114(6)
122(6)
139(8)
114(6)
68(4)
55(3)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
108(2)
99(3)
127(S)

A?)
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Table 6.2, continued.

Atom

F(2)
F(3)
c(9)
ce(l)
ce(2)
P(9)
F(4)
F(5)
F(6)
F(7)
F(8)
F(9)

Table 6.3.

Atom

H1C(1)
H2C(1)
H1C(2)
H2C(2)
HIC(3)
K2C(3)
HC(12)
HC(13)
HC(14)
HC(15)
HC(16)
HC(22)
HC(23)
HC(24)
HC(25)
HC(26)
HC(32)
HC(33)
HC(34)
HC(35)
HC(36)
HC(42)
HC(43)
HC(44)
HC(45)
HC(46)

X

4548

3888

3775(47)
3133(47)
2910(47)
3885(14)
4262(14)
4168(14)
3508(14)
5003(14)
2767 (14)
3602(14)

y

-25
-100
4883(22)
4373(22)
5307(22)
4989(7)
4473(7)
5305(7)
5504(7)
5093(7)
4885(7)
4672(7)

Ueg = 3 Lij }E:j

z

3527

4990

6236(90)
5183(90)
6530(90)
5493(20)
5050(20)
4515(20)
5936(20)
6500(20)
44£7(20)
6472(20)

U or Ugq(A?)

180(7)
210(10)
350
350
350
350
350
350
350
350
350
350

Hydrogen atom Positional (x102) and Thermal (x103)
Parameters in 3a

X

-17
-71
402
391
515
445
170
107
-67
-179
-116
94
74
25

15
183
167

-140
-124

-23
-157
-280
-268
-134

y

278
292

78
116
393
377
374
414
434
415
375
324
376
462
497
446
233
255
274
271
249
131

1

82
154
215

41
-98
162
262
210
280

-182
-377
-470
-369
-175
232
389
351
156
-1
-209
-410
-560
-510
-308
-229
-272
-184
=52

-9

U(A? )

34
34
44
44
55
55
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
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Table 6.3, continued.

Atom X y z U(A?)
HC(52) 270 10 31 70
HC(53) 262 -39 -146 70
HC(54) 217 2 -338 70
HC(55) 181 91 -353 70
HC(56) 189 139 -176 70
HC(62) 43 79 5 70
HC(63) -58 37 96 70
HC(64) 17 Q9 302 70
HC(65) 193 23 416 70
HC(66) 294 65 324 70
HC(72) 659 185 146 70
HC(73) 829 173 281 70
HC(74) 866 125 461 70
HC(75) 732 88 506 70
HC(76) 561 99 in 70
HC(82) 440 210 -85 70
HC(83) 458 185 -271 70
HC(84) 496 98 -303 70
HC(85) 517 37 -149 70
HC(86) 500 62 37 70
HC(92) 563 272 20 70
HC(93) 701 285 -44 70
HC(94) 848 330 87 70
HC(95) 859 363 281 70
HC(96) 722 350 345 70
HC(102) 596 374 449 70
HC(103) 673 362 665 70
HC(104) 701 279 745 70
HC(105) 651 206 609 70
HC(106) 573 217 393 70
HC(112) 308 305 -145 70
HC(113) 366 298 ~-309 70
HC(114) 495 354 -317 70
HC(115) 565 418 -160 70
HC(116) 508 425 4 70
HC(122) 305 436 236 70
HC(123) 248 521 237 70
HC(124) 218 573 65 70
HC(125) 246 540 -109 70
HC(126) 304 455 -110 70

Atom HIC(1) and H2C(1) are bonded to C(1), and so on.
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Table 6.5. Selected Torsion Angles (')

Table 6.6. Weighted Least-Squares Plane

Crystallographic Equation of

4.1366 X - 3.1241 Y - 11.4464 Z +

Atom
Pt (1)
Pt (2)
Pt (3)

P(1)
P(2)
P(3)
P(4)
P(5)
P(6)
P(7)
c(1)
c(2)
c(3)

Atom 1

P(7)

Pt(1)
Pt(2)
Pt(2)
Pt(3)
Pt(3)
Pt(1)

Atom 2 Atom 3 Atom 4

Pt (2)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)

X

3.1429
2.5041
4.9707

w & O = & O th W O =

.1834
.9358
.0325
.8615
.2164
.6070
. 8219
.0050
.5630
.5408

7
5
6

Pt(3)
c(1)
c(1)
cr2)
c(2)
C(3)
c(3)

Y
.8505
.2971
.1872

Pt (1)
P(2)
P(1)
P(4)
P(3)
P(6)
P(5)

Plane

0.5997 - 0

Y4
0.6177
0.7414
1.3942

Other Atoms

8.

5
3
4
7
9.
]
7
2
9

7049
.7954
.0230
.0744
.7058
5113
.5114
.3185
.8389
.4287

-0.1254
-0.8603
0.8853
1.5120
2.4838
0.7140
2.8944
-0.3696

1.8933

2.2760

An

46
-26
51

Dis
0.
0.

gle

.3(1)
.4(6)
.3(6)
.5(7)
.5(7)
()
.0(7)

tance
000
000

.000

.026(3)
.998(3)
.291(3)
.403(3)
.848(3)
.141(4)
.268(4)
.077(11)
.193(12)
.056(12)
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Atom 2 Distance
2.592(1)
.705(1)
.298(3)
.297(3)
.217(3)
.837(11)

Table 6.7.
Atom 1
Pt (3) Pt (1)
Pt (3) Pt (2)
Pt (2) P(2)
Pt (3) P(4)
Pt (1) P(6)
P(1) C(1)
P(3) Cc(2)
P(S) C(3)
P(1) C(11)
P(2) c(31)
P(3) C(61)
P(4) C(71)
P(S5) C(91)
P(6) C(111)
Angles
Pt(3) Pt(1)
P(1) Pt (1)
P(6) Pt (1)
Pt (3) Pt (2)
P(2) Pt (2)
P(3) Pt (2)
P(7) Pt (2)
P(7) Pt (2)
Pt(2) Pt (3)
P(4) Pt (3)
P(S) Pt (3)
C(1) P(1)
c(11) P(1)
C(21) P(1)
c(n P(2)
C(31) P(2)
C(41) P(2)

.863(12)
.831(9)
.839(8)
.835(10)
.840(10)
.828(9)
.805(11)

Pt(2)
Pt (3)
Pt(3)
Pt (1)
Pt (3)
Pt (3)
Pt (1)
P(2)

Pt(1)
Pt (2)
Pt (2)
Pt (1)
C(1)

c(1)

Pt(2)
C(1)

C(1)

2
2
2
2
1
1.844(11)
1
1
1
1
1
1
1

91
115

93

101
101

Degrees
62.
162.
90.
58.
136.
9s.

33(2)
14(8)
04(9)
06(2)
15(9)
65(8)

.45(11)
.79(13)
59.
.68(8)
147,
108.
103.
102.
109,

61(2)

80(8)
4(4)
3(5)
0(4)
7(4)

-6(5)
.3(4)

Atom 1
Pe(1)
Pt(1)
Pt (2)
Pt (3)
Pt (2)
P(2)
P(4)
P(6)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)

P(1)
P(6)
P(6)
P(2)
P(3)
P(3)
P(7)
P(7)
P(4)
P(5)
P(S)
c(11)
c(21)
c(21)
c(31)
C(41)
C(41)

Atom 2
Pt (2)
P(1)
P(3)
P(S)
P(7)
Cc(1)
C(2)
C(3)
C(21)
C(41)
C(51)
C(81)
Cc(101)
c(121)

Angles
Pt (1)
Pt (1)
Pt (1)
Pt(2)
Pt (2)
Pt (2)
Pt(2)
Pt(2)
Pt (3)
Pt (3)
Pt(3)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2}

Distance
.635(1)
.266(3)
.339(3)
.248(3)
.268(4)

.833(12)
.822(11)
.832(8)
.842(9)
.832(9)
.818(9)
.831(10)
.836(11)

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

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

Pt (3)
P(3)

Pt(1)
Pt(1)
P(4)

Pt(1)
Pt (1)
C(11)
Pt(2)
Pt(2)
C(31)

2
2
2
2
2
1.852(11)
1
1
1
1
1
1
1
1

Selected Bond distances (A) and angles () in 3a

Degrees

99
152
107

85

152,
114,
90.
95.

151

95.
112.
120.
115.
105.
120.
121,

99

.82(8)
.15(9)
.73(12)
.60(9)
87(8)
08(11)
82(11)
87(13)
.64(8)
94(8)
42(11)
2(3)
1(3)
8(4)
2(2)
1(3)
.8(4)




Table 6.7, continued.

c(2)
c(51)
c(61)
c(2)
c(71)
c(81)
c(91)
c(101)
c(3)
c(111)
c(121)
c(3)
o(1)A
0(2)A
0(3)A
0(1)B
0(2)B
0(3)B
P(2)
c(12)
c(22)
c(32)
C(42)
c(52)
C(62)
c(72)
c(82)
C(92)
c(102)
C(112)
c(122)
P(6)

Angles
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(S)
P(S)
P(S)
P(6)
P(6)
P(6)
P(7)
P(7)
P(7)
P(7)
P(7)
P(7)
cn
C(11)
C(21)
C(31)
C(41)
C(51)
C(61)
C(71)
C(81)
c(91)
c(101)
C(111)
C(121)
C(3)

Pt (2)
Cc(2)
C(2)
Pt(3)
C(2)
C(2)
Pt (3)
C(91)
C(91)
Pt (1)
c(111)
C(111)
Pt (2)
O(1)A
O(1)A
Pt (2)
0(1)B
0(1)B
P(1)
P(1)
P(1)
P(2)
P(2)
P(3)
P(3)
P(4)
P(4)
P(5)
P(5)
P(6)
P(6)
P(5)

Degrees

108.

101
105
110

102
113
104
105
131
103

111

120
11

116.
119.
118.

122
117

6(4)

L1(5)
.4(5)
.8(4)
103.
106.
119,
102.
.4(5)
.2(3)
.3(4)
.4(5)
.7(6)
.4(8)

83.
116.

90.
.4(20)
109.
118.
116.
120.
118.

9(5)
1(5)
3(3)
6(4)

8(6)
0(16)
6(19)

5(6)
6(2)
5(2)
2(2)
3(2)

.9(2)

.2)
2(3)
1(3)
7(2)

.8(3)
.4(3)
117.
108.

9(3)
9(6)

c(51)
c(61)
c(61)
c(71)
c(81)
c(81)
c(101)
Cc(3)
c(3)
c(121)
c(3)
c(3)
0(2)A
0(3)A
0(3)A
0(2)B
0(3)B
0(3)B
P(4)
C(16)
C(26)
C(36)
C(46)
C(56)
C(66)
c(76)
C(86)
C(96)
C(106)
c(116)
C(126)

Angles
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)
P(S)
P(5)
P(5)
P(6)
P(6)
P(6)
P(7)
P(7)
P(7)
P(7)
P(7)
P(7)
C(2)
C(11)
c(21)
C(31)
Cc(41)
C(51)
c(61)
C(71)
C(81)
C(91)
C(101)
c(111)
c(121)

Pt (2)
Pt (2)
C(51)
Pt (3)
Pt (3)
c(71)
Pt(3)
Pt (3)
C(101)
Pt (1)
Pt (1)
C(121)
Pt(2)
Pt(2)
0(2)A
Pt (2)
Pt (2)
0(2)B
P(3)
P(1)
P(1)
P(2)
P(2)
P(3)
P(3)
P(4)
P(4)
P(5)
P(5)
P(6)
P(6)

Degrees

121
117.
100.
123
111

99.
116.
111
102.
119.
110.
103
110
120.
102
113,
115.
106.
114,
121.
123
119.
121
119,
123
123,
120.
121
117.
122,
122.

Numbers in parantheses are estimated standard deviations.

.6(3)

5(3)
6(4)

.6(3)
.8(3)

0(4)
1(3)

T7(4)

7(5)
6(3)
1(4)

.0(5)
.0(S)

3(5)

L4(7)

3(18)
8(16)
8(22)
1(6)
3(2)

.3(2)

8(2)

.7(2)

0(2)

.9(2)

5(3)
8(2)

.3(2)

2(3)
6(3)
1(3)
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(a)

(b) C)B C(5)B
onB OB
1,03)8
c) C6)B
: Pt(3) o)

@ Pt(2)
d

C()

Figure 6.1: Perspective views of the cation 3a showing the
disordered P(OMe) 3 ligand. Only the ipgo-carbon
atoms of the phenyl rings are shown.
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Figure 6.2: A stereo view of the cation in 3a
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bonded to the dppm phosphorus atoms P(2), P(3), the
phosphite ligand, P(7), and the hydride ligand (which was
not located in the X-ray study, but unambiguously
establisbed by multinuclear NMR spectroscopy, see section
6.3.3). The coordination number at the other two platinum
atoms, Pt(1) and Pt(3) are the same and is equal to three;
Pt(1) is bonded to the two dppm phosphorus atoms, P(1),
P(6), and the hydride ligand. Similarly, Pt(3) is bonded
to P(4), P(6) and the hydride ligand]. Thus the phosphorus
atoms P(2) and P(3) lie 0.998(3) and 0.291(3)A away from
the Pt, plane, on the side opposite to that of P(OMe),
ligand. The Pt~-P (dppm) bond lengths involving Pt(2) atom
[2.339(3)A, 2.298(3)A] are longer than those involving
Pt(1) and Pt(3) [2.215(3) - 2.297(3)A)]. Such differences
in the Pt-P (dppm) distances were also observed in the
isoelectronic complex 4, and they were attributed to the
rehybridization of Pt orbitals, higher coordination number
at Pt(2) and possible steric congestion at Pt(2) centre'?.
The P(OMe), ligand is bound terminally to Pt(2) atom and is
perpendicular to the Pt, plane [P(7)-Pt(2)-Pt(1)
= 91.45(11)°, P(7)-Pt(2)-Pt(3) = 90.82(11)° ]. The
Pt (2)-P(7) distance (2.268(4) A) is within the range of
Pt-P bond lengths in other phosphite complexes?',

The Pt,P,C rings adopt envelope conformations with
the methylene carbon at the flap; all of the methylene
carbon atoms C(1), C(2) and C(3) are directed towards the

P(OMe) , ligand, and are displaced from the Pt, plane by
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0.077(11), 0.193(12) and 1.056(12)A, respectively. In this

conformation of the Pt,(x-dppm), skeleton, the phenyl rings
are directed away from the P(OMe), ligand and the steric
hindrance is thus minimized.

