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The compounds [Y(R;PO)(EtOH)Y(NO:)s] (R; = Phs or PhyMe), [Y(Me;PO)(HO0)NO;)5],
[Y(R:PO);(NOs)s] (Rs = Phs, Ph,Me or Mes) and [Y(PhsPO)4(NO;),]NO; were prepared by
reaction of RsPO with Y(NO,);.6H,0O in EtOH. Similar reactions with Sc(NOs);.5H,0 gave
[Sc(Ph;PO)-(NOs)s],  [Sc(Ph,MePO)s(NOs)s],  [Sc(PheMePO)4(NO;),INOs,  [Sc(Me;PO),
(EtOH)(NOs);] and [Sc(MesPO)s][NO;]. Crystal structures of [Sc(Ph;PO),(NOs)s], [Sc
(Ph,MePO)4(NO3),]NOs, [Y(RsPO):(NOs)s} (R; = Phs, Ph,Me or Me;) and [Y(PhsPO),
(EtOH)(NOs)] are reported. Similar reactions of R;AsO (R = Ph or Me) with M(NOs);.nH,0
(M = La, Sc or Y) in Me,CO vyielded the complexes [Sc(Ph;AsO),(NOs)s], [Y(Ph;AsO)s
(NO3);]NO;, [La(Ph3sAsO)4(NO3)]NO; and [La(Me;AsO)s](NO;);. From ethanolic solution,
[Sc(Ph;AsO);(NO;),]NO;, [M(Ph;AsO)(EtOH)(NOs);] (M = La or Y) and [M(Me;AsO)g]
(NOs); M =Y or Sc) were isolated. X-ray structures are reported for [M(Me;AsO)s](NOs);
M = Sc or Y), [Sc(Ph;AsO);(NO;),]NO;, [M(Ph;As0).(NO;),]NO; (M = Y or La) and
[La(Ph;AsO).(EtOH)NO;);]. Reactions of YX;.nH,0 (X = Cl, Br or I) with the above
ligands were carried out in EtOH or Me,CO solution. Complexes isolated include
[YX3(Ph;PO),JZ (X = Cl, Bror I, Z = X or PF¢), [YX3(PhMePO);], [YCl(Ph,MePO),]PFs,
[YCI(Ph3PO);][SbCls]., [Y(MesPO)1Xs, [YXo(PhsAsO))X, and [Y(Me;AsO)]Cl. In
addition, the X-ray crystal structures of [YCl(Ph;P0)4]CL2.5EtOH.H,0, [YBrx(PhsPO)s]
PF4 Et,0 and [Y(Me;PO)s]Br; are reported. No reaction was observed between YF;.1/2H,0
and the same set of ligands. Studies examining complexes of ScX;.nH,O (X = Cl, Br or I)
with the same ligands were carried out. Compounds isolated include [ScXx(PhsPO)4X,
[ScX2(Ph;AsO)4]X, [ScCl(MesPO)s]Cl,, [Sc(MesPO)s]Z; (Z = Br or I) and [Sc(Me;AsO)s] Xs.
X-ray crystal structures of [ScBry(PhsPO)4]Br, [ScClL(Ph;AsO)]Cl and [Sc(Me;AsQO)g]Brs
are reported. All of the above complexes were characterised using a combination of analysis,
conductance measurements, IR and 'H NMR spectroscopy. Solution speciation was
established by variable temperature *'P-{'H} and either *Y or “Sc NMR spectroscopy.

The compounds [ScCl([15]-crown-5)(MeCN)][SbCls],, [ScCL(]15]aneS,05)][FeCly] and
[ScClx([18}-crown-6)][FeCl,] were made by reaction of [ScCls(thf)s], a halide abstractor and
the appropriate ligand in MeCN, the two crown ether (CE) complexes characterised by X-ray
crystallography. All three complexes were identified by analysis, IR, 'H and *Sc NMR
spectroscopy. Hydrolysis of these complexes afforded [ScClL(H,0)s].crown, with
[ScCl;(H20);].[18]-crown-6 identified by X-ray crystallography. Similar compounds were
isolated by direct reaction of ScCl;.6H,0 and CE’s in ethanol, including [ScCl;(H,0);),..(CE)
(n=1or 2, CE = [18]-crown-6; n = 2, CE = [15]-crown-5, [12]-crown-4). Finally, reactions
of S¢(NO;);.5H,;0 with CE ligands in ethanol were studied, revealing complexes exhibiting a
diverse range of structural type. X-ray crystal structures are reported for [Sc(H,0)(NOs);].
( [ 1 2] =Cr 0WH-4)2, [ SC(H20)4(NO3)2]NO3 . [ 1 5] -crown-53 R [S Cz(NOg)z(H20)5(OH)2] m03)2. [ 12] -
crown-4 and [Sci{NOs).(H,0),(OH),][Na(]12]-crown-4),](NO3).(H,0);. The Ti(IV)
complexes of the same CE ligands were investigated, with compounds of the type [TiXu(n’-
CE)] (X = Cl, Br, CE = [18]-crown-6, [15]-crown-5; X = Br, CE = [12]-crown-4) and
[TiCly([15]aneS,0;)] prepared from TiX, and the ligand in anhydrous toluene. Compounds
were characterised by analysis, IR, UV/visible and '"H NMR spectroscopy. Products were
readily hydrolysed, with examples identified by X-ray crystallography, namely [([18]-crown-
6)CLTi(n-0)TiCl3([18]-crown-6)] and the tetramer [{TiOCly([15]-crown-5)}4]. Reaction did
not occur when Til, was treated with the CE under the same experimental conditions.
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1.1 Coordination Chemistry

Within this study, reactions of Group III metal salts and titanium(IV) halides with an
array of hard donor ligands are investigated to probe the coordination chemistry of
these systems, focusing particularly on the behaviour of species in solution.

Explanations of selected concepts and terminologies inherent in the area follow.

1.1.1 Classification of Lewis Acids and Bases

In 1913, G. N. Lewis reported a classification system for chemical substances,
defining ligands as ‘bases’ and the reagents they bond with as ‘acids’.’ The
definitions were: -

Lewis Acid ———> Electron Pair Acceptor

Lewis Base ———»> Electron Pair Donor

Whilst useful, this system did not offer information as to whether a given
combination of metal and ligand would react to form a stable complex. As a result, in
1958 the Chatt-Ahrland system for classification of metals was developed, with two

classes of metal defined:- >

Class A — The metal forms stable complexes with 1* row donor elements (eg N, O)

Class B —> The metal forms stable complexes with 2™ row donor elements (eg P, S)

The system allowed prediction of the reactivity of two reagents and hence was an
improvement upon the system proposed by Lewis. However, the system was fallible
in certain cases. For example, transition metals may exhibit different oxidation states,
with their reactivity altering significantly as a result. Therefore, their classification

may change, a situation not allowed for by the system.

In 1968, the classification system employed today was developed by Pearson to

accommodate changes in oxidation state.” The following categories were defined: -
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Hard Base — donor with high electronegativity, low polarisability, stable to oxidation
Soft Base — donor with low electronegativity, high polarisability, readily oxidised
Hard Acid — acceptor with high positive charge density, low polarisability

Soft Acid — acceptor with low positive charge density and high polarisability

Strong interactions occur when a hard acid reacts with a hard base, combining high
charge separation components with low polarisability, resulting in bonds that are
ionic in character. For example, Sc** a hard acid, readily interacts with hard donor
ligands of the type OR;. In contrast, soft acids react with soft bases to give bonds that
are largely covalent in character. In such examples, the charge separation is much less
than for a hard/hard interaction, whilst both constituents are easily polarised. Within
this study, the majority of reactions involve hard/hard interactions. However, several
attempts were made to bond softer ligands to the hard Group Il metals. In such cases,
there is a potential mismatch in the electronic properties of the acid and the base, with

interactions much less stable than either a hard/hard or soft/soft interaction as a result.

1.1.2 Geometries

A study of the coordination chemistry of a given system probes the geometries of
compounds produced. With the development of single crystal X-ray diffraction (see
7.1.5), both the detailed geometry and the ‘coordination number’ around a given

metal centre can be easily determined.

The coordination number (CN) is defined as the number of ligands within the primary
coordination sphere. A wide range of values is possible, with a maximum value of 12

achievable.* The coordination number is dependent on three factors: -

1. Radius of the central atom or ion.
2. Steric interactions between the ligands.

3.  Electronic interactions.

In general, higher coordination numbers are observed for larger ionic radii, such as

those in the 5™ and 6™ periods of the Periodic Table, particularly those towards the

3
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left of the d-block. In this region, in addition to a large radius, the ions have few d
electrons meaning they can accept more electrons from Lewis bases. The ‘smaller’
the steric bulk of the ligands, the higher the coordination number is likely to be, as

more ligands can be accommodated in a given area.*

For a given coordination number, the arrangement of ligands around the metal centre
will be in a given geometry (although the angles may not be the idealised values).
Table 1.1 lists simple geometries, observed for coordination numbers ranging from 2
to 5, whilst Figure 1.2 gives examples of geometries encountered for complexes with

a coordination number of 6 or more.

Further information can be given in the description of a geometry. For example, a
compound of formula MX,Y, may be either a ‘cis’ or ‘rans’ isomer, whilst

complexes of the type MX5Y3 could be either the ‘mer’ or ‘fac’isomer (Fig. 1.1).

Table 1.1 Common geometries observed around metal centres with a coordination

number of 2 to 5.

Coordination Number Geometries Commonly Observed

2 Linear

3 Trigonal Planar

4 Tetrahedral, Square Planar

5 Trigonal Bypyramidal, Square Pyramidal

Cis Mer Fac

Fig. 1.1 Diagrams showing ‘cis’ and ‘trans’ isomers for complexes of the type

MX,4Y; and the ‘mer’ and ‘fac’ isomers of compounds with the formula MX3Ys.

Shading indicates ‘faces’ of the octahedron.




Chapter 1 - Introduction

CN = 6 ‘Octahedral CN = 7 ‘Pentagonal bipyramidal CN = 7 ‘Capped Octahedral’

: 3+
eg [Ti(H;0)q] ® Z‘ggf‘ﬁé arrangement Offive (i for Octahedral, with a further
& X g ligand occupying one face).
perpendicular to this plane). 3
eg IF, eg [NbOFg]

CN = 7 ‘Capped Trigonal Prism’ CN = 8 ‘Square Antiprism CN = 8 ‘Dodecahedral’
(Trigonal Prism with a further  eg [XeFs]* eg [Zr(acac),(NOs3),]
ligand occupying one face). '

eg [NbF/]”

CN = 9 “Tricapped Trigonal Prism’ eg [ReHo]*

Fig. 1.2 Selected geometries encountered for coordination numbers six to nine. M
represents the central metal ion, whilst X corresponds to a ligand. Shading has been

used to indicate ‘faces’ of the shape described.




Chapter 1 — Introduction

1.2 The Metal Centres

This study focuses on the coordination chemistry of the Group III metals scandium,

yttrium and lanthanum, along with investigations into the first row transition metal,

titanium.

1.2.1 Scandium

Scandium was first discovered in 1879 by the Swedish scientist Lars Frederick
Nilson.” Until the turn of the century, when studies into the properties of the element
began in earnest, scandium received little attention from within the scientific
community, with debates over whether it should be classified as a rare earth, along
with an apparent rarity of the metal hindering research. Even when study had
commenced, there were difficulties in obtaining sufficient quantities of the metal with
a high degree of purity.” The first structure determination was for Sc(acac)s, reported
in 1926, following which no further structural data were reported until the early
1950°s.° In the 1940°s, during research of the Manhattan project, rare earths were
discovered as products of nuclear fission. This lead to development of ion-exchange
methods, meaning larger quantities of scandium could be isolated. As a result, more
extensive research began.’ A review details the advances made in the chemistry of
scandium in the first twenty years following the development of these ion-exchange

methods, a period in which many fundamental areas were examined to some extent.’

In recent years, interest in the coordination chemistry of scandium has increased
significantly, yet it is still a little studied element, having received the least attention
of the 3d elements.® Three main reasons explain the lack of study. Firstly, the element
is still relatively expensive - whilst the element is not rare, it is evenly distributed
throughout the earth’s crust, meaning no rich ores exist.” Secondly, the element only
exhibits a single oxidation state in aqueous solution, Sc(IIT), meaning scandium is not
usually classified as a transition metal. Scandium(IIl) has the electronic structure
[Ar]3d°4s’. This is diamagnetic and colourless, meaning both magnetic and d-d
UV/visible spectroscopic probes, two important spectroscopic tools of the
coordination chemist, are not of use.” Coupled with the high lability of many

scandium complexes, these factors have limited studies. A third source of problems

6
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was the misconception that the hard metal centre would not bond to soft ligands,
meaning that little study in this area was conducted. However, in the past decade, a
number of such examples have been reported, including the phosphine complexes

[Sc[C(PMe,),PMe;]5] and [ScCly(thf)[N(SiMe;CH,PPr),]).> 1

Despite not initially appearing an attractive element for study, several properties
make scandium an interesting metal to the coordination chemist. Firstly, Sc>* has an
ionic radius of 0.68 A (for the six-coordinate centre), making it larger than any M
ions of the 3d transition metals, meaning relatively high coordination numbers (CN =
8 or 9) are often met in its chemistry.” ' Early studies suggested that a coordination
number of six was standard, with an octahedral geometry the norm, making the
coordination chemistry appear less appealing. However, through single crystal X-ray
diffraction studies, it has been revealed that the relatively small scandium metal
centre can accommodate coordination spheres of between three and nine (although
examples of the latter are rare, [Sc(NOs)3(H,0)3] and [NOJ, [Sc(NOs)s)* being the
only compounds reported).® Examples of structures with a coordination number of 3
are only encountered when the ligands are extremely bulky. For example, the
complex [Sc[N(SiMes);]s] has been reported.'> Whilst variation in coordination
number is now acknowledged, complexes with a six-coordinate scandium centre are
still the most common. Simple examples relevant to this study include [ScCls(thf)s]

13, 14

and [ScCl3(H20)s], both of which exhibit a mer-octahedral geometry.

The difficulties caused by the unsuitability of Sc(III) for certain spectroscopic studies
are partially overcome by both the increasing use of single crystal X-ray diffraction in
modern chemistry (although reported structures containing Sc are still limited), and
the ease with which scandium NMR spectra can be obtained. *Sc is quadrupolar (I =
7/2) but has only a moderate quadrupole moment (Q = -0.22 x 10?* m?). The nucleus
is one of the most sensitive NMR nuclei (D, = 1709) and has 100% natural
abundance." Despite being little used, **Sc NMR spectroscopy gives a suitable probe
for studying behaviour in solution, although line broadening can cause some
problems. *Sc NMR spectroscopy has been used extensively throughout this project

and is described in more detail in section 1.4.2.
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Scandium is a hard metal ion (see 1.1) and hence readily coordinates with ligands
donating through oxygen, nitrogen or the lighter halides. Scandium has a well
developed nitrogen and oxygen donor chemistry.® Recent advances in these areas
include the isolation of hydrated scandium triflate Sc(O3SCF3):.9H;0,'°
characterisation of [Sc(thf)y(H,0)Cl],'” the first structural determination of a
scandium ammine complex, namely (NHi);[Sc(NH3)Is],'® and the synthesis of
[Sc{N(SiHMe,), }3(thf)]."”® In contrast, few complexes are known with soft ligands
such as those based on sulphur or phosphorus.® An example is the compound
[Sc[C(PMe;),SiMes]s].%° Interest in scandium chemistry is increasing, with many
applications developed recently. For example, scandium complexes, particularly
scandium triflate, have been employed in olefin polymerisation catalysis and sol-gel
preparations for oxide materials (for the preparation of thin-film materials or high

21, 22

purity oxide materials). Scandium triflate has also been used as a catalyst for a

wide range of organic synthesis reactions, (eg. Michael addition, Aldol reactions)

acting as a Lewis acid in aqueous conditions.”***

1.2.2 Yttrium

The chemistry of yttrium is at a more advanced stage than that of scandium despite
the fact that, as for scandium, research into its coordination chemistry did not truly
begin until 1950. However, yttrium is still the least studied 4d element. In common
with the other Group III metals, only a single oxidation state, Y(III), is accessible in
solution. The reason for Y°" being favoured is obvious when the electronic
configuration is considered, as it allows the ion to have the stable configuration of
krypton (Y*" = [Kr]4d®5s”).?° Hence, Y(III) has no d-electrons, meaning UV/visible
spectroscopy will not show d-d transitions, whilst magnetic probes are also

ineffectual owing to the diamagnetic nature of the ion.

The yttrium-89 nucleus is suitable for NMR spectroscopy, having 1= 1%, being 100%
abundant in nature and exhibiting a reasonable receptivity (D, = 0.668). However it

has a low magnetic moment (u = -0.2370), which, combined with its lack of a
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quadrupolar relaxation mechanism, gives rise to long relaxation times and can make

spectra difficult to obtain (see 1.4.1)."

As for scandium, the metal favours six-coordinate compounds, with the octahedral
geometry prevalent. However, variation in coordination number is seen, with the
reasonably large ionic radius of 0.88 A able to accommodate more than 6 ligands."'
For example, ten-coordinate Y has been identified, with the nitrate salt,
Y(NO3);.4H,O and [Y(NOs)s(terpy)(H,0)].terpy.3MeCN  recently reported

examples.?

As would be expected given the hard nature of the Y(III) ion, an extensive nitrogen
and oxygen donor chemistry has been developed, including some particularly relevant
examples with tertiary pnictogen oxides (see 2.1 for a detailed description of these
studies).27’ 28 29 Recent advances in these areas include studies of YCl;.6H,O with
both bipy and phen ligands, with structures reported for [Y(bipy)(H20)s]
Cls.bipy.2H,0, [Y(bipy)(H20)%]Cl; and [Y(phen),(H,0)sCl]Cl,.H,0,*°  whilst
complexes with terpy have also been reported, including [Y(terpy)g][ClOL;]g.31 Owing
to a ‘hard/soft mismatch’, examples with soft donor ligands are less common,
although research in this area is growing. Interest in the chemistry of yttrium has
increased significantly in recent years, with a range of applications reported. For
example, numerous studies involving oxide materials have been conducted with a
view to producing thin-film coatings.*® Reports of yttrium containing species being
adopted as catalysts for ethene polymerisation are known, with the complexes
[rac-Me;Si-2-SiMe3-4-CMesCsHz),YR] (R = CgFs, CH3) and [N,N’-Rp-L-N"-
(CH2);NBu'l-Y(CH,SiMe3); (R = Me or Pr, L = 1,4,7-triazacyclononane) recently
reported examples.®” ** ¥ Another application recently pioneered was receptor-
mediated radiotherapy (using a complex of the Y isotope with DOTAH, (Fig. 1.3).%
A review of the use of radioisotopes in both diagnosis and therapy details further

complexes of yttrium used in medicine.”’
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HOOC'—\ ot /—COOH
)
N N

Hooc —" — “—CooH

Fig. 1.3 The chelating ligand DOTAH,.*

1.2.3 Lanthanum

In common with other Group III metals, lanthanum exhibits a single oxidation state,
La(III), the electronic configuration of [Xe]5d°6s’ conferring stability to the ion. With
a radius of 1.06 A, the lanthanum ion is larger than any of the lanthanide elements
(defined as the fourteen elements following lanthanum in the periodic table).*® The
large radius means lanthanum can accomplish coordination numbers as high as 12
when ligands contain close pairs of donor atoms. For example, [La(NOs)s]>" has been
identified.® As observed for the other lanthanide elements, La forms stable complexes
with oxygen donor ligands, particularly those which chelate such as EDTAH,4. For
example [La(OH,);EDTAH].3H,0 has been identified.”® Numerous other complexes
of lanthanum with chelating oxygen ligands have been characterised, including
[La(acac)s]. EtOH.3H,0.* Lanthanum also forms stable complexes with monodentate
oxygen donor ligands, an example particularly relevant to this study being
[La(Ph3P0)4(NO3)3]. Me,CO (Fig. 1.4).* In common with the lighter Group III
metals, lanthanum has a well developed nitrogen donor chemistry, again forming
stable complexes with both chelating and monodentate ligands.*® For example, the
compounds [La(en);CF3S0s]** and [{LaCly(EtOH),(bipy)2}2(u-Cl)2] have been

identified !

10
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Fig. 1.4 View of [La(NOs)3(Pl1sPO)4]. Me,CO, revealing a ten-coordinate La centre.*

As seen for yttrium and scandium, La(IIl) lacks d-electrons and is diamagnetic. In
contrast to its lighter group III congeners, the *’La nucleus is not generally suitable
for NMR spectroscopic studies, with excessive line broadening common (**’La is
99.9% abundant, [ = 7/2, D, = 336, Q = 0.21 x 10% cmz). However, certain systems
exhibit peak widths narrow enough to allow the NMR resonances to be observed,
such as aqueous LaXj3 solutions (X = CI', Br, I', NO3/, 1/z[SOt;]l' or ClOs) and as a

result, limited '*La studies have been carried out to date.'!

1.2.4 Titanium

Titanium is the ninth most abundant element in the earth’s crust and is the second
most common d-block element, only iron being more abundant. It exists in two major
ores, namely ilmenite (FeTiOs) and rutile (TiO,), the latter used extensively in the
paint industry as a white pigment.** Titanium shows a preference for a +4 oxidation
state, as exhibited in both ores, in which its four valence electrons are removed
presenting a d° electronic configuration.*> ** Complexes containing Ti(III) and Ti(IT)
are also known, examples of the former being far more common (eg.
[TiCl3(MeCN);], trans-[TiClo(THF)4][ZnCl3(THF)]) than Ti(II) compounds.** These
lower oxidation state titanium centres are often prone to oxidation, explaining the

higher frequency of Ti(IV) compounds observed.*> ** Titanium (IV) halides readily

11
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complex with hard oxygen donor ligands (eg. TiCls(OMe;),,) and nitrogen donors
(eg. TiF2(NMe;):]4).*> *° In addition, complexes with soft donor ligands are known.
For example, the 8-coordinate compounds [TiBri{o-CsHsy(PMez),},], [TiBrsfo-
CsHy(AsMey);},] and the 6-coordinate [TiCls{MeS(CH;).SMe}] have all been

characterised by single crystal X-ray diffraction.*” **

Irrespective of oxidation state, the favoured coordination number of titanium is six,
although as shown above, variable coordination spheres are observed.”” ** Indeed,
Ti(IV) complexes are known to demonstrate coordination numbers as low as four (in
monomeric TiCly) and as high as eight ([Ti(NOs)4]).”! Titanium NMR was not used
for solution speciation in this study, owing to both the poor solubility of the
complexes synthesised and the apparent poor properties of the nucleus (whilst both
“'Ti and ®Ti are reasonably abundant (7.3 and 5.5% respectively) and are quite
sensitive (D, = 0.864 and 1.18), in practice it is often extremely difficult to obtain

spectra, especially in exchanging systems).!

1.3 The Ligands

A discussion of ligand classes used in this project and methods for their preparation is

presented here.

1.3.1 Phosphine Oxides

Phosphine oxides are ideal ligands for probing the preferred coordination numbers of
the Group III metals, with a high affinity to the metal centres being of great
importance. Much of this can be ascribed to the fact that oxygen (for which these
elements show their greatest affinity) is the bonding atom.?® °* >* However, the exact
nature of bonding within R3PO ligands is still not known, despite being a topic of
much discussion for some time. Phosphine and arsine oxide ligands both show a high
affinity for a wide range of metals. Indeed, complexes of the most thoroughly studied
of these ligands, triphenylphosphine oxide, have been reported with nearly all of the

metals in the periodic table. For example, with lithium, the lightest metal, the

12
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compound [Lil(PhsPO)4].PhsPO has been reported, whilst at the heavier end of the
scale, the complex [HgCla(u2-Ph3AsO),HgCl,] has been identified.>*

Little doubt surrounds the bonding when the ligand coordinates to a metal centre with
the oxygen of the phosphine oxide coordinating to the metal as a o-donor. In contrast,
a universally accepted bonding model for the PO component in uncoordinated ligands
has still not been reported. Until the early 1980°s, the PO bond for a tertiary
phosphine oxide ligand was considered as somewhere in between the extreme forms
shown in Figure 1.5. The left-hand structure is inaccurate as there is evidence that
there are not full charges on either atom,>” whilst phosphorus has insufficient orbitals
for the right-hand model to be correct. To explain these problems, a model proposing
backbonding from O to low lying empty d orbitals of phosphorus was adopted but is
now outdated.
P"—O ¢<—> P==

Fig. 1.5 The now outdated representation of the PO bond for ‘free’ phosphine oxide
ligands.

A thorough review of literature concerning the nature of the bonding in phosphine
oxides has been published,™ arriving at the conclusion that the PO bond is best

described by one of the following definitions: -

1. “The PO bond is a double strength bond, formulated as P=0. This representation
implies that 1) there are three electron pairs between P and O composed of a ¢ bond
between P and O and two © backbonds between lone pairs on O and acceptor orbitals on
P which are antibonding in character with respect to the other ligands on P and ii) the
electron density of the bonds is strongly skewed towards O so that there is a high degree

of positive charge on P and negative on O*.>

2. “The PO bond is a double strength bond, formulated as P=0. This representation
implies that i) there are three electron pairs between P and O composed of three  bonds
(Fig. 1.6, Part A) from P to A and that ii) the electron density of the bonds is strongly
skewed towards O so that there is a high degree of positive charge on P and negative on

o’ 55

13
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3. “The PO bond is a double strength bond, formulated as P=0. This representation
implies that 1) there are four electron pairs between P and O composed of a ¢ bond
between P and O and three backbonds from lone pairs on O to the P atom (Fig. 1.6, Part
B) and ii) the electron density of the bonds is strongly skewed towards O so that there 1s a

high degree of positive charge on P and negative on 0.

At some point in the future it is likely that the exact nature of the PO bond will be

known, but currently these definitions seem the most likely solutions.

Fig. 1.6 Proposed bonding models for the A;PO ligand.”

Alongside the high affinity of Group III metals for phosphine oxide ligands, a second
benefit of using these reagents for determination of the preferred coordination
polyhedra of the Group III metals is the ease of observation of *'P-{'H}NMR spectra,
with the properties of the nucleus well suited to NMR spectroscopic studies (see
Section 7.1.4). In addition to characteristic shifts allowing solution speciation,
coupling patterns to *Y and, in high symmetry environments, #Sc, offer information
as to the number of ligands coordinated to the metal centre and hence the precise

metal speciation.

A third advantage is characteristic changes observed in the PO strectching frequency

upon coordination to the Group III metal centre. The value of w(PO) is seen to
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decrease relative to the ‘free’ ligand. This behaviour is caused by an increase in G-

bonding coupled with a decrease in the © bonding component.?