An analogous complex
[Pt, (u,~AuPPh,) (#,-CO),(PPh,) ,]*, 8, synthesized and
structurally characterized by Bour et al?? is an excellent

precedent for the hydride complex 3a. Complex 8 contains

Structure of 8

Pt,(px,-CO) ,(PPh,), unit which is isoelectronic with
[Pt,(x-dppm) ,{P(OMe) ,}] unit in 3a. Then, the AuPR,* unit
which is isolobal to H*, cups the Pt,(x-CO),(PPh,), unit to
yield complex 8. 1In complex 3a, HY ion caps the
[Pt,(u-dppm) ,{P(OMe) ,}] unit to form the cationic comnplex.
In 8, the AuPR,* unit is strongly bound to the most
nucleophilic Pt site, which evidently is Pt(2), in spite of
the local steric crowding. The strong Au-Pt(2) overlap is
reflected in the linearity of P-Au-Pt(2) angle (173.5(1)°),

and the Au-Pt distances [Au-Pt(2) = 2.700(1)4,




Table 6.8: A comparison of selected structural and spectroscopic data for some Ptz complexes

PPh
c/"o T2 . ™ / 3 P
(RS RS A‘u,
AR /5 AR
VAN N\ o
L \ L [ I\“ /
Pt1 Pt‘ L Pt1
L = P(OPh); L = P(OMe)3 L = PPhy
4 3a 8

Complex 4 8

pt1-pt2 2.656(2) 2.706(1) 2.702(1)
pr2.pi3 2.626(2) 2.635(1) 2.708(1)
pit.p13 2.636(2) 2.593(1) 2.666(1)
PI2-C 1.93(3) - P2-Au 2.700(1)
ptl-c 2.16(3) - Pt1-Au 2.902(1)
pi3.c 2.27((3) - P13.Au 2.910(1)
Pt2.C-O 154.6(21) - Pt2-Au-P 173.5(1)
Pil-c-0 121.4(14) - Pt1.Au-P 128.0(1)
P13-C-0 119.0(20) - P13-Au-P 127.6(1)
1J(P12c) 960 1J(Pt2H) 1200 -
1(Ptic) 493 1J(P11H) 268 ~
1ypt3c) 493 19(P3H) 268 -

Bond distances are in A; bond angles in degrees; and coupling constants in Hz.




Au-Pt(1l) = 2.902(1)A and Au-Pt(3) = 2.910(1)A].

It is interesting to compare the geometry of the
Pt,(#,-H) unit in 3a with the Pt,(px,-CO) unit in 4 and
Pt,(pu,~-AuPPh,) in 8. A brief summary is provided in table
6.8, where the dppm ligands in 3a and 4, and the ligands in
the equatorial Pt, plane in 8, are omitted for clarity.

The Pt-Pt distances are very similar for the 44e cluster 4,
but varies slightly in the 44e cluster 3a and the analogous
S6e cluster 8. However, the distortion of the triply
bridging ligand (CO in 4, H in 3a and AuPR, in 8) from the
symmetrical p,-bonding mode is significant in all these
clusters. This distortion will be considered further in

the following sections.

6.3.3 Spectroscopic characterization of complexes 3a-3d
The complexes 3a-3d were fluxional in solution at

room temperature and hence NMR spectra were recorded at

et

—-—-

-

T
\_P/\_/

Scheme 6.4: NMR labelling scheme for 3a-3d

low temperature typically at -90°c in CD,C¢, solution. At

this temperature the fluxionality in these complexes is




frozen and the static structure 3 is observed. The NMR
labelling scheme is seen in scheme 6.4. The 3'P and 'H NMR
spectral data are given in Tables 6.9 and 6.10
respectively. The '95Pt NMR data for conplexes 3a and 3b
are given in Table 6.11.

Both the 'H and ?'P NMR spectra are characteristic
of the static structure 3, which has an apparent plane of
symmetry passing through the atoms Pt2?, Pd, H and bisecting
the Pt'-Pt3 vector. The 3'P NMR spectra are informative
and the spectrum of 3a, figure 6.3, will be discussed as a
typical example. The 3'P NMR spectrum of 3a contains four
signals in a 2:2:2:1 intensity ratio. In these trinuclear
complexes, the largest J(PP) couplings are the trans-like
couplings through the Pt-Pt bonds °~'23, which in 3 are
33 (PaP€) and 3J(Pbe'). The spectrum contains two doublet
resonances and a singlet resonance in the high-field
region. These are due to the phosphorus atoms of the
bridging dppm ligands. The singlet at §-12.3
('J(PtP) = 2540 Hz) is then readily assigned to PP. The
magnitude of 3J(PPpP') = 230 Hz, is obtained from the '°5Pt
satellite spectra. The resonance due to P2 (5§ -35.5,
3J(PaPCS) = 190 Hz, 'J(PtP) = 2280 Hz) and PC (s -20.6,
'J(PtP) = 3720 Hz) are assigned by correlation of 'J(PtP)
values with the Pt-P bond lengths (PtP2 longer than PtPC,
Table 6.7) and from a general trend that the ?'P chemical
shifts move to high-field region when bound to platinum

atoms with higher coordination number.

21




Table 6.9: 31P{TH)} NMR data for compiexes 3a-3d in CD2CI2§

{a) At room temperature

{b) At low temperature (-90 °C)

¥  The signal was sharp and well resolved. 2J(PtP) = 200 Hz, 3J(PtPa) = 18 Hz
1 The emorin measurement is + 100 Hz, as the satellites were broad

§ The data indicated by the symbol * - * in the above table show that the
resonances were 100 broad to measure the coupling constants

215




216

‘5 0z 3@ (q) ‘D,06- 3E (B) !B Jo BIID3dS WWN (Hi)die €79 3Inbrd

(Wdd) ¢ O_.v- ozc- m_u | o2l . owl
1

I
] 1 ' — Cadir,

(nate

Q)

toen0)pd

-
+
T
-8
(:
B




‘BF 3o wni3oads YWN die¢ PATdnOdO-H, :¥°9 3Inb1id

! t

O_v.. ocL ONP

(wdd) 9
i




218

The resonance due to P(OMe), ligand, Pd, was at
low-field (4 125.0) and appeared as a 1:4:1 triplet (due to
coupling to Pt?, 'J(Pt2Pd) = 4990 Hz). The presence of a
single hydride ligand trans to P9 was confirmed by
recording a 'H-coupled 3'P NMR spectrum. An extra doublet
splitting due to 'J(PAdH)~170 Hz was observed in the
spectrum (figure 6.4). The 'J(Pt'Pd) = 6230 Hz in complex
3c [pd = pP(OPh),], is significantly larger than those found
in 3a and 3b suggesting that Pt-P(OR), bond in 3c is

stronger than those in 3a and 3b. 'J(PtPd) value for the

phosphine complex 3@ ['J(Pth) 3800 Hz] 1is lower than
that of the phosphite complexes 3a-3c. A similar trend was
observad in the series of isoelectronic complexes!?o,
[Pt,(u,-CO) (p~dppm) ,L] (PF,), L = P(OR),, PR,.

The 'H NMR spectrum of 3a at -90°c contains two
"AB" quartets in the CH,P, region with relative intensities
2:1 as expected for the static structure 3, which has no
plane of symmetry containing Pt,(PCP), unit. The hydride
signal was observed at § -0.04 as a doublet due to coupling
to the phosphorus atom of the phosphite ligand (pP9),
2J(PH) = 170 Hz, and with satellites due to coupling to
195pt [('J(Pt'H) = 'J(Pt?H) = 268 Hz] having the intensities
1:8:18:8:1, indicating that the hydride is bridged between
Pt' and Pt? in a Pt,(u,-H) bonding mode (appendix 7). The
sateilites due to coupling to Pt? were not observed in the

spectrum as the signals were weak and broad, and

indistinguishable from the noise. However, the '9%Pt and
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195pt(1H) NMR spectra at -90°C (figure 6.5) clearly
indicated that 'J(Pt?H) = 1200 Hz.

The resonance due to the unique platinum atonm,
Pt2, in the '95Pt{'H) NMR of 3a at -90°c was observed at s
-3242 and appeared as doubklet of triplets due to coupling
to P9 and the chemically equivalent P2 phosphorus atoms.
The presence of a hydride ligand bound to Pt? was confirmed
by recording the 'H-coupled '95Pt NMR spectrum of 3a. An
extra doublet splitting due to 'J(Pt2H)~1200 Hz was
observed in this spectrum (figure 6.5).

The above spectroscopic data clearly show the
structures in solution are of the type found in the solid
state for 3a. In particular, the phosphine or phosphite
ligands adopt a terminal bonding position and the hydride
ligand is asymmetrically triply bridged with a much
stronger interaction to Pt? than with Pt' or Pt?,

The structurally characterized complex 8,22 is a
good precedent for complex 3. In complex 8, the AuPR3+
unit is bound more strongly to the most nucleophilic
platinum centre, Pt(2), than to Pt(1) or Pt(3), Table 6.8.
Thus, complex 8 serves as a supporting evidence for us to
believe that in 3a, the hydride ligand binds to the Pt,
centre in the same way as the bridging AuPR,* unit is bound

to the Pt, unit in complex 8.

6.3.¢ Ligand fluxionality in complexes 3a-3d:

As said earlier, the complexes 3a-3d were




§

Tabie 6.10 : 1H NMR data for complexes 38-3d in CD2Cl2 wt room temperature.

omplex
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5PtH
1J(PtH)
2)(PdH)
2)(PH)
sCHaHv

3J(PtHa)
2)(HaHb)
SCHaHb
5P(OCH3)
J(HH)
3J(PH)

Table 6.11: 195Pt NMR data for complexes 3a and 3b in CD2Clo at -90°C.

Complex

7.5

78

4.48

1.0 (OCH2CH3)
3.87 (OCH2CHg))
7.0

3a

3b

5Pt2
1u(Pt1P12)

Y(Pt2H)
1y(p12pd)
1J(H2pa)

The resonance due to Pt1 was 100 broad to be observed

15(PtTH) coupling obtained from H-coupled 195Pt NMR spectrum

-3242
2280
12008
4990
2300

175

-3150
2200
11908
4960
2250

-
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undergoing a rapid fluxional process at room temperature.

The fluxionality involves migration of the ligand L around

the triangular face of the cluster 3, as shown in equation

6.1.
For 3c, the 3'P{'H}) NMR spectrum at room
+1 +1 +1
P/|->P P/‘?P _| P/‘H\P -]
I PO g Y B |~ I\
P‘ —— Ty—— e | e R ——— Y s | e
¢ I\i!’tz/ ~p P Sp” p P/H\AF'P‘\P
\ 7N VAR i
I p/ P____/ \_p P \_p P '
L L L
3 3 3"
Equation 6.1

temperature (figure 6.6) showed a single resonance due to
the dppm phosphorus atoms. This was split into a doublet
(2J(PP) = 40 Hz) dQue to poupling the phosphorus atom, Pd,
of the phosphite ligand. The resonance due to the P(OPh),
ligand occured as a septet due to coupling to six
Yequivalent" dppm phosphorus atoms and with satellites due
to coupling to '95Pt ['J(PtP) = 2125 Hz] having the
intensities 1:4:7:4:1 (a 1:12:49:84:49:12:1 septet is
expected, buf the weak outer lines are not observed,
appendix 7). The '35Pt satellite intensity distributicn
suggests that the P(OPh), ligand is bound as a
Pt,{(#,-P(OPh) ,} adduct. Thus, the data indicate that there

is an apparent 3-fold symmetry for the complex.
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Similarly, for complex 3a, the NMR spectrum at
room temperature showed a single broad resonance due to the
dppm phosphorus atoms [ -21.6, 'J(PtP) = 2980 Hz]. The
resonance due to P(OMe), ligand occured as a sharp septet
and had broad satellites due to 'J(PtP) = 1733 Hz. The
calculated value of 'J(PtP) for rapid intramolecular
fluxionality in 3a (equation 6.1) would be
'J(PtPd) ~ 173 x 4990 = 1633 Hz. Similarly for 3¢, the
calculated vaiue for 'J(pPtpd) ~ 1/2 x 6220 = 2077 Hz.

These values are in reasonable agreement wich the observed
values. When free phosphite ligand was present in
solution, no exchange between free and complexed P(OR),
occurred. This, an¢ the cbservation of J(PP) and J(PtP)
coupling for coordinated P(OR), in the fast exchange
regime, proves that the fluxionality is an intramolecular
process.,

Further evidence on the nature of fluxionality was
obtained by a combination of 'H and '95Pt NMR spectroscopy
of 3a and 3b. At room temperature the hydride resonance in
each case still occurred as a doublet with 2J(P4H) ~ 170
Hz, due to coupling to the phosphite phosphorus, but an
average '°5Pt coupling of 'J(PtH) = 592 Hz (for 3a) was
observed (figure 6.7). The calculated average value of
'J(PtH) = 1/3 x 1200 + 2/3 x 268 = 579 Hz. Thus, the
hydride appears to be symmetrically triply bridging in the
fast fluxionality region but the coupling 2J(PH) to the

phosphite ligand is still maintained. This confirms that




the fluxionality does not involve reversible dissociaticn
of either the phosphite or the hydride ligand and so
supports the mechanism of equation 6.1.

Bour et al, report that the Pt Au complex, 8, also
exhibits a fluxicnal process involving phosphines.?? They
have not mentioned the details of the fluxionality. We
believe that a fluxiocnal process as described in egquation

6.1 may be operating in complex 8.

6.3.5 Spectroscopic ' racterization oif
[Pt,(u,;~PPh) (p-dppm) ,H] (PFy), 6

Complex 6 was characterized unambiguously in
solution by IR and multinuclear NMR spectroscopy. It has a
structure similar to that of the isoelectronic complex,
[Pta(pa-PPh)(p-dppm)s(OH)]+, 7, Wwhose structure has been
characterized by X-ray crystallography.'® The 3'P, 'H, and
195pt NMR data of 6 can be found in Table 6.6. The NMR
labelling scheme is seen in scheme 6.5.

The 3'P{'H} NMR spectrum (figure 6.8) of 6
appears as four signals in a 2:2:2:1 intensity ratio. The
absence of three-bond 3J(P2PF) coupling m siated through a
Pt-Pt bond indicates that this trinuclear platinum system
has on!y a single metal-metal bond and bridging dppm
ligands. The signal due to P splits into a doublet due to
coupling to P4 [23(PCPd) = 197 Hz]. The signal due to the
phosphinidene pho>cphorus atom, P4, appears at low-field (&

262) as a triplet (due to coupling to PC) with '°5pPt
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Scheme 6.5: NMR labelling Scheme for complex 6

satellites. The two sets of platinum satellites yield Pt-P
couplings of 1200 and 1920 Hz to Pt' and Pt?,

respectively. The '?5Pt('H) NMR spectrum aided in the

Table 6.12 : NMR Data for complex 6 in CD2CI2

1 1(PbPY)
E 24(PbpPy) 340
| 2J(PbP)

| 5PC
| 15 (PCPY) 3040
 24(PcPC) 68
 2y(PePd) 197
:5pd 262
1y(Pdpt)
1(PIP12)
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assignment of couplings. The resonance due to Pt!
appeared as a doublet of triplets due to coupling to pd
(1200 Hz) and P2 (2920 Hz), while that of Pt? appeared as a
doublet of doublets of doublets from coupling to three
distinct atoms PP, PC and pd,

The hydride resonance in the 'H NMR of 6 was
observed at § -2.0 as a doublet of multiplets due to
coupling to P4, PAa and Pt? and with satellites due to
coupling to Pt' ['J(Pt'H) = 1002 Hz].

The platinum-hydride stretch was observed in the
IR spectrum at 1962 cm™'. This is indicative of a terminal
Pt-H bond. Complex 6 can also be obtained by the reaction
of 7 with NaBH_,.'® All the spectroscopic data that are

reported here are in agreement with the earlier work.'¢

6.3.6 Bonding in complexes 3a-3d

Bonding in the isoelectronic complexes 4, which

e -l+z 8 —l+2

Scheme 6.6
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contain an asymmetrically bridged p,-CO ligand, has been

rationalised in terms of CO ligand acting to a large extent
as a Tl-acceptor ligand.''r'4 According to EHMO
calculations, '? the platinum acceptor orbital is a 5d,: 6P,
hybrid orbital and the enhanced backbonding can then be
understood in terms of the bonding interactions shown in
scheme 6.6.

This interpretation suggests that in the absence
of a M* orbital on the capping ligand, the capping ligand
would slip towards platinum atoms Pt' and Pt3. Thus a
capping hydride ligand is expected to form a complex as
shown in scheme 6.7, ie, the hydride ligand is strongly
bound to the two platinum atoms (Pt' and Pt?) which do not

have the extra phosphine ligand. However, this is

contradictory to what has been observed in complex 3, which
clearly shows that the hydride is bonded strongly to the
same platinum atom (Pt?) which has a terminal ligand, L.

Dr. D.-S. Yang of this laboratory has carried out
EHMO calculations for complex 3, which has a capping

hydride ligand. The results of this study are reproduced




here.

are illustrated in scheme 6.8.
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Scheme 6.8: (a) Computed overlap popuiation for Pt-H bond
(b} Computed overlap population for Pt-Pt bond

Pt2-H bond [p(Pt?H) = 0.227]) is stronger than Pt'-H or
Pt3-H bonds [p(Pt'H) = p(Pt®H) = 0.208]. Similarly,
Pt'-Pt? bond (p = 0.232) has a greater M-M overlap than
either Pt'-Pt? (p = 0.216) or Pt2-Pt3 (p = 0.211) bonds.
These data are in good agreement with the crystallographic
and NMR spectroscopic data for complex 3a.

A possible bonding scheme to rationalise the
asymmetric bridging of the yx,-H unit in complex 3 is
discussed below.

Figure 6.9 illustrates a qualitative picture of
this molecular orbital interaction. 1Initially, a
three-centred interaction involving a PtL, and two PtL,
units takes place. The resulting molecular orbital

(directed at the centre of the Pt, triangle) will be

partially polarizad, ie, there will be a higher




Figure 6.9: A qualitative picture of the molecular orbital interactionin 3




electron-density localization on PtL, unit than the PtL,
units. Now, if an electrophile such as Ht attacks the
(Pt,L,) neutral fragment, it would localize on the metal
center with gr2ater electron density, namely, the PtL,
unit. Thus, the resulting product would have the hydride
ligand bound more strongly to the PtL, unit than the PtL,
units, with the result that a complex containing an

asymmetrically bridged hydride ligand is formed.

6.3.7 Notation for complexes with an asymmetric bridging
ligand

Cluster complexes such as 3, 4, 5 and 8 have a
capping ligand which bridges the Pt, unit in an asymmetric
fashion. But, the currently used form of writing molecular
formula for clusters does not indicate the asymmetric
nature of these ligands. Here we have proposed a notation
that could be used as a possible means of representing
these types of cluster complexes and this will be discussed
below.

Consider a platinum metal complex, [Pth(kn=X)Ly],
where X is a capping ligand bridging asymmetrically between
n number of platinum atoms. Let 'M,' represent 'a' number
of metal centres having a stronger Pt-X bonds in the
complex. Let 'm,' represent 'b' number of metal centres
having weak Ft-X bonds in the same complex. Using these
notations, the formula for this complex can be written as

[Ptph(Mamp-X)Ly], which clearly indicates the asymmetric
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nature of the capping ligand.

Using the above discusssed notations, complex 3
can be written as [Pt,(Mm,-H) (p-dppm) ,L](PF,). Similarly,
complex 4 and 5 can be written as [Pta(Mm,-CO)(u-dppm)aL]+2
and [Pt,(M,m-CO) (p~dmpm) ,]*? respectively. Thus, by just
looking at the formula for complex 5, we know that the
bridging CO bonds more strongly to two platinum atoms than
to the third platinum atom. Complex 8 can be written as
{Pt, (Mm,-AuPPh,) (u-CO) , (PPh,) ,1*- It is easy to
differentiate between strong and weak Pt-X bonds, since th-2
coupling constant J(Pt-X) would be different for each of
these platinum centres. However, it should be noted that
this notation holds good only in cases, where there is a
clear experimental evidence for the asymmetry of the

bridging ligand (such as complexes 3, 4, 5 and 8).

6.4 SUMMARY AND CONCLUSIONS

The chemistry of these trinuclear hydrido clusters
of platinum with tertiary phosphine and phosphite ligand
has revealed some unique insights into the formation and
nature of the asymmetrically bridged y,-H ligand. This
work has shown (i) that the phosphine and phosphite ligands
add to complex 3 as terminal ligands, (ii) that these
ligands exhibit a novel fluxional process involving rapid

migration about the triangular face of the cluster. The

ease with which the fluxional pr’ cess occurs is attributed




23

to the coordinative unsaturation of complex 3 and provides
a good example of the high reactivity of such clusters.
(iii) The ligand addition leads to a slippage of the
symmetrically triply bridged x,-H to an asymmetrically
bridged u,-H. This distortion leads to the formation of a
stronger bond between the hydride ligand and the
electron-rich platinum centre. (iv) Most importantly, this
work has demonstrated that the slippage of the capping
ligand is not only common for the Il-acid ligands such as CO
(as suggested by Evans'?) but also for the non Ill-acid
ligands such as hydride. (v) In order to explain the
asymmetric bridging of the hydridic ligand in complex 3, a
possible bonding scheme is proposed. (vi) Finally, a
notation for representing complexes with asymmetrically
bridged ligands is proposed which used the symbol 'M' for
representing the strongly bonded M-X bonds and 'm' for
denoting the weakly bonded M-X bonds. Thus, in this
chapter we discussed the synthesis and characterization of

a class of cluster complexes containing a Pt,(Mm,-H) units.
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CHAPTER 7
SYNTHESIS, CHARACTERIZATION AND REACTIVITY OF SOME NOVEL
TRIPLATINUM HYDRIDE CLUSTER COMPLEXES.

7.1 INTRODUCTION

The ability of transition metal surfaces to
chemisorb and thus activate gaseous hydrogen has been
intensively studied over many years and this property has
led to important applications in heterogeneous catalysis’'.
Current interest in molecular hydrogen as a fuel has led to
recent work on the use of the d-block and f-block metal
alloys as agents for its storage and transport in high
concentrations?.

Dissociative chemisorption of hydrogen on a
Pt(11l) surface leads to PtH, Pt,(x,-H) and Pt,(u,-H)
linkages?®~¢, but until recently the Pt, (x,-H) group had not
been reporter in platinum hydride clusters®,'0?. Recently,
our group described the synthesis and characterization of
the first complex containing the Pt, (g ,-H) group’. In
fact, a wide range of monophosphine stabilized polynuclear
platinum hydride clusters, [Pt,H,(PtBu,), ] (BF,) (HBF,),,
(Pt H,(PtBu,) ,](BPh,), [Pt,H (PtBu,),], [Pt,H,(PtBu,),]
and (Pt H,(PtBu,Ph),] have contained only terminally bound
and doubly bridging hydride ligands.9%,t'1714

The rationale behind studying the structures of

metal hydride cluster complexes is that the configuration
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of hydrogen atoms in these clusters may serve as a good
model for the arrangement of hydrogen atoms adsorbed on a
metal surface. Further interest in this class of unusual
hydrido-bridged compounds has dceveloped because of their
use as precursors for the synthesis of mixed metal
clusters's,1¢,

In this chapter we will discuss the synthesis and
characterization of a number of novel hydrido triplatinum
cluster complexes. For example, the cation,

(Pt, (u,-H) (u=dppm) ,1*, 2, rapidly and reversibly protonates
to yield [Pt,(p,~H),(pu-dppm),])2%, 3, and

[Pt,(u~-H) ,(u-dppm) ,13%, 4.'¢ The dihydride complex, 3,
reacts with CO to reductively eliminate dihydrocgen and
forms the parent carbonyl complex, [Pt3(u3~CO)(p-dppm)3]?+,
1.'? Reaction of 3 with phosphine and phosphite ligands
results in the formation of the 44 electron adducts,
[Pt,(p~H)H(pu-dppm) ,L] 2%, 5. The adduct 5d (L = PPh,)
reacts further tc form the diplatinum (I) complex's®,

[Pt, (p-dppm) ,HL]*, 6d.

7.2 EXPERIMENTAL

In all the experiments listed below, the
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operations were carried out under a dry nitrogen atmosphere.

7.2.1 [Ptg(ﬂa-H)z(“-dppm)3](PF5)2I 3a

To a solution of (Pt,(u,-H) (p-dppm),](PF,).




2(PF;), (40 mg, 0.0212 mmol) in CD,C¢, (0.5 mL) in an NMR

tube (5 mm), was added aq. HPF, (4 uL, 0.0452 mmol). After
thoroughly mixing the solutions, a series of variable
temperature 'H, 3'P{'H} and 3'P NMR spectra were recorded.
Solvent was then removed under reduced pressure, and a red
solid was obtained which was washed with n-pentane and
dried under vacuum. Yield : 73%. Mp: 160°C dec. Anal.
calcd. for C, H,,P,F,,Pt,: C, 44.4; H, 3.4%. Found: C,
47.5; H, 4.1%. Poor analysis due to decomposition of 3a in
part to yield 2(PF,). 'H NMR data in cD,c¢, at -40°C:
-3.68 [sept., 'J(PtH) = 420, 2J(PH) = 20, 2H, PtH], 4.0 [s,

6H, P,CH,].

7.2.2 [Pt,(u,-H)H(p-dppm) , (CF,C00)](CF,C00), 3b

To a solution of 2(CF,C00) (40 mg, 0.0216 mmol) in
CD,C¢, (0.5 mL) in a NMR tube (5 mm), was added CF,COOH (4
pL, ©.0538 mmol) by syringe. The contents were mixed
thoroughly. The 3'P{'HK} NMR spectrum indicated quantitative
conversion to 3b. Attempts to isolate the complex in
analytically pure form were unsuccessful. 'H NMR data at
20°C in CcD,C¢,: & -3.53 [sept., 'J(PcH) = 415, 2J(PH) = 20,
2H, PtH), 5.23 [s, 6H, P.CH,]. at -90°C :5 -3.49 [br.
mult., satellites tooc broad to measure J(PtH), 2H, PtH],
4.71 [s, 2H, P,cHaHP], 5.47 (s, 2H, P,CH3HP], 5.92 (s, 1H,
P,CH®Hd], 6.25 [s, 1H, P,CHCHA]; 195pt('H) NMR data at

20°C: & -2612 [t, "T(PtP) = 3100]
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7.2.3 [Pt,(u,~H) (H) (4.-dppm) , (CF,CO0)](PF,;), 3¢

In a similar way, 3c was prepared by the reaction
of 2(PF,) (30 mg, 0.0159 mmol) with CF,COOH (3 L, 0.0403
mmol). 'H NMR data at 20°C in CD,C¢,: & -3.60 [sept.,
'"J(PtH) = 420, 2J(PH) = 20, 2H, PtH], 5.18 [s,
3J(PtH) = 50, 6H, P,CH,]. at -80°C: -3.53 [br.mult.,

"J(PtH) =~ 460, PtH], 5.48, 4.70 [s, 6H, P,CH,}. '95Pt{'H}

®

NMR data at 20°C: -2617 [t, 'u(PtP) = 3150]

7.2.4 [Pt (D) (H) (p-dppm) ,(CF,C00) ] (PF.,, 3b*

[Pt,(u,-D) (p-dppm) ,] (PF_), 2*(PF,), was prepared
as described in chapter 5, using 1(PF,;) (40 mg, 0.0212
mmol) and NaBD,. To a solution of 2*(PF,) (40 mg) in
CD,C2, (0.5 mL) in an NMR tube (5 mm), was added CF,COOH (2
pL) by syringe. The ?'P NMR spectrum indicated a

guantitative conversion of 2*(PF,) to 3b.

7.2.5 [Pt,(u,-D)D(u-dppm),(CF,C00)](PF,), 3b**

Complex 3b** was prepared by the reaction of
2*(PF,) with an equimclar quantity of CF,COOD [CF,COOD was
prepared by the reaction of trifluoroacetic anhydride,

(CF,C0) ,0, with D,0].

7.2.6 ([Pt,(u-H),(x-dppm),](CF,CO0),, 4
To a solution of 2(PF,) (40 mg, 0.0212 mmol) in
CD,C¢, (0.5 mL) at -70°C in an NMR tube (5 mm), was added

an excess of CF,COOH (20 pL, 0.2693 mmol). The concents




were mixed and a series of low temperature (-70°C)
multinuclear NMR spectra were recorded. 'H and 3'P NMR
spectra indicated complex 4 as the only product in solution
at this temperature.

31pP{'H} NMR data at -70°C in CD,C¢,: & -3.28 [s,

'J(PtP) = 3160, 2J(PtP) 151 and 3J(PP) = 46, PtP]. 'H
NMR data at -70°C: ¢ -6.8 [t, 'J(PtH) = 604, 2J(FPRH) = 70,

3H, PtH], 4.83 [s, 6H, P,CH,]

7.2.7 Interconversion of 2, 3, and 4:

Following the recording of NMR spectra of the
trihydride complex, 4, at -70°C, the solution was allowed
to warm to room temperature ard a series of 'H and 3'P{'H}
NMR spectra were recorded. At this temperature (20°C) the
resonances observed were due to the dihydride complex, 3,
and free CF,COOH. The solution was then evaporated to
dryness and the residue was washed with diethyl ether (5
mL) and redissolved in CD,C¢, (0.5 mL). The 'H and 3'P{'H)
NMR spectra of the resulting product indicated the

monohydride complex, 2, as the only product in solution.

7.2.8 Reaction of CO with complex 3a:

A sample of 3a (30 mg, 0.0150 mmol) in CD,C2, (0.5
mL) was placed in a NMR tube (5 mm) fitted with a teflon
tap. The tube was evacuated and excess CO was condensed
into the liquid-nitrogen-cooled tube via a vacuum line, and

the tap was closed. The colour of the solution rapidly
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changed from red to orange. The NMR spectra of the
resulting products were recorded. The residual gas inside
the NMR tube was analysed by FAB mass spectrometry.

Similar experiments were conducted with complexes
3b, 3c, 3b*, 3b** and an equimolar quantities of 3b and
3b**, In all the cases the FAB mass spectra showed the
peak due to H,, m/e = 2, as the major peak (>90 mole
percent). The above experiment was repeated replacing '2CO
gas by '3CO in order to obtain '3CO enriched products.
'3C{'H) NMR data of the resulting products in CD,C2, at
-40°C: s 210.2 [sept., 'J(PtC) = 777, 2J(PC) = 26,
Pt,(px,-CO) in 1), 186.3 [m, 'J(PtC) = 586, Pt,(p,~CO) in
7]. 3'P{'H) NMR data at -40°C: & -6.7 [d, 'J(PtP) = 3710,
3J(PP) = 140, 2J(PC) = 26, ?3'P in 1], -14.2 [br.s,

1J(PtP) = 3400, ?'P in 7].