It should be borne in mind when using phosphine oxide ligands that following
coordination to a metal centre, the ligand exhibits a ‘bent” M-O-P linkage due to lone
pair repulsion on the oxygen atom. Whilst this does not hinder bonding, the ligands
do require more space than if they were linear. Hence, it is possible that fewer ligands

could be coordinated to a given metal centre than if linear ligands were employed.

A wide range of methods exist for the synthesis of phosphine oxide ligands, and the
most commonly used routes are described here.”” The most obvious method is by

oxidation of a phosphine reagent, with several routes possible.

Air oxidation in the presence of a suitable catalyst is often adopted. For example,
PhsP can be converted quantitatively into its oxide by treatment with oxygen in the
presence of PhyP"Cl">® Similarly, stirring PhsP with nickelocene in benzene in the

presence of oxygen affords PhsPO in a 90% yield.”’

A second method employed is oxidation by a peroxy compound. Fig. 1.7 shows
oxidation of a diphosphine to afford a diphosphine dioxide ligand by this route.”
However, whilst effective, there is a risk of explosion (due to peroxides) when

adopting this method, meaning extreme care must be taken during synthesis.
Phy_ Np PR ammo,  PBY /\Clri Fh
ANy e T
Ph pp  Gestene b’ \pp

Fig. 1.7 Hydrogen peroxide oxidation of DPPM.*’

Similar oxidation methods using other inorganic oxidants exist. For example, in this
study, iodine oxidation of a phosphine in toluene solution was used, proceeding as

shown in Figure 1.8 (note that the intermediate marked ‘A’ has not been isolated).
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OH
2
RP + I, — RPI, T RP\ _ *2HI —» RP=0+HO
OH

A

Fig. 1.8 Iodine oxidation of a phosphine to form a phosphine oxide ligand.”

1.3.2 Arsine Oxides
As seen for their phosphorus analogues, arsine oxides prove excellent ligands for
formation of compounds of Group III metals. Figure 1.9 shows the structure of a

ligand used commonly throughout this study, triphenylarsine oxide.

c(2) cm

Fig. 1.9 The crystal structure of Ph;AsO.H,O, showing the atom numbering

scheme.”

The arsenic derivatives are seen to bond more strongly than their phosphorus
congeners, as would be predicted owing to larger dipole moments. For example,
MesPO exhibits a dipole moment of 4.39 D, compared to 5.12 D for MesAsO.
Similarly, Ph3AsO has a dipole moment of 5.50 D compared to 4.51 D for Ph;P0.%* ¢!

In contrast to *'P, the °As nucleus is of little use for NMR spectroscopy owing to its

quadrupolar properties. Arsine oxide ligands do exhibit a characteristic change in
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v(AsO) upon coordination to a metal centre, making infra-red spectroscopy a useful
tool for quick identification of complex formation. The value of v(AsO) is seen to
increase, contrasting with the behaviour of phosphine oxides for which v(PO) is seen
to decrease on coordination. When either ligand coordinates, the o-bond strength in
the pnictogen — oxygen bond is expected to increase, whilst the n-bonding component

decreases. The rise in Y(AsO) is attributed to an increased importance of o-bonding.”

As for phosphine oxides, there are numerous synthetic routes for the preparation of
arsine oxide ligands.®> Oxidation by either hydrogen peroxide or potassium
permanganate are commonly used methods, often giving excellent yields.®> ** Todine

oxidation has also proved a successful strategy.®

1.3.3 Crown Ethers

Crown ethers are macrocyclic polyethers. A range of compounds is possible by
variation in ring size, the arrangement of donor atoms and alteration of the carbon
‘backbone’ (eg by addition of rigid o-phenylene groups.®® Examples of variations are
shown in Figure 1.10. In addition to demonstrating how the ligands vary, these
examples allow explanation of the nomenclature used for crown ethers. The left-hand
compound is known as [18]-crown-6. The number in brackets corresponds to the total
number of atoms in the macrocyclic ring. The word describes the ligand type (in this
case a crown, the name derived from the resemblance of the saturated puckered ring
to a crown) whilst the final digit is the number of oxygen atoms in the ring. Groups
added to the carbon chain precede this description. For example, the right hand
complex is known as dibenzo-[18]-crown-6.

[{\ " Y (™

O O

a
e O 0 S
o/

; 0O
Lo \_/ 9

_/

Fig. 1.10 Examples of crown ether ligands. [18]-crown-6, [15]-crown-5 and dibenzo-

[18]-crown-6 are pictured (from left to right).
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The first reported crown ether ligands were discovered by Liittringhaus in 1937
during a study investigating medium and large size rings.®” However, it was not until
1967 that Pedersen reported the formation of stable complexes between crown ethers
and alkali metals.®® The ligands were found to selectively complex alkali and alkaline
earth metal ions, leading to numerous studies into their use in separations,
solubilisations and ion transport.* The selectivity can be apportioned to several major
factors. Firstly, ‘hole-size selectivity’ is of great importance. A close match between
the crown cavity and the radius of the cation encourages a stable complex. For
example, [18]-crown-6 (cavity 2.6 — 3.2 A) is seen to form a particularly stable
complex with K* (radius 2.66 A).” The number and nature of the donor atoms also
has considerable effect. Ideally, the number of donor atoms will at least be equal to
the coordination number of the cation with the appropriate solvent molecules. The
nature of donor atom is obviously of importance. As a general rule, replacement of an
oxygen atom with a different donor atom, such as nitrogen or sulphur, will reduce the
affinity of the crown for alkali metal ions but often increase affinity towards the softer
transition metal cations.”’ A fourth factor governing stability of complexes is addition
of rigid cyclic groups to the ring structure, with the effect changing markedly with the
nature of the group. For example, benzene rings make the ligand more rigid than the
unsubstituted crown, whilst cyclohexyl groups have relatively little effect on ligand /
ion stability because they do not greatly alter the flexibility of the ring.”* Other factors
contributing to the ease of complex formation are both the entropy and enthalpies of

solvation, along with the conformational preferences of the ligand.”

Through a combination of the above factors, different crown ether ligands show
greater affinity towards different metal ions. For example, [18]-crown-6 selectively
binds alkali metals in the following order: - K">Rb">Cs",Na">Li".!! Complexes of
crown ethers have been reported for a wide range of metal ions. Pedersen reported
complexes with Group I and II metals in 1967, since when reactions with transition
metal ions have been investigated.”® An good demonstration of the depth of study of
transition metal / crown ether complexes have received is given by examining
complexes with metal halides - for the entire first row of the transition metal series,

complexes with crown ether ligands have been structurally determined.”

18



Chapter 1 — Introduction

Additionally, reactions with the lanthanide and actinide metals have been studied,
with structurally characterised examples reported. For example, the structures of
[La(NO3)3([18]-crown-6)], [La(ClO4)2([18]aneS:04)(H20)]" and [Eu(NO3)s([12]-

crown-4)] have all been reported.”* "> 7

Two main methods of crown ether synthesis exist, namely template synthesis and
high dilution synthesis. Template mediated cyclisations essentially use a metal ion to
hold the macrocycle framework in place whilst the cyclisation reaction occurs, greatly
improving the final yield of product when compared to synthesis in the absence of the
template ion. Fig. 1.11 shows a potassium ion acting as a template for synthesis of
[18]-crown-6. High dilution synthesis uses large volumes of solvent, with low
concentrations of reagents. As a result, cyclisation 1s favoured over polymerisation.
OTs
from ™y r‘?‘v\ 50
L )
lon o l\/é\,l L,o\,J

Fig. 1.11 Example of ‘templated’ crown ether synthesis.*’

Synthetic strategies for crown ether syntheses may involve displacement of halide
ions from a dihaloalkane by a dianion derived from a diol.* A typical example is
given in Fig. 1.12. Adaptation of the reagents used can greatly alter the final yield.
Strategies commonly adopted include use of sulphonate esters as leaving groups
(instead of halides), use of a different base (NaH, KOH and Me;COK are popular
alternatives to NaOH) and alteration in solvent, with tetrahydrofuran, DMSO and

butanol typical examples.®’

[OE Cy o
CO " O~ NaoH O Q.

9] ' j Snl-.nent {:"f:) @j

o a Lo

Fig. 1.12 A typical synthetic route for the synthesis of [18]-crown-6.
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Synthesis of macrocyclic ligands containing oxygen and sulfur atoms is also well
established. For example, Fig. 1.13 shows a synthetic route to the ligand

[15]aneS;05.”’

d &
g— + Hsj NAOR,EtOH (S —2
Lc:) O HS l\/t])

Fig. 1.13 Synthetic route to the ligand [15]aneS;05.”

Crown ethers are excellent ligands for a wide range of metal ions. A description of
compounds with the lanthanide metals and titanium are given in Sections 5.1 and 6.1
respectively. Here, complexes with the transition metals are discussed. A good
example of the versatility of these ligands is given when the first row transition metal
chlorides are considered — complexes have been identified by single crystal X-ray
diffraction for every element.” For example, reaction of manganese bromide with
[12]-crown-4 affords [Mn(]12]-crown-4),][Brs],, the crowns coordinated through all
four oxygens to give an 8-coordinate Mn centre (Fig. 1.14).”® A second example is
the chromium complex [CrCls. HyO(n*-[15]-crown-5)], exhibiting hydrogen bonding
to the coordinated water from four of the crown oxygens, in addition to bonding

between the crown and the chromium centre.”

Fig. 1.14 View of the complex [Mn([12]-crown-4),][Brs],.”

20



Chapter 1 — Introduction

1.4 Characterisation Techniques

Standard characterisation and synthetic techniques are described in Chapter 7, the
appendix. This includes IR spectroscopy, 'H, °C and *'P NMR spectroscopy, single
crystal X-ray diffraction, UV/Visible spectroscopy and molar conductance
measurements. Here, less common spectroscopic probes are discussed, namely 8¢

and ¥Y NMR spectroscopy.

1.4.1 Y NMR spectroscopy

The experimental procedures adopted are detailed in Section 7.1.4. The properties of
the *Y nucleus make NMR spectroscopy possible - it is 100% abundant in nature,
exhibits a reasonable receptivity (D, = 0.668) and has I = . However, the nucleus
has a low magnetic moment (U = -0.2370), which combined with the lack of a
quadrupolar relaxation mechanism gives rise to long relaxation times, making spectra
harder to obtain." ** Studies incorporating solution state *Y NMR spectroscopy are
not common. However, sufficient studies have been conducted to give an insight into
how different chemical environments affect the Y NMR spectrum. The shift scale
runs across approximately 600 ppm. For example, [YCls]> appears at 240 ppm (in
nitrobenzene solution), whilst at the other end of the scale, [(MeCsH,);Y(THF)]
appears at —371 ppm.***' The spectrum of [Y(EDTA)] in aqueous solution exhibits a
resonance at 126 ppm whilst [Y(0,CMe)s] appears at 37 ppm.*!

1.4.2 °Sc NMR spectroscopy

The experimental procedures employed for “Sc NMR spectroscopy are detailed in
Section 7.1.4. The scandium-45 nucleus is quadrupolar (I = 7/2) but only has a
moderate quadrupole moment (Q = -0.22 x 10'28), is 100% abundant in nature and is
very sensitive (D, = 1709), making spectra relatively easy to obtain.'> ¥ However,
despite being a suitable nucleus, examples of *Sc NMR spectroscopy studies are not
common in the literature. Several examples relevant to this study have been reported.
For example, Kirakosyan et al. have examined scandium complex formation in non-
aqueous solutions by “’Sc NMR spectroscopy, including complexes of Ph;PO and

trimethylphosphate with ScCl; (see 4.1).** Examples of chemical shifts from this
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report include [ScFe]> at & 2.3, [ScCls]” at & 249, [ScBrs]> at & 288, exhibiting the
effect of heavier halides on chemical shift. The study also includes shifts for ions of
the type [ScClesLn] (L = OP(OMe)s), shown in Table 1.2, demonstrating the shift to
lower frequency observed as chloride groups are displaced by the oxygen donor
ligand. Also quoted are [Sc(DMSO)s]** at & 44 and cis-[ScCl3(DMSO);] at & 164. A
summary of many early *Sc NMR spectroscopy studies is given in ‘NMR and the
Periodic Table’, including chemical shifts for a range of 0.1 molar aqueous solutions
(eg. Sc2(SO4)3 has & 9.1)."” Further studies include those by Willey et al., examining
the solution state chemistry of scandium(IIT) with crown ether ligands (discussed in
Chapter 5), whilst Korovin et al. have published multinuclear NMR studies into
extraction of scandium from hydrochloric acid solutions using tributyl phosphate.® **

The species [SC(NCS)s]> exhibits a resonance at 27 ppm whilst [Sc(acac)s] appears at
89 ppm.81

Table 1.2 Examples of *Sc NMR shifts for ions of the type [ScClsnLa] in MeCN
solution (L = OP(OMe);).%?

‘Complex’ Chemical Shift (ppm)
ScClg” 249.0
cis-ScCl4Ly” 169.5
cis-ScClLs3 139.0
cis-ScClLy" 87.6
ScCILs™* 33.0
ScLg™" -20.7
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1.5 Aims of the Study

The study investigates a series of hard/hard interactions probing the coordination
chemistry of Group III metals and titanium with an array of oxygen donor ligands.

Specifically: -

® Complexes of M(NO3);.nH,O (M = Y, Sc or La) with tertiary pnictogen oxide
ligands were synthesised to examine the geometries of such compounds. No previous
examples of structurally characterised tertiary arsine oxide / lanthanide nitrate
complexes exist, whilst scandium nitrate / phosphine oxide structures have never
previously been reported. In addition, this study allowed comparison of the ligating

behaviour of R3PO and R3AsO to Group III metal centres.

® Similar studies were conducted using hydrated yttrium and scandium halides. In
addition to the above factors, this allowed comparison of the affinity of these metal

centres for nitrate and halide groups.

® Reactions of hydrated scandium salts with crown ether ligands were investigated to
examine the relative affinity of Sc(III) for water and crown ethers. Analogous
reactions were conducted using the anhydrous [ScCls(thf);] as a precursor to offer
comparative results. In addition, this provided more synthetically challenging

chemistry, with the products being extremely moisture sensitive.

® For comparison, reactions of titanium(IV) with crown ether ligands were studied,
using TiXy (X = Cl, Br or I) as a precursor. The decomposition of these compounds

when exposed to moisture was also examined.

® Throughout this study, multinuclear NMR spectroscopy was used to monitor
behaviour of complexes in solution where appropriate and to allow solution

speciation where possible.
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Chapter 2 — Complexes of Group III Nitrates with Tertiary Phosphine and Arsine Oxide Ligands

2.1 Introduction

Lanthanide ions complex readily with phosphine and arsine oxide ligands, largely due
to the negative charge on the oxygen atom produced by the canonical form RX'-O" (X
= As or P).! This provides an electrostatic charge to the cation ligand bond energy,
favouring coordination (discussed in Section 1.3.1).>* This affinity was first recognised
when the compound [EuCl(PhsPO);] was reported in 1964.° Shortly afterwards, a
range of phosphine and arsine oxide complexes was reported in a series of papers
detailing synthesis and characterisation (largely by IR spectroscopy and microanalysis
of C, H and N levels).>*®” Of direct interest were complexes of the type
[M(NO;);L2(EtOH)], [M(NO3)3L3] and [M(NO3),L4]NO5; (where M = yttrium or a
lanthanide, L = Ph3PO or Ph3;AsO), synthesised by reaction of the hydrated nitrate with
the ligand in either ethanol or acetone.>® Concentrating specifically on compounds of
yttrium and lanthanum with triphenylphosphine oxide, the compounds reported by Hart
et al. are detailed in Table 2.1, with the PO stretch reported also described. Several of

these compounds were reproduced during this investigation to probe behaviour in

solution and to allow further characterisation in the solid state.

Table 2.1 Complexes of M(NO3)3.6H,0 (M = Y or La) with PhsPO reported by Hart ef

al’

Complex PhsPO:Metal  Solvent PO stretch
[La(NOs)3(Ph;PO),]JEtOH 2:1 EtOH 1142 + 1153
[Y(NO3)3(PhsPO),]JEtOH 2:1 EtOH 1151 + 1171
[La(NO;)3(PhsPO)s] 3:1 EtOH 1147
[Y(NO3)3(PhsPO);] 3:1 EtOH 1153 + 1161
[La(NO3)3;(PhsPO);].2Me,CO 3:1 Me,CO 1140sh + 1149
[Y(NO3)3(Ph;P0O)3].2Me,CO 3:1 Me,CO 1151 + 1163
[La(NO3),(PhsPO)4INO3s. MeCO  4:1 Me,CO 1159
[Y(NO3)(PhsPO)4]NO;3 4:1 EtOH 1150
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Since these early studies, phosphine oxides have become popular ligands for
determination of the preferred coordination polyhedra of the lanthanide series, although
very few NMR studies have been carried out.® Along with the advantage conferred by
their easy coordination to the trivalent metal ions, the ease of observation of 3p_'H}
NMR spectra makes them attractive. The nucleus is 100% abundant, having / = 2, a
reasonable receptivity (D, = 0.0663) and a fairly high magnetic moment (i = 1.9581).°
When coordinated to a suitable metal centre (such as ¥Y or *’Sc), coupling patterns
may be observed revealing the number of ligands bonded. In contrast, "As is of little
use for study by NMR spectroscopy owing to its quadrupolar properties, with no

resonances observed for low symmetry environments such as R3AsO.’

Both pnictogen oxides exhibit characteristic changes in the X-O stretching frequency
upon co-ordination (X = As or P). When the ligand bonds to the lanthanide ion, the G-
bonding component is expected to increase whilst the w-bond strength decreases. The
V(AsO) increases on complexation, whilst the value of v(PO) decreases relative to the
‘free’ ligand, indicating a stronger c-bonding contribution in the former.® This is
predicted, since arsenic is less electronegative, hence allowing more electron density to

be centred on the oxygen atom.

The reactions of pnictogen oxides with lanthanide ions provide an active area of
research with much work concentrating on the use of phosphine oxide ligands in the
extraction and separation of ions.'>'! However, despite significant study in this context,
few examples have been structurally characterised,>'>"> whilst speciation in solution
has received only very scant attention.® In particular, little is known about complexes
with scandium or yttrium, with no complexes of the former structurally characterised.
416 Of the examples that have been structurally characterised, [Ce(Ph3P0)3(N03)3],13
[La(Ph;PO)3(NO3)3] xCH,Cl, (Fig. 2.1)," [Eu(PhsPO)s(NOs)s],> [Nd(PhsPO)s(NOs)s]"
and [Sm(PhsPO)3(NO3)3]*® are directly relevant to the work in this thesis. Examples of
X-ray structures of bis(phosphine oxide)-ethanol adducts reported include [Eu(PhsPO),
(NOs3);(EtOH)] and [Ce(PhsPO)(NOs):(EtOH)],>" whilst [Lu(PhsPO)4(NO3),]NO;

offers an example of a structurally characterised tetrakis(phosphine oxide) complex of
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lanthanum nitrate.”> No previous examples of structurally characterised tertiary arsine

oxide / lanthanide nitrate compounds have been reported in the literature.

Fig. 2.1 View of [La(PhsPO);(NOs3)].xCH,Cl,, showing the atom numbering

scheme. " Phenyl groups are removed for clarity.

The aims of this study were numerous. Firstly, previous work in this area by Hart ez al.
had only identified complexes by IR spectroscopy and analysis. No studies looking at
behaviour in solution had been conducted, whilst structural data was very limited with
no examples of a Group III metal nitrate/tertiary arsine oxide complex reported
previously. With the aid of a wide range of spectroscopic techniques, full
characterisation would be possible, including solution speciation. Hence, by
comparison with previous work in this area, a complete picture of the coordination
chemistry of Group III metal nitrates with these ligands would be formed. Furthermore,
these studies would allow comparison of the ligating power of R3PO and R3AsO.
Finally, results would reveal any differences in the coordination chemistry of Sc, Y and
La centres, with the large variation in ionic radii likely to result in different products

under similar reaction conditions.
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2.2 Results and Discussion

2.2.1 Complexes of yttrium nitrate with triphenylphosphine oxide

Reaction of yttrium nitrate hexahydrate with either one or two molar equivalents of
PhsPO in boiling ethanol afforded the complex [Y(PhsPO),(EtOH)(NO3)3], whilst
reaction of a 1 : 4 ratio of metal to ligand in warm ethanol yielded the tris species,
[Y(PhsPO)3(NOs)3]. A third complex in the series, [Y(PhsPO)4(NO3);]NOs, was
produced by reaction of the metal salt with six molar equivalents of triphenylphosphine
oxide in ice-cold ethanol. All the compounds were poorly soluble in ethanol,
precipitating out of solution when refrigerated, making the syntheses relatively
straightforward. The complexes formed had the same stoichiometries as reported by

Hart ez al. in a paper describing reactions of the same system.>

Infrared spectroscopy showed a reduction in v(PO) in all three compounds, compared
with the vibration in the free ligand (1195 cm™). The weakening of the P-O bond was
most prominent in the tetrakis(phosphine oxide) species (W(PO) = 1154 cm™, compared
to 1150 cm™ reported by Hart, the difference presumably due to both the improved
resolution of modern IR spectrometers and the fact that whilst in this work, CsI plates
were used for Nujol mulls, Hart employed KBr discs).? The ionic nitrate present in this
compound could be identified by the weak band at 830 cm™ (absent in the other
spectra), assigned as the v, mode of NO;"."° The ‘free’ nitrate has Dsh symmetry, with
IR active bands observed at 834 (A;”[v2]), 1361 (E’[v3]) and 755 (E’[v4]). In addition,
three Raman active bands exist, namely (A;’[vi]), (E’[vs]) and (E’[v4])."” Upon
coordination, whether in a monodentate or bidentate mode, the symmetry drops to Cpv
(Fig. 2.2). Distinguishing between the monodentate and bidentate modes of
coordination can prove difficult as both have the same symmetry. However, it is
possible by examining the separation of the first two stretching bands, with the
difference being greater for bidentate NO5 groups. In practice this is hard if the bond is
primarily ionic in nature as the separation becomes less.>® Within these studies, bands
were often obscured by resonances of the R3EO ligands (E = P or As). In addition,
Nujol peaks can obscure nitrate bands, hence Csl pressed discs were used in several

samples later in these studies.
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Fig. 2.2 Diagrams showing the loss of symmetry of a nitrate group upon coordination
to a metal centre. ‘Free’ ion (Left) has Dsh symmetry, whilst both monodentate and
bidentate modes of coordination (Centre and Right) exhibit lower symmetry (the latter

being Cav).

[Y(Ph;PO)3(NO;3)3] was seen to have v(PO) = 1168 and 1154 cm™ (compared to 1161
and 1153 cm™ in the literature),” whilst the spectrum of [Y(PhsPO)»(EtOH)(NOs)s] had
w(PO) = 1171 and 1155 ecm™ (compared to 1171 and 1151 cm™).”> Ethanol was
identified by the broad band at 3300 cm™, assigned as v(OH), and its presence was

confirmed by the characteristic resonances in the 'H NMR spectrum.

The *'P-{'"H} NMR spectrum of [Y(Ph;PO),(EtOH)(NOs)3] at 300 K showed a singlet
at 8 37.0 ppm. Cooling to 200 K allowed coupling with *Y to be observed. Following
addition of TEMPO as a relaxation agent, an > Y NMR spectrum was recorded,
showing a triplet at & -358 (JC'P-¥Y) = 11 Hz), confirming that two
triphenylphosphine oxide ligands were co-ordinated to the metal centre. The molar
conductance of a 10 mol dm™ solution in dry dichloromethane was measured, with /An
= 10 ohm™ cm® mol, indicating the compound is a non-electrolyte in solution, as

predicted.?!

[Y(PhsPO)3(NO;);] exhibited a *'P-{'"H}NMR spectrum consisting of two phosphorus
resonances at 6 36.5 and 33.9. Initially, the possibility that the two resonances were
caused by inequivalent phosphine oxides (as seen in the crystal structure of the solvated
species, which shows a T-shaped arrangement of the ligands — see Fig. 2.5) was
considered, although this theory was rejected because the relative intensities of the two
resonances were approximately 1.5 : 1, rather than a 2 : 1 ratio which would fit this

model. Furthermore, dilution of the solution saw the relative intensities change. An ¥Y
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NMR spectrum of this solution at 200 K (Fig. 2.3) revealed two resonances of similar
intensity, a quartet at § —35.7 CJC'P-*Y) = 9 Hz), and a quintet at § 2.0 GJC'P-*Y) =
12 Hz), corresponding to the tris and tetrakis(phosphine oxide) species respectively,
demonstrating that in solution [Y(Ph;PO);(NOs);] exists as a mixture of
[Y(Ph3PO)3(NOs)s] and [Y(Ph3PO)4(INOs3);]NO; (a third (unidentified) yttrium species
must exist in order to mass balance the system). Addition of Ph;PO to the solution saw
three resonances in the *'P-{'H}NMR spectrum at 300 K, at § 26.0 (“free’ ligand), 33.9
and 36.5. The intensity of the resonance at 36.5 increased relative to the resonance at
33.9, suggesting that the former can be attributed to the tetrakis(phosphine oxide)
species whilst also indicating that the 8- and 9-coordinate species are fluxional in

solution.

The molar conductance, Ay = 13 ohm™ cm® mol” (for a 10 mol dm™ solution in
CH,Cl,), a value in between that of a non-electrolyte and a 1:1 electrolyte, was
consistent with the NMR data (A, = 22.5 ohm™ cm® mol™ for a standard solution of
"BusNBF,). Addition of excess Ph;PO to either solution saw the molar conductance

increase to that of a 1: 1 electrolyte (An = 24 ohm™ cm? mol™).
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Fig. 2.3 The ¥Y NMR spectrum at 200 K of [Y(PhsPO)3(INOs);], showing resolution of

both the quintet and quartet resonances.

A solution of [Y(PhsPO)4(NO3),]NOs exhibited a very similar *'P-{'H} NMR spectrum
to that of [Y(Ph3PO)3(NOs);], with resonances at 6 26.0 (PhsPO), 33.3 and 36.5. The
‘free’ ligand peak was present because of dissociation in solution, with the complex
existing in solution as a mixture of the tris and tetrakis(phosphine oxide) species.

Multinuclear NMR data for all three compounds are summarised in Table 2.2.
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Table 2.2 Multinuclear NMR spectroscopy data for complexes of yttrium(III) nitrate
with triphenylphosphine oxide.