7.2.9 [Pt,(px~H)H(u-dppm),{P(OPh),}](PF,) (CF,C00), 5c

To a soltution of 3¢ (30 mg, 0.0150 mmol) in
CH,C¢, (5 mL) was added P(OPh), (4.3 uL, 0.0164 mmol). The
contents were stirred for 10 minutes. During this period
the solution turned deep red in colour. The solvent was
removed under reduced pressure and the resulting residue
was washed with diethyl ether (10 mL) followed by n-pentane
(5 mL) and dried under vacuum Yield: 70%. Anal. calcd.

for ¢, H,,F,0,P,Pt,: C, 49.4; H, 3.6%. Found: C, 49.1; H,

3‘4%.
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7.2.10 {Pt,(u-H)H(u-dppm),(P(OPh),)](PF,),, 5c'

Complex 5c¢c (25 mg, 0.0108 mmol) was dissolved in a
minimum of acetone (3 mL) and added dropwise into a stirred
solution of NH,PF, (100 mg, 0.6098 mmol) in methanol (5
mL). After stirring for 15 minutes, solvent was removed
under reduced pressure. The residue was dissolved in
CH,C¢, (5 mL), filtered free from the excess NH,PF, and
upon removal of solvent, a red crystalline solid was
obtained. Yield: 85%. Anal. calcd. for C,,H,,F,,0,P Pt.:

C, 47.7; H, 3.6%. Found: C, 47.5; H, 3.5%.

Complexes 5a and 5b were also prepared by similar methods.
7.2.11 (Pt,(p-H)H(p~-dppm) ,{P(OMe) ,}](PF;) (CF,CO0), S5a:
Anal. calcd. for C, H,,F,O P,Pt,: C, 45.3; H, 3.7%. Found:

C, 45.1; H, 3.6%.

7.2.12 [Pt,(u-H)H(u-dppm),{P(OEt),}](PF,) (CF,C00), 5b:
Anal. calcd. for C,,H,,F,O,P,Pt,: C, 46.1; H, 3.9%. Found:

C, 45.9; H, 3.7%.

7.2.13 Reaction of complex 3c with PPh, :

To a solution of 3c (30 mg, 0.0150 mmol) in CD,C¢,
(0.5 mL) in an NMR tube was added PPh, (4 mg, 0.0152
mmol). The contents were mixed thoroughly and transferred
to the NMR probe which was precooled to -40°C. 3'P('H}) NMR
spectra of the sample were recorded. The solution was then

transferred to a round bottom flask, a small volume of
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CH,C¢, (5 mL) was added, and the contents stirred at room
temperature for 0.5h. The solvent was then removed under
reduced pressure. The reddish-brown solid was washed with
ether (10 mL) and dried under vacuum. The resulting
product was characterised by multinuclear NMR spectral data
to be [Pt,(p-dppm)_ H(PPh,)]%, 8d. =3'P{'H) NMR data of 8d
at 20°C in CcD,C¢,: & 6.94 [m, 'J(PtP) = 3532, P], 7.95
[m, 'J(PtPP) = 2894, PP], 27.1 [m, 'J(PtP¥) = 2181,
2J(PtPX) = 596, N' = 2777, PX]. N' = 'J(PtP) + 2J(PtP),

N = 2J(papP) + 3J(papP'). 'H NMR data in CcD,C¢, at 20°C: 3
-8.97 [m, 'J(PtH) = 1005, 2J(PH) = 9.5, 3J(H-Pt-Pt-P) = 45,

PtH), 4.98 [s, *J(Pt'H) = 42, 3J(Pt2H) = 72, P,CH,]

7.3 RESULTS AND DISCUSSION
7.3.1 Synthesis of the hydrido triplatinum complexes 3a-3c
and 4:

The dihydride complex, [Pt,(ux,-H),(px-dppm),](PF;),,
3a, was synthesized by the reaction of 2a with an equimolar
gquantity of HPF_, equation 7.1. Similarly, complexes 3b and
3c were formed by the reaction of the trifluoroacetate salt
of 2, 2b, with CF,COOH and HPF., respectively, equation 7.2.

The trihydrido complex, 4, was prepared by the
reaction of 2 with an excess of CF,COOH or aqueous HPF_ at
-70°C, equation 7.3. Complex 4 was not thermally stable

above -60°C and was characterized in solution by

multinuclear NMK spectroscopy.
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In the above reactions, the three bridging u-dppm

ligands serve to maintain the integrity of the cluster, and
avoid the common problem of cluster fragmentation'?, which
is prevalent in other triplatinum cluster reactions. For
example, reaction of the isoelectronic complex

[Pt,(x-CO), (PtBu,Ph),], with HCl at -50°C results in the
fragmentation of the trinuclear cluster, to produce the
mononuclear platinum (II) hydride complex,

[PtHC2 (CO) (PtBu,Ph) ]2¢, equation 7.4.

o) 3 H 7
BN ot 3HCI |
ﬂ ﬁ( me%" 3 Cl—Pt—1L
| (o]
L 0 |

Ecjuation 7.4

7.3.2 Spectroscopic characterization and fluxionality of
complexes 3a-3¢C

Complexes 3a-3c were readily characterized by
multinuclear NMR spectroscopy. Complexes 3b and 3¢, which
kave CF,CO0~ as one of the anions, are fluxion7’ ir
solution at room temperature.

In the 3'P{'H} NMR spectrum of 3a at room
temperature, figure 7.1, the resonance due to the dppm

phosphorus atoms appeared as a singlet at 5 -5.7,




_1é § (PPM)

Figure 7.1: 3'P{'H) NMR spectrum of 3a. Inset shows the

"H~coupled 3'P resonance.
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Figure 7.2: Hydride resonances in
(a) 'H NMR spectrum of 4 at -70°C.
(b) 'H NMR spectrum of 3a.




accompanied by satellites due to coupling to '95Pt
['T(PtP) = 3178 Hz, 2J(PtP) = 149 Hz], indicating that the
six dppm phosphorus atoms are equivalent. The presence of
dihydride ligands was confirmed by recording a
proton-coupled 3'P NMR spectrum of 3a. An extra triplet
splitting due to 2J(PH) = 20 Hz was observed in this
spectrum, figure 7.1.

The hydride signal in the 'H NMR spectrum of 3a,
figure 7.2(b), was observed at § -3.68 as a septet due to
coupling to six equivalent phosphorus atoms, 2J(PH) = 20
Hz, and with satellites due to coupling to '95Pt
['J(PtH) = 420 Hz] having intensities expected for a
Pt,(u,-H) group’ [The inner five lines of the
1:12:52:84:52:12:1 septet was observed, appendix 7]. The
resonance due to the methylene protons, CH,P,, appeared as
a broad singlet at 5 4.0, as expected for the proposed
structure 3a, which has a plane of symmetry containing
Pt,(x-PCP), unit. We note that the NMR data do not
preclude less symmetrical but fluxional structures for 3a,
such as a structure with a Pt,(g,~H)H unit. However, the
NMR data are unchanged at -80°C, and no terminal Pt-H
stretch was observed in the IR spectrum, so such structures
are improbablas for complex 3a.

The NMR data obtained for complexes 3b and 3¢ at
room temperature were similar to that of 3a (see¢ table 7.1
and experimental section). However, at low temperature,

-90°C, three different ' P resonances were observed in the
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Table 7.1 : 3'P{'H} NMR data of complexes 3a - 3¢ in CD2Clp

(a) At room temperature:

(b) At low temperature:

Compiex3

temperature
3PP
1J(PtPb)

| 2J(PiPY)
3)(PbPb)

5pa
14(PPa)
3J(Papc)

§ The 31P{'H} Spectral data of 3a is unchanged even at -90° C

1 indicates that the resonances were too broad to obtain coupling constants




3'P('H) NMR spectrum, figure 7.3, table 7.1. Scheme 7.1
shows the proposed structure of 3b and 3c along with an NMR
labelling scheme. In complex 3b, the resonance due to pP
appeared as a singlet at & -3.8 with 'J(PtPP) = 2600 Hz.
The magnitude of 3J(PPPP') = 60 Hz is obtained from the
195pt satellite spectra. The resonances due to P2 and PC

appeared as doublets due to coupling with each other,

LN x

u/”” |‘~\\\~Pr/,,/'P"“‘-pc X CFaCCO , 3b
pa » ///
pb

PFs’, X

Scheme 7.1: NMR iabelling scheme

3J(PAPS) = 45 Hz, table 7.1.

In the 'H NMR spectrum of 3c at -90°C, the
resonance due to hydride is observed at s -3.5 as a broad
multiplet with broad '95pPt satellites. The hydride
resonances, H' and H2, were not reso.ved as individual
peaks at this temperature. However, t..e signal due %o the
CH,P, protons, which appeared as a singlet at room
temperature (65.23), splits into four different resonances

at -90°C, in the intensity ratio 2:2:1:1, as expected for

j!

’
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the static structure 3c, see experimental section.

The above NMR data of 3b and 3c are consistent
with a fluxional process, as shown in equation 7.5,
involving rapid and reversible dissociation of the CF,C00~
ligand. Thus, the intermediate is a complex containing a
symmetrically triply bridged, bicapped, Pt,(yx,-H), group.
Equation 7.5 shows that the CF,C00~ ligand reversibly
coordinates to either the top or bottom face of the
Pt, (p-dprm), triangle, so that the time-averaged structure

appears to contain a Pt,(ux,-H), unit.

Equation 7.5: u-dppm ligands omitted for clarity

Thus, we observe that in the hexafluorophosphate
salt, 3a, both the hydride ligands cap the Pt, triangular
face as triply bridging ligands to form a complex which has
a vt,(p,-H), unit ir its ground state structure. The
trifluorcacetate salts, 3b and 3¢, have a less symmetrical
structnre, containing a Pt,(ux,-H)H unit, and the CF_COO0~ is
probably coordinated to the triplatinum centre. The role

of this anici. acting as a bridging ligand is not uncommon,




and has been observed in several binuclear and trinuclear
complexes.?? For example the tripalladium complex??',
{(Pd,(p,~CO) (p-dppm) ,] (CF,CO0) ,, contains one CF,CO0~ ion
lying close to the capping site of the Pd, unit, on the
other side of the p,-CO ligand. Although the Pd-0
distances are very long (2.8 - 3.1 A), on the basis of
additional evidence reported elsewhere??, this compound has

been formulated as [Pd, (g ,-CO) (x~dppm) ,(ux,-CF,C00)](CF,CQO).

7.3.3 Spectroscopic characterization of
[Pt, (p-H) ,(p-dppm) ,]1%3, 4

Complex 4 was characterized in solution by lov’
temperature 'H, ?'P{'H) and 3'P NMR spectroscopy. Schenme
7.2 shows the NMR lahelling scheme for 4.

The 3'P{'H) NMR spectrum of 4 at -70°C, figure

7.4, shows a single 3'P resonance appearing as a singlet at
— T |
P P
PN
///,Hi::: \\\\ﬁh\\\\
| P(,/”
Pa H / H pa
\___P \P_/

Scheme 7.2: NMR labelling scheme for 4

5 =3.28 with satellites due to coupling to '°5Pt

['J(PtP) = 3160 Hz, ?J(PtP) = 151 Hz]. The propused

structure 4 has a single hydride, H2, for each pair of
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Figure 7.4:

'P('H) AMX spectrum of 4 at -70°cC,
the 'H-zoup'ed 3'p resonance.

ITnset shows




phosphorus atoms, P32, of the bridging dppm ligands. This
was confirmed by recording a proton-coupled 3'P NMR
spectrum. An extra doublet splitting due to 2J(PaH2) = 70
Hz in the 'H-coupled spectrum was observed, figure 7.4.

In the 'H NMR spectrum of 4 at -70°C, the signal
due to hydrides was observed at & -6.8, as a triplet due to
trans-like courling to two equivalent phosphorus atoms, P23,
2J(Pa2H2) = 70 Hz, figyure 7.2(a), and with satellites due to
coupling to '95Pt ['J(PtH) = 604 Hz] having the
intensities expected for a Pt,(ux-H) group (only the inner
three lines of the 1:8:18:8:1 quintet are observed,
appendix 7)

The rescrance due to the CH,P, protons appeared as
a singlet at & 4.83, as expected for a planar
[Pt,(u-PCF) ,(p-H),]) unit. The intensity ratio of CH,P,
protons to the hydridic protons is 2:1 indicating that
there are three hydride ligands in complex 4.

All these observatiouns support the proposed
structure of 4, which contains three hydride ligands

located in the Pt,(p-dppm), plane, each bridging between

L= PBuUY

platinum atoms along an edge of the Pt, triangle. Thus,
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protonation of 3 evidently converts the u,-hydrides to 258
#,-hydrides. Complex 4 is analogous to the known complex?,
[pt,(p-H)ggptBua),] » 9, which has terminal hydrides in

place of three of the phosphorus atoms in 4.

7.3.4 Interconversion of 2, 3 and 4:

The trihydride complex, 4, was stable in solution
only at temperatures below -60°C. On warming to room
temperature, the NMR spectra of the resulting solution
shows a quantitive conversion of 4 to the dihydride
complex, 3. Upon evaporating the solution of 3 to dryness
and washing with diethyl ether, 3 is deprotonated to yield
the monohydride complex 2. This sequence of reversible
protonation and deprotonation'® reactions is shown in

equation 7.6,

+1 +2 +3
P/H\P ) P/H\P 1 P Np |
A WY D A NS S Pk |
PSS P g PTIRKLA P Y IR
\—p—~F~ps P""T/(‘P H’/PGH P
H P p
2 3 4
Equation 7.6

7.3.5 Reaction of 3 with CO:
Earlier work?? has shown that the reaction of cO
with the trihydrid. aiplatinum "A" frame complex?94,

[Ft,(p-H)H, (u-dppm) ,], 6, results in the quantitative



elimination of hydrogen and the formation of a
hydrido-carbonyl complex, [Pt,(u-dppm),H(CO)]*!', &,

equation 7.7.

—|+1
P/\T ,I,/\,lﬂn
H
" S, — 0 o Hep——P1=CO 4+ iyt
Hll l\H I I
p\\v/’p P\\v/’P
6 8

Equation 7.7

When the dihydride complex, 3, is put under a
positive pressure of CO, quantitative elimination of
hydrogen is observed along with the formation of the parent
carbonyi cluster, [Pt,(u,=CO)(p=-dppm),]*z, 1 and
[Pt, (p,~CO) (u~-dppm) ,(CO) ]J*?, 7, equation 7.8. Complexes 1
and 7 were characterized by 3'P{'H} and '3C{'H} NMR
spectroscopy and the NMR data obtained are in agreement

with the reported work?s.

+2 +2 +2
N AR AR
cO co 1\
R ~ ) 7 . R N o P B ~ L - P
Sp7 F H \ Pt \ Pt
P/ P~ p—"~p/ P’é ~p~/
H 0
3 1 7

Equation 7.8
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Attempts were made to study whether the process of
elimination of hydrogen from 3 was an intra- or
inter-molecular process. An equimolar quantity of 3b (H,)
and 3b** (** = D,) were reacted with CO in a sealed tube.
After the reaction was over, the residual gas in the tube
was analysed by FAB mass spectrometry. The peak due to
hydrogen (m/e = 2) appeared as the major peak. A similar
experiment with 3b* (* = HD) and CO also yielded hydrogen
as the major product. The peak due to HD (m/e = 3) was
observed at less than 10 mole percent. These results
indicate that the hydrides of 3 scramble rapidly with other
protons in the solvent or within the molecule (possibly
with the methylenic protons, CH,P,, of the dppm ligands
which are mildly acidic in nature). Thus, further studies
on the mechanistic aspects of the process of elimination of

hydrogen from 3 could not be pursued.

7.3.6 Reaction of 3 with phosphines and phosphites:
7.3.6.1 sSynthesis of [Pt,(p-H)H(p=-dppm),L]}*2?, 5a-5d:

The ligand-induced reductive elimination of
hydrogen from the trihydrido 'A' frame complex, 6, is well
¢ cumented in the literature'®. Thus, reaction of
phosphinec (L = PPh,, PMePh,, PMe,Ph or p-dppm) with 6
follows »>ne of the reaction pathways shown in scheme 7.3.

The reaction has been shown to proceed through an
intermediate, [Pt,(x~H)H,(p=-dppm),L]*, from which

intramolerular hydrogen loss occurs.




-l+1 1 +1
P/\P P/\P
F!’I/H\Fl’l —..-.L—s. |!'t/Hb\l!’t’L
H7 | ™ Ha| | She
P p P.
N ~-F
" L-l +1 /;‘i”
Pl p H\, p~ L3P
;L/ Pl/' \ 7 | /
\(P H¢ pr/ P/lc
HP 2
JH-H)
(H*-H)
P/\P-l +1

Scheme 7.3

Reaction of the triplatinum complex, 3c, with PPh.

at room temperature resulted in the formation of the

diplatinum complex, [Pt,(u-dppm),H(PPh,)]*, 8d, in
quantitative yield. The NMR data of the product, d4d, were
in full agreement with earlier work. Thus, a cluster
fragmentation reaction was observed.

An initermediate complex,
[Pt,(u-H)H(p-dppm) ,(PPh,)]%2?, 5d, was otserved when the

reaction of 3¢ with PPh, was carried out at low
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temperature, -20°Cc, scheme 7.4. On allowing the solution
to warm to room temperature, 5d disintegrates to yield the

diplatinum (I) complex, 8d.

+1
~, 7% L7 Al
P
|,/ l L \\ ,/‘\\ :
. . .,-Pt;—-l—Ph.. ———  H—P'"—P—_
R Q‘p(? P R ‘Pf'l P
\_p——il \P"—/ \_.p.—-—' \'P_J I I
H/ H P{\wfpb
3c L L = PPhs, 8d
P(OMe)s, sa
P((OEt)s, sb
P(OPh)3 s¢
PPhs, 5d
Scheme 7.4

Reaction of 3c with the less bulky phosphite
ligands P(OMe),, P(OEt), and P(OPh),, resulted in the
formation of [Pt, (u-H)H (u~-dppm) ,{P(OR),}1%2?, Sa-5c,
(scheme 7.4) which were thermally stable and could be
isolated in analytically pure form. Even after four weeks,
complexes 5a-5¢ did not rearrange in solution to yield the

diplatinum complexes 8a-8c.

7.3.6.2 Spectroscopic characterization of 3a-54
Complexes 5a-5d were characterized unambiguously
in solution by multinuclear NMR spectroscopy. The NMR
labelling scheme is shown in scheme 7.5. The 3?'P{'H) and
'H NMR data are given in tables 7.2 and 7.3 respectively.

Both the 'H and 2?'P NMR spectra are characteristic




Scheme 7.5: NMR labelling for complexes 5a - 5d

of the prcposed structure 5, which has an apparent plane of
symmetry passing through the atoms H2?, pd, Pt' and H'.

The 3'P{'H} NMR spectrum of S5b, figure 7.5, will
be discussed as a typical example. The spectrum consists
cf fcur ?'P resonances in a 1:2:2:2 intensity ratio. The
resonance due to PP appears as a singlet at 6 -2.0,

'J(PtP) = 3750 Hz. However, it should be noted that the
doublet splitting due to 3J(PPPP') and the long-range

23 (pt2pPb) coupling in the '95pt satellites are absent.
This suggests that there is no Pt-Pt bond or only weak
Pt-Pt bonding between these two platinum atoms, Ptz? and
Ptp?. The phosphorus atoms, P2 and P€, couple to each
other and appear as an AB multiplet (5 P2 = -20.5,
'"J(Pt'P3) = 1670 Hz; s PC = -10.0, 'J(Pt2?PC) = 2490 Hz).

The resonance due to the P(OEt), ligand, pd, was
at low-field (4 101.2) and appeared as a 1:4:1 triplet (due
to coupling to Ft', 'J(Pt'Pd) = 3550 Hz). The value of

'J(Pt'Pd) is lower thun that observed in other triplatinum
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Table 7.2 : 3'P{'H} NMR data of complexes 5a - 5d in CD2Cl»

 5pa
(Pt 3)
23(P1p3)
i 3J(PaPC)
| spb
1J(P12Pb)

 2J(PHT)¥

£ at-40°C

§ at-20°C

+ Data obtained from 'H-coupied 3P NMR spectrum\

% Indicates that the resonances were too broad to obtain coupling constants

| Complex

Table 7.3: 'H NMR data of complexes 5a - 5¢ in CD2Cla

So

3H1S
1J(Pl1H1)

‘ 2J(P!2H1)

: 2J(de1,
ZJ(paH1)
sHZ

1 1J(P12H2)
2J(P12H2)
SP(OCHg)

J(PH)
) J(HH)
} SCHaHb
2 thaHb)
| SCHEHI
£ J(HcHd)

£ at-40°C

3.68

11.5

442, 456
16

3.39, 3.78
7

§ doubiet of triplets

$ triplet

-4.83
720
g0
267
10.C
-2.92
650
76

1.25 (OCH2CHa)
3.99 (OCH2CHa)
7.0

7.0

4.76, 4.65
14

3.02, 4.41
9

4.30, 4.77
10

6.09, 6.22
9




of/de é

ml .0 Ehe iz

= o=

"“ i Al —
= =
1.25

22 et e




267

complexes.?? This is probably due to the strong
trans-influence of the hydride ligand, H'. The presence of
a single hydride ligand trans to P4 was confirmed by
recording a 'H-coupled 3'P NMR spectrum. An extra doublet
splitting due to 2J(PAdH') =~ 267 Hz was observed in the
spectrum, figure 7.6. 2J(PH) values of this magnitude are
also observed in other platinum complexes which contain a
hydride ligand trans to a phosphorus donor.2¢ The
'H-coupled 3'P NMR spectrum also showed an extra doublet
splitting in the resonance due to PP. This PH coupling is
expected to be the trans-like coupling between atoms PP and
H?, 2J(PPH?) = 76 Hz. The J(PH) coupling of a similar
magnitude is also observed in 9.°

The 'H NMR spectrum of 5b at room temperature
contains four different resonances in the CH,P, region with
relative intensities 2:2:1:1 as expected for the proposed
structure 5, table 7.3. The resonance due to the hydridic
proton, H', appears ac. é -4.8 as a doublet of triplets,
figure 7.7, due to coupling to the phosphorus atoms P4 and
P2 [2J(PdH') = 267 Hz, 2J(PYH') = 10 Hz] and with quarter
intensity satellites due to coupling to '95Pt
['J(Pt'H') = 720 Hz, 2J(Pt2?H') = 90 Hz]. The magnitude of
'J(PtH) is comparable to hydrido-platinum (II) phos»hine
complexes in which hydride is trans to phosphorus.?® The
second hydride resonance due to H? was observed at & -2.9
as a triplet due to coupling to the two phosphorus atoms,

pb and pb’', 23 (PPH?) = 76 Hz, and with satellites due to
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coupling to '9SPt ['J(Pt?H?) = 650 Hz] having the
intensities 1.0 : 2.2 : 1.0, indicating that the hydride H:?
is bridged bet-;een Pty? and Ptp? in a Pt,(u-H) bonding mode
(i.e, only the inner three lines of the 1:2:18:8:1 quintet
are opbserved, appendix 7).

The above mentioned NMR spectral data support the
proposed structure of the 44 electron complexes, 5a-5d, and
this work illustrates the value of analysis of the
multiplicities due to '9 Pt couplings in elucidating the

molecula ' structure of platinum clusters.

7.4 SUMMARY AND CONCLUSIONS

The cluster complex [Pt,(u,-H)(p-dppm),]}*, 2, can
we protonated rapidly and reversibly to give
[Pt,(p,~-H) ,(p-dppm),1*2, 3a and [Pt,(p-H),(u-dppm),]*?, 4,
thus providing a route to novel platinum cluster hydrides.
The interconversion reaction 2 &3 clearly shows how
electrophilic ligand substitution at the cluster can occur
by a bimolecular stepwise mechanism'¢é. Similar reactions
were also observed in Pt ,Au clusters (chapter 5). Such
clusters are important as models for intermediates in
heterogeneous platinum-catalysed reactions but are still
rare compounds’:'?,

The dihydride complexes 3b and 3c have presumably
a CF,C00" anion coordinated to the platinum centres and

thus yield triplatinum clusters containing a triply bridged




hydride and a term.nal hydride ligand. 3b and 3c are
fluxional in solution at ambient temperature. The
fluxional process is thought to involve rapid and
reversible coordination of the CF,C00™ anion to the Pt
triangle and simultaneously, the hydrides switch their
bonding from a terminal mode to triply bridging mode.

This work has demonstrated that "Pt,(dppm)," can
be protonated either at the centre (as in 2 and 3a) or at
the edge (as in 4). This is consistent with the isolobal
relationship with cyclopropane?¢ which is protonated at an
edge (or a corner).

If the capped compounds 2 and 3 are considered to
be formed by consecutive additions to the a, HOMO of
Pt,(dppm) , (for a detailed discussion see chapter 5 and
elsewhere?8), then the individual Pt-H bonds are expected
to be weaker for the dicapped compounds. This is reflected
in the much reduced coupling constants 'J(PtH) in 3 (420
Hz) compared to 2 (710 Hz).

Reaction of 3a-3c with CO resulted in quantitative
elimination of hydrogen and the subsequent formation of the
.arent carbonyl cluster, 1. Attempts to study the reaction
pathway were futile due to scrambling of the hydridic
protons in 3 with those in solvent and/or the methylenic
groups of the dppm ligands.

Reaction of the dihydride complex 3 with the
phosphine and phosphite ligands resulted in the formation’

of adducts 5a-5d. The (p,-H), ligands in 3 convert to a

37C
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doubly bridging, (gx,-H), and a terminal ligand in 5 in
order to accommodate the incoming phosphorus donor. This
arrangement presumably reduces the steric congestion in the
resulting complex, 5. The adduct 5 is thermally stable
when the phosphorus donor is a phosphite ligand. However,
when the ligand is a bulky phosphine ligand, PPh,, the
adduct 5d is observed only as a kinetic product. 5d reacts
further to yield the diplatinum (I) complex, 8da. Thus, by
medifying the added ligand, we have successfully isolated a

reactive intermediate in the cluster fragmentation process.
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CHAPTER 8
SYNTHESIS, CHARACTERIZATION AND FLUXIONALITY OF

TETRAPLATINUM CLUSTERS

8.1 INTRODUCTION

In chapters 5, 6 and 7, we discussed the
reactivity of the hydridotriplatinum cluster,
[Pt,(p,-H) (p-dppm) ,]*, 2, towards various electrophilic and
nucleophilic reagents. 1In this chapter, we will discuss
the synthesis and reactivity of the tetraplatinum complexes
which are obtained by reaction of the triplatinum complexes
2 and [Pt,(u,-CO) (pz-dppm),]2t, 1, with some Pt(0) reagents.

A number of tetraplatinum clusters are known whose
electron count ranges from 48 to 60 's2. 1In gene.al, iower
numbers (¢ 56) of bonding electrons lead to tetrahedral
geometries, whereas addition of more electron pairs lead to
localised bond breaking and formation of a butterfly
geometry?~?. This behaviour is similar to that of the
triplatinum clusters where an increase of each 2 electron
unit (from 42 o 44 to 46) is expected to result in the
breaking of one or two Pt-Pt bonds.

Tetraplatinum clusters having electron counts of
58 are common and their general formula is
[Pt,(u-CO). (L) ,), 7, L = phosphine3~?. They are
synthesized by various routes; equations 8.1 to 8.3 show a

few of these pathways'~’.
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(Pt ,(u-CO) . (PMe,Ph) ,]

K,PtC¢, + 2 PMe,Ph >
Equation 8.1: reagents: MeOH, NH,NH,, KOH, CO

2 [Pt,(u-CO),L,] + 3 CO — [Pt,(p-CO) L,] + 2 [Pt(CO),L,]

Equation 8.2: 1 atm, 25°C, L = PPh,,

[Pt(ZO)L,] + [Pt,(CO),L,] + {Pt,(CO),L,]

l Alumina column
[Pt4(p—CO)5L4]

Equation 8.3 : L = PPh, (CH,Ph)

The solid state structure of complexes 7 reveals a

‘butterfly' arrangement of Pt atoms. Hence, there are two

different chemical environments for both the phosphine
ligands and platinum atoms (i.e, the atoms at the 'hinge'
of the butterfly are different from those at the 'wing

tips'). Hence, one would predict two distinct 3'P and

Pkph\\\i:,,/'Pt Ph_q&i;:iéaafn‘ PL—**“—-—-P”-P‘
\L/ \Ptz
\

p2

Equation 8.4 : Carbonyls omitted for clarity

'95pt resonances. However, these clusters are fluxional in
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solution. The 3'P{'H) and '9*SPt(‘'H) NMR spectra reveal
equivalent ?'P and '¢95Pt spins even at low temperaturet®.
This is rationalized in terms of a fluxional process
involving Pt-Pt bond breaking and making, and suggests that
the 'butterfly' is 'flapping its wings' as shown in
equation 8.4.

Our group has also been involved in the chemistry
of tetraplatinum clusters. The 58 electron cationic

(n'-dppm-F)

complex, [Pt,(u-H)(u-CO)zxu-dppm)J](PFs), 5, and the
neutral complex, [Pt,(u-CO),(x-dppm),(Ph,PCH,P(:0)Ph,}], 6,

have been synthesized and structurally characterized'0,''.

oC-—l!‘t Cb*:m\\ ...p-t\ ?

N \\ "\'V 0 [ W7

N7 T b

d:-'T"‘Co P// \\P-——J P// \\P-—-J
7 5 6

Scheme 8.1

Complexes 5 and 6, like other 58 electron Pt, clusters,
thus contain a butterfly arrangement of the metal atoms,
scheme 8.1. These clusters are synthesized under water gas

shift conditions as shown in .quations 8.5 and 8.6.