Complex 5 (31P— {IH}) 5 (89Y) 2 J(31P_89Y) /Hz T/K
[Y(Ph3PO)3;(NOs)s] 33.3(d) -35.7 (quartet) 9 240
[Y(Ph;PO)4(NO3),]NO; 35.7(d) -2.0 (quintet) 12 240
[Y(Ph;PO),(EtOH)(NO3)s] 37.0(d) -35.8 (triplet) 11 200

The crystal structure of [Y(PhsPO),(EtOH)(NO3);] is shown in Fig. 2.4, with selected
bond lengths and angles given in Table 2.3. The Y atom is nine-coordinate, with the
nitrate groups bonded in the bidentate symmetrical mode of co-ordination for this
anion.?? If the nitrate groups are replaced conceptually with monodentate ligands, the
structure can be described as distorted mer-(pseudo)octahedral, with cis PhsPO ligands.
The Y-O(P) bond lengths are significantly shorter than in the structure of
[Ce(PhsPO),(EtOH)(NOs )31, (Y-O(P) = 2.25(2) and 2.27(1) A, Ce-O(P) = 2.36(2) and
2.39(2) A). The bonds are shorter than the difference in radii of the respective M>" ions,

possibly due to the more concentrated charge density on yttrium (lonic radii: - Y=

0.88 A, Ce** =1.03 A).2

C(37) 0(12)

Fig. 2.4 The structure of [Y(PhsPO)(EtOH)(NO;);], showing the atom numbering
scheme adopted. Thermal ellipsoids are drawn at 40% probability, with hydrogen atoms

omitted for clarity.
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Table 2.3 Selected bond lengths (A) and angles (°) for the structure of
[Y(PhsPO)(EtOH)(NO3)3].

Y(1)-0(1) 2.25(2) O(1)-P(1) 1.50(2)
Y(1)-0(2) 2.27(1) 0(2)-P(2) 1.50(1)

Y(1)-O(N) 2.39(2)-2.47(1)  Y(1)-0(12) 2.40(2)

N-O.* 1.22(2)-133(2)  N-O¢ 1.25(2), 1.20(2), 1.21(2)
O(1)-Y(1)-0(2)  89.2(6) Y(D)-O(D)-P(1)  170(1)
O(1)-Y(1)-0(12)  149.8(6) Y(1)-0(2)-P2)  164(1)
0(2)-Y(1)-0(12)  79.8(5) 0.-N-O, 113(2)-115(2)
0.-Y(1)-0, 52.1(5)-52.9(6)

* O, refers to oxygen atoms coordinated to yttrium centre, O corresponds to ‘free’
oxygen atoms, bonded only to N.

The structure of [ Y(PhsPO)3(NO3)3].xCH:Cl, (Fig. 2.5), (discussed here in preference to
that solved for crystals isolated from the non-solvated form because of the stronger data
and lower R value) also shows nine-coordinate yttrium. Selected bond lengths and
angles are given in Table 2.4. The nitrate groups bond in the bidentate symmetrical
mode. The N-O(Y) bond lengths are longer than in the ‘free’ ion, and the N.-O-N;
angles are smaller than the expected 120° for an uncoordinated ion. If the bidentate
NOs ligands are regarded as monatomic ligands, the structure is (pseudo)-octahedral,
with the phosphine oxides in a mer arrangement. The structure of the non-solvated
complex has the same stereochemistry as the solvated form, with similar bond lengths
and angles. When compared to the complex [La(Ph;PO);(INOs);3].xCH,Cl; (Fig. 2.2), it
is immediately apparent that the Y-O(P) bond lengths are considerably shorter than for
the lanthanum complex, largely due to the smaller radius of Y>"(Y-O(P) = 2.269(5) to
2.284(5) A, La-O(P) = 2.41(2) to 2.44(1) A).”?

Attempts to grow crystals of [Y(PhsPO)4(NO3),]JNO; from a range of solvents proved
unsuccessful, with the tris(phosphine oxide) species preferentially crystallising out of

the solutions.
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Fig. 2.5 The coordination polyhedron around Y in [Y(Ph3;PO)3(NO;3)3] xCH,Cl,.

Thermal ellipsoids are drawn at 40% probability, with hydrogen atoms omitted for

clarity.

Table 2.4 Selected bond lengths (A) and angles (°) for the structure of
[Y(Ph3P0)3(NO3)3].XCH2C12‘

Y(1)-0(1) 2.269(5) 0(1)-P(1) 1.503(5)
Y(1)-0(2) 2.284(5) 0(2)-P(2) 1.484(5)

Y(1)-0(3) 2.283(5) 0(3)-P(3) 1.498(5)

Y(1)-O(N) 2.403(5)-2.506(5) P-C 1.789(7)-1.807(8)

N-O, 1.254(8)-1.271(8)  N-Of 1.215(8), 1.235(8), 1.220(8)
0(1)-Y(1)-0(2) 83.4(2) Y(1)-0(1)-P(1)  156.8(3)

O(1)-Y(1)-0(3) 86.2(2) Y(1)-0(2)-P(2) 173.7(3)

0(2)-Y(1)-0(3) 149.5(2) Y(1)-03)-P(3) 162.6(3)

0.-N-O, 116.0(7)-116.7(6)  0-Y(1)-O, 51.5(2)-52.1(2)

Attempts to synthesise PhsPS compounds by the same methods were unsuccessful,
irrespective of ratio of ligand to metal, showing the poor affinity of the softer phosphine

sulphide for the hard yttrium centre.
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2.2.2 Complexes of yttrium nitrate with diphenylmethylphosphine oxide

Reaction of Ph,MePO with Y(NO3);.6H,O in a 3 : 1 ratio in boiling ethanol gave
[Y(Ph;MePO);(NOs);], whilst reaction of a 1 : 1 ratio gave poor yields of
[Y(Ph,MePO)(EtOH)(NO3);], which was always slightly contaminated with a smail
quantity of the tris(phosphine oxide) species. Hence, despite several attempts, an
analytically pure sample could not be obtained. Attempts to obtain a 4 : 1 complex in
the solid state were unsuccessful, although evidence for this species in solution was

seen in the multinuclear NMR spectra.

The v(PO) vibrations in the complexes were intense, with a shift to lower frequency
compared to that of the ‘free’ ligand, indicating coordination of the phosphine oxide to
the metal centre. [Y(Ph,MePO)3(NO3)s] had w(PO) = 1150 cm’, whilst the
bis(phosphine oxide) complex exhibited w(PO) = 1155 ¢m™ (compared to 1172 cm™ in
the ‘free’ ligand). The coordinated ethanol in [Y(PhMePO)(EtOH)(NO3)3] was
evident by the broad band at 3300 cm™ and confirmed by the characteristic resonances
in the '"H NMR spectrum. The molar conductances of the bis and tris(phosphine oxide)
complexes were low (A, = 7.5 and 4.5 ohm™ cm” mol™ respectively), showing that both
were non-electrolytes. Addition of an excess of the phosphine oxide to the solution of
[Y(Ph,MePO)3(NO;3)s] saw the value of Ay, rise to 22.0 ohm™ cm? mol™, consistent with
a 1: 1 electrolyte, suggesting “[ Y(Ph,MePO)4(NO3),]NO;” had been formed in situ.

In contrast to its triphenylphosphine analogue, the *'P-{'H} NMR spectrum of
[Y(Ph;MePO);(NO3);] at ambient temperature showed only a single resonance at 6
36.6, which resolved into a doublet when cooled to 200 K. The observation that the
phosphine oxides were equivalent by NMR (whilst not so in the crystal structure)
indicated fluxionality in solution. The *Y NMR spectrum at 200 K showed a binomial
quartet CJC'P-¥Y) = 10 Hz), confirming that three phosphine oxide ligands were
coordinated to the metal centre. Addition of an excess of Ph,MePO to the same solution
saw a shift in the *'P-{"H} NMR spectrum to & 38.3 ppm, with the ¥Y NMR spectrum
exhibiting a quintet at & + 6.0 ppm (JC'P-¥Y) = 10 Hz), indicating complete

conversion to a tetrakis(phosphine oxide) species.
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[Y(Ph;MePO),(EtOH)(NO3);] showed a doublet at & 37.7 in the °'P-{'H}NMR
spectrum, with the ®Y NMR spectrum of the same solution having a triplet at § -37.6
ppm (JC'P-*Y) = 8 Hz). The NMR data are summarised in Table 2.5.

Table 2.5 Multinuclear NMR spectroscopic data for complexes of yttrium(III) nitrate
with diphenylmethylphosphine oxide.

Complex §CP-{'HY) 5§ *Y) JJC'P-PYyHz  TK
[Y(Ph;MePO)3(NOs)3] 36.6 (d) -26.2 (quartet) 10 220
[Y(Ph;MePO),(EtOH)(NOs);]  37.7 (d) -37.6 (triplet) 8 200
[Y(Ph,MePO)4(NO;3),]NO;* 38.3 (d) +6.0 (triplet) 10 200

* In situ from a solution of [ Y(Ph,MePO);(INOs);], with an excess of Ph,MePO added.

The structure of [ Y(PhoMePO);(NO;)s] (Fig. 2.6), shows nine-coordinate yttrium with a
(pseudo)-octahedral structure (if the nitrate groups are conceptually replaced with
monodentate ligands), with the phosphine oxides in a mer arrangement. Selected bond
lengths and angles are given in Table 2.6. The Y-O-P angles are significantly smaller
than for the structures of [Y(PhsPO),(EtOH)(NO3);] and [Y(PhsPO)3(NO3);3].xCH,Cly,
and are larger than for the complex [Y(Me;PO)3(NOs);] (below) (Y-O-P (ave.): PhsPO
= 166°, PhoMePO = 156°, Me;PO = 146°). It is apparent that these angles increase with
a greater number of phenyl rings in the phosphine oxide ligand, probably because of
steric effects. The bond lengths Y-O(P) and P-O showed little variation between all

four reported yttrium nitrate — phosphine oxide structures reported in this study.
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Fig. 2.6 The coordination polyhedron around Y in [Y(Ph;MePO)3(NOs)3]. Thermal

ellipsoids are drawn at 40% probability, with hydrogen atoms omitted for clarity.

Table 2.6 Selected bond lengths (A) and angles (°) for the structure of
[Y(Ph2M6P0)3(N 03)3].

Y(1)-0(1) 2.258(3) 0(1)-P(1) 1.510(3)

Y(1)-0(2) 2.248(4) 0(2)-P(2) 1.513(4)

Y(1)-0(3) 2.252(4) 0(3)-P(3) 1.494(4)

Y(1)-O(N) 2.413(5)-2.491(4) P-C 1.773(6)-1.815(7)

N-O, 1.255(6)-1.279(5)  N-O¢ 1.221(6), 1.232(5), 1.209(6)
O(1)»-Y(1)-0(2) 84.1(1) Y(1)-0(1)-P(1)  154.3(3)

0(1)-Y(1)-0(3) 84.2(1) Y(1)-0(2)-P2) 157.9(2)

0(2)-Y(1)-0(3)  153.5(1) Y(1)-0(3)-P(3)  157.3(3)

0.-N-O, 115.8(5)-116.4(6)  0.-Y(1)-O, 50.9(1)-52.4(1)
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2.2.3 Complexes of yttrium nitrate with trimethylphosphine oxide

Y(NO3);3.6H,0 reacted with three molar equivalents of Me;PO in warm ethanol to
produce [Y(MesPO)3(NOs);]. Reaction of a 1 : 1 molar ratio of ligand to metal salt in
boiling ethanol yielded [Y(Me;PO),(H,O)(NOs);] rather than the ethanol adduct that
might be expected in light of the reactions with PhsPO and Ph,MePO described earlier.
A tetrakis(phosphine oxide) complex could not be isolated, despite evidence for its
existence in both multinuclear NMR and conductivity experiments. Reaction of an 8 : 1
ratio of MesPO : Y and also addition of excess free ligand to an ethanolic solution of
the tris(phosphine oxide) compound afford solid [Y(Me;PO);(NOs);] following

concentration of the reaction solutions.

The water present in the bis(phosphine oxide) complex was apparent from a strong,
very broad band at v = 3400 cm™ and a second band at 1650 cm™. The w(PO) vibration
appeared as an intense band at v = 1140 cm™ (w(PO) in ‘free’ MesPO = 1161 cm™). The

complex [Y(Me;PO)3(NOs)s] had v(PO) = 1146 cm™.

The *'P-{"H} NMR spectrum of [Y(Me;PO)3(NOs)s] at 200 K showed a doublet at &
48.3 ppm. The corresponding **Y NMR spectrum exhibited a quartet at 5 —17.7 (3JC'P-
¥Y) = 6 Hz). Addition of excess free ligand to this solution led to formation of a
tetrakis(phosphine oxide) complex in situ, identified by a quintet at & -0.3 ppm (JC'P-
¥Y) = 8 Hz). The *'P-{"H} NMR resonance had shifted to & 52.0, although the
coupling was ill-defined. The molar conductance data fitted with these results, A, = 6
ohm™cm’mol™ initially (typical of a non-electrolyte), rising to 20 ohm™ cm’®mol™
following addition of ‘free’ ligand, suggesting dissociation of one nitrate group from

the metal centre.

[Y(MesPO),(H,0)(NOs)s] exhibited a poorly resolved doublet at 8 51.0 ppm in the *'P-
{IH} NMR spectrum. However, the *Y resonance was a triplet at & -12.0 ppm,
distinguishing between this complex and the tris(phosphine oxide) species in solution.

Multinuclear NMR data are summarised in Table 2.7.
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Table 2.7 Multinuclear NMR spectroscopic data for complexes of yttrium(III) nitrate
with trimethylphosphine oxide.

Complex §CP-('HY) 8§ (*Y) JCPPY)YHz  TKK
[Y(Me3;PO)3(NOs3)s] 48.3 (d) -17.7 (quartet) 6 200
“[Y(MesP0)4(NO3),]NOs™  52.0 (d)° -0.3 (quintet) 8 200
[Y(MesPO)(H0)(NO3);] 510 (d)° -12.0 (triplet) ca. 12 200

* In situ from a solution of [Y(Me;PO)3(NOs);], with an excess of Me;PO added.

® Coupling was poorly resolved.

The structure of [Y(MesPO)3(NOs);] was determined (Fig. 2.7) and selected bond
lengths and angles are given in Table 2.8. As for the other structurally determined
yttrium nitrate / phosphine oxide compounds in this study, the metal centre is nine-
coordinate and the structure can be described as (pseudo)-octahedral. However, for the
MesPO complex, the phosphine oxides adopt a fac arrangement, contrasting with the
mer arrangement seen for [Y(Ph,MePO);(NOs);] and [Y(PhsPO)3(NO3)3] xCH,Cly. The
average M-O-P angle of 146.5° is significantly smaller than for [Y(Ph3PO)s3
(NO3)3].xCH,Cly (Y-O-P(ave.) = 164.4°), presumably due to the smaller bulk of Me

groups compared to Ph groups.

1

o{it}

Fig. 2.7 The structure of [Y(Me;PO)3(NOs);] showing the atom labelling scheme for

the molecule centred on Y (1). Thermal ellipsoids are drawn at 40%.
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Table 2.8 Selected bond lengths (A) and angles (°) for the structure of
[Y(MesPO)3(NOs)s].

Y(1)-0(1) 2.281(7) Y(2)-0(4) 2.270(6)
Y(1)-0(2) 2.279(7) Y(2)-0(5) 2.251(7)
Y(1)-0(3) 2.262(7) Y(2)-0(6) 2.258(7)
Y(1)-O(N) 2.441(7)-2.520(8)  Y(2)-O(N) 2.463(8)-2.525(7)
P(n)-O(n) (n=1-6)  1.495(7)-1.521(7)  N-O¢ 1.21(1)-1.25(1)
N-O. 1.26(1)-1.30(1)

0(1)-Y(1)-0(2) 86.0(2) 0(4)-Y(2)-0(5)  82.5(2)
O(1)-Y(1)-0(3) 82.9(2) 0(4)-Y(2)-0(6)  86.8(3)
0(2)-Y(1)-0(3) 84.3(2) 0(5)-Y(2)-0(6)  86.1(2)
Y(1)-0(1)-P(1) 149.9(4) Y(2)-0(4)-P(4)  149.3(4)
Y(1)-0(2)-P(2) 140.2(4) Y(2)-0(5)-P(5)  147.8(4)
Y(1)-0(3)-P(3) 147.0(4) Y(2)-0(6)-P(6)  144.5(4)
0.-N-O, 115(1)-119(1) 0.-Y(1)-O. 51.2(2)-52.5(2)

2.2.4 Complexes of scandium nitrate with triphenylphosphine oxide

Irrespective of the ratio of reagents, reaction of Sc(NOs);.5H,O with
triphenylphosphine  oxide in ethanol produced colourless crystals of
[Sc(Ph3PO)2(NOs)s]. This contrasts with the analogous yttrium system (see 2.2.1) for
which three different compounds were seen to form. The smaller radius of Sc¢>* (0.68 A)
compared to Y°* (0.88 A) offers explanation, with steric hindrance limiting the number

of ligands that the former can accomodate.

Both multinuclear NMR spectra and conductivity studies showed no evidence of other
species in solution when excess ligand was added. The complex had Ay = 2.0 ohm™
cm” mol ™', with addition of excess PhsPO having no significant effect, suggesting that
no new species were formed in solution. The *'P-{'H} NMR spectrum at 300 K was a
singlet at & 37.7 ppm, with no coupling resolved upon cooling to 200 K, presumably
due to the fast quadrupolar relaxation of the scandium nucleus. At ambient temperature,
the **Sc spectrum of the complex revealed a broad resonance at § — 7.5 (W, = 900 Hz).
Addition of excess Ph3PO saw no changes to either spectrum, besides the appearance of

a ‘free’ ligand resonance at 8 26.0 ppm (NMR spectra are summarised in Table 2.9).
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Table 2.9 Multinuclear NMR data for the scandium nitrate / tertiary phosphine oxide

system.

Complex §Cp-{'H}) 8§(*Sec)  JCP-"ScyHz TK
[Sc(Ph3PO)2(NOs)3] 37.7 -7.5 Not Observed 300
[Sc(Ph;MePO)3(NO;3);] 39.5 4.0 Not Observed 300
[Sc(PhsMePO)4(NO;),]NO; 38.7 -36.0 (br) Not Observed 240
[Sc(MesPO)(EtOH)(NO3)s] 54.8 2.5 Not Observed 300
[Sc(MesPO)][NOs] 5" 62.0 (octet) +5.0 20 300
“[Sc(MesPO)s(NO3)](NOs),”®  64.7 +11.5 Not Observed 300

* Solution made up in MeNO; — 10% CD3NO,, with an excess of Me;PO added.
® In situ from [Sc(MesPO)6][NOs;] 3, with the solution made up in MeNO, — 10%

CDs;NO,

The structure of [Sc(PhsPO),(NO;3);] is shown in Fig. 2.8, with selected bond lengths
and angles presented in Table 2.10. The scandium centre is eight-coordinate, with the
nitrates bound in the same symmetrical bidentate mode seen for the yttrium nitrate-
phosphine oxide structures described earlier. The structure can be described as pseudo-
trigonal bipyramidal, with the phosphine oxides in axial and equatorial positions. As
expected, the Sc-O bond lengths are considerably shorter than in similar yttrium
structures, owing to the small radius of the scandium centre (Sc-O(P) = 2.047(7) and
2.068(7) A, for the complex [Y(NOs)s;(Ph;PO),(EtOH)], Y-O(P) = 2.25(2) to 2.27(1)
A). The Sc-O(2)-P(2) bond is almost linear (178.5°), owing to the lack of steric
hindrance, whilst Sc-O(1)-P(1) was slightly bent (165.1°).
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C{25),

o)

Fig. 2.8 The coordination polyhedron around Sc in [Sc(PhsPO)2(NOs);]. Phenyl C
atoms not bonded to P have been omitted for clarity. Thermal ellipsoids are drawn at

the 50% probability level and H atoms are omitted.

Table 2.10 Selected bond lengths (A) and angles (°) for the structure of
[SC(N 03)3 (P h;P 0)2] .

Sc-0(1) 2.068(7) 0(1)-P(1) 1.497(8)
Sc-0(2) 2.047(7) 0(2)-P(2) 1.513(7)

Sc-O(N) 2.205(8)-2.311(7)  P-C 1.77(1)-1.81(1)
N-O, 1.264(12)-1.280(11)  N-O¢ 1.208(11)-1.216(12)
0(1)-Sc-0(2) 90.7(3) Sc-0(1)-P(1) 165.1(5)
Sc-0(2)-P(2) 178.5(5) 0.-N-O, 112.0(10)-114.4(9)
0¢-S¢-0, 55.2(3)-57.1(3)
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2.2.5 Complexes of scandium nitrate with diphenylmethylphosphine oxide

Reaction of hydrated scandium(IIl) nitrate with four or more molar equivalents of
diphenylmethylphosphine oxide in ethanol afforded white crystals of
[Sc(Ph,MePO)4(NO3),]NO;. When Sc(NOs);.5H,0 was reacted with one or two molar
equivalents of the ligand in boiling ethanol, concentration of the reaction mixture
afforded a sticky solid. If this product was washed with ice-cold diethyl ether, poor
yields of [Sc(Ph,MePO)3(NO3)3] were produced. The spectroscopic evidence points to
this being a nine-coordinate scandium complex, which is very rare,** although owing to

its high solubility, crystals of the complex could not be obtained to prove this

unambiguously.

For both compounds, W(PO) = 1153 cm™. The IR spectrum of the 4 : 1 complex
includes a weak band at 831 cm™, indicating the presence of an ionic nitrate. This
feature was absent for the tris(phosphine oxide) species, indicating that all three nitrate

groups were coordinated.

The low value of A, = 8.0 ohm™ cm? mol™? for a 10° mol dm> CH,Cl, solution of
[Sc(Ph:MePO)4(NO3),]NO; initially seemed strange in light of the crystal structure
obtained, but the NMR studies showed that in solution the complex existed as a mixture
of non-conducting tris(phosphine oxide) species, as well as the 4 : 1 complex (expected
to be a 1 : 1 electrolyte). Addition of excess Ph,MePO saw A, rise towards 22 ohm™
cm?® mol ™, showing the equlibrium position shift towards [Sc(Ph,MePO)4(NO3):]NOs.

At ambient temperature, the *'P-{'"H} NMR spectrum of [Sc(Ph;MePO)4(NO3),]NOs
was a single broad resonance at § 38.5 (/¥ = 700 Hz). Cooling to 250 K saw a strong
peak at 6 38.7, with weaker resonances at & 39.5 and 29.2 (Ph,MePO). Addition of free
ligand saw the major peak grow, indicating that this was due to the 4 : 1 species. The
®Sc NMR spectrum at ambient temperature showed broad, partially overlapping
resonances at § —4 and —33. Cooling the solution saw these converge further, producing
a very broad asymmetric resonance, due to the effect of the scandium quadrupole. Upon

addition of excess ligand, the peak at § —33 increased in intensity, denoting that this
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was due to the tetrakis(phosphine oxide) species, althéugh the resonance caused by the
tris(phosphine oxide) complex was always present. The *'P-{'H} spectrum of
[Sc(Ph,MePO);(NO3);] was more simple, with a single resonance at 6 39.5, whilst the
S spectrum also showed a single peak at § — 7.5 (W, = 350 Hz). A summary of the
NMR spectroscopic data are presented in Table 2.9.

The structure of [Sc(Ph,MePO)4(NOs),]NO; is depicted in Fig. 2.9, with selected bond
lengths and angles given in Table 2.11. The scandium centre is eight-coordinate, with
nitrate groups again bonded in the symmetrical bidentate mode. Replacement of the
nitrate groups with monodentate ligands produces an octahedral structure, with frans
nitrates. The average Sc-O-P bond angle is smaller than seen for the structure of

[Sc(Ph3PO)2(NO3)s] (161.5° compared with 172°).

/\CBB)

?()\ O op

J
@/\(/28) P(3)

Fig. 2.9 The structure of the cation in [Sc(Ph,MePO)4(NO3)2]NO3.xCH,Cl,. Thermal

ellipsoids are drawn at 40% probability, with H atoms omitted for clarity.
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Table 2.11 Selected bond lengths (A) and angles (°) for the structure of
[Sc(thMePO)4(N O3)2]NO3‘JCCH2C12

Sc-0(1) 2.099(6) 0(1)-P(1) 1.493(6)
Sc-0(2) 2.097(6) 0(2)-P(2) 1.505(6)

Sc-0(3) 2.090(6) 0(3)-P(3) 1.502(6)

Sc-0(4) 2.088(6) O(4)-P(4) 1.504(6)

Sc-O(N) 2.311(6)-2.425(6)  P-C 1.782(9)-1.822(9)
N-O, 1.257(9)}-1.277(9)  N-O¢ 1.214(9), 1.219(9)
0(1)-Sc-0(2) 93.8(2) Sc-0(1)-P(1 162.7(4)
0(1)-Sc-0(4) 91.7(2) Sc-0(2)-P(2) 159.6(4)
0(2)-Sc-0(3) 93.5(2) Sc-0(3)-P(3) 161.3(4)
0(3)-Sc-0(4) 92.2(2) Sc-0(4)-P(4) 162.4(4)

0.N-0, 114.4(7), 116.5(7)  Oc-Sc-O, 54.8(2), 53.3(2)

2.2.6 Complexes of scandium nitrate with trimethylphosphine oxide

When Sc(NOs);.5H,0O was reacted with a large excess of Me;PO (six to ten molar
equivalents) in ice-cold ethanol, the white solid [Sc(Me;PO)s][NOs]s was obtained,
with microanalysis confirming this stoichiometry and supported by infrared
spectroscopy and molar conductance data. Reaction of equimolar quantities of ligand
and metal salt gave a very poor yield of [Sc(MesPO)(EtOH)(NOs)s], which could
conceivably have a nine-coordinate metal centre, although in the absence of X-ray

studies this could not be confirmed.

For the ethanol adduct, v(PO) = 1152 e¢m™ (compared to 1161 cm™ in the free ligand).
A broad band at v = 3200 cm™ indicated the presence of the alcohol, whilst the absence
of a band at ca. 830 cm™ showed that all three nitrates were coordinated. The spectrum
of [Sc(MesPO)s][NOs]; was simple, with v(PO) = 1104 cm™, the low wavenumber
explained by stronger Sc-O bonds owing to the high charge on the metal centre. The
three ionic nitrate groups were identified by peaks at 1361 (v3), 1298 (v1) and 834 (1)

Cm-l'19

The molar conductance of a 10 mol dm™ solution of [Sc(Me3PO)6][NOs]s was
measured in nitromethane (the compound had poor solubility in chlorocarbons, acetone

and ethanol), with A, = 157 ohm™ cm® mol”, consistent with a 2 : 1 electrolyte,”!
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suggesting the complex had decomposed, possibly to [Sc(Me;PO)s(NO3)][NOs],.
Addition of excess phosphine oxide saw Ap rise to 250 ohm™ cm? mol’, typical of a
3 : 1 electrolyte,' showing that all three nitrate groups were ionic. The multinuclear
NMR spectra confirmed this dissociation in solution. At 300 K, the 3p_{'"H} NMR
spectrum contained a broad singlet at 8 64.7, with a shoulder at 62.0, as well as a
weaker resonance at & 43.0 (free ligand), with the integrals approximately 5.3 : 1.
Cooling to 245 K saw sharpening of the peaks, but as the solvent has a melting point of
244 K, lower temperature studies could not be conducted. Addition of a ten-fold excess
of ligand saw the coordinated ligand peak shift to & 62.0, with coupling to “Sc
observed as an eight-line pattern under higher resolution (CJC'P-*Sc) = 20 Hz). This
peak must correspond to [Sc(MesPO)s][NOs]s, with the regular octahedral symmetry
slowing the quadrupolar relaxation and allowing coupling to be observed (see Fig.
2.10). The **Sc NMR spectrum of the initial solution contained a broad resonance at &
11.8 (W, = 450 Hz), with a sharp, weaker peak at 5 5.0. However, no coupling was
resolved in the **Sc NMR spectrum. Addition of MesPO saw the broad feature

disappear.