[Ptz (“-H) (H) 2 (I‘-dppm) 2] (PFG) -_— Complex 6

Equation 8.5: conditions: MeOH/H,0, 100°C, 100 psi CO
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TPt (CF,C00),(dppm)} ——————  Complex 5
Equation 8.6: conditions: MeOH/H,0, 100°C, 100 psi CO,

3 days

complex 5 displays a novel fluxionality involving
edge to edge migration of the (x~H) and [u-Pt(CO),(dppm-P)
groups with respect to the Pt,(py-dppm), triangle (Equation
8.7, complete equivalence requires six such 60° steps) so
that the time averaged structure appears to contain a p,-H
group below, and a rapidly-spinning ,-Pt(CO),(dppm-P)

group above, the Pt,(ux-dppm), unit.

V. 4
;;/‘\P |+ p="=p |+ p~" ~~p _|+1
|
Pt Pt Pt
OC/ \ %/'l‘\ OC/ \Co
P1 / COPt —_— 599:\ ,/ I
A, Ny f— ;a-——ft::jgm s Pl——=M
\H\-H/ \""t /' \y
VL
8o
H

Equation 8.7. p-dppm ligands omitted for clarity

Formation of complex 5 can also be rationalized in
terms of reaction of the Pt(0) complex, Pt(CO),(dppm-P),
with the triplatinum cluster 2. This rationale was put to
test and was successfully used to synthesize the 58
electron complex, [Pt,(px-H) (u=CO) , (p~dppm) , (PPh,) ] (PF,) . 3,

and the 56 electron complex,
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[Pt,(p-CO) ,(u-dppm) ,(PPh,)](PF,),, 4. Complex 3 displays a
fluxionality similar to that observed in 5, while 4
displays a slightly different kind of fluxional process by
virtue of its postulated tetrahedral Pt, skeleton. The
details of the synthesis, reactivity and fluxionality of

these clusters will be described in this chapter.

8.2 EXPERIMENTAL:
The Pt(0) complexes, Pt(CO),(PPh,), and
(Pt,(u-CO),(PPh,;),], 8, were synthesized by literature

methods”?’.

8.2.1 Synthesis of [Pt,(u-H) (u-CO),(u-dppm),(PPh,)](PF;), 3
Complex 3 can be synthesized by two different

procedures.

8.2.1.1 From reaction of 2 with Pt(CO),(PPh,),

To a stirred solution of 2 (40 mg, 0.0212 mmol) in
CH,C?, (10 mL) was added Pt(CO),(PPh,), (18 mg, 0.0232
mmol). The contents were stirred under nitrogen atmosphere
for 2h. The solution was then concentrated and layered
with pentane. The red crystalline solid which precipitates
was filtered and dried. Yield: 80%. Anal. calcd. for
C,sHy ,F,O,P,Pt,: C, 47.6; H, 3.5%. Found: C, 47.3; H,
3.4%. Mp: 170°C dec. 1IR. (halocarbon): »(CO) = 1810, 1773

cm™'; FAB MS: Calcd. for [Pt,(H)(CO),(dppm),(PPh,)]*, m/e



2252; Found, m/e 2252. &('H) in cD,C¢, at 20°C: =7.4 [m,
"J(PtH) = 518, 2J(Pt<H) = 31.5, 1H, PtH], 4.1 (s, 3H,
CHaHP], 6.5 [d, 2J(H2HP) = 14, 3J(PtH) = 80, 3H, CHagP);

at -80°C: -7.46 [m, 'J(Pt3H) = 'J(Pt2H) = 675,

:J(Pt'H) = 169, 1H, PtH], 3.4, 5.0 {s, 2H, cH3gP), 6.2, 6.7
[s, 4H, CHaHP}. 5('95Pt) in CD,C¢, at 20°C: -3397 [d. of
m., 'J(Ptspd) = 5400, 2J(PtP) = 130, 'J(PtPt) = 140 Hz,

Pt4].

8.2.1.2 From reaction of 2 with 8 in presence of CO
Complex 2 (50 mg, 0.0265 mmol) was dissolved in
acetone (15 mL) saturated with CO gas. To this was added
complex 8 (38 mg, 0.0256 mmol) and the solution was stirred
for 2.5 h. under an atmosphere of CO. Solvent was then
removed under vacuum and the residue was redissolved in
CH,C?2, (5 mL) and layered with pentane (10 mL). Complex 3

was obtained as a red crystalline solid. Yield: 75%

8.2.2 Synthesis of [Pt,(u-CC),(u~dppm),(PPh,)1(PF,),, 4
Complex 4 can be prepared by two different

procedures.

8.2.2.1 From reaction of 1 with Pt(CO),(PPh,),

To a solution of 1 (40 mg, 0.0195 mmol) in acetone
(10 mL) was added Pt(cO),(PPh,), (15 mg, 0.0194 mmol). The
contents were stirred under nitrogen for 2.5 h. The orange

solution changed colour to red at the end of this period.

27
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The solution was then concentrated to a minimum voliume (5
mL) and on layering the solution with pentane, red crystals
of 4 separated out. Yield: 85%. Anal. calcd. for

CyosHy ,F,,0,P,Pt,: C, 44.9; H, 3.2%. Found: C, 44.8; H,
3.5%. Mp: 210°C dec. IR (halocarbon): »(CO) = 1844, 1802
cm~'. FAB MS: Calcd. for [Pt4(CO)z(y-dppm)3(PPh3)](PFS)+,
m/e 2397; Found: m/e 2397. §('h) in CD,C¢, at 20°C: 4.3
[s, 3H, cHaHP], 6.76 [d, 2J(HaHP) = 15, 3J(PtH} = 80, 3H,
CH2gP}. at -120°C in cD,C¢,/Freon-12 mixture: 3.5, 4.63
[s, 2H, CH3HP], 6.0, 7.4 [s, 4H, CH3HP]. 4('3C) in cD,Ce,
at 20°C: 221.6 [m, 'J(PteC) = 1006, 'J(Pt'~3C) = 112]. at
-120°C: 221.2 [m, 'J(Pt4‘C) = 1000,

1J(Pt2C) = 'J(Pt3C; = 333]. §('°SPt) in CD,C?2, at 20°C:
-3571 [d. t. of mult., *J(Pt4Pd) = 5040, 'J(Pt4C) = 1000,

1Pt, Pt4], -3182 [t. of mult., 'J(PtP) = 3200, 3Pt, Pt'~3].

8.2.2.2. From reaction of 1 with 8

Complex 1 (50 mg, 0.0243 mmol) was dissolved in
acetone (15 mL) saturated with CO gas. To this was added
complex 8 (39 mg, 0.0263 mmol) and the contents were
stirred for 5h. The colour of the solution changed from
orange to red during this period. The solution was then
concentrated to 5 mL and layered with hexane (10 mL)). Red

crystals of complex 4 were obtained in good yield (80%).

8.2.3 Reaction of 3 with CF,COQH:

A solution of 3 (40 mg, 0.0187 mmol) in CD,C¢, (5



rL) was taken in an NMR tube (5 mm). To this was added
CF,COOH (8 wL, 0.1077 mmol) by syringe and the contents
were shaken thorouzhly for 10 minutes. The reaction was
then followed by ?'P NMR spectroscopy. ?'P NMR spectrum
showed peaks due to 1 (30%)), 4 (15%) and an unknown
species (50%). 5(3'P) in CDh,Ce, at 20°C for the vnknown
species: -18.0 [d, 'J(PtP) = 3480, 3J(PP) = 135,

sg(ppd) = 19, 6P, PA~C], 18.6 [(m, 'J(Pt+Pd) = 3660,

2g(ptpd) = 350, 3J(PdP) = 19, 1P, pdj.

8.2.4 Preparation of '3CO-labelled complex 4%

A sample of [Pt,(p-'3CO),(pu~dppm),(PPh,)](PF;),,

4*, was prepared by reaction of the '2C0 derivative (50 mg)

with excess '3CO in CH,C¢, solution, followed by

evaporation of the solvent.

8.2.5 Reaction of 4* with excess '3co:

A sample of 4 (30 mg, 0.0132 mmol) in CD,C2, (0.5
mi) was placed in an NMR tube (5 mm) fitted with a teflon
tap. To this was added Freon-12 (0.3 mL) and the tap was
closed. Excess '3CO was condensed into the
liquid-nitrogen-cooled tube via a vaccuum line. '3C{('H)
and *'P{'H)} NMR spectra were recorded at room temperature
and at -120°C, the lowest temperature possible using the
CD,C?,/Freon-12 solvent mixture. The '3C{'H) NMR spectra

showed peaks due to 4* and free '3CO only.
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8.3 RESULTS AND DISCUSSION:
8.3.1: Formation of complexes,
[Pt,(p=H) (4=CO) , (4=dppm) , (PPh,) ] (PF,), 3, and
[(Pt,(u-CO) , (p~dppm) , (PPh,) ] (PF;),, 4
The hydrido tetraplatinum complex 3 was
synthesized by the reaction of 2 with the Pt(0) reagent,?

Pt (CO) ,(PPh,),, scheme 8.2.

Pt(CO)2(PPh3)2
“PPha "Phs e

1/3[Pt3(CC)3(PPh3)s}

Scheme 8.2

Complex 3 can also be prepared by the reaction of

2 with the triplatinum (0) complex, 8, in the presence of

CO, scheme 8.2. In the presence of CO, the trinuclear
complex 8 is converted to mononuciear Pt(CO),(PPh,),,~”
which in turn reacts with 2 to yield 3. This reaction also
demonstrates that the pu-dppm ligands of 2 are clearly more
effective than ;~CO ligands for maintaining cluster
nuclearity’4.

The 56 electron complex 4 can be prepared by the

reaction of [Pt,(x,-CO) (p-dppm),](PF;),, 1, with an
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equimolar quantity of [Pt(CO),(PPh,),], scheme 8.3. It can

also be prepared by the reaction of 1 with triplatinum (0)

complex, 8, scheme 8.3.

PHCO);(PPh3),
m Fl-"Ph;, B
_l +2 0

1/3[Pt3(CO)3{PPhg3)3)

Scheme 8.3

Complexes 3 and 4 were thermally stable, and could
be isolated in good yields, in analytically pure form, as

the hexafluorophosphate salts which were orange-red solids.

8.3.2 Spectroscopic characterization and fluxionality of
complex 3:

Complex 3 was readily characterized Ly its IR
spectrum, mass spectra and by multinuclear NMR
spectroscopy. For example, the FAB mass spectra gave peaks
such as [Pt,(H) (CO),(dppm) . (PPh,)]* for 3, the parent ion
less the [PF,~] anion. The assignment could also be
confirmed by the shape cf the envelope, which can be

calcuiated from the known percentage of the various

isotopomers in the predicted ion. Figure 8.1 shows a
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typical FAB mass spectrum with predicted and observed
envelopes for the fragment (Pt,(H) (CO),(dppm),(PPh )],
derived from 3.

Complex 3 was fluxional at room temperature and so
NMR spectra were obtained at low temperature, -80°C. A
'butterfiy' arrangement of platinum atoms is suggested for
3 by analogy with the isoelectronic complex 5, which has
been structurally characterized by X-ray diffraction
methods''. Unambigous proof of the structure was obtained
from the variable temperature 'H and 3'P{'H} NMR spectra.
The temperature dependence of the '95Pt satellite spectra
was a particularly useful tool in determining the bridging
network between the Pt, core and the ligand atoms.

The symmetry of 3 was readily determined from the
variable temperature 3'P{'H)}) NMR spectra, Figure 8.2. The

NMR labelling scheme is depicted in scheme 8.4. At

Scheme 8.4: NMR labelling scheme for 3
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room temperature, two resonances are observed, table 8.1,
in a 6:1 intensity ratio due to P2-PC and P4,
respectively, indicating a three-fold symmetry of the
Pt,(u-dppm) , unit. The signal due to phosphorus atoms
Pa-pC, appears as a doublet at $-17.0 with 'J(PtP) = 3270
Hz. The resonance due to pd appears as a
1:12:52:84:52:12:1 septet'® due to equal coupling to Pt?,
Pt? and Pt?, with 2J3(pt'~3pd) = 336 Hz and 3J(Pdp) = 15
Hz. At -80°C, the u-dppm 3'P resonances split into three
signals, table 8.1, as expected for the static structure

3. An AB pattern is observed between P2 and P€ with
3J(PAPC) = 210 Hz, and these two resonances occur at higher
field (6P2 = -17.7 and 8PC€ = -21.2). The resonance due to
PP appears as a singlet at s = -11.5 with 3J(FPpP') = 150
Hz (measured from '?5Pt satellites;. The Pd resonance gave
a different pattern at low temperature as compared to the
room temperature spectrum (figure 8.2). The coupling
constant 2J(Pt"3Pd) = 336 Hz observed at room temperature,
splits into two different couplings at -80°C

[23(pt2pd) = 23(Pt3pd) =372 Hz; 35 (Pt'Pd) = 248 Hz]. The
average of the low temperature coupling constants

[23(PtPd) = (372 x 2 + 248)/3 = 331 Hz] is in good
agreement with the value measured at room temperature. 1In
addition, the three bond coupling between Pd and pa-c,
3J(Pa‘cpd) = 15 Hz observed at rouom temperature, is
manifested as °J(PPPd) = 45 Hz at -80°C. Again if one

averages the 45 Hz coupling over six instead of two
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phosphorus atoms, a coupling of 15 Hz is obtained.

In the 'H NMR spectrum at room temperature, figure
8.3, the PtH resonance appeared as a 1:12:52:84:52:12:1
septet'? due to equal coupling to Pt', Pt? and Pt3,

'J(PtH) = 518 Hz. Thus, the hydride appears to be
symmetrically triply bridging the triplatinum face
containing Pt', Pt? and Pt3. At -80°C, a more complex
resonance is observed with 'J(Pt2H) = 'J(Pt3H) = 675 Hz
[1:8:18:8:1 quintet'®] and 2J(Pt'H) = 169 Hz [1:4:1
triplet'®] as expected for the static structure 3.

The room and low temperature hydride resonances
are compared in figure 8.3. The ‘'average' J(PtH) is
expected to be 1/3 (2 x 675 + 169) = 506 Hz, in reasonable
agreement with the observed value, if the hydride is
fluxional with respect to Pt'Pt2Pt? triangle.

The '95Pt NMR spectrum of 3 was not very
informative. The resonace due to Pt* appeared as a broad
doublet due to coupling to P4, 'J(Pt+Pd) = 5460 Hz. This
value is typical for a terminal phosphorus atom on a
Pt(pu~-CO) ,Pt, unit?., The resonances due to Pt'-Pt3? were
too broad to be observed even at -80°C.

The '3C('H) NMR spectra of 3 could not be obtained
as the CO groups in 3 could not be exchanged with '23CO
gas. However, it is expected that the carbonyl ligands in
3 would display a fluxional process involving migration
about the Pt'Pt?Pt3 triangle while remaining bonded to Pt+,

as observed in the analogous complex 5.''
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Together these NMR data describe a fluxional
process involving edge to edge migration of the x-H and
u=Pt4(CO) (PPh,) groups with respect to the Pt,(u-dppm),
unit (scheme 8.5) so the time-averaged structure appears to
contain a u,-H group below, and a rapidly-spinning
u,-Pt4(CO), (PPh,) group above, the Pt,(u-dppm), triangle.
This is different from the usual "flying butterfly"
mechanism proposed for fluxionality of [Pt,(u-CO),L,]

complexes.
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Scheme 8.5: u-dppm ligands omitted for clatity

The methylene protons, P,CH,, of the bridging dppm

groups appear to give two resonances at room temperature




Table 8.1: 31P{TH} NMR Data for complexes 3-5 in CD2Clp

(@) At low temperature

Temperature (° C)
 5pa
14(P1P3)
3y(Papc)
spb
14(PtPD)
2,(PtPb)
3,(PbpY))
& -
14(PtPC)
sPd
1y(Pt4 PY)
2)(P2pdy¥
3J(P!1 pd)
3J(PdpD)

¥ -2)P2pd) = 2y(P13pd)

(b) At om temperature (20 °C)
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(see experimental section). At low temperature the "up"
protons are split into an unequal doublet, as are the
"down" protons. From the coalescence temperature and the
difference between the low temperz .are signals one can
calculate the free energy of activation's. The calculation
given in appendix 8 gives a free energy of activation of
45.5 ¢+ 1 kJ mol™' for the rotation process and is
comparable to the value obtained for a similar process in

complex 5 (50 ¢ 1 kJ mol™'). !

8.3.3 Spectroscopic characterization and fluxionality of
complex 4:

Complex 4 was characterized unambiguously in
solution by its IR spectrum, FAB mass spectrum and variable
temperature multinuclear NMR spectra ('H, '3C('H), 2'P{'H)
and '95Pt('H}).

The C=0 stretches were observed at 1802 and 1844
cm™' in the IR spectrum of complex 4. This is in the range
of stretching frequencies for u,-CO groups observed in
other Pt, cluster complexes?,1'',

All the known tetraplatinum clusters with electron
counts ¢56 have a tetrahedral Pt, core. [Pt H,(PtBu,),]*?
and [Pt,H,(PtBu3)4] “re two very electron deficient
clusters which contain tetrahedral cores of platinum
atoms. [Pt,H,(PiPrzph),] is a 56 electron cluster with an
approximately tetrahedral core containing four short and

two long Pt-Pt bonds. The loss of electrons from 58
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electron Pt, clusters results in the formation of a sixth
M-M bond and a tetrahedral core of metal atoms.

Complex 4 is a 56 electron cluster and is thus

Scheme 8.6 NMR labelling scheme for 4

expected to contain a tetrahedral Pt, skeleton, scheme 8.6,
unlike the 58 electron 'butterfly' Pt, core observed in
complexes 3 and 5.'' Complex 4 was also fluxional at room
temperature and hence NMR spectra were recorded at low
temperature. At -120°C, the fluxionality in 4 is frozen
and the static structure 4 is seen. The NMR labelling
scheme is depicted in scheme 8.6.

The 3'P NMR data at room temperature and at -120°C
is given in Table 8.1. The ?3'P{'H} NMR spectrum at room
temperature revealed two resonances in a 6:1 intensity
ration due to phosphorus atoms P2-pC and Pd, respectively,
indicating apparent 3-fold symmetry for the complex. The

resonance due to the dppm phosphorus atoms, P3~C, appeared




as a doublet at & -15.0 due to coupling to Ppd,

33(pPd) = 13.5 Hz. The resonance due to P2 occured as a
septet due to coupling to six "equivalent" dppm phosphorus
atoms and had '95Pt satellites due to coupling to Pt4,
1J(Pt4Pd) = 5040 Hz (1:4:1 triplet'®) and Pt'—3,
2J(Pt"'3Pd) = 336 Hz (1:12:52:84:52:12:1 septet18),

At -120°C, the resonance due to the 3'P atoms of
the p-dppm ligands splits into three signals, s expected
for the static structure 4. The resonance due to PP
appears as a singlet at § -9.5 with 'J(PtP) = 3720 Hz.
Phosphorus atoms P2 and PC€ couple with each other and an AB
multiplet is observed with 3J(P3PC) = 174 Hz (sP2 = -21.1,
5PC = -22.1). The P9 resonance gave a different pattern at
low temperature as compared to the room temperature
spectrum. A single coupling was observed for Pd, due to
platinum atoms Pt'=3, at room temperature,
23(pt'—3pd) = 336 Hz, but this became two different
couplings at -120°C [2J(Pt2H) = 23(Pt* ) = 39~ Hz,
3g(Pt'Pd) = 220 Hz]. The mean value of the low temperature
couplings, 2J(Pt'~°Pd) = (2x390 + 220)/3 = 333.3 ¥z, is in
agreement with that observed at room temperature. 1In
addition, the three bond coupling betweeen P4 and P2-C was
13.5 Hz at room temperature. The low temperature spectrum
however showed 40 Hz coupling between Pd and pP only. An
'‘average' coupling °*J(P4P2-C) = 40/3 = 13.3 Hz is expected
at room temperature, in agreement with the observed value.

The '95Pt{'H) NMR spectrum of 4 was also useful in
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determining its structure. Figure 8.4 shows the '95Pt('H)

NMR spectrum of 4 due to both '3CO enriched and unenriched
cluster. In the unenriched cluster, the resonance due to
Pt4 appears as a doublet of multiplets due to coupling to
pd, 'J(pt4pd) = 5040 Hz and Pa-PC, 2J(Pt<+Pd) = 125 Hz. The
resonance due to Pt'-Pt? appears as a triplet due to
coupling to Pa3-pC, '"J(PtP) = 3200 Hz. In the '2CC enriched
complex, we see an extra triplet splitting in the resonance
of Pt4, due to coupling to (p-'3CO), units, 'J(PteC) = 1006
Hz.

The '?CO resonance . -120°C contained quarter
intensity satellites due to 'J(Pt<4C) = 1006 Hz and
1J(Pt2C) = 'J(Pt3C) = 333 Hz. At room temperature 'J(Pt4C)
was essentially unchanged but an "average" coupling
J(Pt'C) = J(Pt2C) = J(Pt2C) = 111 Hz (= 333/3) was cbserved
(figure 8.5) as a 1:12:52:84:52:12:1 septet'®. This
indicates that the carbonyl is fluxional with respect to
the Pt'Pt?pt? triangle while remaining bonded to the apical
platinum atom, Pt+4, of the postulated tetrahedron.

The free energy of activation for the fluxional
process in 4 was determined as described earlier (section
8.3.2), and was found to be 36 ¢ 1 kJ mol™' which is
significantly different from 45 ¢ 1 and 50 t1 kJ mol~!
observed in complexes 3 and 5. Together these and the
remaining NMR data (Table 8.1 and experimental section )
describe a fluxionality as shown in scheme 8.7. The

proposed fluxional process is different from both the



"flapping butterfly" mechanism® seen in complexes 7 and
from that observed in complexes 3 and 5.'!' Since the Pt,
tetrahedral core structure is retained in the ground and
transition states, we do not expect migration involving the

p,-Pt4(PAPh,) unit. The fluxional process involves an edge

F"t‘ —] +2 o | —l +2 OC j ___C(_;_l +2

. —Ptt
Dj’\_,,,s: ,,,,/ W /_ AN

Pt =" Pt‘l ——Pt3
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pd pd

"

—— 00
~
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Scheme 8.7 : u-dppm ligands omitted for clarity

to face to edge migration of only (x-CO), groups with
respect to the Pt,(x-dppm), triangular face. The possible
tetrahedral Pt, skeleton both in the ground state and in
the transition state, probably results in the lowering of
the activation barrier to fluxionality of carbonyl groups.
However it should be noted that the variable
temperature NMR data of 4 is also consistent with the

fluxionality as seen in complexes 3 and 5, involving edge




to edge migration of Pt¢(CO),(PPh,) unit above the
Pt, (dppm) , triangular face. But in the absence of a

crystal structure analysis, nothing more can be said.

8.3.4 Reaction of 3 with CF,COOH:

The reaction of 3 with CF,COOH was followed by 3'P
NMR spectroscopy. The 3'P{'H} NMR spectrum of the
resulting solution at room temperature contained signals
due to the tetraplatinum complex 4, triplatinum complex 1

and uncharacterized species. Thus we find that the 58

PPhs -I +1

PO
N
s

o

Scheme 8.8: u-dppm ligai.ds omitted for clarity

electron complex 3 is deprotonated to yield the 56 electron
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complex 4, which further disproportionates in the presence
of excess of acid to yield the triplatinum cor-lex 1 and an
unknown complex. This sequence of reactions is shown in
scheme 8.8. Interconversion of metal carbonyl clusters in
the acidic medium is also okbszrved in some palladium
carbonyl clusters'é¢.

The unknown complex displayed two 3'P resonances
(see experimental section ). The resonance due to
phosphorus atoms of the u-dppm was observed at 5 -18.0 as a
broad doublet due to coupling to Pd, 3g(pa-cpd) = 19 Hz and
with '3spt satellites due to 'J(PtP) = 3480 Hz. The
resonance due to P3 was seen at & 18.6 as a septet due to
coupling to six "equivalent" dppm phosphorus atoms and had
satellites due to coupling to Pt4, 'J(Pt<Pd) = 3660 Hz
(1:4:1 triplet'®) and Pt'—3, 2J(pt'~-2pd) = 350 Hz
(1:12:52:84:52:12:1 septet’'?). These data suggest that the
unknown cluster is also a tetraplatinum cluster. Further
variable temperature NMR spectroscopic studies are needed

to characterize this complex.

8.3.5 Reaction of 4 with excess CO:

A 60 electron tetrapalladium complex,
(Pd,(u=-CO) ( (PBu,) ,], 9, has been structurally characterized
by Mednikov et al'?. It was synthesized by the reaction of
(Pd,(p=CO) . (PBu,) ,] with excess CO. An unsuccessful
attempt was made to synthecize an analogous Pt, complex,

9', by reacting complex 4* with excess ':CO,



equation 8.8. It is possible that the reaction does not

occur due to increased steric congestion in the resulting

product.

PPh, PPh,
P‘——”|‘~\\~;142 p_—"J—Q\\~P-1+2

\// \8\/ . op ——e \22; _\_8\/

P/Pt— _H\P p” P‘\P
e 'S

Equation 8.8

8.4 SUMMARY AND CONCLUSIONS:

A systematic synthesis of tetraplatinum clusters
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has been achieved. Thus, complexes 3 and 4 have been
formed by the reaction of triplatinum complexes 2 and 1
with Pt(0) reagents, respectively. Such a reaction may be
the ultimate step in the formation of 5 under water gas
shift conditions'', when the Pt(C) reagent would be

Pt (dppm) (CO) .

A tetrahedral arrangeme..t of platinun atoms is
proposed for the 56 electron complex, 4, while the 58
electron complex 3 contains a 'butterfly' arrangement of
platinum atoms analogous to the crystallographically
characterized, isoelectronic complex 5. Interconversion of
complexes 2, . and 4 occurs readily in an acidic medium.

Both the complexes, 3 and 4, discussed in this
chapter are fluxional. The fluxional process displayed by
these complexes is different from the 'flying butterfly’
mechanism proposed for the fluxionality of 7.

There are some subtle differences in the fluxional
processes observed in 3 and 4. They are, (1) Fluxionality
in 3 involves edge to edge migration of u,-H and
n,-Pt(CO),(PPh,) units above and below the Pt,(dppmj, unit,
whereas in 4, there is an edge to face to edge migration of
only the bridging carbonyls, (p-CO),, about the tetrahedral
faces not constituted by the Pt,(dppm), unit. (2) The
butterfly arrangement of platinum atoms in 3 and 5 leads to
Pt-Pt bond breaking and formation in the transition state,
thus resulting in a higher energy of activation. The

probable existence of a tetrahedral Pt, arrangement in the
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ground state of complex 4 results in lowering of the energy
of activation for the migration of carbonyl ligands.
Finally, this study illustrates the value of
analysis of the temperature dependence of both coupling
constants and multiplicities due to '95Pt coupling in

studies of fluxionality of platinum clusters.
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CHAPTER 9
SUMMARY

The area of higher nuclearity metal complexes has
received much attention in the recent years. However,
there are not many reports describing the mechanism of the
formation of these large cluster molecules. This thesis
documents the chemistry of some of the homo- and
heteronuclear cluster complexes of gold and platinum.

The homonuclear complexes of gold presented in
this thesis have been prepared by the reaction of the
gold(I) complex, [AuCCt-Buj, with various diphosphine
ligands. An attempt is also made to rationalize the
formation of a novel octanuclear gold cage complex.

The chemistry of heteronuclear and homonuclear
clusters of platinum discussed are based on the hydrido
triplatinum cluster, [Pt,(ux,-H) (px-dppm),]*, 1. Earlier
work carried out in this laboratory focussed on the
reactivity of the isoelectronic carbonyl analogue,
[Pt,(p,-CO)(p-dppm),]2+, 2. Complexes 1 and 2 are
coordinatively unsaturated and possess vacant sites of
coordination at the triplatinum core. They should
therefore be able to mimic some of the reactions that occur

on platinum metal surface.

In chapter 2, the results of the reaction of aAu(I)
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complex, [AuCCt-Bu], with various diphosphine ligands are
reported. The resulting complexes, [t-BuCC-Au-R,PCH,PR,]
(R = CH, and C.H,), undergo a fluxional process involving a
3-coordinate Au(I) center. The dmpm complex dimerizes in
chlorinated solvents, with the substitution of acetylide
ligand by a chloride ion, to form a cationic gold(I)

dimer. The reduced tendency of halide to coordinate in
dmpm complexes compared to dppm complexes is attributed to
the electronic factors. Thus, the greater basicity of dmpm
ligand compared to dppm ligand, overrides the steric effect
of the ligands in gold(I) dimers.

In chapter 3, the results of the reaction of
fAuCCt-Bu)] with dmopm ligand are outlined. The unstable
initial product upor crystallization from CH,C¢, and then
CHC?2, gave a novel octanuclear golc¢ cage complex. The cage
complex contains four fused nine-membered rings and the
first example of a structurally characterized (g ,-
R,PCPR,])?~ ligand, formed by the deprotonation of the dmopm
ligand. The deprotonation of the diphosphines in these
complexes has been achieved under mild conditions, contrary
to the conventional methods which involve rigorous reaction
conditions. It is likely that the very easy deprotonation
of the dmopm ligand is aided by the electronegative
substituents on phosphorus which may increase the acidity
of the CH,P, protons compared to the more common R,PCH,PR,
ligands with R = alkyl or aryl. The presence of the basic

alkynyl ligand also enhances the possibility of a
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nucleophilic attack on the CH,P, protons. 1In turn, this
promises a rich chemistry for the ligands (RO) ,PCH,P(OR),
in forming and stabilizing unusual cage and cluster
complexes with other elements.

Chapter 4 documents the reaction of [AuCCt-Bu]
with the dppm ligand. Under pyrolytic conditions, the
initially formed gold(I) dimer is converted to a
tetranuclear gold complex containing a singly deprotonated
diphosphine ligand- Formation of the octagold complex
described in chapter 3 has been rationalised in terms of a
sequential metallatic.: of the diphosphine, resulting in the
oligomerization of the initial product.