The 3'P-{'"H} NMR spectrum of [Sc(Me;PO)(EtOH)(NO3)3] was more simple, with a
singlet at & 54.8. The **Sc NMR spectrum had a single resonance at 8 — 2.5. Addition of

up to four equivalents of free ligand saw no new complexes formed.

ey
p——

J‘W‘\A’W"V\M/J MM«W

e e e

o]
Fig. 2.10 The *'P-{'"H} NMR resonance of [Sc(Me;PO)s]*" in 2 MeNO; solution of
[Sc(MesPO)s](NOs); containing an excess of MesPO.
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Attempts to grow crystals of [Sc(MesPO)s](NO;3)s from a nitromethane solution of the
complex were unsuccessful. However, in related work, very poor crystals were
obtained from MeNO, with an excess of Me;PO present. X-ray data were collected of
one of these crystals but refinement was unsatisfactory (crystal data given below*). The
cation had an octahedral geometry, similar to that of [Sc(Me3AsO)s](NOs3)s (see
2.2.10).%

(* [Sc(Me3As0)s](NO3)s. Crystal data: monoclinic, a = 10.975(3), b = 11.150(3), ¢ =
15.463(6) A, g =90.58(1)°, U = 1892.1 A®. Space group = P2; (no. 4), Z=2, T =120
K. Refinement also attempted in Pi (No. 2) and P2;/n (no. 14), giving the same

chemical answer.)

2.2.7 Complexes of yttrium nitrate with triphenylarsine oxide

When Y(NOs);.6H,0 was reacted with two molar equivalents of triphenylarsine oxide
in boiling ethanol, [Y(Ph3AsO),(EtOH)(NO3);] was produced. In boiling acetone, using
a 3 : 1 ratio of ligand to metal salt, the product was [Y(Ph3As0)4(NO3):]NO3.Me,CO.
Attempts to isolate a lower Ph3AsO:Y ratio complex from acetone (by slow evaporation
of a 1 : 1 mixture) were unsuccessful, although a third compound was identified in sifu

by Y NMR spectroscopy.

Coordination of the ligand was apparent in the IR spectra by a characteristic increase
(and often splitting) of the AsO stretching mode.>® The ‘free’ ligand exhibits v(AsO) as
a broad, intense peak at 878 cm™, whilst the spectrum of the ethanol adduct
[Y(Ph; AsO),(EtOH)(NO3)3], saw v(AsO) = 932 and 910 cm™. Ethanol was apparent as
a broad band at v = 3300 ecm™, its presence confirmed in the "H NMR spectrum. The
tetrakis(arsine oxide) complex had a single intense band caused by the As-O stretch at v
= 911 cm™. The peak at v = 1703 cm™ confirmed the presence of acetone in the
compound (also visible in the "H NMR spectrum by the singlet at & 2.15 ppm), whilst a

weak band at v =831 cm™ corresponded to the ionic nitrate.

A 107 ml dm™ dichloromethane solution of [Y(Ph3AsO),(EtOH)(NOs)3] was found to

have An = 2.0 ohm™ cm” mol™, a value typical of a non-electrolyte, consistent with the
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suggested stoichiometry. [Y(Ph3AsO0)4(NO3);]NO3.Me;CO had A, = 28 ohm™ c¢m?
mol”, remaining unchanged upon addition of excess ligand. This indicates that no
compound forms in solution with further Ph3AsO ligands coordinated and that the
compound does not decompose in chlorocarbon solvents (in contrast to the phosphine
oxide analogue). The ¥Y NMR spectrum confirmed this, showing a single peak at § 21

ppm at room temperature.

Table 2.12 ¥Y NMR spectroscopic data for complexes of yttrium(III) nitrate with

tertiary arsine oxide ligands.

Complex 5*Y) TK
[Y (P AsO)(EIOH)(NO5)s] 10 180
[Y(PhsAsO)«(NOs),]NOs Me;CO +21 300
“[Y(Phs AsO)s(NO3)s]” +18 200
[Y(MesAsO)sI(NO3)s +133 200

No ¥Y NMR resonance was observed at room temperature in solutions of
[Y(Ph3AsO)2(EtOH)(NO3)3]. Cooling to 200 K with a long collection time saw two
peaks, a strong feature at 6 20 ppm ([ Y(Ph3As0)4(NO3),]NO3) and a weaker resonance
at 8 0.5 ppm. Addition of excess Ph3AsO caused disappearance of the latter peak,
which was thus attributed to [Y(Ph; AsO),(EtOH)(NO3)s].

The ¥Y NMR spectrum of a solution of a 1 : 1 ratio reaction mixture that had been
evaporated to dryness and redissolved in CH,Cl, showed possible evidence of
[Y(PhsAsO)3(NOs)3] with a peak at & 18 ppm evident (along with the tetrakis(arsine
oxide) species and Y(NO3);.#H;0). However, the compound responsible for the

resonance at 6 18 ppm could not be separated and purified.

Attempts to grow crystals of [Y(Ph3;AsO)(EtOH)(NOs);] were unsuccessful. However,
given the data obtained, along with the structures of the analogous

[La(Ph3AsO)(EtOH)(NOs);] (Fig. 2.15) and the similar [Y(Ph;PO)2(EtOH)(NOs);], it
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seems likely the  yttium is  nine-coordinate. =~ The  structure  of
[Y(Ph3As0)4(NO;3);]JNO3.1/2H,0 was determined (Fig. 2.11), with selected bond
lengths and angles given in Table 2.13. The structure has an eight-coordinate yttrium
centre, with the bidentate nitrates approximately perpendicular to each other. The
coordination geometry is similar to that of [Sc(Ph,MePQ)4(NO3),]NO; (see Fig. 2.9)
and [Lu(Ph;PO)4(NO;),]NO;. "

Fig. 2.11 The structure of the cation in [Y(Ph3AsO0)4(NO3).]NO3.1/2H,0. Thermal

ellipsoids are drawn at 30% probability, with H atoms omitted for clarity.

Table 2.13 Selected bond lengths (A) and angles (°) for the structure of
[Y(Ph3ASO)4(N 03)2]NO3. 1/ 2H20.

Y-0O(1) 2.212(4) O(1)-As(1) 1.493(6)

Y-0(2) 2.233(4) 0(2)-As(2) 1.505(6)

Y-0(3) 2.228(4) 0(3)-As(3) 1.502(6)

Y-O(4) 2.228(4) O(4)-As(4) 1.504(6)

Y-O(N) 2.458(4)-2.506(4)  As-C 1.901(7)-1.922(6)
0(1)-Y-0(2) 90.4(2) Y-O(1)-As(1)  164.5(3)
0(1)-Y-0O(4) 88.5(2) Y-0(2)-As(2)  147.3(3)
0(2)-Y-0(3) 97.1(2) Y-03)-As(3)  156.1(2)
0(3)-Y-0(4) 93.3(2) Y-O(4)-As(4)  160.6(2)

0.-Y-O. 51.3(1), 51.5(1)
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Comparing this system with the analogous phosphine oxide complex results indicates
that Ph3AsO coordinates more strongly to Y(NO3);.6H,O than Ph;PO. Whilst a
tris(arsine oxide) compound could not be isolated, [Y(PhsPO)3;(NOs)3] was the

preferred complex for reactions with Ph3PO.

2.2.8 Complexes of yttrium nitrate with trimethylarsine oxide

Reaction of trimethylarsine oxide with hydrated yttrium nitrate in a >6:1 ratio in ice
cold ethanol yielded [Y(Me3AsO)s](NOs);. No evidence was seen for further
complexes in this system. The compound was insoluble in chlorocarbons, ethanol or
acetone, so solution studies were conducted in nitromethane and nitroethane (the latter

used when low temperature studies below 245 K were required).

The IR spectrum of this complex was simple, exhibiting v(AsO) = 877 or 926 cm™ (it is
difficult to distinguish between v(AsO) and AsMes rocking modes which occur at
similar frequencies) and identifying ionic nitrate groups by strong bands at 1358 (13)
and 836 (v,) em™." The molar conductance of a 10 mol dm™ solution in MeNO, was
measured, with A, = 180 ohm”cm’mol™ (in the region of a 2 : 1 electrolyte),
suggesting decomposition in solution. Addition of ligand caused A, rise to 240 ohm™

cm®mol™ (3 : 1 electrolyte), showing the homoleptic cation had formed.

¥Y NMR spectroscopy of the compound at 200 K in EtNO, showed a broad resonance
at 6 112. Addition of excess ligand produced a single sharp peak at 133 ppm, assignable
to [Y(Me3AsO)s][NOs]s. The resonance at 112 ppm was tentatively attributed to
exchanging [Y(Me3AsO)s.,(NO3),,] ¢ ™" species.

The structure of the hexakis(arsine oxide) complex was determined (Fig. 2.12), with
selected bond lengths and angles given in Table 2.14. The structure exhibited
octahedral geometry, with the Y-O distances showing little variation from those seen
for [Y(Ph3AsO)4(NO3),]JNO; (Fig. 2.11). The Y-O-As angles were smaller than for the
triphenylarsine oxide compound, as might be predicted given the smaller steric bulk of

methyl groups (Y-O-As (ave.) = 139.0 c.f. 157.1° for [Y(Ph3AsO)4(NO;),]NO3).
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Fig. 2.12 The structure of the cation in [Y(Me3;AsO)s](NOs);. Thermal ellipsoids are

drawn at 30% probability. H atoms omitted for clarity.

Table 2.14 Selected bond lengths (A) and angles (°) for the structure of

[Y(MC3ASO)6](N 03)3.

Y-O(1) 2.242(10) Y-0(4) 2.221(9)
Y-0(2) 2.248(10) Y-0(5) 2.253(9)
Y-0(3) 2.202(10) Y-0(6) 2.209(11)
As(n) — O(n) 1.65(1)-1.70(1) As-C 1.82(4)-2.04(4)
Y-O(1)-As(1) 131.3(5) Y-0(2)-As(2) 134.0(5)
Y-0(3)-As(3) 149.1(6) Y-0O(4)-As(4) 142.3(6)
Y-0(5)-As(5) 130.0(5) Y-O(6)-As(6)  147.1(6)

0-Y-O 86.7(4)-96.3(4) 0-As-C

108.0(6)-113.4(7)

The fact that [Y(Me3AsO)s](NOs)s was the only product isolated from the
Y(NOs)3.6H,0 / Me3AsO system contrasted strongly with reactions of Y(NO3);.6H,0

and MesPO, where the highest ligand

metal ratio complex detected was
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[Y(Me;PO)4(NO5),]NO;. This indicated that the arsine oxide has a higher affinity for

the yttrium centre than the phosphine oxide analogue.

2.2.9 Complexes of scandium nitrate with triphenylarsine oxide

Reaction of Sc(NO;);.5H,0 with 3 equivalents of Ph3AsO in boiling ethanol yielded
colourless crystals of [Sc(Ph3AsO)3(NOs3):]NO;. A 1 : 1 molar ratio in warm acetone
afforded an impure sample of [Sc(Ph3AsO),(NOs);] (contaminated with
Sc(NOs);3.5H,0 which could not be removed).

The IR spectrum of the tris(arsine oxide) complex showed a broad v(AsO) stretch at
899 cm™ (compared with 878 cm™) in the “free’ ligand), along with a sharp band at 834
cm’, corresponding to the v, vibration of the ionic nitrate. The spectrum of the impure
[Sc(PhsAsO)x(NOs);] exhibited ¥(AsO) 898 cm™, and also had a weak resonance at
834 cm™. However, this was attributed to residual Sc(NO3)s.5H;0.

The molar conductances of 10 mol dm™ solutions in CH,Cl, were measured, with the
tris(arsine oxide) compound having A, = 27 ohm’cm’mol”, typical of a 1 : 1
electrolyte. Addition of excess ligand did not affect this value, indicating no higher
Ph3AsO : Sc complexes form in situ. [Sc(Ph3AsO),(NO3)s] had An = 8 ohm™cm’mol”,
rising to 22 ohm™”cm’mol” following addition of Ph;AsO, showing conversion to

[SC(P h3ASO)3(N 03)2]N03.

®Sc NMR spectroscopic data on [Sc(Ph3AsO);(NO3);]NO;s showed a broad resonance
at 8 31.9 ppm. No change was seen following addition of further triphenylarsine oxide.
The spectrum of “[Sc(Ph; AsO)(NO;)3]” also contained the peak at 31.9 ppm, along
with a second, broad feature at 8 14.0, the latter attributed to the bis(arsine oxide)

species. Addition of Ph3AsO caused this resonance to disappear.

The structure of the cation of [Sc(Ph3;AsO);(NO3),]NO;s is depicted in Fig. 2.13, with
bond lengths and angles given in Table 2.15. The scandium centre is seven-coordinate
and can be described as pseudo-trigonal bypyramidal, with the nitrates in equatorial

positions.
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Fig. 2.13 The structure of the cation in [Sc(Ph3AsO)3;(NO3);]NO;. Thermal ellipsoids

are drawn at 30% probability. H atoms have been omitted for clarity.

Table 2.15 Selected bond lengths (A) and angles (°) for the structure of
[SC(Ph3ASO)3(N03)2]N03.

Sc-0(1) 2.030(4) Sc-0(6) 2.256(5)

Sc-0(2) 1.999(4) Sc-0(8) 2.267(5)

Sc-0(3) 1.996(4) Sc-0(9) 2.251(5)

Sc-0(5) 2.250(5) As(1)-0(1) 1.669(4)
As(2)-0(2) 1.665(4) As(3)-0(3) 1.659(4)

As-C 1.877(7)-1.925(8)  N-O. 1.258(7)-1.287(8)
N-O¢ 1.222(8), 1.217(8)

0(1)-Sc-0(2)
0(2)-Sc-0(3)
0(8)-Sc-0(9)
Sc-0(2)-As(2)
0-As-C

93.4(2)
94.2(2)

56.8(2)

153.1(3)
106.1(3)-113.1(3)

O(1)-Sc-0(3)
0O(5)-Sc-0(6)
Sc-O(1)-As(1)
Sc-0(3)-As(3)
C-As-C

171.4(2)
56.2(2)

149.2(3)

176.4(3)
106.6(3)-112.4(3)

Comparison of these results with those for reactions of scandium nitrate with

triphenylphosphine oxide (see 2.2.2) suggest that PhsAsO coordinates more strongly
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than Ph;PO. No evidence for a tris(phosphine oxide) complex was seen, whilst

[Sc(Ph3AsO)3(INO3),]NO; was the preferred compound for the arsine oxide system.

2.2.10 Complexes of scandium nitrate with trimethylarsine oxide
The reaction of hydrated scandium nitrate with trimethylarsine oxide in ice cold ethanol
formed [Sc(Me3;AsO)s][NOs]s. No other complexes could be isolated from these

reagents, irrespective of ligand : metal ratio.

The IR spectrum was simple, with v(AsO) = 925 or 873 cm™ (one band corresponds to
a AsMes rocking mode but it is difficult to distinguish between the two). Ionic nitrate
groups were also identified by bands at 1364 and 836 cm™.' The molar conductance
(measured for a 10° mol dm™ solution in MeNQ,) was 157 ohm™cm?mol™ prior to
addition of Me;AsO, rising to 220 ohm’cm’mol™ afterwards, suggesting some
decomposition in solution. The **Sc NMR spectrum showed a broad resonance at ca. 58
ppm, with a sharper feature superimposed at & 56.0. Addition of excess ligand produced
total conversion to the 56 ppm species. The sharper peak (caused by a cubic
environment of the **Sc nucleus) was attributed to [Sc(Me3AsO)s](NO3)s, with the
broader peak assigned to decomposition products of the type [Sc(Me3AsO)s.n
(NO3),]®™". This behaviour in solution is similar to that observed for the phosphine

oxide analogue (see 2.2.6) and [ Y(Me3AsO)s](NOs)s;.

The structure of [Sc(Me3AsO)s](NOs3)s was determined (Fig. 2.14) with selected bond
angles and lengths given in Table 2.16. The methyl groups attached to As(3) were
slightly disordered. The scandium centre is six co-ordinate with an octahedral
geometry. Sc-O-As angles are smaller than for those in [Sc(Ph3As0)3(NOs),] NO3.H,O
(137.1° c.f. 169.6°).
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Fig. 2.14 The structure of the cation in [Sc(Me3AsO)s](NO3)s, showing the atom
numbering scheme. Thermal ellipsoids are drawn at 30% probability, with H atoms

omitted for clarity.

Table 2.16 Selected bond lengths (A) and angles (°) for the structure of
[SC(MC3ASO)6](N 03)3 .

Sc-0(1) 2.100(8) As(1)-0(1) 1.662(8)
Sc-0(2) 2.064(8) As(2)-0(2) 1.649(9)
Sc-0(3) 2.097(8) As(3)-0(3) 1.650(8)

As-C 1.86(4)-1.99(2)

Sc-0(1)-As(1) 132.6(4) Sc-O(2)-As(2)  144.3(6)
Sc-0O(3)-As(3) 134.3(5) 0-Sc-0 88.5(3)-91.5(3)
0-As-C 107.2(6)-112.1(6) ~ C-As-C 99(1)-123(2)
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2.2.11 Complexes of lanthanum nitrate with triphenylarsine oxide

[La(Phs AsO)(EtOH)(NOs);] was formed when La(NO3)3.6H,0 was reacted with two
molar equivalents of PhsAsO in boiling ethanol. Reaction of a 1 : 3 molar ratio of
lanthanum nitrate hexahydrate with triphenylarsine oxide in boiling acetone afforded
[La(Ph3AsO)3(NO3)3]Me,CO. A third complex in the series, [La(PhzAsO)4(NO3)]
NO;.Me,CO, was produced from reaction of a 6 : 1 molar ratio of Ph;AsO to
La(NOs)3.6H,0 in acetone.

Infrared spectroscopy showed some variation in v(AsQ) between the three compounds.
[La(Ph; AsO)(EtOH)(NOs);] had v = 908 and 888 cm™, whilst the tris and tetrakis
(arsine oxide) complexes had broader bands at v = 890 and 891 cm™ respectively.
Ethanol was apparent by a broad band at 3400 cm™ in the IR spectrum of the ethanol
adduct, whilst acetone was apparent by bands at 1702 cm” ([La(Ph:AsO)s
(NO3)3] Me,CO) and 1707 em™ ([La(Ph3AsO)4(NOs3),]NO3.Me,CO).

*La NMR spectroscopy was of little use for this system, the nucleus having J = 7/2
and a quadrupole moment of 0.21 x 10%® cm?® leading to fast relaxation and
unobservably broad resonances.” 'H and “C-{'H} NMR spectroscopy proved
insensitive to coordination of the ligands, although both confirmed the solvents present

in the compounds.

Molar conductance measurements showed both [La(Ph3AsO),(EtOH)(NO3)3] (Am = 4
ohm™cm’mol™) and [La(Ph:AsO)(NOs)s] (Am = 4 ohm™cm’mol™) to be non-
electrolytes for 10° mol dm™ solutions in anhydrous CH,Cl,. Addition of excess
ligand saw A, rise to values consistent with a 1 : 1 electrolyte for both complexes.
[La(Ph; AsO)4(NO3)2]NO3 Me,CO had Ay = 21 ohm™cm®mol™, showing it isa 1 : 1
electrolyte and suggesting that the other two complexes had been converted to a
tetrakis(arsine oxide) species by the addition of Ph3AsO. Addition of ligand to the
tetrakis(arsine oxide) compound saw no significant change in A, indicating that no

higher Ph;AsO : La compounds exist. The results for [La(Ph;AsO)4(NO;3)]
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NO;.Me,CO contrast with those for [La(PhsPO)4(NOs);], which completely
decomposes in solution to [La(PhsPO)3(NOs)s] and Ph;PO. ">

The structure of [La(Ph3;AsO),(EtOH)(NO3);] was determined (Fig. 2.15), with selected
bond lengths and angles given in Table 2.17. The lanthanum centre was found to be
nine-coordinate with three bidentate nitrate groups. If the nitrate groups are considered
monodentate, the geometry is mer-(pseudo)-octahedral. The structure is isomorphous

with the analogous Ph3;PO complexes of Sm,"®Eu,? and Ce."?

Q o{10)
3 06

Fig. 2.15 The structure of [La(Ph3AsO)(EtOH)(NOs)s], showing the atom numbering

scheme. Thermal ellipsoids are drawn at 30% probability. H atoms omitted for clarity.

Table 2.17 Selected bond lengths (A) and angles (°) for the structure of
[La(Ph3AsO)(EtOH)(NOs)].

La-O(1) 2.347(7) La-O(8) 2.592(7)

La-0(2) 2.324(8) La-0(10) 2.581(7)

La-O(4) 2.640(7) La-O(11) 2.615(8)

La-0(5) 2.608(8) La-0(12) 2.552(7)

La-O(7) 2.664(7) As-C 1.896(12)-1.932(9)
As(1)-0(1) 1.670(7) As(2)-0(2) 1.671(7)
0(1)-La-0(2) 92.0(3) 0(1)-La-0(12) 80.1(3)
0(2)-La-0(12) 149.5(3) 0(4)-La-0(5) 48.4(2)
0(7)-La-0(8) 48.7(2) 0(10)-La-O(11)  49.5(3)
La-O(1)-As(1) 159.2(4) La-0(2)-As(2) 164.0(5)

0-As-C

107.5(4)-114.6(4)

C-As-C

106.9(4)-110.6(5)
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The structure of [La(Ph3As0)4(NO3);]NO5.2Me,CO was determined (Fig. 2.16), with
selected bond lengths and angles given in Table 2.18. The cation is structurally similar
to [Y(Ph3AsO)4(NO;),]NO; (Fig. 2.11), with an eight-coordinate metal centre in a
(pseudo)-octahedral geometry. The bidentate nitrates are in frans positions and are
mutually perpendicular. Whilst two acetones were present in the crystal structure,
microanalysis suggests that only one solvent molecule is present in the bulk material.
The analogous phosphine oxide cation has been reported, albeit with a different anion.*®
Comparison of this cation with [La(Ph3AsO)s(NO;),]" shows La-O(As) to be
significantly shorter than La-O(P) (2.340(5) to 2.361(5) A c.f. 2.449(8) to 2.695(8) A).
[La(PhsPO)4(NOs);] has also been characterised, with a nine-coordinate lanthanum

centre (one nitrate group is monodentate)."
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Fig. 2.16 The structure of the cation in [La(Ph3As0)s(NO3)2]NO3.2Me,CO, showing
the atom numbering scheme. Thermal ellipsoids are drawn at 30% probability. H atoms

have been omitted for clarity.
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Table 2.18 Selected bond lengths (A) and angles (°) for the structure of
[La(Ph3AsO)4(NO3),]NO3.2Me,CO.

La-O(1) 2.361(5) La-0(5) 2.635(5)
La-0(2) 2.343(4) La-0(6) 2.641(5)

La-0(3) 2.340(5) La-O(8) 2.651(5)

La-0(4) 2.347(4) La-0(9) 2.656(5)
As(1)-0(1) 1.660(5) As(2)-0(2) 1.661(4)
As(3)-0(3) 1.658(5) As(4)-0(4) 1.660(4)

As-C 1.907(7)-1.921(7)  N-O¢ 1.206(8), 1.218(8)
N-O, 1.250(8)-1.270(7)

0(1)-La-0(2) 94.9(2) O(1)-La-O(4)  89.3(2)
0(2)-La-0(3) 89.8(2) 0(3)-La-0(4)  92.3(2)
0(5)-La-0(6) 48.1(2) 0(8)-La-0(9)  48.1(1)
La-0(2)-As(2) 162.8(3) La-O(1)-As(1)  160.03)
La-0(3)-As(3) 175.7(3) La-O(4)-As(4)  167.5(3)

0-As-C 107.0(3)-112.8(3)

2.2.12 Complexes of lanthanum nitrate with trimethylarsine oxide

Reaction of lanthanum nitrate hexahydrate with 6 molar equivalents trimethylarsine
oxide in ice cold ethanol produced [La(Me3AsO)s](NOs)s. In addition, reaction in a
1 : 2 molar ratio in boiling ethanol afforded [La(Me3;AsO),(H,0)(NO3)3]. Attempts to
synthesise [La(Me3AsO)4(NO;);] (identified as a decomposition product of
[La(Me3AsO)s](NOs)s in nitromethane) in bulk were unsuccessful.

The infrared spectrum of [La(Me3AsO)s](NOs)s contained w(AsO) = 864 cm™. Tonic
nitrate groups were apparent by bands at 1359 and 836 cm™. The IR spectrum was very
similar to that of both the yttrium and scandium congeners, suggesting the complex
shares a similar six-coordinate metal centre. The spectrum of [La(Mes3AsO)(H,0)
(NOs);] had v(AsO) = 875 cm’, with water apparent from broad band at ca. 3400 cm™
and a sharp band at 1620 cm™. Confirmation of the presence of water comes from the
'H NMR spectrum. The presence of water rather than ethanol has been seen previously

in the complex [Y(Me3PO)>(H,0)(NO;);] (see 2.2.1).

Attempts to grow crystals of [La(Me3AsO)s](NO3); yielded several crystals which upon
refinement were identified as the decomposition product [La(Me3AsO)s(NO3)s].
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However, the data were of poor quality, with refinement unsatisfactory. The La centre

was nine-coordinate, with one of the nitrate groups monodentate (see below*).

(*[La(Me3As0)4(NO;3);3]. Crystal data: monoclinic, a = 10.278(3), b = 12.034(4), ¢ =
12.030(2) A, g =97.42(2)°, U = 1475.4(6) A>. Space group = P2, (no. 4), Z=2, T =
150 K. R = 0.14 for 2381 I, > 4o(F,) and 237 parameters.)