In chapter 5, the chemistry of some Pt-Au hetero
bimetallic complexes are reported. Auration of the
triplatinum complex 1 results in the stepwise formation of
complexes containing [Pt,(g,~H) (x,~AuPPh,)]2*t,
[(Pt,(x,-AuPPh,)]* and [Pt,(x,-AuPPh,),}2* units, thus
providing a route to novel platinum cluster complexes and
showing how el >trophilic ligand substitution at the
cluster can occur by a bimolecular, ~tepwise mechanism,

The reactivity of these clusters with various main group
reagents were also studied. Reaction with CO yields an
adduct containing [Pt,(ux,-AuPPh,) (CO)]* unit which displays
an interesting fluxionality involving migration of co
ligand about the Pt, triangular face. The fluxional process
observed in this complex is almost certainly a result of

the coordinative unsaturation of the triplatinum centre.

307



308

Such a fluxional process can be considered to mimic CO
ligand migration on a Pt(111) surface.

In chapter 6, the results of the reaction of
complex 1 with various tertiary phosphine and phosphite
ligands were outlined. These ligands add to complex 1 in a
terminal fashion and this leads to a slippage of the
n ,~hydride towards the Pt atom to which the terminal
phosphine and phosphite ligands are bound. This work has
demonstrated that the slippage of the capping ligand is not
only common for l-acid ligands (as suggested by Evans), but
also for the non lN-acid ligands such as hydride. The
phosphine and phosphite ligands exhibit a novel fluxional
process involving rapid migration about the triangular face
of the cluster. A notation has also been propoced for
representing the complexes containing an asymmetrically
bridged ligand.

Chapter 7 documents the synthesis and reactivity
of some novel hydrido triplatinum complexes. Complexes
containing [Pt,(p,-H),]2%, [Pt (u,-H)H)2* and [Pt,(p-H),)3+
units were prepared and characterized. Such clusters are
important as models for intermediates in heterogeneous
platinum-catalyzed reactions but are sti.’. rare compounds.
Reaction of the dihydride complexes with CO results in
quantitative elimination of hydrogen and the subsequent
formation of the carbonyl capped triplatinum cluster, 2.
Reaction with phosphine and phosphite ligands result in the

formation of adducts, (Pt,(yx,-H)H(L) (g~-dppm),]2*



(L = phosphine or phosphite). The rearrangement of the
hydrides presumably reduces the steric congestion in the
resulting complex. The adducts are thermally stable when
the phosphorus donor is a phosphite ligand. However, when
the ligand is a bulky phosphine such as PPh,, the adduct is
observed only as a kinetic product, resulting in the
degradation of the cluster to yield diplatinum(I) complex,
[Pt, (u-dppm) , (H) (PPh,) ]*. Thus by modifying the added
ligand, we have successfully isolated a reactive
intermediate in the cluster degradation process.

Finally, chapter 8 outlines a systematic synthesis
of some tetraplatinum clusters. Thus, complexes
[Pt,(u-H) (p=CO) , (p—-dppm) ,]* and (Pt,(p=CO),(p-dppm),]2*
have been prepared by the reaction of triplatinum complexes
1 and 2 with Pt(0) reagent, [Pt(CO),(PPh,),]. The former
tetraplatinum cluster has a 58 electron count and contains
a butterfly arrangement of platinum atoms, analogous to the
crystallographically characterized isocelectronic complex,
[Pt‘(u-H)(u-CO),(p-dppm)3(q‘-dppm-P)]+: while a tetrahedral
arrangement of platinum atems is proposed for the latter 56
electron cluster. Both of these complexes are fluxional in
solution. The fluxional processes displayed by these
complexes are different from the usual 'flying butterfly’
mechanism observed in other tetraplatinum complexes.

In conclusion, gold forms complexes of varying
nuclearity depending on the steric and electronic factors

of the bridging diphosphine ligand. In the case of
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platinum cluster complexes, the high reactivity of the
triplatinum complex 1 is due to its coordinative
unsaturation and has allowed modelling of the chemisorption

of small molecules on Pt(111) surfaces.
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APPENDIX 1

OBSERVED AND CALCULATED STRUCTURE FACTORS
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APPENDIX 2

DETAILS OF INSTRUMENTS USED IN EXPERIMENTS AND X-RAY STUDIES

Nuclear Magnetic Resonance Spectroscopy

'H NMR spectra were recorded by using a Varian
XL-200 or XL-300 spectrometer. Non-proton spectra
(3'P{'H}, '3C{'H), '9SPt{'H}) were recorded on a Varian
XL-300 spectrometer. 'H and '3C{'H)} chemical shifts were
measured relative to Me,Si; 3'P{'H) and '°5Pt{'H} chemical
shifts were measured relative to #5% H,PO, and aqueous
K,PtCe,, respectively.

Infrared Spectroscopy

Infrared spectra were recorded on a Bruker IR/32
FT-IR spectrometer equipped with a IBM 9000 computer.
Solid samples were run as Nujol mulls between NaC¢ plates.

Mass Spectrometry

The FAB mass spectra were recorded using a
Finnigan MAT 8230 mass spectrometer on samples prepared as
mulls in oxalic acid/ 3-mercapto-1,2-propanediol.

UV-Visible Spectrometery

Ultraviolet and visible spectra were recorded on a
Varian Cary 2290 spectrophotometer. Mechanistic and
kinetic reaction data were obtained with the aid of either,
a Varian Data station or, an Apple II computer which
controlled data collection.

Glove Box
A Vacuum atmospheres Company HE-43-2 DRI LAB was
used to handle various air sensitive reagents.
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Mass Balance
Mass determinations were made using a Fisher
Scientific Mettler H80 analytical balance.

Melting point apparatus

The melting points of new compounds were
determined using a Fisher Scientific Electrothermal melting
point apparatus.

Elemental Analysis
Elemental analyses were performed by Guelph
Chemical Laboratories Ltd., Guelph, Ontario.

Preparation of Known compounds

(Pt,(x,-CO) (p~dppm) ,](PF,) , was prepared as
previously described (Ferguson et al, Organometallics, 5
(1986) 344). It was prepared using a PARR, 300 mL, high
pressure, mini reactor equipped with a magnetic drive and
an automatic temperature control.

Sources of chemicals

Starting materials K,PtCe¢, and
bis(diphenylphosphino)methane were obtained from Strem
chemicals. Solvents were obtained from Fisher, Aldrich or
BDH, and were used without further purification unless the
experiment required dry oxygen-free conditions. For these
purposes, the solvents were refluxed over anhydrous CaSoO,
(acetone), LiAlH, (diethyl ether), Mg turnings (alcohols),
CaH, (monoglyme), P,0, (methylene chloride), or Na (Xylene,
toluene and tetrahydrofuran) under an atmosphere of
ni*rogen for several hours. All other chemicals were
obtained mainly from Fisher, Aldrich or BDH. All
deuterated solvents were obtained from MSD Isotopes. Gases
and some low boiling liquids were obtained from the
Matheson Gas Company. All reactions were performed at room
temperature and atmospheric pressure unless stated
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otherwise.

INSTRUMENTS USED IN X-RAY STUDIES

Microscopes

Bausch and Lomb binocular microscope (USA) was
used to inspect and identify single crystals.

Ernst Leitz GMBH Wetzlar (W.Germany) polarising
microscope fitted with a filar eye-piece was used to
measure the crystal dimensions.

Preliminary photography

Preliminary photographs of single crystals were
taken using Weissenberg and precession cameras (PHILIPS,
Holland).

Optical goniometry

STOE optical goniometer (Darmstadt, Germany) was
used to identify and assign indices to various faces of the
data collected crystals.

Intensity cata collection

Intensity data were collected using an
Enraf-Nonius CAD4F diffractometer - DIFFRACTIS 586 (Delft,
The Netherlands).



APPENDIX 3
EVALUATION OF BOND LENGTHS AND BOND ANGLES

In order to make comparisons between bond distances and
angles within a given structure and with other structures,
we have made use of the statistical quantity ) where

AN =149, - dg,1 / ag

q, and q, are the two values compared,
og = (0,2 + 022)5 , ¢, and ¢, are the errors of the
two values compared.

A ) value of 1.96 indicates a probability of 5% that the
two structures are the same. X = 2.58 corresponds to 1%
probability that the two values are the same. In this
thesis the 1% probability level has been used to identify
significant differences in the values compared.

313



318

APPENDIX 4
SUMMARY OF IMPORTANT CRYSTALLOGRAPHIC FORMULAE

The general expression for a general structuce factor is

IFhke! = (A?pke + Bipke)?
where
Apke = Lfjcos2x(hxy + kyj +2zj)
Bpke = Lfjsin2x(hxj + kyj +2z4)

and r4 is the scattering factor for the jth atcm.
The phase angle is defined by

ohke = tan ' (Bhke/Anke)

The thermal parameters of the atoms are given by:
i. isotropic

exp{~-B sin26pk, / 22] = exp[-8x2U sin‘épip / N?)
ii. anisotropic

exp{-2%2(U, ,h2a*? + U, k?b*? + U, e2c*? +
2U, ,hka*pb* + 2U, hea*c* + 2U, keb*c*))

where the Ujj are the thermal parameters expressed in
terms of mean-square amplitudes of vibrations in Az.

The error on an observ.tion of unit weight is calculated
from:

[E((1Fg1 - IFc1)2} / (NO - Nv)}!

where NO is the number of observations and NV is the
number of variables.



APPENDIX 5

ORTEP OF DATA COLLECTED CRYSTALS

001

100_|

010

(a) Data crystal of 5a (chapter 2)
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APPENDIX 6
FRACTIONS OF ISOTOPOMERS OF A TRIPLATINUM CLUSTER

i. Platinum-195 is 33.8% abundant and thus the
remaining platinum fraction (0.662) is not '95Pt. To
determine the fraction present of a given isotopomer of a
triplatinum cluster containing three Pt-Pt bonds, one
determines the fraction of each platinum atom present,
multiplies them together and then mult*.iplies by the number
of perturbations possible.

195pt = *pt
Pt' Pt? Pt?® 1 x 0.662 X 0.662 X 0.662 = 0.290 29.0%
*Pt1 Pt2 Pt?® 3 x 0.338 x 0.662 X 0.662 = 0.444 44.4%
*pt1 *ptz Ppt? 3 x 0.338 x 0.338 x 0.662 = 0,227 22.7%
*pt1 *ptz *pts 1 x 0.338 x 0.338 x 0.338 = 0.039 3.9%
100.0%
ii. In triplatinum clusters containing a mirror plane

bisecting Pt' and the Pt2-Pt2? bond,

Pt' Pt? Pt?2 1 x 0.662 x 0.662 x 0.662 = 0,290 29.0%
*Pt' Pt? Pt?2 1 x 0.338 x 0.662 x C.662 = 0.148 14.8%
Pt' *Pt2 Pt? 2 x 0.662 x 0.338 x 0.662 = 0.296 29.6%
*pt' *Pt2 Ppt? 2 x 0.338 x 0.338 x 0.662 = 0.151 15.1%
Pt' *pPt2 *pPt2 1 x 0.662 x 0.338 x 0.338 = 0.076 7.6%
*pt' *pt?2 *pt2 1 x 0.338 x 0.338 x 0.338 = 0.039 3.9%

100.0%
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APPENDIX 7

CALCULATION OF PLATINUM SATELLITE SPECTRA FOR
BRIDGING LIGANDS OR GROUPS EQUALLY BOUND

TO PLATINUM ATOMS
A) Biplatinum Centre (*Pt=195p1)
active isotopomer(i} multiplicity intensity
platinum fraction
Pt Pt 0.4382 singlet (1) 0.4382
‘Pt Pt 0.4475 doublet (1:1) 0.2238 : 0.2238
‘Pt *Pt 0.1142 triplet (1:2:1) 0.0285 : 0.057 : 0.0285

() Isotopomer fraction calculated in Appendix 6

(P
| I
0.4382
0.2238 0.2238

00285 0057 00285
SUM: 0.0285 0.2238 : 0.3952 0.2238 : 0.0285

78 : 173 78 1

8 : 18 8 1




B) Triplatinum Centre (*Pt =195pY)

322

active isotopomer) multiplicity intensity
platinum fraction
Pt Pt Pt 0.290 singlet (1) 0.2960
‘Pt Pt Pt 0.444 doublet (1 :1) 0.222 : 0.222
‘Pt Pt Pt 0.227 triplet (1:2: 1) 0.057 : 0.114 : 0.057
‘Pt°Pt 0.0386 quartet (1:3:3:1) | 0.005:0.0144 : 0.0144 : .005

() Isotopomer fraction calculated in Appendix 6

1J(PX)
| |
0.290
0.222 0.222
0.057 0.114 0.057

0.005 00144 00144 0.005
SUM: ¢.005 : 0.057 0.236 0.404 0.236 0.057 0.005

1 : 118 430 835 490 118 1

1 12 82 : 84 58 12 1
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APPENDIX 8
CALCULATION OF FREE ENERGY OF ACTIVATION FOR AN UNEQUAL
DOUBLET

The determination of the free energy of activation
using NMR data is a straight forward calculation using the
coalescence temperature and the splitting at the low
temperature limit. Usually one deals with the coalescence
of an equal doublet. The case of an unequal doublet occurs
less often and although line shape analysis give a very
accurate result, Shanan-Atidi and coworkers _Shanan-Atidi
et al, J. Chem. Phys., 74 #4 (1970) 961] developed a more
convenient method for obtaining the free energy of
activation for the case of an unequal doublet.

B B'

Pt

[
Al Pt Al
A A

The protons A and B from the scheme are identical at

room tempcrature. The equations to be used from the paper
by Shanan-Atidi and Bar-Eli are as follows:

k T
AGl = R T¢ ln[ e X Z% X ——==p ]

AGY,

k T X
R Tc In| g x 7% x —Z5p ]

Where R = 8.314 J mol™' K™
k =1.381 x 10723 J K !
h =6.63 x 10734 J s
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Te is the coalescence temperzture which is equal to
-40°C or 233 K for [Pt,(u-H) (p-CO),(p—dppm),(PPh,)](PFy).
But we still need Ar, AP and X. The following values are
obtained from experiment:

ra = 1050 Hz

*p = 1210 Hz Av = vg = vp 160 Hz

Yavg = 13133 Hz

vavg.calc. = Para *+ Pprp
= 0.66 X 1210 + 0.33 x 1055 = 1147 Hz
which is close agreement to the experimental value above.

P, (0.666) and P, (0.333) are the probabilities of the
proton being in state a or state b.

AP = P5 - Pp = 0.333 for all similar species (unequal
doublets in a 2:1 ratio).

X =2 x Av 7 but we do not know r without line-shape
analysis. However....

- [X52]7

1
X
which we rearrange to give

(X2 - 2)3
X?

27(AP)? = 3 =

thus we can determine X = 2.087 by trial and error, and now
we have all the values needed to calculate:
AGy = 45.2 kJ mol~' and AG), = 45.7 kJ mol~!
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