2.2.13 Reaction schemes

Y(NO,),.6HO +

[Y(PhPO),(ELOHNO,):]
[Y(Ph,PO),(NO);]
[Y(Ph,PO),(NO;),INO,

[Y(Ph,MePO),(NO,)]
— Ph,MePO <:
[Y(Ph;MePO),(EtOH)(NO5)]
< [Y(Me;POR(NO,)]
- Me,PO
[Y(Me,PO),(H,0)(NO;),]

[Y(Ph,AsO),(EtOH)(NOs)5]
— PhyAsO <
[Y(Ph,ASO),(NO,),INO, Me,CO

~  PhPO

- MeASO——* [YM%ASO)5](NO3)3

Fig. 2.17 Reaction scheme showing all products isolated from reaction of yttrium(III)

nitrate with the R;EO ligands examined in this study.
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B Ph,PO ——— [Sc(Ph,PO),(NO)]
[Sc(Ph,MePO)NO,),]

- PhMePO <
[Sc(Ph,MePO),(NOs),] NO,

[Sc(Me,PO) (ELOH)NO;).]
Se(NO),SHO + | M%P0<:
[Sc(MePO)]NOs)s

[Sc(Ph;As0),(NOs);]
- PhyAsO <:
[Sc(PhyAsO),(NO,), INO,

—  Me;,AsO—— [Sc(Me;As0),[(NO;),

Fig. 2.18 Reaction scheme showing all products isolated from reaction of scandium(III)

nitrate with RzEO ligands within this study.

*[La(Ph; AsQ),(EtOH)(NO;)4]

— Ph,AsO [La(Ph. AsO);(NOs),].Me,CO
La(NO,),.6HO + [La{PhAsQ),(NOs);]NO;. Me,CO
[La(Me;AsO),1INO;),
L Me,AsO <
[La(Me;AsO)(H0)(NOs):]

Fig. 2.19 Scheme indicating products formed when hydrated lanthanum(III) nitrate was
reacted with Phzs AsO or Me;AsO.
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2.3 Conclusions

A range of complexes exist in the M(NO3); / R3XO systems (M =Y, Sc or La and X =
As or P), with significant variation dependent on the reaction conditions, the metal in
question and ligand type. The first structurally characterised examples of tertiary arsine
oxide / lanthanide nitrate complexes are reported, whilst scandium nitrate / phosphine

oxide complexes are described for the first time.

The results allow comparison of the ligating properties of R3AsO and R3;PO with
Sc(III), Y(II) and La(II) nitrate metal centres. It is apparent that tertiary arsine oxide
ligands coordinate more strongly than their phosphine oxide congeners, resulting in
higher ratio ligand to metal species being formed. For example, when PhsPO is reacted
with yttrium nitrate, [Y(PhsPO)3(NOs)s] is the favoured product, whilst reaction of
Y(NO3)3.6H,0 with Ph3 AsQO yields [Y(Ph3 AsO)4(NO3)2]NO3, with no tris(arsine oxide)
complex isolated. Similarly, reaction with Me;PO yields [ Y(MesPO),(H2O0)(NO3)3] or
[Y(MesPO)3(NOs3)s], whilst reaction with Me3AsO affords only [Y(Me3AsO)s][NOs]s.
Examination of the dipole moments of the ligands suggest that R3AsO would indeed be
stronger donors, the arsine oxides having more electron density centred on the oxygen
atom (Ph3AsO = 5.50 D c.f. PhsPO = 4.51 D; Me3AsO = 5.12 D c.f. Me;PO = 4.39
D) 2728

Crystallographic results also indicate that arsine oxide ligands complex more strongly
than the analogous phosphine oxide ligands, with M-O(As) consistently shorter than
M-O(P). Comparison of Ln-O(X) distances (X = P or As) for other lanthanide metals in

18262930 1t is also apparent that the average

related work leads to the same conclusion.
M-0O-X angles (X = As or P, M = Sc or Y) are larger as the steric bulk of R increases in
the ligand. For example, for the compound [Y(PhsPO);(NO;);].xCH,Cl,, Y-O-P(ave.) =

164.4°, whilst for [Y(Me;PO);(NOs);], Y-O-P(ave.) = 146.5°).

Multinuclear NMR studies revealed interesting behaviour in solution. Many of the pure
compounds isolated in the solid state exist as mixtures of species in solution. *'P-{'H}

NMR demonstrated that exchange with free R3PO is slow on the NMR timescale at
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ambient temperatures. However, the complexes are labile and readily interchange in

solution.
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2.4 Experimental

Y(NO3)3.6H,0, Ph;PO, Ph,MePO and Ph;AsO were purchased from Aldrich Chemical
Company, Me3PO from ALFA, Sc(NO3)3.5H,0O from Strem and La(NO3);.6H,O from
BDH. Me3AsO was synthesised by H,O, oxidation of MesAs in diethyl ether and

purified by sublimation in vacuo.”'

2.4.1 Complexes of yttrium nitrate with tertiary phosphine oxides
[Y(PhsPO)3(NOs)s]

Yttrium nitrate hexahydrate (0.38 g, 1.0 mmol) and PhsPO (1.11 g, 4.0 mmol) were
dissolved separately in warm (60 °C) ethanol (20 cm’). The solutions were mixed, then
stirred for 1 h. The solution was evaporated to ca. 10 cm® then refrigerated overnight.
The white solid formed was filtered off and dried in vacuo. Yield 0.93 g, 91%. (Found:
C, 58.1; H, 3.7; N, 3.7. Calc. for CsqHysN301,P3Y: C, 58.4; H, 4.1; N, 3.8%). IR (cm™)
(Nujol mull): 1500w, 1437m, 1311w, 1187w, 1168s (PO), 1154s (PO), 1121m, 1092m,
1031w, 815m, 745s, 725m and 690w. >'P-{'H} NMR (300 K, CH,CL): & 36.5 and
33.9. ¥Y NMR (300 K): not observed. A, (CH,Cly, 107 mol dm'3) = 13 ohm™ cm?

mol ™.

[Y(Ph,MePO)3(NO;)5]

Yttrium nitrate hexahydrate (0.38 g, 1.0 mmol) and Ph,MePO (0.65 g, 3.0 mmol) were
dissolved in warm (60 °C) ethanol (15 cm®). After 3 h, the solution was cooled and
refrigerated overnight, yielding a white, crystalline solid which was filtered off and
dried in vacuo. Yield 74%. (Found: C, 50.2; H, 4.1; N, 4.5. Calc. for C30H30N301,P3Y:
C, 50.7; H, 4.3; N, 4.6%). IR (cm™) (Nujol mull): 1500w (sh), 1450m, 1306w, 1300w
(sh), 1172w (sh), 1150s (PO), 1126s, 1105m, 1035m, 895w, 883w, 781m, 745m, 716w,
696w and 668m. *'P-{'H} NMR (300 K, CH,CL): & 36.6. ¥ Y NMR (300 K): & -22br.
"H NMR (300 K, CDCLy): & 7.2-7.7m [30H], 1.95(d, /o 13.5 Hz)[9H]. Am (CHzCL,

10 mol dm™) = 4 ohm™ cm? mol ™.
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[Y(MesPO)3(NOs)s]

The method used was as for above, but using Me;PO (0.28 g, 3.0 mmol). A white solid
was isolated. Yield 33%. (Found: C, 19.1; H, 4.8; N, 7.5. Calc. for CoH27N3012P5Y: C,
19.6; H, 4.9; N, 7.6%). IR (cm™) (Nujol mull): 1308m, 1171 (sh), 1146s (PO), 1120
(sh), 1036m, 949s, 863m, 819w, 390m and 365w. *'P-{'H} NMR (300 K, CH,CL): &
48.3. ¥Y NMR (300 K): & -17.0(s). '"H NMR (300 K, CDCL): & 1.65(d, “Jps 13.6 Hz).
A (CH,Cly, 107 mol dm™) = 6 ohm™ cm® mol™.

[Y(Ph3;PO),(EtOH)(NOs)s]

Yttrium nitrate hexahydrate (0.38 g, 1.0 mmol) and PhsPO (0.28 g, 1.0 mmol) were
dissolved in boiling ethanol (15 c¢m®). After 15 min, the solution was cooled and
refrigerated overnight, yielding a white, crystalline solid which was filtered off and
dried in vacuo. Yield 0.46 g, 53%. (Found: C, 52.3; H, 4.1; N, 4.8. Calc. for
CsgH3sN301,P,Y: C, 52.0; H, 4.1; N, 4.8%). IR (cm™) (Nujol mull): 3300 (br), 1500w,
1314m, 1171s (PO), 1155s (PO), 1120m, 1039m, 1032 (sh), 816w, 692m and 539s.
P-{'H} NMR (300 K, CH,Cl,): & 37.0. ¥Y NMR (300 K): not observed. "H NMR
(300 K, ds-acetone): & 7.1-7.6(m), 3.56 (quartet, J=7) and 1.11 (t, J=7 Hz). An (CH2Cl,,

10? mol dm™) = 10 ohm™ em? mol™.

[Y(Ph,MePO),(EtOH)(NO3);]

The method used was as for above, but using Ph,MePO (0.22 g, 1.0 mmol). Yield 0.40
g, 53%. (Found: C, 46.4; H, 4.0; N, 4.8. Calc. for CpsH3,N301,P,Y: C, 44.6; H, 4.3; N,
5.6%).* IR (cm™) (Nujol mull): 3300 (br), 1591w, 1300 (br), 1181 (sh), 1155s (PO),
1126m, 1109m, 1073w, 998w, 969w, 893m, 881m, 816m, 779w, 741s, 693s, 513m,
504s and 398w. *'P-{'H} NMR (300 K, CH,CL): & 37.7. ¥Y NMR (300 K): not
observed. "H NMR (300 K, ds-acetone): & 7.6-7.9(m)[20H], 3.60 (g, J=7)[2H], 2.05 (d,
2Jon = 14)[6H] and 1.15 (t, J=7 Hz)[3H]. An (CH,Cl, 10™ mol dm®) = 7 ohm™ cm’
mol™.

* See text, section 2.2.2
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[Y(Me3PO),(H,O0)(NO3)s]

A solution of Y(NO3)3.6H,0 (0.38 g, 1 mmol) in boiling ethanol (15 cm®) was added to
MesPO (0.09 g, 1 mmol) in ethanol (10 cm®). The solution was concentrated to ca. 10
cm’, cooled and refrigerated for 24 h. A white solid was formed, which was filtered off
and dried in vacuo. Yield 36%. (Found: C, 14.5; H, 3.9; N, 8.7. Calc. for
CeHz0N3012P,Y: C, 15.1; H, 4.2; N, 8.7%). IR (cm™) (Nujol mull): 3400 (br) s, 1650m,
1297s, 1160 (sh) (PO), 1140s (PO), 1083m, 1034m, 951s, 866m, 816m, 745m, 605 (br),
391m, 371m and 333w. *'P-{'"H} NMR (300 K, CH,CL): & 50.5. ¥Y NMR (300 K):
not observed. "H NMR (300 K, ds-acetone): & 1.45(d, 2Jpn = 13.6 Hz). A (CHCl,, 10

mol dm™) =7 ohm™ em? mol™.

[Y(Ph3PO)4(NO;):]NO;3

A solution of yttrium nitrate hexahydrate (0.19 g, 0.5 mmol) in ice-cold ethanol (5 cm’)
was added to a solution of PhsPO (0.84 g, 3.0 mmol) in ethanol (15 cm’) at 0 °C. A
white crystalline solid was filtered off after 1 h and dried i vacuo. Yield 0.35 g, 51%.
(Found: C, 62.0; H, 4.0; N, 3.2. Calc. for C7;HgoN3013P4Y: C, 62.3; H, 4.3; N, 3.0%).
IR (cm™) (Nujol mull): 1520w, 1298m, 1154s (PO), 1121s, 1091m, 1031w, 997w,
971w, 830w, 816w, 742m, 692m, 542s, 416w and 308w. *'P-{'"H} NMR (300 K,
CH,Cl): § 36.5, 33.3 and 26.0. ¥Y NMR (300 K): not observed. Ay (CH,Cl,, 10” mol

dm™) = 14 ohm™ cm? mol™.

2.4.2 Complexes of scandium nitrate with tertiary phosphine oxides
[Sc(Ph3PO)2(NOs);]

A boiling solution of Sc(NOs)3.5H,0 (0.23 g, 1.0 mmol) in ethanol (20 cm®) was added
to a solution of Ph;PO (0.83 g, 3.0 mmol) in ethanol (10 c¢m’). The solution was
concentrated to ca. 15 cm’ then refrigerated for 24h. White crystals were filtered off
and dried in vacuo. Yield 0.26 g, 33%. (Found: C, 54.5; H, 4.0; N, 5.1. Calc. for
CssH30N3011P,Sc: C, 54.9; H, 3.8; N, 5.3%). IR (cm™) (Nujol mull): 1591m, 1527w,
1299s, 1284s, 1167s (PO), 1141s, 1123m, 1009w, 808s, 747m, 692m and 542s.
*'P-{'"H} NMR (300 K, CH,CL): & 37.7. *Sc NMR (300 K, CH,ClL): & -7.5 (Wi, =
900 Hz). Ay (CH,Cly, 10° mol dm™) = 2 ohm™ cm? mol™.

69



Chapter 2 — Complexes of Group III Nitrates with Tertiary Phosphine and Arsine Oxide Ligands

[Se(Ph;MePO)4(NO3);]NO;

Made as above, using Ph,MePO (0.86 g, 4.0 mmol) with Sc(NOs);.5H,0 (0.23 g, 1.0
mmol). Yield 0.66 g, 60%. (Found: C, 56.9; H, 5.0; N, 3.7. Calc. for Cs;Hs52N3013P4Sc:
C, 57.0; H, 4.7; N, 3.8%). IR (cm™) (Nujol mull): 1591w, 1299m, 1153s (PO), 1125m,
1108m, 1073m, 1037w, 996w, 889s, 831w, 818w, 744s, 711s, 694s, 507s, 479m, 453m,
425w, 400w and 277m. *'P-{'"H} NMR (300 K, CH,CL): & 38.5 (W, = 700 Hz); (220
K) & 39.6vw, 38.7s and 29.2vw. ¥*Sc NMR (300 K, CH,CL,): & -3.5 (W1, = 500 Hz)
and —33 (W12 = 10000 Hz). "H NMR (300 K, CDCl): 8 7.6-7.9m[40H], 2.10 (d, %Jpr =
12 Hz)[12H]. Ay (CH,Cl,, 10 mol dm™) = 8 ohm™ cm* mol™.

[Sc(Ph,MePO)3(NOs)3]

A solution of Sc(NO3)3.5H,0 (0.23 g, 1.0 mmol) in boiling ethanol (20 cm®) was added
to a solution of PhyMePO (0.43 g, 2.0 mmol) in ethanol (10 cm’). The solution was
concentrated to ca. 5 cm® and refrigerated for 24 h. A sticky solid was formed, the
supernatant liquid decanted off and the solid washed with ice-cold diethyl ether (5
cm’). The resultant white solid was dried in vacuo. Yield 0.25 g, 28%. (Found: C, 53.2;
H, 4.4; N, 4.6. Calc. for C3sH3sN3012P3Sc: C, 53.3; H, 4.5; N, 4.8%). IR (cm‘l) (Nujol
mull): 1590w, 1302s, 1153s (PO), 1090w, 1025w, 971w, 890m, 814w, 777m, 692m,
502s, 422w, 400w and 287m. *'P-{'"H} NMR (300 K, CH,Cl,): & 39.5. *Sc NMR (300
K, CH,CLy): 8 -4.0 (Wi = 350 Hz). 'H NMR (300 K, CDCls): 8 7.7-7.9m[30H], 2.10
(d, %Jpu = 12 Hz)[9H].

[Sc(MesPO),(EtOH)(NO3)3]

A boiling solution of Sc(NOs)3.5H,0 (0.35 g, 1.5 mmol) in ethanol (20 cm’) was added
to a solution of Me;PO (0.14 g, 1.5 mmol) in ethanol (10 cm’). The solution was
evaporated to dryness then redissolved in the minimum n-butanol and refrigerated for
24 h. A cream coloured sticky solid was formed which was discarded, with the mother
liquor allowed to evaporate slowly, producing colourless crystals. Filtered off and dried
in vacuo. Yield 0.05 g, 10%. (Found: C, 204; H, 5.1; N, 9.6. Calc. for
CgH24N3012P;Sc: C, 20.8; H, 5.6; N, 9.1%). IR (cm'l) (Nujol mull): 3200 (br), 1312m,
11525 (PO), 1112m, 1026w, 956m, 866w, 815w, 534w, 485w, 430w, 372w and 327w.

70



Chapter 2 — Complexes of Group III Nitrates with Tertiary Phosphine and Arsine Oxide Ligands

po'H} NMR (300 K, CHCLy): 8 54.8. ®Sc NMR (300 K, CH,Ch): § -2.5 (W2 =
600 Hz). '"H NMR (300 K, CDCL): 8 0.9 (t, J=7)[3H], 1.6 (d, /p = 10)[18H] and 3.6
(quartet, J=7 Hz)[2H].

[Sc(MesPO)s][NO:s]s

A solution of Sc(NO3)3.5H,0 (0.23 g, 1.0 mmol) in ice-cold ethanol (20 cm’) was
added to a solution of MesPO (0.53 g, 6.0 mmol) in ethanol (10 cm’). A white
precipitate was seen to form immediately. The reaction mixture was refrigerated for 24
h, filtered and the solid dried in vacuo. Yield 0.43 g, 57%. (Found: C, 26.9; H, 6.6; N,
5.2. Calc. for CisHs4N3015PsSc: C, 27.6; H, 6.9; N, 5.4%). IR (cm™) (Nujol mull):
1361m, 1298m, 1156 (sh), 1104vs (PO), 958s, 891w, 870s, 834s, 760m, 681w, 423m,
371m, 363m and 350w. *'P-{'"H} NMR (300 K, MeNO,): 8 64.7, 62.0 (sh) and 43.0.
®S¢c NMR (300 K, MeNO,): & 11.4 (W1, = 450 Hz) and 5.0 (Wi, = 180 Hz). '"H NMR
(300 K, CD3NO,): 8 2.6 (d, %o = 13) and 2.4 (d, 2o = 13 Hz). An (MeNO,, 10” mol

dm™) = 157 ohm™ cm® mol ™.

2.4.3 Complexes of yttrium nitrate with triphenylarsine oxide
[Y(Ph3AsO)(EtOH)(NOs)s]

A solution of yttrium nitrate hexahydrate (0.38 g, 1 mmol) in boiling ethanol (10 cm’)
was added to a solution of triphenylarsine oxide (0.64 g, 2 mmol) in ethanol (15 cm’).
The solution was cooled, then refrigerated for 24 h, following which the white solid
was filtered off and dried in vacuo. Yield 0.34 g, 37%. (Found: C, 46.8; N, 4.3; H, 3.9.
Calc. for C3sH36As;N301,Y: C, 47.3; N, 4.4; H, 3.8%). IR (cm™) (CsI disc): 3420(br),
3065w, 2989w, 1494s, 1463s, 1441s, 1323s, 1090s, 1045m, 1036m, 999m, 933s (AsO),
910s (AsO), 877m, 818m, 745s, 691s, 479s, 459m, 373s, 359s. *Y NMR (300 K): Not
observed (200 K) 0.5 (br), 21.0 (w). 'H NMR (300 K, CDCL): § 7.4-7.6(m)[30H], 3.70
(quartet, J = 7)[2H] and 1.17 (t, J = 7 Hz)[3H]. An (CH,Cly, 10” mol dm®) = 2 ohm™

cm? mol™.
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[Y(Ph3AsO)4(NOs),]NOs.Me,CO

A boiling solution of yttrium nitrate hexahydrate (0.38 g, 1 mmol) in acetone (10 cm’)
was added to a solution of triphenylarsine oxide (0.97 g, 3 mmol) in boiling acetone (5
cm’). The solution was refrigerated for 24 h, following which the white crystalline solid
was filtered off and dried in vacuo. Yield 0.58 g, 35%. (Found: C, 54.3; N, 2.8; H, 3.8.
Calc. for C7sHesAs4N3014Y: C, 553; N, 3.0; H, 4.1%). IR (cm™) (CsI disc): 3050w,
1706m, 1465s, 1441s, 1362s, 1314s, 1227w, 1186m, 1163w, 1089m, 1038w, 999w,
914br,s (AsO), 832m, 821m, 744s, 692s, 479s, 458s, 357s. **Y NMR (300 K): & 21. 'H
NMR (300 K, CDCL): § 7.15-7.65(m)[60H], 2.15(s)[6H]. Am (CH;Cly, 10° mol dm™)

=28 ohm™ cm®mol™!.

[Y(Me3As0)6](NO3)s

Yttrium nitrate hexahydrate (0.19 g, 0.5 mmol) was dissolved in ice-cold ethanol (10
cm’) and added to a solution of trimethylarsine oxide (0.41 g, 3 mmol) in ethanol (5
cm’) with the resultant solution stirred for 1 h. Concentrated to ca. 10 cm’ and
refrigerated for 24 h, affording a white solid. This was filtered off and dried in vacuo.
Yield 0.29 g, 53%. (Found: C, 19.6; N, 3.9; H, 4.9. Calc. for CigHssAseN30:15Y: C,
19.8; N, 3.9; H, 5.0%). IR (cm™) (CsI disc): 3010w, 1642w, 1358s, 1270m, 1095m,
926s, 877vs, 836s, 650s, 353s, 288m. *’Y NMR (200 K, EtNO,/CDCls): § 112, +excess
Me;AsO 133. 'H NMR (300 K, CDsNO,): & 2.55(s). “C{'H}NMR (300 K,
MeNO,/CD3sNO,): 15.0(s). An (MeNO,, 107 mol dm™) = 180 ohm™ ¢cm?® mol”, with
excess Me3AsO = 240.

2.4.4 Complexes of scandium nitrate with triphenylarsine oxide
[Sc(Ph3AsO)3(NO3):]NO3

A solution of Sc(NOs)3.5H,0 (0.23 g, 1 mmol) in boiling ethanol (10 ¢cm’) was added
to a solution of triphenylarsine oxide (0.97 g, 3 mmol) in absolute ethanol (10 cm’).
The solution was stirred for 1 h, cooled then refrigerated for 24 h. The white crystalline
solid formed was filtered off and dried in vacuo. Yield 0.50 g, 42%. (Found: C, 53.4; N,
3.3; H, 3.7. Calc. for CsqHusAssN30128¢: C, 54.1; N, 3.5; H, 3.8%). IR (cm™) (CslI
disc): 3065w, 1521s, 1485m, 1441s, 1362s, 1298m, 1163w, 1089s, 1026m, 999m,
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948w, 899br, s (AsO), 832w, 812m, 743s, 691s, 478s, 418m, 368s, 357s. “Sc NMR
(300 K): § 31.9 (W, = 5200 Hz). 'H NMR (300 K, CDCls): § 7.4-7.8(m). Am (CH:CL,,

10" mol dm™) = 27 ohm™ cm? mol™.

[Sc(Ph3AsO)2(NOs)s]

A solution of Sc(NO3);.5H,0 (0.23 g, 1 mmol) in warm acetone (10 cm’) was added to
a solution of triphenylarsine oxide (0.32 g, 1 mmol) in acetone (10 cm’). A white solid
was seen to form but redissolved. The solution was taken to dryness in vacuo, with the
resultant residue washed with Et,0 (20 cm®) then extracted with CH,Cl, (10 cm®) and
filtered. The filtrate was evaporated to dryness. Yield 0.08 g. Sample not analytically
pure (see results and discussion). IR (cm™) (CsI disc): 3443br*, 1636m*, 1520m,
1441m, 1357s*, 1186w, 1089m, 1027m, 999m, 898 br, s (AsO), 834w*, 813m, 743s,
692s, 479m, 413m, 365m, 284m (* attributed to Sc(NO3)s.#nH,O impurity). *Sc NMR
(300 K): & 14.0 (Wi, = 3500 Hz). '"H NMR (300 K, CDCls): & 7.4-7.8(m). Am (CH,CL,

10 mol dm™) = 8 ohm™ cm?® mol™.

[Sc(Me3AsO)6](NO3)s

Sc(NO3)3.5H,0 (0.17 g, 0.75 mmol) was dissolved in ice-cold ethanol (10 cm3). A
solution of Me3AsO (0.61 g, 4.5 mmol) in ethanol (10 cm®) was added with the mixture
stirred for 1 h. Concentration to ca. 10 cm’® followed by refrigeration overnight yielded
a white solid which was filtered off and dried in vacuo. Yield 0.18 g, 38%. (Found: C,
20.3; N, 4.6; H, 5.1. Calc. for C;sHs4As6N3045Sc: C, 20.7; N, 4.0; H, 5.2%). IR (cm‘l)
(Csl disc): 3010w, 1648w, 1364s, 1269m, 1111m, 1048w, 925s, 873vs, 848s, 836sh,
648s, 396s, 303m. *Sc NMR (300 K, MeNO,/CD;NO,): & 58.0 (Wi, = 1200 Hz),
+excess MesAsO 56.0 (Wi, = 80 Hz). 'H NMR (300 K, CDsNO,): & 2.3(s).
PC-{'HINMR (300 K, MeNO,/CD3;NO,): 15.0(s). Am (MeNO,, 10® mol dm™) = 157

ohm™ cm? mol ™, with excess Me3AsO = 220.
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2.4.5 Complexes of lanthanum nitrate with tertiary arsine oxide ligands
[La(Ph3AsO)(EtOH)(NOs)s]

A solution of La(NO3)3.6H,0 (0.43 g, 1 mmol) in boiling ethanol (20 cm’) was added
to a solution of Ph;AsO (0.64 g, 2 mmol) in ethanol (10 cm®). The solution was
evaporated to ca. 10 cm’, cooled then refrigerated for 24 h. The white solid was filtered
off then dried in vacuo. Yield 0.56 g, 58%. (Found: C, 45.6; N, 3.7; H, 3.5. Calc. for
CasHssAs;LaN30p5: C, 45.0; N, 4.1; H, 3.6%). IR (cm™) (Csl disc): 3400 (br), 1477s,
1307s, 1186w, 1089s, 1032m, 999m, 908s, 888s (AsO), 820m, 743s, 691s, 478s, 457m,
368s, 361s. "H NMR (300 K, CDClL): 8 7.3-7.8m[30H], 3.70 (quartet, J = 7)[2H] and
1.20 (t, T= 7 Hz)[3H]. An (CH,Cl,, 10 mol dm™) =4.0 ohm™ cm®mol™.

[La(Ph3As0)3(NOs)s].Me,CO

A solution of lanthanum nitrate hexahydrate (0.22 g, 0.5 mmol) in boiling acetone (10
cm’) was added to a solution of triphenylarsine oxide (0.48 g, 1.5 mmol) in acetone (10
cm’). The solution was evaporated to ca. 10 cm®, cooled then refrigerated for 24 h. The
colourless crystalline solid was filtered off, then dried in vacuo. Yield 0.55 g, 85%.
(Found: C, 50.4; N, 2.6; H, 3.7. Calc. for Cs7Hs;AszLa N303: C, 50.7; N, 3.1; H,
3.8%). IR (cm™) (Csl disc): 3054w, 1702w, 1486s, 1454s, 1442s, 1363s, 1304s, 1226w,
1185w, 1163w, 1089m, 1070w, 1033m, 999w, 924w, 890s (AsQ), 821m, 747s, 693s,
533m, 478s, 359s. '"H NMR (300 K, CDCL): § 7.20-7.65(m)[45H], 2.15(s)[6H]. Am
(CH,Cl, 10° mol dm™) = 4 ohm™ cm® mol ™.

[La(Ph3As0)4(NO3);]NO3.Me,CO

A solution of La(NO3)3.6H,0 (0.43 g, 1.0 mmol) in boiling acetone (10 cm’) was added
to a solution of PhsAsO (1.9 g, 6.0 mmol) in acetone (30 cm’). The mixture was left to
stand at room temperature for 24 h producing colourless crystals which were filtered off
then dried in vacuo. Yield 1.23 g, 73%. (Found: C, 53.2; N, 2.5; H, 4.2. Calc. for
CrsHesAsqlLaN3014: C, 53.6; N, 2.6; H, 3.8%). IR (cm’l) (Csl disc): 3059w, 1707m,
1442s, 1361s, 1313s, 1228m, 1189m, 1089s, 1050w, 1036w, 999m, 925sh, 891s (AsO),
836w, 820m, 746s, 693s, 614w, 479s, 366s. "H NMR (300 K, CDCL): § 7.2-7.7(m)

[60H], 2.15(s)[6H]. Ay (CH,Cly, 107 mol dm™) = 21 ohm™ cm? mol™.
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[La(Me3AsO)s](NOs)s

Lanthanum nitrate hexahydrate (0.43 g, 1.0 mmol) was dissolved in acetone (10 cm’)
and added to a solution of trimethylarsine oxide (0.27 g, 2.0 mmol) in acetone (10 cm’).
Refrigeration for 24 h afforded a white solid which was filtered off and dried in vacuo.
Yield 0.21 g, 55%. (Found: C, 19.2; N, 4.2; H, 4.9. Calc. for C;sHssAssL.aN30;5: C,
19.0; N, 3.7, H, 4.8%). IR (cm™) (CsI disc): 2936w, 1653w, 1359s, 1269w, 1091m,
987w, 924s, 864vs, 847s, 836sh, 647s, 317s, 279m. 'H NMR (300 K, CD3NOy): 6
2.3(s). PC-{'"HINMR (200 K, EtNO,/CD3sNO,): 15.0(s). Am (MeNO,, 10~ mol dm™) =

121 ohm™ ¢cm? mol'l, with excess Me; AsO = 285.

[La(Me3AsO),(H0)(NOs)3]

Boiling ethanolic solutions of La(NO3)3.6H,0 (0.43 g, 1.0 mmol) and Me3AsO (0.27 g,
2.0 mmol) were added together and stirred for 1 h. Refrigeration overnight saw
precipitation of a white solid which was filtered off and dried in vacuo. Yield 0.12 g,
20%. (Found: C, 12.4; N, 6.4; H, 3.6. Calc. for C4H;0012,As;N3La: C, 11.7; N, 6.8; H,
3.3%). IR (cm’l) (Csl disc): 3400br, 3095w, 1620m, 1455m, 1407m, 1358m, 1322w,
1287s, 1266w, 1040m, 924m, 875s, 860s, 850m, 822w, 736m, 644m, 595w, 323s,
285sh. '"H NMR (300 K, CD3;NO,): § 2.2(s)[18H], 2.6(s)[2H]. Am (CH,Cl,, 10° mol

dm™) = 4 ohm™ cm® mol ™.

2.4.6 Crystallographic studies
Details of the crystallographic data collection and refinement parameters are given in

Table 2.19.

[Y(PhsPO)(EtOH)(NOs)3]

Plate-like crystals were grown by slow evaporation of a concentrated solution of the
complex, with data collected on the Nonius CCD diffractometer at 150 K. The structure
was solved using DIRDIF*® with the data refined® on F with isotropic atomic
displacement parameters (adp’s) for the C and N atoms, owing to the small amount of

observed data. Hydrogen atoms were placed in calculated positions for phenyl groups.
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[Y(Ph3;PO)3(NO3)3].xCH,Cl; and [Y(Ph;PO)3(NO3s)s]

Both sets of crystals were grown by vapour diffusion of Et,0O into a solution of the
compound in CH,Cl; in a freezer, resulting in colourless plate-like crystals. The non-
solvated crystal gave weaker data, so the discussion and comparisons in the text refer to
the solvated example. CH,Cl, molecules became apparent during the later stages of
refinement, and were included in the model with a refined population. H atoms were
included in the final model in calculated positions (d(C-H) = 0.95 A), significantly
improving the fit to the data. Refinement on F* was conducted using SHELXL 97°*

with Y, N, O and P atoms anisotropic, and C, H and Cl atoms isotropic.

[Y(Ph,MePO)3(NO3)s]

Small colourless needle crystals were grown by vapour diffusion of Et;0 into a solution
of the complex in CH,Cl,, with the crystallising cell placed in a freezer. Data was
collected using a Nonius CCD diffractometer at 150 K. Full-matrix least squares
refinement on F was carried out in TEXSAN.?®> Many plausible H atoms were seen in
the Fourier difference synthesis and all were included in calculated positions (d(C-H) =

0.95 A). All non-H atoms were treated as anisotropic.

[Y(Me;PO)3(NOs)s]

Several large, colourless crystals were grown by vapour diffusion of Et,O into a
solution of the compound in CH,Cl, at room temperature. During refinement, some C
atoms were seen to become non-positive definite when anisotropic and hence, all C
atoms were retained with isotropic adp values. No H atoms were introduced as a result.
The space group P1 (no. 2) with Z = 4 initially caused concern but the Niggli cell did
not indicate missed symmetry and whilst the coordinates of the two Y atoms of the
asymmetric unit look to be related, this did not extend to the other atoms and hence, no

smaller cell was identified.

[SC(P h3P O)z(N 03)3]
The crystal used was isolated during the preparation of the compound, following

refrigeration of the reaction mixture. Later electron-density maps identified some
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phenyl H atoms, with no solvate groups shown. H atoms were introduced in calculated
positions ((C-H) = 0.95 A) and full matrix least-squares refinement®* was carried out
on F°. The absolute configuration of the selected crystal was established (Flack

parameter’> 0.01(9)).

[Sc(Ph,MePO)4(NO3);]NO3 xCH,ClL,

Crystals were grown by vapour diffusion of light petroleum (bp 40-60 °C) into a
solution of the complex in CH,Cl,. The solvate molecules were first seen in the later
electron-density maps but gave large U values. The population of CH,Cl, was adjusted
to give Cl atom adp values similar to those of Sc and P atoms. Phenyl H atoms were
added in calculated positions (d(C-H) = 0.95 A) and full-matrix least-squares
refinement was carried out’* on £, The largest peaks in the residual electron density

were close to Cl atoms.

[Y(Ph3AsO)4(NO3):]NOs.1/2H,0

Vapour diffusion of diethyl ether into a CH2Cl; solution of the compound (cell held in
refrigerator) yielded small, colourless block crystals. Data was collected using a Nonius
CCD diffractometer at 150 K. Refinement was carried out using the TEXSAN
package.” All non-H atoms were refined anisotropically. The anions are described as
one disordered group with the N located on a centre of symmetry and a second general

(two-fold) NOs with a site occupation of 0.5.

[Y(Me3;AsO)s](NOs)s.H20

Small crystals were grown by vapour diffusion of Et,O into a nitromethane solution of
the complex. Data was collected on the CCD diffractometer and solved using SHELXL
97.%* The space group is described as Pn rather than the centrosymmetric space group
P2/n. Attempts to solve the structure in P2/n yielded unsatisfactory results, and the
coordinates could not be transformed. Refinement was as a racemic twin. Restraints

were applied to two of the three nitrate groups (N-O and O---O).
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[Se(NOs5)2(PhzAsO);]NOs.H, O

Crystals were grown by vapour diffusion of Et,O into a solution of the complex in
CH,Cl,. Data was collected using the Nonius CCD diffractometer at 150K. Refinement
on F was conducted using SHELXL 97.** All non-hydrogen atoms were refined
anisotropically, with all hydrogen atoms added in calculated positions, except for the
OH hydrogen which was not observed. Refinement of the occupancy of the solvated
anions NO3” and OH showed each to have occupancy of a half, hence leaving the

charges of the metallic cationic species balanced.

[ Sc(Me3AsO)6] (NO3)3

Small crystals were formed by vapour diffusion of diethyl ether into a nitromethane
solution of the compound (sealed container in a freezer at ca. -15°C). Refinement in

TEXSAN® was straightforward.

[La(Ph3As0)2(NO;);(EtOH)]
The crystal used was obtained by vapour diffusion of Et,O into a solution of the
complex in CH,Cl,. Data was collected using a Rigaku AFC7S diffractometer at 150 K.

The structure was solved using DIRDIF>? and the data refined® on F. All non-H atoms

were refined anisotropically.

[La(PhsAs0)4(NO3):]NO3.2Me,CO
Colourless block crystals were isolated from the synthesis. Data was collected on the
Nonius CCD diffractometer. Refinement using SHELXL 97** was routine, with two

solvate molecules appearing in the later stages of refinement. All non-hydrogen atoms

were refined anisotropically.
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Table 2.19 (cont.) Crystallographic data collection and refinement parameters

[Sc(PhsPO),(NO3),] [Sc(PhyMePO)(NO3),INO3 xCHCL,  [Y(PhAsO)(NOs,INO5. 12H,0  [Y(MesAsO)[(NO,): H,O
Formula C36H3N;30;,P,Sc Cs:HsoN3O13PySc.xCH,Cly (x=1.3)  CryHg1AsiN3O;55Y C1sHssAseN3;046Y
Formula weight 787.53 1095.85 +x84.93 1572.83 1109.10
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group Pn (No.7) P2;/n (No. 14) Pi (No. 2) Pn(No.7)
alA 10.249(5) 13.712(5) 13.2731(2) 11.1136(5)
blA 10.628(4) 23.412(4) 14.4205(2) 11.4594(5)
clA 17.289(5) 18.650(4) 20.1717(5) 15.9320(9)
al® 90 90 104.293(7) 90
ple 100.76(3) 98.40(2) 96.302(9) 91.088(2)
yl° 90 90 112.06(1) 90
Ul A? 1850.0(12) 5922.9(2.9) 3378.2(1) 2028.7(2)
Z 2 4 2 2
#Mo-Kg)/ em™ 3.49 4.1(x=13) 28.74 63.45
No. of unique reflections 2704 10398 11685 6448
Ry 0.200 0.088 0.064 0.088
No. of obs. reflections * 2704 10398 9012 4413
No. of parameters/restraints  284/2 428/0 832/6 244714
R 0.0515 0.0846 0.057 0.064
wR; ¢ 0.1546 0.3322 0.158 0.161
wR ¢ - -

¢ Observed if [Io > 20(10)] b R= Z (IFobsli' [Fcalcli) / Z IFobsii ¢ WRE = [EW(Fobsz"Fcalcz)z/Zw(Fobsz)2] vod wR = \/[zwi(lFobsh = |Fcalc|i)2 / Zwi‘Fobs‘i2

spueSr] sprxQ sy pue sumdsoyd Arenso ], yim sajenin I dnorn jo saxapdwo) — z :dey)
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Table 2.19 (cont.) Crystallographic data collection and refinement parameters

[Sc(PhsASO)(NOs,INO; H,O  [Se(MesAsO)s](NOs);  [La(PhsAsO)(EtOHYNOs)]  [La(PhsAsO)s(NO3),[NO5,2Me,CO

Formula Cs4HyzAs3N;0438¢ CigHs4As6N30;58¢ CagHisAs,LaN;0y, CigHpAs,LaN;Oy5
Formula weight 1215.67 1047.12 1015.45 1730.03
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group P1 (No. 2) P2,/n (No. 14) P2,/n (No. 14) Pi(No.2)
alA 10.9069(2) 10.9800(4) 17.239(3) 14.8068(1)
b/A 12.7505(4) 11.2665(4) 10.904(2) 15.6295(1)
clA 22.2281(7) 15.7688(7) 21.907(4) 18.3401(1)
ol 84.792(2) 90 90 65.9821(6)
Ble 81.577(2) 90.833(2) 104.32(2) 80.3764(5)
yl° 73.000(1) 90 90 86.7683(4)
UlA® 2920.5(1) 1950.5(1) 3990.0(12) 3821.96(5)
z 2 2 4 2
4Mo-K,) / em’ 18.73 52.98 27.82 63.45

No. unique reflections 10179 3421 6940 17165

Rint 0.038 0.085 0.099 0.079

No. of obs. reflections * 6562 2040 5347 10440

No. parameter/restraints ~ 642/0 126/13 506/0 910/0

R® 0.066 0.091 0.081 0.056
WR,* 0.220 0.275 0.27 0.209

wR ¢ - - - 0.063

“ Observed if [1,>20(1,)] * R=E (Fobeh- [Fouch) / = [Fovei  * wRz = [EW(Fons™Feate Y /EWF oY1 ¢ wR = \[EWi([Fopsh - [Feach) / EwilF sl “Observed if [T, > 4o(1,)]

spueSI oprxQ duisIy pue sunydsoyd ATenio], yim sareniN I dnoin jo sexspdwo)) — g widey)



Chapter 2 — Complexes of Group III Nitrates with Tertiary Phosphine and Arsine Oxide Ligands

2.5 References

1. F. A. Hart in Comprehensive Coordination Chemistry I, Eds. G. Wilkinson, R. D.
Gillard and J. A. McCleverty, Volume 3, Pergamon Press, Oxford, 1987, p 1068.

2. D. R. Cousins and F. A. Hart, J. Inorg. Nucl. Chem., 1967, 29, 1745.

3. G. Valle, G. Casotto, P. L. Zanonato and B. Zarli, Polyhedron, 1986, S, 2093.

4. V. K. Belsky, J. Organomet. Chem., 1981, 213, 435.

5. L. R. Melby, N. J. Rose, E. Abramson and J. C. Carris, J. Am. Chem. Soc., 1964, 86,
5117.

6. D. R. Cousins and F. A. Hart, J. Inorg. Nucl. Chem., 1967, 29, 2965.

7. D. R. Cousins and F. A. Hart, J. Inorg. Nucl. Chem., 1968, 30, 3009.

8. T. S. Lobana in The Chemistry of Organophosphorus Compounds, Ed. F. R. Hartley,
Wiley, New York, 1992, Volume 2, p. 409.

9. R. K. Harris and B. E. Mann, NMR and the Periodic Table, Academic Press,
London, 1978.

10. Z. Pikramenou, Coord. Chem. Rev., 1997, 164, 189.

11. C. E. Housecroft, Coord. Chem. Rev., 1995, 138, 27.

12. A. M. G. Massabni, M. L. R. Gibran and O. A. Serra, /norg. Nucl. Chem. Lett.,
1978, 14, 419,

13. W. Levason, E. H. Newman and M. Webster, Unpublished work.

14. N. P. Crawford and G. Melson, J. Chem. Soc. A, 1969, 1049.

15. F. Kutek and B. Durek, Collect. Czech. Chem. Commun., 1970, 35, 3768.

16. C. M. Mikulski, N. M. Karayannis and L. L. Pytlewski, J. Less Common Metals,
1977, 51, 201.

17. H. Chunhui, L. Genbei, Z. Yongfen, J. Tianzhu and X. Guangxian, Beijing Dax.
Xue., Zir. Kex., 1985, 12 (Chem. Abstr., 1987, 106, 167758x).

18. J. Sakamoto and C. Miyake, Kidouri (Rare Earths), 1993, 22, 154 (Chem. Abstr.,
1995, 122, 278608y).

19. 8. D. Ross, Inorganic Infrared and Raman Spectra, McGraw Hill, London, 1972,
Chapter 4.

20. K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, 2™
Edition, Wiley, London, 1970, p171.

82



Chapter 2 — Complexes of Group III Nitrates with Tertiary Phosphine and Arsine Oxide Ligands

21. W. J. Geary, Coord. Chem. Rev.,1971,7, 81.

22. N. N. Greenwood and A. Earnshaw, Chemistry of the Elements, Pergamon, Oxford,
1984, p541.

23. F. A. Cotton, G. Wilkinson and P. L. Gaus, Basic Inorganic Chemistry, 3" Edition,
Wiley, London, 1995.

24. F. Nief, Coord. Chem. Rev., 1998, 178-180, 13.

25.N.J. Hill, L.-S. Leung, W. Levason, M. Webster, /norg. Chim. Acta., 2003, 343, 90.
26. D.-L. Long, H-M. Hu, J.-T. Chen, J.-S. Huang, Acta Crystallogr. Sect. C, 1999,
55, 1662.

27. R.R. Carlson, D. W. Meek, Inorg. Chem., 1974, 13, 1741.

28. R. S. Armstrong, M. J. Aroney, R. J. W. LeFevre, R. K. Pierens, J. D. Saxby, C. J.
Wilkins, J. Chem. Soc., 1969, 2735.

29. R. R. Ryan, E. M. Larson, G. F. Payne, J. R. Peterson, /norg. Chim. Acta., 1987,
131, 267.

30. U. Cassellato, R. Graziani, U. Russo, B. Zarli, Inorg. Chim. Acta, 1989, 166, 9.

31. A. Merijanian, R. A. Zingaro, /norg. Chem., 1966, 5, 187.

32. P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S. Garcia-Granda, R.
0. Gould, J. M. M. Smits and C. Smykalla, The DIRDIF program system, University of
Nijmegen, 1992.

33. TEXSAN, Single crystal structure analysis software, Version 1.7-1, Molecular
Structure Corporation, The Woodlands, TX, 1995.

34. G. M. Sheldrick, SHELXL 97, Crystal structure refinement program, University of
Gottingen, 1997.

35. H. D. Flack, Acta Crystallogr., Sect. A, 1983, 39, 876.

83



Chapter 3 — Complexes of Yttrium Halides with Tertiary Phosphine and Arsine Oxide Ligands

Chapter 3

Complexes of Yttrium Halides with
Tertiary Phosphine and Arsine

Oxide Ligands

84



Chapter 3 — Complexes of Yttrium Halides with Tertiary Phosphine and Arsine Oxide Ligands

3.1 Introduction
The first lanthanide—phosphine oxide complex, [EuClz(Ph3PO);], was reported in

1964,' prompting numerous investigations probing similar systems with the other
lanthanide elements.”” For example, Hart et al. synthesised [MCly(Ph;PO)s] (M =
Nd, Sm) by reaction of MCl;.nH,O with three molar equivalents PhsPO in ethanol.*
In addition, the synthesis of ‘[MCl;(Ph;PO)4]. EtOH’ (M= Sm, Nd) is described using
a 6:1 molar ratio of ligand to metal, suggesting seven-coordinate metal centres.’
Whilst yttrium is not literally a lanthanide metal, its properties are similar, and often
investigations into the lanthanide elements also include the Group III ion.>* However,
very little study has been conducted examining yttrium halide complexes of R;EO
ligands (E = As or P). Reviews report that lanthanide halides form compounds of the
type [M(Ph3PO),Cl3] (n = 3 or 4), being non-conductors in solution and implying six
or seven coordinate metal centres.>’ However, closer inspection of the original
sources reveals that often several lanthanide metals have been examined with the
results taken as representative of the entire series and often yttrium.*>* Actual data on
yttrium halide compounds is sparse, with no complexes structurally characterised and

no examinations of behaviour in solution.’

Yttrium halide complexes have been reported with a range of coordinated solvents.
For example, the polymeric THF complex [YCL(THF);]. has been structurally

characterised.!®

Fig. 3.1 View of the polymeric THF complex [YC]3(THF)2]0°.10
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Investigations of compounds of polyalcohols with YCl; have also been published.11
For example, the complex [Y{(OHCH;);CN(CH,CH,OH),}Cl,(MeOH)]Cl was
synthesised (Fig. 3.2)." The molecular adduct [YClz(H,0)2(MeCN),] was isolated by
treatment of yttrium chloride with thionyl chloride in acetonitrile solution. The

geometry around the seven-coordinate yttrium centre was pentagonal bipyramidal.'?

Fig. 3.2 View of the cation [Y {{OHCH,);CN(CH,CH,0H), } CL(MeOH)]"."!

Complexes demonstrating nitrogen donor ligands coordinating to yttrium halides
have been reported, a simple example being the pyridine compound [YCli(py)4] for
which the structure has been determined, revealing a seven coordinate metal centre.'?
Amine complexes have also been investigated. For example, the compound
[YI(N,N’-bis(4-antipyrylmethylidene)ethylenediamine); ]I, has been isolated (Fig.
3.3)." Complexes of YX3.nH,O (X = Cl, Br or I) with 2,2’-bipyridine N,N’-dioxide
are known, whilst several other investigations into complexes with Schiff bases have

been conducted.!>'¢
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Fig. 3.3 Proposed structure of the complex compound [YI(N,N’-bis(4-
antipyrylmethylidene)ethylenediamine)s ]I, (Ln = Y).™*

In this study, the primary aim was to develop a thorough picture of how yttrium
halides interact with R3;EQ ligands. Previous studies examining reactions of
lanthanide chlorides had not looked at YCl3.6H;O in any depth so this study also
aimed to fill this void. No previous compounds of this type had been structurally
characterised and no investigations of behaviour in solution had been conducted.
Results would allow further comparison of the ligating power of R3PO and R3AsO,
whilst also giving information on the relative affinity of yttrium for the different
halides and nitrate groups (by comparison with previous results). The coordination
chemistry should vary significantly from that of yttrium nitrate given the

monodentate nature of the halides.
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3.2 Results and Discussion

3.2.1 Complexes of yttrium halides with triphenylphosphine oxide

Reaction of yttrium chloride hexahydrate with four molar equivalents of PhsPO in
ice-cold ethanol yielded white [ YCl(PhsPO)4]Cl. If the same reaction was carried out
in the presence of NH4PFg, the product was [YCl(PhsPO)4]PFs. Products of the type
[YX(PhsPO)]Z (X =Br or I, Z = X or PF¢) were isolated from analogous reactions
using YBr3.6H;0 or YI5.8H,O, the iodo-complexes appearing pale yellow in colour.
Whilst the isolated chloro- and bromo-complexes were air and moisture stable, the
iodo-complexes darken in colour after exposure to air, probably due to liberation of
diiodine. No reaction was observed for YF3.1/2H,O with Ph;PO, even after extended
reaction times. When [YCL(Ph;PO),]" was mixed with PhsPO in anhydrous CH,Cl,
in the presence of two molar equivalents SbCls, [YCI(Ph;PO)s][SbCls], was formed.
Further addition of antimony pentachloride in the presence of excess ligand failed to
form a hexakis(phosphine oxide) product. Even when a lower Ph;PO : Y ratio was
used, no tris(phosphine oxide) compounds could be isolated in the solid state

although evidence for [ YX3(PhsPO);] was found in solution.

The infrared spectrum of [YCly(PhsPO)4]Cl exhibited w(PO) as a very strong band at
1150 cm™. The spectrum of [YCly(PhsPO)4]PFs was similar, with the anion apparent
by characteristic v3 (W(P-F)) and v4 (8(PF2)) PF, vibrations at 839 and 559 cm™."” The
W(PO) was observed at 1140 cm™ for [YBry(Ph;PO),]Br, the hexafluorophosphate
complex having v(PO) = 1147 em™. [YI,(PhsPO)]I showed v(PO) = 1136 cm™ whilst
[YI;(PhsPO)4]PFs had w(PO) = 1144 cm™. The v(PO) band moves to higher frequency
along the halide series I — Br — Cl, as the strength of the (M)-O-P bond increases.
This effect is caused by more electropositivity concentrated on the metal centre with
increasing electronegativity of the halide. The spectrum of [YCI(Ph;PO)s][SbCls]2
had v(PO) = 1141 cm™, noticeably lower than for [YCL(PhsPO),4]Cl (W(PO) = 1150
cm™). A characteristic strong band at 347 cm™ identified [SbClg]‘.18

The *'P-{'"H} NMR spectrum of [YCl(PhsPO)4]Cl in dichloromethane showed three
resonances at 6 36.0, 34.5 and 27.0 ppm (‘free’ ligand), with the two former peaks
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resolved as doublets due to coupling with ¥Y GJC'P-*Y) = 12 Hz). Addition of
excess ligand saw the peak at 34.5 disappear, suggesting this was attributable to
[YCI;(PhsPO);], with the peak at 36.0 caused by the tetrakis(phosphine oxide)
species. No ¥Y NMR spectrum was observed at ambient temperature (a feature
common to all the [YX2(PhsPO)4]" compounds reported here). Cooling the solution to
200 K showed two multiplets, a quintet at & 192 ppm (with intensities agreeing with
the theoretical 1:4:6:4:1 binomial pattern) corresponding to [YCL(Ph;PO)4]CI (Fig.
3.4) and a quartet at 8 242 ppm. Following addition of PhsPQ, the latter disappeared,
leading to its assignment as fac-[YCl3(PhsPO)3]. The multinuclear NMR spectra for
[YCLy(PhsPO)4]PFs were similar except for a binomial septet present at & -145 ppm in
the *'P-{'"H} NMR spectrum, characteristic of the hexafluorophosphate counter-ion.
When two molar equivalents of triphenylphosphine oxide were added to this solution,
weak features appeared in the *'P-{'H} NMR spectrum at § 37.5 and 40.0 ppm,
which when compared to data obtained from isolated [YCI(PhsPO)s][SbCls]. (see
Table 3.3), can be assigned as the pentakis(phosphine oxide) cation, suggesting a
competitive equilibrium exists between CI” and PhsPO for coordination to the Y
centre. The molar conductance of 10° mol dm™ solutions of [YCl,(PhsPO)4]Z (Z = Cl

or PF¢) in dichloromethane were consistent with 1 : 1 electrolytes.

190
Sippm
Fig. 3.4 The *Y NMR spectrum of trans-[YCly(Ph3PO)4]Cl, showing a quintet at &

192 ppm.
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The X-ray structure of [YCL(Ph;PO)4]C1.2.5SEtOH.H,O (Fig. 3.5), shows an
octahedral geometry around the metal centre, with #ans chlorides. The angles at Y
are close to the idealized values. The Y-O distances are very similar to those observed
for [YBra(Ph;PO)4]PFs (Table 3.2), whilst the Y-O-P angles are larger than observed
for [Y(Me;PO)s]Brs (Y-O-P (ave.) = 171.0 c.f. 147.8°). Selected bond lengths and

angles are given in Table 3.1.

Fig. 3.5 The structure of the cation in [YCL(PhsPO)4]C1.2.5EtOH.H,0O. H atoms are
omitted for clarity. Ellipsoids are drawn at 40% probability.

Table 3.1 Selected bond lengths (A) and angles (°) for the structure of
[YClz(P h3P0)4]C1.2 .S5EtOH.H,0.

Y-0(1) 2.225(7) Y-0(3) 2.231(7)
Y-0(2) 2.220(7) Y-0(4) 2.230(7)

O(n)-P(n) 1.509(7)-1.514(8)  P-C 1.764(12)-1.809(12)
Y-CI(1) 2.620(3) Y-CI(2) 2.616(3)
0(1)-Y-0(2) 87.9(3) 0(2)-Y-0(3) 91.9(3)
0(1)-Y-0(3) 174.2(3) 0(2)-Y-0(4) 177.1(3)
0(1)-Y-0(4) 90.2(3) 0(3)-Y-O(4) 90.1(3)
CI(1)-Y-CI(2) 177.03(10) Y-O(1)-P(1) 167.5(5)
Y-0(2)-P(2) 172.4(5) Y-0(3)-P(3) 170.1(5)
Y-0(4)-P(4) 174.0(5)
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The *'P-{'H} NMR spectrum of [YCI(Ph;PO)s][SbCls], in dichloromethane
contained two doublets at & 37.5 and 40.0 ppm (JC'P-¥Y) = 10 and 11 Hz
respectively), the ratio of integrals being 4 : 1, corresponding to the two different
phosphorous environments in the octahedral cation. The corresponding ¥Y NMR
spectrum at 200 K exhibited a sextet at & 179 ppm. A doublet of quintets is predicted
from theory, but, owing to the similar ¥ Y->’P couplings of the axial and equatorial

phosphine oxides and ill-defined outer lines, an apparent ‘sextet’ was observed.

Addition of an excess of SbCls to the above solution (in an attempt to produce a
hexakis(phosphine oxide) species) caused decomposition, with multiple resonances in
the *'P-{'"H} NMR spectrum appearing. One peak at & 47.0 ppm was attributed to
[SbCls(PhsPO)], agreeing with the literature value for this complex.19 This was
confirmed by running the *'P-{'"H} NMR spectrum of a solution of PhsPO and SbCls

in dry DCM (revealing the same resonance).

The *'P-{'"H} NMR spectrum of [ YBr,(PhsPO)4]Br contained a doublet at & 36.5 ppm
CJC'P-*Y) = 11 Hz), along with a weak resonance at 35.5 ppm. Cooling the solution
to 200 K saw the weak feature resolved into a doublet. Addition of PhsPO removed
the peak at 35.5 ppm, suggesting it could be due to [YBrs(PhsPO)s]. The *Y NMR
spectrum of the solution at 200 K, prior to addition of excess ligand, exhibited a
binomial quintet at & 220 ppm, caused by coupling to four equivalent Ph3PO ligands.
A second ¥Y NMR resonance, assignable to [YBr;(PhsPO);] was not observed,
presumably due to a low abundance of the species and the poor sensitivity of *Y. The
spectra for [YBry(PhsPO)4]PFs were similar, the *'P-{'"H} NMR spectrum containing
a doublet at 36.0 ppm and a binomial septet at —145 ppm (PF¢). [YBr2(Ph;PO)4]Br
and [YBry(PhsPO)s]PFs had A, = 20 and 19 ohm™cm?mol? for a 10° mol dm™

dichloromethane solution, corresponding to 1 : 1 electrolytes.

The structure of [YBr(PhsPO)4]PFs Et;,O was determined (Fig. 3.6), revealing a
trans-octahedral geometry around the yttrium centre. The Y-O values were very close

to those seen for [YCL(Ph;P0)4]Cl (above) (Y-O = 2.221(4) to 2.233(5) A (for the
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bromo-complex) c.f. 2.220(7) to 2.231(7) A) and those observed for [Y(Me;PO)s]Br3
(Y-O = 2.217(4) to 2.233(4)). The Y-X distances (X = Cl or Br) of the varied by 0.14
A, closely reflecting the difference in ionic radii of the two halogens. The Y-O-P

angles were significantly more acute than for the [YCL(Ph;PO),]" cation, presumably

due to the greater steric bulk of the bromide atoms (Y-O-P(ave.) = 161.4 c.f. 171.0°).

A selection of bond lengths and angles are given in Table 3.2.

C(43

/.
Ny
C(55) \

Fig. 3.6 Structure of the cation in [YBry(PhsPO)4]PFs. Et;O showing the atom

numbering scheme. Thermal ellipsoids are drawn at the 40 % probability level with H

atoms omitted for clarity.

Table 3.2 Selected bond lengths (A) and angles (°) for the structure of

{YBI’Q(Phg)P O)4]PF5.Et20.

Y-0(1) 2.221(5) Y-0(3) 2.233(5)
Y-0(2) 2.220(4) Y-O(4) 2.221(4)
O(n)-P(n) 1.501(4)-1.506(5)  P-C 1.779(7)-1.811(8)
Y-Br(1) 2.775(1) Y-Br(2) 2.794(1)
0(1)-Y-0(2) 89.2(2) 0(2)-Y-0(3) 95.0(2)
0(1)-Y-O(4) 88.2(2) 0(3)-Y-0(4) 88.4(2)
Br(1)-Y-Br(2) 174.67(4) Y-O(1)-P(1) 166.7(3)
Y-0(2)-P(2) 172.5(3) Y-0(3)-P(3) 155.9(3)
Y-0(4)-P(4) 161.4(3)
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The 3'P-{'H} NMR spectrum of [YI;(PhsPO)4JI showed a doublet at & 37.5 ppm
whilst [YI;(PhsPO)4]PFs exhibits a similar doublet at & 37.0 ppm, along with a
binomial septet at —~145 ppm, characteristic of the PFs anion. The *Y NMR spectrum
of the same solutions at 200 K each contained a binomial quintet at & 245 ppm,
caused by coupling of the yttrium centre to four equivalent Ph;PO ligands. If left to
stand, the solutions turned dark brown due to liberation of diiodine. This was
accompanied by the appearance of new resonances in the >'P-{"H} NMR spectrum.
The new products were not identified. In the absence of oxygen, no change in colour
was observed. The molar conductances of 10~ mol dm™ dichloromethane solutions of
both [YL(PhsPO)4]I and [YI(PhsPO)4]PFs were measured, Am = 25 and 23 ohm™ cm?

mol™! respectively.

Addition of 5 molar equivalents of PhsPO to a dichloromethane solution containing
the [YIz(PhsPO)4]" cation led to a broadening of the *'P-{'H} NMR resonance,
suggesting rapid intermolecular exchange at ambient temperature. Cooling to 180 K
gave a spectrum containing a strong peak at § 26.0 (PhsPO), a weak doublet at 37.0
([YIy(PhsP0O),]"), two intense doublets at 37.5 and 38.0, assigned as [YI(PhsPO)s)*
(ratio of integrals 4 : 1, no *'P-*'P couplings were observed due to long P-O-Y-O-P
distance), and some very weak, unassigned features. The ease of formation of this
pentakis(phosphine oxide) species in solution by addition of Ph;PO contrasts with the
bromo-complexes, where it was not seen at all and the chloro-complex where it
required SbCls addition. This is consistent with the easier displacement of the softer

iodide from the oxophilic metal centre.
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Table 3.3 Multinuclear NMR spectroscopic data for complexes of yttrium(III) halides
with triphenylphosphine oxide.

Complex 8 (31P_{1H}) 8 (89Y) ZJ(31P-89Y)/I‘IZ T/K
[YCL(Ph;PO)]CI 36.0 (d) 192 (quintet) 13 200
[YCly(Ph;PO),]PFs 36.0 (d) 192 (quintet) 13 200
[YCLy(PhsPO)s]* 34.5 (d) 242 (quartet) 12 200
[YCI(Ph;PO)s][SbCls],  37.5(d), 40.0 (d) 179 (multiplety 11, 10 200
[YBr,(Ph;PO),]Br 36.5 (d) 220 (quintet) 11 200
[YBr,(Ph;PO),]PFs 36.0 (d) 220 (quintet) 11 200
[YL(PhsPO),]I 37.5 (d) 245 (quintet) 11 200
[YL(PhsPO),]PF; 37.0 (d) 245 (quintet) 11 200

* Identified in solution only.

3.2.2 Complexes of yttrium halides with diphenylmethylphosphine oxide

In contrast to the YX3 / PhsPO system, reaction of yttrium halides with
diphenylmethylphosphine oxide in ethanol or acetone yielded [YX3(Ph,MePO);] (X =
Cl, Br or I), irrespective of the ligand to metal ratio used. In the presence of NH4PFs,
reaction of YCL.6H,O with four molar equivalents Ph,MePO yielded
[YCL:(Ph,MePO)4]PFs. Synthesis of the analogous bromide complex was not
attempted, whilst no pure iodide complex could be isolated from the YI5.8H,O /
NH4PFg / Ph;MePO system.

The IR spectrum of [YCl3(Ph,MePO)s] exhibited W(PO) = 1148 cm’™’. The bromide
compound had w(PO) = 1144 cm™ whilst the spectrum of [ YI3(Ph,MePO)] contained
w(PO) = 1140 cm’’, showing the same trend with halide as observed for the Ph;PO
system (see 3.2.1). The spectrum of [YCl,(Ph,MePO)4]PFs had »(PO) = 1151 cm’,

with the PF¢” anion identified by a strong bands at 840 and 559 cm™."”

At ambient temperature, the *'P-{'"H} NMR spectrum of [YCl3(Ph,MePO);] in
dichloromethane solution showed a singlet at 5 40.0 ppm. Cooling the solution to 200
K allowed observation of a poorly defined doublet (caused by coupling with ¥Y). At

the same temperature, a binomial quartet was apparent in the ®Y NMR spectrum at &
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256 ppm, due to coupling to three equivalent 3P atoms, indicating a fac geometry.
Addition of a large excess of ligand altered the *'P-{'"H} NMR spectrum at room
temperature with broad resonances present at & 29 (PhoMePO) and ca. 40 ppm.
Cooling the solution to 200 K led to sharpening of these resonances, with an
additional peak evident at § 41.0 ppm. ¥Y NMR spectroscopy of the same solution
revealed a quintet at 8 190 ppm in addition to the quartet at § 256 ppm. Comparison
of this resonance with that observed for [YCl(PhsPO)4]Cl (Table 3.3) and that of
[YCly(Ph;MePO)4]PFs (Table 3.4), along with the fact that four phosphine oxide
ligands must be coordinated to the yttrium to generate this pattern led to assignment
of this species as [YCL(Ph,MePO)J. The *'P-{'H} NMR spectrum of
[YC1,(Ph,MePO)4]PFs contained a doublet at & 40.5 ppm, along with a binomial
septet at 6 -145 ppm (PFs). Cooling the solution to 185 K showed weaker resonances
at 6 29.0 (Ph,MePO) and 40.0 ppm ([YCl3(Ph;MePO);]) in addition to the doublet at
8 40.5 ppm, indicating an equilibrium was present. The **Y NMR spectrum of this
solution at 185 K exhibited a quintet at & 192 ppm. The molar conductance of
[YCl3(Ph,MePO);] was measured for a 102 mol dm™ solution in dichloromethane,
with A, = 2 ohm™ cm® mol™, a value indicating it is a non-electrolyte in solution.
Addition of Ph,MePO saw A, rise to 22 ohm™ cm® mol™, a value typical of a 1 : 1
electrolyte, consistent with conversion to [YCl(PhyMePO)4]Cl. Ay, was 20 ohm™ cm?
mol™ for a 10° mol dm™ solution of [YCly(Ph,MePO),4]PFs in dichloromethane,

showing itisa 1 : 1 electrolyte in solution.

Table 3.4 Multinuclear NMR spectroscopic data for complexes of yttrium(III) halides
with diphenylmethylphosphine oxide.

Complex 5 C'P-{'H)) 5 Y) TCP-PYyHz  T/K
[YCl;(Ph,MePO);] 40.0 (d) 256 (quartet) 10 200
[YCL(Ph,MePO)JPFs  41.5 (d) 192 (quintet) 10 185
[YBrs(Ph,McPO);] 40.0 (d) 299 (quartet) 11 185
[YBr,(Ph,McPO),JBr*  41.0 (d) 220 (quintet) 11 185
[YI;(Ph,McPO);] 41.5 (d) 354° 14 180

* Observed in solution only ° Coupling not resolved
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[YBr;(Ph;MePO);] contained a doublet at 8 40.0 ppm in the *'P-{'H} NMR
spectrum. Addition of excess ligand led to broad resonances at § 29.0 and 40.0 ppm,
the former assigned to ‘free’ Ph,MePO. Cooling this solution to 200 K led to
sharpening of both resonances and observation of coupling to *Y present in the latter.
In addition, a second doublet at 41.0 ppm was observed, corresponding to
[YBr(Ph;MePO)4]". The ¥Y NMR spectrum of the initial solution exhibited a
binomial quartet at & 299 ppm, caused by coupling to three equivalent phosphine
oxide ligands, consistent with a fac geometry (Fig. 3.7). Following addition of excess
Ph,MePO, a quintet was observed at & 220 ppm, confirming formation of a frans-
tetrakis(phosphine oxide) species in solution. [YBr;(Ph,MePO);] had Ay = 7 ohm™
cm?® mol™ for a 10® mol dm® solution in CH,Cl,. Addition of Ph,MePO saw this
value rise to 19 ohm™cm?mol™, consistent with a 1 : 1 electrolyte, giving further

evidence of conversion to [ YBr,(Ph;MePO)4]Br in solution.

300

&/ppm
Fig. 3.7 The ¥Y NMR spectrum of [YBrs(Ph,MePO)3] showing a quartet at § 299
ppm. The poor signal to noise ratio observed is due to the poor sensitivity of *Y and

the modest solubility of the complex at 200 K.

The *'P-{'"H} NMR spectrum of [YI;(Ph;MePO)s] at room temperature contained a
very broad resonance at § 41.5 ppm. Cooling the solution resulted in sharpening of

the peak, resolving to a doublet at 190 K (CA®Y-'P) = 14 Hz). Several weaker
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resonances were seen at higher frequency. Addition of excess Ph,MePO produced a
peak at § 29.0 ppm (Ph,MePOQ) along with a very broad feature at ca. 40 ppm. At 190
K, the features were still broad, although along with the ‘free’ ligand peak, two
doublets at 8 41.5 and 42.0 ppm were apparent, the former assigned to
[YI3(Ph,MePO);], the latter provisionally to [YI(Ph;MePO),]" by comparison to the
spectra for the chloride and bromide species. The ®Y NMR spectrum at 180 K of
[YI;(Ph,MePO);] showed a broad resonance at & 354 ppm. No coupling could be
resolved but by comparison of the shifts with those of [YCl;(Ph,MePO)s] and
[YBr3(Ph,MePO);] (Table 3.4) it seems probable this was due to the tris(phosphine
oxide) species. The molar conductance for a 10° mol dm™ dichloromethane solution
was 5 ohm™ c¢m? mol™, typical of a non-electrolyte. Attempts to grow crystals of any
[YX3(Ph,MePO);] species by vapour diffusion of Et,0 into a CH,Cl, solution or by

slow evaporation of an ethanolic solution of the product were unsuccessful.

3.2.3 Complexes of yttrium halides with trimethylphosphine oxide

Reaction of YX3.#H,O (X = Cl, Br or I) with six molar equivalents of Me;PO in
ethanol yielded compounds of the type [Y(MesPO)s]Xs. The complexes were
insoluble in acetone, ethanol, chlorocarbon solvents and were decomposed by DMF
and DMSO. However, the compounds were slightly soluble in nitromethane, allowing
solution studies. The IR spectra of all three compounds were simple and
superimposable, exhibiting w(PO) = 1110 cm™ (compared to 1161 cm’ for
uncomplexed Me;PO).

The *'P-{'"H} NMR spectra were similar, [Y(Me3sPO)s]Cl; having a doublet at & 54.0
ppm (CJC'P-¥Y) = 9 Hz), whilst both the bromide and iodide exhibited doublets at
55.0 ppm. The poor solubility of the complexes in MeNO, meant ¥Y NMR spectra
were extremely difficult to obtain. A multiplet with an ill-defined coupling pattern at
d 133 ppm was observed for [Y(Me;PO)s]Cls, whilst no resonances could be
observed for the bromo- or iodo-complexes. The molar conductivities for 10 mol
dm™ solutions in MeNO, were measured. [Y(MesPO)s]Cls had An = 225 ohm™ cm?
mol™, [Y(Me;PO)s]Br3 showed Ay = 207 ohm™ cm? mol” whilst for [Y(MesPO)s]ls,
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Am =228 ohm™ e¢m® mol™. All three values were consistent with a 3 : 1 electrolyte in

MeN02 . 20

Table 3.5 Multinuclear NMR spectroscopic data for complexes of yttrium(III) halides

with trimethylphosphine oxide and trimethylarsine oxide.

Complex 5 C'P-{'H}) 8 *Y) JJCP-PY)YHz  T/K
[Y(Me3PO)s1Cl; 54.0 (d) 133 (m)* 9 245
[Y(MesPO)s]Br3 55.0 (d) Not observed® 9 245
[Y(MesPO)s]l3 55.0 (d) Not observed® 9 245
[Y(Me3AsO)s]Cl3 Not Applicable 135 (s) Not Applicable ~ 200°

* Coupling not resolved
® No resonance observed owing to poor solubility of complex

¢ Solvent used EtNO; / dg-Me,CO

The structure of [Y(MesPO)s]Br; was determined by single crystal X-ray diffraction
(Fig. 3.8). Selected bond lengths and angles are given in Table 3.6. The cation had
octahedral geometry with six MesPO ligands coordinated to the yttrium centre. The
metal centre is located on a centre of symmetry, with O-Y-O angles close to idealised
values. Whilst the Y-O distances show little variation, the Y-O-P angles do vary
significantly (142.1(3) to 158.8(3)°). These angles were noticeably smaller than seen
for the PhsPO / YX; structures described in Section 3.2.1, due to the smaller steric

bulk of the methyl groups in the present species.
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M
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OC(s)
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Fig. 3.8 Structure of the cation in [Y(Me3PO)s]Brs, showing the atom numbering

scheme. Thermal ellipsoids are drawn at the 40% probability level with H atoms

omitted for clarity.

Table 3.6 Selected bond lengths (A) and angles (°) for [Y(Me3PO)s]Brs.

Y-0(1) 2.221(4) P(1)-0(1) 1.513(5)
Y-02) 2.217(4) P(2)-0(2) 1.520(5)
Y-0(3) 2.233(4) P(3)-0(3) 1.517(4)
P-C 1.759(7)-1.785(7)

Y-O(1)-P(1) 158.8(3) 0(1)-Y-0O(2) 89.6(2)
Y-0(2)-P(2) 142.4(3) 0(1)-Y-0(3) 91.6(2)
Y-0(3)-P(3) 142.1(3) 0(2)-Y-0(3) 90.9(2)

These results contrast with those for the Y(NO3); / MesPO system (Chapter 2), for
which [Y(Me3;PO)3;(NO3)3] and [Y(Me;PO)s(NO3)JNO3 were prepared but no
hexakis(phosphine oxide) compound could be isolated. Yttrium halides form
complexes of the type [Y(Me3;PO)s]X; (X = Cl, Br or 1), irrespective of ligand : metal
ratio used, with lower L : M ratios giving poorer yields of [Y(Me3PO)s]X5. This
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behaviour demonstrates that the oxophilic Y(IIT) centre shows greater affinity for

nitrate groups than halides.

3.2.4 Complexes of yttrium chloride with diphosphine dioxide ligands

Reaction of YCl;3.6H,O with Ph,P(O)CH,P(O)Ph, (DPPM-0;) in boiling ethanol
afforded the white complex [YCly(DPPM-0,),;]Cl. When o0-CsHs{P(O)Phy}, was
used as the ligand in the same conditions, the product was [YCl(o-
CsH4{P(O)Ph;},):]Cl. These appear to be the first reported examples of complexes of
yttrium with diphosphine dioxide ligands.

The IR spectra confirmed coordination of the ligand, [YClL(DPPM-0,);]Cl
containing W(PO) = 1167 cm™. [YCly(0-CsH4{P(O)Ph,},),]C1 had »(PO) = 1171 cm’’
(compared to 1200 cm™ in the ‘free’ ligand). Both compounds were 1 : 1 electrolytes
in dichloromethane, [YCl,(DPPM-0,),;]Cl giving Ay, = 21 ohm™ ¢cm? mol! and [YCl,
(0-CsH4{P(O)Ph;,},),]CI giving Ay, = 19 ohm™ cm?* mol™.

The *'P-{'H} NMR spectrum of [YCly(o-CsH4{P(O)Ph;),]Cl at room temperature
revealed a broad resonance at 36.0 ppm. Cooling the solution to 200 K saw resolution
to a doublet JC'P-*Y) = 7 Hz). The ¥Y NMR spectrum at the same temperature
showed a quintet at & 210 ppm (GA¥Y-*'P) = 7 Hz), showing coupling to four
equivalent *'P atoms. NMR spectroscopy on the [YCL(DPPM-0,),]Cl was more
limited owing to poor solubility in dichloromethane. However, at 200 K, the *'P-{'H}
NMR spectrum contained a broad resonance at ca. 32 ppm, with the corresponding

¥Y NMR spectrum showing an ill-resolved multiplet at 6 213 ppm (Table 3.7).

Table 3.7 Multinuclear NMR spectroscopic data for complexes of yttrium chloride

hexahydrate with diphosphine dioxide ligands.

Complex §CP-{H) 5§ (®Y) JCP-PYYHz  TK
[YCly(0-CsHa{P(O)Ph,),]JCI  36.0 (d) 210 (quintet) 7 200
[YCL(DPPM-0,),]Cl 32.0° 213 (multiplet)* - 200

* Coupling not clearly resolved
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3.2.5 Complexes of yttrium halides with triphenylarsine oxide

Reaction of YCl;.6H,O with four molar equivalents Ph3AsO in boiling ethanol
afforded [YCly(Ph;AsO)4]JCl. When YBr3.6H,O was used, the product was
[YBry(PhsAsO)4]Br. In contrast, the same reaction using YI3.8H;O yielded the
polyiodide complex [YI;(Ph3AsO)s]ls (confirmed by microanalysis). As for the
PhsPO system (see 3.2.1), the chloro- and bromo-complexes were air stable, whilst
the iodo-complex was moisture sensitive. Several attempts to isolate analytically pure

[YI,(PhsPO)4]I were unsuccessful.

Infrared spectroscopy of the complexes showed the characteristic rise in v(AsO) upon
coordination.>® [YCl,(Ph3As0)4]Cl had v(AsO) = 894 cm™, compared to 878 cm” in

the “free’ ligand. The bromo- and iodo-compounds contained w(AsO) = 893 cm™.

The ¥Y NMR spectrum of [YCl,(PhsAsO)4]Cl at 200 K in dichloromethane showed a
singlet resonance at 8 198 ppm. The complex [ YBr,(PhsAsO)4]Br exhibited a singlet
at & 224 ppm, whilst [YI,(Ph3AsO)4]Is had a resonance at & 254 ppm. It was noticable
that when compared to ¥Y NMR spectra for the compounds [YX2(PhsP0),]X (See
Tables 3.3 and 3.8, X = Cl, Br or I), the value of & was between 5 and 10 ppm to
higher frequency for arsine oxide species for constant X. No evidence of a tris(arsine
oxide) species was observed in any of the spectra. In an attempt to form
“[YCI3(Ph3AsO);]” in situ, one molar equivalent of YCl3.6H,O was added to a
solution of [YCI,(Ph3AsO)4]Cl in acetone. However, no new resonance was apparent.

All three complexes were 1 : 1 electrolytes in dichloromethane.

Table 3.8 ¥Y NMR spectroscopy data for the YX; / Ph3AsO system.

Complex 5 (*Y) T/K
[YCIL(Ph;AsO),]CI 198 (s) 200
[YBr2(Ph3;AsO)4]Br 224 (s) 200
[YL(Ph3AsO)4]ls 254 (s) 200
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3.2.6 Complexes of yttrium chloride with trimethylarsine oxide

Hydrated YCl; reacted with Me3AsO in ethanol to form [Y(Me3AsO)s]Cl. No
evidence for other compounds was observed. As for [Y(Me3PO)s]X;3 (Section 3.2.3),
the compound was insoluble in acetone, ethanol and chlorocarbon solvents but was
slightly soluble in MeNO,. The infrared spectrum contained v(AsO) = 877 cm’
(identical to that of [Y(Me3AsO)s](NO3)s, structurally characterised in Section
2.2.8).! The compound had A, = 224 ohm™cm’mol” in nitromethane, consistent
with a 3 : 1 electrolyte.” The ¥Y NMR spectrum at 200 K (in EtNO,/ds-acetone)
found a singlet resonance at & 135 ppm, identical to that observed for
[Y(Me3AsO)s](NOs)s and comparing closely to the *Y NMR spectrum of
[Y(MesPO)s]Cls which exhibited & 133 ppm, confirming that the octahedral YOs
cation was present. EtNO, was used in place of MeNO; as the latter has a melting
point of 244 K, hindering low temperature *Y NMR spectroscopy. EtNO, is
chemically the closest solvent to MeNQ,, allowing studies at 200 K.

3.2.7 Y NMR studies

By comparison of their Y NMR spectra, it is apparent that variation of both the
halide and the ligand coordinated to the metal centre has a systematic effect on the
position of the resonance observed (Fig. 3.9). Changes in the R group of R;EO (E =
As or P) have little effect, whilst changing from P to As results in a shift to higher
frequency of < 10 ppm. Adding halides into the coordination sphere causes stepwise

shifts to high frequency, whilst changing from Cl>Br—I leads to stepwise increases

in d.
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Fig. 3.9 Y NMR chemical shifts of certain cations identified during these studies. Values below species are the chemical shift,

whilst values by arrows are the difference in 8 between two species. (There is some variation in both solvents used and temperature
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3.2.8 Reaction scheme

YX,nH,0 +PhhPO X=CLBror) ————— [YX(Ph.PO)JX
YX,.nH,0 + Ph;PO + NaPF; — [YX(Ph,PO),|PF,
[YCL(Ph,PO),]C1 + SbCls+ Ph,PO ——— [YCI(Ph;PO)][SbCTL],
YX,nH,0 + Ph,MePO —— [YX;(Ph,MePO}]
YX,nH,0 + Ph,MePO + NaPF, —— [YX(Ph,MePO),]PF,
YX,.nH,0 + Me;PO — [Y(Me;PO),]X;

YX,nH,0 + L (L = ppO, or dppm-0,) ——— [YCLL)]Cl
YX,nH,0 + PhyAsO (X = Clor Br) —— > [YX (Ph,AsO),]X
YI.nH,0 + Ph,AsO ———— [YX,(Ph,AsO),]L,

YCL,.6H,0 + Me;,AsO ——> [Y{(Me,AsO),]CL,

Fig. 3.10 Reaction schemes indicating the products from reaction of YX3.n1H,O with

tertiary pnictogen oxide ligands isolated in this study. ‘ppO’ refers to the ligand o-

CeHa{P(O)Phy}>.
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3.3 Conclusions

Yttrium halides form complexes with phosphine oxide ligands with an R3PO : metal
ratio ranging from 6 : 1to 3 : 1, dependent on ligand type, although not all complexes
were isolated in the solid state. The chemistry with R3AsO ligands was similar,
except that no tris(arsine oxide) compounds were isolated, with no evidence for their

existence in solution observed.

Comparison with the Y(NO3)3 / R3EO studies (Chapter 2) indicate that yttrium shows
a preference for coordinating to nitrate groups over the halides used here. For
example, reactions with trimethylphosphine oxide with yttrium halides yield
[Y(MesPO)]Xs (X = Cl, Br or 1) exclusively whilst with yttrium nitrate, no
homoleptic compound was isolated. Crystallographic studies revealed that all the YX3
/ RsEO compounds contained six-coordinate yttrium with a psewdo-octahedral
geometry. These are the first structural reports for yttrium halide / R3PO systems.
This contrasted with the nitrate system where both coordination number and
geometry were seen to vary. The 4 : 1 complexes characterised here disagree with
literature reports suggesting that these are seven-coordinate species. Both X-ray and
molar conductance data (indicating species are 1 : 1 electrolytes) strongly suggest that

six- coordinate Y(III) is present in all cases.* "°

Solution NMR and conductance studies showed that compounds often exist as a
mixture of species in solution, with the equilibrium position easily altered by addition
of ligand or YX3.nH,O salt. However, as observed for the nitrate systems, single pure
species generally crystallise from solution under suitable conditions. In contrast to the
studies on the nitrate species in Chapter 2, the halide species studied here did not
demonstrate fluxionality in solution, probably because of the six-coordinate geometry
(fluxionality is relatively rare in six-coordinate species). Studies also revealed that the
¥Y NMR chemical shift varied systematically depending on the number and nature of
both X and R3EO (E = As or P) ligands. In comparison, whilst the analogous nitrate
system shows that the chemical shift moves to higher frequency as NO; groups are

replaced by R3;EO ligands, trends are less regular due to the varying coordination
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numbers. >'P—{'"H} NMR showed far less variation in chemical shift with such
changes, making it a less useful tool for identifying complexes in solution. For
example, [YClL,(PhsPO),]" and [YCl(PhsPO)s] differ by just 1.5 ppm in the >'P-{'H}
NMR spectrum, whilst the **Y NMR resonances were 50 ppm apart.
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3.4 Experimental

Ph;PO, Ph,MePO, Ph3AsO, YCl3.6H,O (Aldrich) and Me;PQO (Alfa) were used as
received. Me;AsO was prepared by oxidation of trimethylarsine in diethyl ether by
hydrogen peroxide, with sublimation of the product in vacuo used to purify the
product.?? YFs.1/2H,0 was synthesized by precipitation from aqueous solutions of
Y(NO3)3.6H,0 and NaF. YBr;.6H,0 was afforded by reaction of Y,03 and 48% HBr
in boiling water, with the resultant solution concentrated yielding white crystals
(Found: Br, 54.8. Calc. For YBr3.6H,0: Br, 54.9%). Attempts to produce YI3.8H,O
by the same method consistently gave compounds containing excess diiodine which
could not be removed. Hence, a 1 : 3 ratio of aqueous solutions of yttrium sulfate and
barium iodide were mixed, with the BaSOy4 precipitate filtered off. The resultant
solution was evaporated to dryness, producing a fawn solid. (Found: I, 61.9. Calc. For
YI:.8H;0: 1, 62.0%). DPPM-O, was produced by iodine oxidation of DPPM in
toluene, followed by base hydrolysis using NaOH.? 0-CsH4(POPh;), was synthesized
by literature methods (V(PO) = 1200 cm™, *'P-{"H} NMR (300 K, CH,CL,/CDCl) &
33.6) 2

3.4.1 Complexes of yttrium halides with triphenylphosphine oxide
[YCL(PhsPO)4]Cl

Solutions of YCl3.6H,0 (0.20 g, 0.66 mmol) and PhsPO (1.11 g, 4.0 mmol) in ice
cold ethanol (5 cm®) were mixed with the resultant solution refrigerated overnight.
Colourless crystals were deposited which were filtered off and dried in vacuo. Yield
0.56 g, 60%. (Found: C, 65.7; H, 4.5. Calc. for C7;;HsC304P4Y: C, 66.1; H, 4.6%.)
IR (cm™)(Nujol mull): 1310m, 1188w, 1150vs (PO), 1119s, 1087s, 1074m, 997w,
975w, 749s, 692s, 543s, 420w, 398w, 353w, 310m, 260m. *'P-{'H} NMR (300 K,
CH,Cl/CDCl): 35.0 (d) 2JC'P-*Y) = 12 Hz. 'H NMR (300 K, CDCL): 7.1 — 7.9
(m). Ap (10 mol dm™ CH,Cl,) = 30 ohm™ cm? mol™.

[YCL(Ph3PO)4]PF,
A solution of YCI3.6H,0 (0.30 g, 1.0 mmol) in warm (60°C) ethanol (10 cm®) was
added to a solution of NH4PFs (0.16 g, 1.0 mmol) in ethanol and stirred for 1 h. To
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this, a solution of triphenylphosphine oxide (1.11 g, 4.0 mmol) in ethanol (10 cm’)
was added, affording a fine white precipitate. The solid was filtered off and dried in
vacuo. Yield 1.09 g, 75%. (Found: C, 61.1; H, 4.4. Calc. for C;;HeCLFsO04P5Y: C,
61.0; H, 4.3%.) IR (cm™)(CsI disc): 3061w, 1439m, 1318m, 1192w, 1150vs (PO),
1122s, 1092s, 1028m, 999m, 839s, 750m, 725s, 693s, 559s, 543s, 459m, 446m,
421m, 305m, 267s. >'P-{'H} NMR (300 K, CH,CL,/CDCL): 35.0 (d) JC'P-*Y) =
13 Hz), -145 (septet) PFs. "H NMR (300 K, CDCL): 7.1 — 7.9 (m). An (10™ mol dm™
CH,Cl) = 21 ohm™ ¢cm? mol™.

[YBr,(Ph;PO),]Br

Prepared similarly to [YCL(PhsPO)4]Cl. Yield 0.75 g, 52%. (Found: C, 59.6; H, 4.2.
Calc. for C,HsoBrsO4P,Y: C, 59.9; H, 4.2%.) IR (cm™)(CslI disc): 1307m, 1188w,
1140vs (PO), 1119s, 1087s, 1084m, 998w, 973w, 763m, 693s, 543s, 449m, 417w,
305m, 262m. *'P-{'"H} NMR (300 K, CH,Cl,/CDCls): 36.0 (d) CJC'P-*Y) = 11 Hz).
'H NMR (300 K, CDCL): 7.2 = 7.9 (m). Am (10 mol dm™ CH,Cl,) = 20 ohm™ cm?

mol ™.

[YBr2(PhsPO)4]PF
Prepared similarly to [YClo(Ph;PO)4]PFs. Yield 1.40 g, 90%. (Found: C, 57.9; H, 4.2.
Calc. for C7;HgoBrFsO4PsY: C, 57.4; H, 4.2%.) IR (cm™)(CsI disc): 3061w, 1439m,
1359m, 1191w, 1147vs (PO), 1123s, 1089s, 1029m, 1000m, 839s, 750m, 726s, 693s,
559sh, 543s, 449m, 417m, 305m, 250w. *'P-{'H} NMR (300 K, CH,Cl,/CDCl):
36.0 (d) CJC'P-¥Y) = 11 Hz), -145 (septet) PFs. '"H NMR (300 K, CDCL3): 7.2~ 7.9
(m). Ay (107 mol dm™ CH,Clp) = 19 ohm™ c¢m? mol ™.

[YL(Ph;PO)4JI

Prepared similarly to [YCl(PhsPO),4]Cl, yielding a pale yellow powder. Yield 0.30 g,
38%. (Found: C, 54.2; H, 3.8. Calc. for C;sHgl304P5Y: C, 54.6; H, 3.8%.) IR
(cm™)(CsI disc): 1485w, 1438m, 1359m, 1188w, 1136vs(PO), 1121s, 1083s, 1027w,
1000w, 749m, 725s, 696s, 543s, 460m, 449m, 421w, 299m. *'P-{'"H} NMR (300 K,
CH,Cl/CDCl): 37.2 (d, 2JC'P-¥Y) = 13 Hz). 'H NMR (300 K, CDCL): 7.1 — 7.6
(m). Am (10° mol dm™ CH,Cl,) = 25 ohm™ ecm? mol™.
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[YL(PhsPO)4|PFs
Prepared similarly to [YCL(PhsPO)4]PFs, producing a pale yellow powder. Yield
0.35 g, 39%. (Found: C, 53.8; H, 3.7. Calc. for C7,Hsl,FsO4PsY: C, 54.0; H, 3.8%.)
IR (cm™)(Csl disc): 3061w, 1439m, 1318m, 1192w, 1144vs (PO), 1122s, 1092s,
1028m, 999m, 839s, 750m, 725s, 693s, 559s, 543s, 459m, 446m, 421m, 305m, 267s.
3p_(IH} NMR (300 K, CH,CL,/CDCl): 35.0 (d, 2JC'P-¥Y) = 13 Hz), -145 (septet)
PFs. 'H NMR (300 K, CDCL): 7.1 — 7.9 (m). An (10° mol dm® CH,Cly) = 21 ohm'™

cm? mol ™.

[YCI(Ph3PO)s}[SbClg],

Under a dry nitrogen atmosphere, SbCls (0.05 g, 0.17 mmol) was added dropwise to a
solution of [YCL(Ph;PO),4]Cl (0.11 g, 0.08 mmol) in anhydrous dichloromethane (5
cm’). A solution of triphenylphosphine oxide (0.02 g, 0.08 mmol) in CH,Cl, was then
added, affording a milky white suspension. The solution was concentrated to ca. 5
cm’, the white powder filtered off and dried in vacuo. Yield 0.12 g, 56%. (Found: C,
49.6; H, 3.3. Calc. for CooHysCl;305PsSbaY: C, 49.4; H, 3.5%.) IR (cm™)(CsI disc):
2975w, 1484w, 1437m, 1357m, 1191w, 1141s (PO), 1121s, 1090m, 1027w, 995m,
745s, 692s, 543s, 347s (SbCls). '"H NMR (300 K, CDCl3): 7.2 — 7.7 (m). Am (107

mol dm™ CH,Cl) = 42 ohm™ cm?® mol™.

3.4.2 Complexes of yttrium halides with diphenylmethylphosphine oxide
[YCl;(Ph,MePO);]

A solution of yttrium(III) chloride hexahydrate (0.30 g, 1.0 mmol) in boiling ethanol
(10 cm®) was added to a solution of diphenylmethylphosphine oxide (0.22 g, 1.0
mmol) in ethanol (5 cm®) with the resultant solution stirred for 1 h. The solution was
concentrated to ca. 5 cm’ and refrigerated overnight, yielding a white solid which was
filtered off and dried in vacuo. Yield 0.28 g, 88%. (Found: C, 54.5; H, 4.1. Calc. for
C3oH3oCL30sP3Y: C, 55.5; H, 4.7%.) IR (cm™)(CsI disc): 1709w, 1641m, 1439m,
1363w, 1225w, 1148vs (PO), 1127m, 1101m, 999w, 896m, 783w, 752m, 696m,
614m, 515s, 306w, 254s. "H NMR (300 K, CDCls): 2.29(br)[9H], 7.4-7.7(m)[30H].
Am (10™ mol dm™ CH,Cl,) = 2 ohm™ cm? mol™.
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fYBl‘;;(P h,MeP 0)3]
Made similarly to the above using a 1:3 molar ratio of YBr;.6H;O to ligand. Yield

0.45 g, 46%. (Found: C, 48.2; H, 4.1. Calc. for C30H30Br;03P3Y: C, 47.9; H, 4.0%.)
IR (cm™)(Csl disc): 1591w, 1439m, 1358w, 1178sh, 1144vs (PO), 1127sh, 1098s,
998m, 894s, 782w, 750s, 720m, 694m, 515s, 503sh, 392w, 312w. 'H NMR (300 K,
CDCly): 2.18(br)[9H], 7.3-7.7(m)[30H]. Any (107 mol dm™ CH,Cl,) = 7 ohm™ cm?

mol ™!,

[YI3(Ph,MePO);)

Made similarly to [YCl3(Ph,MePO)s] using a 2:1 ratio of Ph,MePO to YI3.8H;O,
yielding a yellow powder. Yield 0.31 g, 28%. (Found: C, 42.5; H, 3.7. Calc. for
CsoH30l303P3Y: C, 41.9; H, 3.5%.) IR (cm™)(CsI disc): 2896w, 1592w, 1439m,
1359w, 1178sh, 1140vs (PO), 1125s, 1093s, 1071m, 1029m, 996m, 895s, 786w,
749s, 720m, 696m, 519s, 478m, 421m, 383w. 'H NMR (300 K, CDCL3): 2.0(d)[9H],

7.2-7.7(m)[30H]. Ay, (10° mol dm™> CH,Cly) = 5 ohm™ ¢m® mol™.

[YCL(Ph,MePO)4|PF¢

NH4PFs (0.082 g, 0.5 mmol) was added to a boiling ethanolic solution of YCl3.6H,O
(0.15 g, 0.5 mmol). The mixture was stirred and allowed to cool to room temperature,
following which a solution of Ph,MePO (0.43 g, 2.0 mmol) in ethanol (5 cm®) was
added, immediately forming a precipitate. The mixture was left to stand for 2 h, with
the solid filtered off and dried in vacuo. Yield 0.28 g, 43%. (Found: C, 53.0; H, 4.4.
Calc. for Cs;Hs,CLFsO4PsY: C, 53.4; H, 4.5%.) IR (cm™)(CsI disc): 1591w, 1486w,
1440m, 1305w, 1165sh, 1151s (PO), 1126m, 1101w, 1075w, 1031w, 1000m, 903s,
840s, 782s, 756s, 748s, 720m, 698s, 559s, S11s, 498s, 455m, 418m, 387w, 312m,
264s. '"H NMR (300 K, CDCls): 1.92 (br)[12H], 7.2-7.7(m)[40H]. Ay (10° mol dm?
CH:Cl;) =20 ohm™ ¢m? mol™.
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3.4.3 Complexes of yttrium halides with trimethylphosphine oxide
[Y(Me3PO)6]Cls

To an ethanolic solution (10 cm®) of YCl;.6H,0 (0.15 g, 0.5 mmol), a solution of
trimethylphosphine oxide (0.28 g, 3.0 mmol) in ethanol (10 cm®) was added, with the
mixture stirred for 1 h. Refrigeration overnight produced a white precipitate. Yield
0.34 g, 90%. (Found: C, 28.9; H, 7.6. Calc. for CisHs4ClzOsPsY: C, 28.9; H, 7.2%.)
IR (cm™)(CsI disc): 2960w, 1423w, 1358w, 1299w, 1111vs, br (PO), 960m, 872m,
762m, 396m, 364w, 332m. 'H NMR (300 K, d*>-MeNO,): 1.60 (d, 2J(*'P-'H) = 14
Hz). Am (10° mol dm™ MeNO,) = 225 ohm™ cm?® mol™.

[Y(MesPO)g]Brs

Solutions of yttrium(IIl) bromide hexahydrate (0.44 g 1.0 mmol) and
trimethylphosphine oxide (0.37 g, 4.0 mmol) in boiling ethanol (10 ¢cm®) were mixed,
resulting in a milky suspension in which the solid was seen to redissolve upon
stirring. Refrigeration overnight deposited white needles. These were filtered off and
dried in vacuo. Yield 039 g, 66%. (Found: C, 24.2; H, 6.1. Calc. for
C1sHs54BrsOgPsY: C, 24.5; H, 6.1%.) IR (cm™)(CsI disc): 2962w, 2896w, 1358m,
1299m, 1111s, br (PO), 959s, 872m, 761m, 395s, 364m, 330m. 'H NMR (300 K,
d>-MeNOy): 1.69 (d, “JC'P-'H) = 13 Hz). Ay (10° mol dm™ MeNO,) = 207 ohm™

cm? mol ™.

[Y(MesPO)s]l5

A solution of YI3.8H,0 (0.31 g, 0.5 mmol) in boiling ethanol (10 cm®) was added to a
solution of Me;PO (0.18 g, 2.0 mmol) in ethanol affording a yellow suspension.
Refrigeration overnight deposited a solid which was filtered off and dried in vacuo.
Yield 0.21 g, 50%. (Found: C, 20.9; H, 5.4. Calc. for C1gHs4I306PsY: C, 21.2; H,
53%.) IR (cm™)(Csl disc): 2964w, 2897w, 1421w, 1358m, 1299m, 1110s, br (PO),
957s, 871m, 761m, 396s, 364m, 331m. 'H NMR (300 K, d*>-MeNO,): 1.73 (d, 2J(*'P-
'H) = 13 Hz). Ay (10° mol dm™ MeNO,) = 228 ohm™ ¢m? mol™.

111




Chapter 3 — Complexes of Yttrium Halides with Tertiary Phosphine and Arsine Oxide Ligands

3.4.4 Complexes of yttrium chloride with diphosphine dioxides
[YCL(DPPM-0,),]Cl

To a solution of YCL.6H,O (0.076 g, 0.25 mmol) in boiling ethanol (5 cm’), a
solution of DPPM-O; (0.10 g, 0.25 mmol) in ethanol (10 cm®) was added,
immediately affording a white precipitate. The mixture was left to stand for 1 h, the
precipitate filtered off and dried in vacuo. Yield 0.06 g, 47%. (Found: C, 57.9; H, 4.4.
Calc. for CsoHuCLOLP,Y: C, 58.4; H, 4.3%.) IR (cm™)(Csl disc): 3042w, 1437m,
1410s, 1368m, 1167s (PO), 1120m, 1071w, 997w, 843s, 790s, 742m, 692m, 572w.
'H NMR (300 K, CDCl): 2.2(s)[2H], 7.2-7.8 (m)[20H]. Ay (10° mol dm™ CH,Cl,) =

21 ohm™ ¢m? mol™,

[YCh(0-CsH4{P(O)Ph;},);]Cl
Made similarly to [YCL,(DPPM-0,),]Cl. Yield 0.16 g, 55%. (Found: C, 62.9; H, 4.3.
Calc. for CsoHysClO4PsY: C, 62.6; H, 4.2%.) IR (cm™)(CslI disc): 2960w, 1439m,
1410s, 1359m, 1171br,s (PO), 1121m, 1073w, 1005w, 844m, 750s, 730s, 694s, 562s,
549s, 534m. "H NMR (300 K, CDCl): 7.2-7.8 (m). An (10 mol dm™ CH,Cl,) = 19

ohm™ ¢m? mol™.

3.4.5 Reaction of yttrium halides with tertiary arsine oxide ligands
[YCL(Ph3As0),]Cl

Yttrium(IlI) chloride hexahydrate (0.30 g, 1.0 mmol) and triphenylarsine oxide (1.28
g, 4.0 mmol) were dissolved separately in boiling ethanol (10 cm®), with the solutions
mixed together and stirred for 1 h. The reaction mixture was refrigerated overnight,
resulting in white crystals which were filtered off and dried in vacuo. Yield 0.32 g,
20%. (Found: C, 57.7; H, 3.9. Calc. for C;,HgAs4CL0O4Y: C, 58.3; H, 4.1%.) IR
(cm™)(CslI disc); 1440m, 1359m, 1186w, 1089m, 1071w, 1026w, 999w, 894vs (AsO),
744s, 693s, 553w, 481s, 376m, 365s, 273m, 260s. "H NMR (300K, CDCl;): 7.3-17.8
(m). A (107 mol dm™ CH,CL) = 31 ohm™ em? mol™.
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[YBr»(PhsAsO),]Br

Prepared similarly to [YCl(Ph; AsO)4]Br. Yield 0.89 g, 55%. (Found: C, 53.0; H, 3.8.
Calc. for C7;2HgoAs4Br304Y: C, 53.4; H, 3.7%.) IR (cm'l)(CsI disc): 1440m, 1359m,
1089m, 1071w, 1025w, 999w, 893vs (AsQ), 744s, 691s, 478s, 368s, 338sh, 272m,
243m. 'H NMR (300 K, CDCL): 7.2 - 7.8 (m). Ay (10° mol dm® CH,ClL,) = 23

ohm™ ¢cm? mol™.

[YI;(Ph3AsO)4)1s

Prepared similarly to [YCly(Ph3; AsO)4]Cl, yielding dark brown crystals. Yield 0.56 g,
25%. (Found: C, 38.2; H, 2.9. Calc. for C;2HsAs4l704Y: C, 38.1; H, 2.7%.) IR
(em™)(CsI disc): 1484m, 1440m, 1360w, 1186w, 1088s, 1025w, 999m, 893vs (AsO),
740s, 691s, 477s, 457m, 367m, 356m, 273w, 244w. "H NMR (300 K, CDCl): 7.2 -
7.8 (m). A (10 mol dm™ CH,Cl,) = 41 ohm™ ecm?® mol™.

[Y(Me3A50)6]Cls

10 cm’ boiling ethanolic solutions of YCl:.6H,O (0.15 g, 0.5 mmol) and Me;AsO
(0.41 g, 3.0 mmol) were mixed and allowed to cool to room temperature. The solvent
was removed in vacuo leaving a pale yellow oil. This was dissolved in ice-cold
acetone and on standing for 1 h produced a white powder which was filtered off and
dried in vacuo. Yield 022 g, 43%. (Found: C, 21.0; H, 5.2. Calc. for
C1sHs4As6Cli06Y: C, 21.3; H, 5.4%.) IR (cm™)(Csl disc): 2896w, 1418m, 1359s,
1269m, 1097w, 925w, 877s (AsO), 648s, 344s, 285m. 'H NMR (300 K, ds-MeNO,):
2.0(s). A (10'3 mol dm™ MeNO;) = 224 ohm™ ¢cm? mol™.

3.4.6 Crystallographic studies
Details of the crystallographic data collection and refinement parameters are given in

Table 3.9.

[YCL(Ph3PO)4]CL2.5EtOH.H,0

Plate-like crystals were obtained by vapour diffusion of Et;O into a CH,Cl, solution
of [YCL(Ph;PO)ICl in a refrigerator. Refinement on F° was conducted using
SHELXL 97 and was routine.”> Data processing used the SORTAV absorption
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correction. Phenyl H atoms were introduced in calculated positions. Solvent
molecules appeared during refinement, with one ethanol molecule given a reduced

occupancy in order to obtain adp’s similar to the other two EtOH molecules.

[YBr:(Phs;PO)4]PF6.Et,O

Plate-like crystals were formed by vapour diffusion of Et,O into a dichloromethane
solution of the compound, the recrytallisation cell held in a refrigerator. Full-matrix
least squares refinement on F was carried out in TEXSAN.?® One Et,0 molecule
appeared in the electron density map and was modelled. Phenyl H atoms were added

in calculated positions.

[Y(Me3P())6]Br3

Small block crystals were obtained from the synthesis. Refinement using the
DIRDIF? program was straightforward. Methyl H atoms were added in calculated

positions.
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Table 3.9 Crystallographic data collection and refinement parameters

[YClL(PhPO),|CL2.5EtOH. H,0 [YBry(Ph;PO),]PFs.Et,O [Y(Me3PO)]Brs
Formula CrHgClLOP,Y + CsH; 7055 CrnHgBrFsO,PsY C1gHsBrsOsPsY
Formula weight 1441.53 1580.96 881.08
Crystal system Monoclinic Triclinic Monoclinic
Space group P2,/c (No. 14) Pi (No. 2) C2/e (No. 15)
alA 14.3599(3) 13.1913(1) 17.5730(9)
b/A 17.5316(4) 14.9556(2) 16.9269(9)
clA 29.1891(7) 18.1360(2) 12.5446(7)
al® 90 98.1110(4) 90
pl° 97.748(1) 94.1310(4) 95.304(3)
yl° 90 96.2750(8) 90
U/lA? 7281.3(3) 3506.99(6) 3715.5(3)
VA 4 2 4
HMo-K,) /e’ 10.52 21.57 50.93
No. unique reflections 13067 14107 18877
Ry 0.099 0.087 -
No. of obs. reflections * 13067 9456 8505
No. parameter/restraint 847/0 856/0 156/0
R® 0.068 0.079 0.079
WR;°¢ 0.175 - -
wR ¢ - 0.086 0.078

“ Observedif [1,>20Uo)] *R=E (Fonshi- [Featch) / = [Fobshi  © WR2 = [EW(F b Foate )/ EW(Fobs )12 ¥ WR = N[ZWi([Fobsli - [Foatch)? / WilFobsls®

SpuESIT 9PIXQ SUISIY pue durydsoyd ATrenio, [A sapifeH wnun X jo sexofduo)) — ¢ mideq)
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4.1 Introduction

Whilst studies into the chemistry of scandium have accelerated in recent years, it is
still the least studied 3d element. Indeed, no complexes of scandium halides with
phosphine or arsine oxide ligands have been structurally characterized, although in
situ ¥Sc NMR studies of ScClz / (RO);PO systems do include a brief mention of
complexes with Ph;PO, with the species [ScClz(PhsPO)s] (both mer and fac isomers),
[ScCl;(MeCN),(Ph;PO)] and [ScCls(MeCN)(PhsPO),] identified.! However, with this
exception, no studies of RsPO ligands with scandium halides were found in the

literature.

Further *Sc¢ NMR studies of scandium halide-phosphate systems have been
conducted,®> whilst other solution studies examining the extraction of scandium from
aqueous HCI solutions using phosphates have been conducted.* Similar extraction
experiments with sulfoxides have been examined and a series of complexes of

scandium salts with Ph,SO have been reported.>

Tetrahydrofuran complexes of scandium halides have received a relatively large
amount of attention, ranging from the synthesis and characterisation of anhydrous
[ScCl(THF)3]" ® (Fig. 4.1), formed by gently warming anhydrous ScCl; in an excess
of dry THF, to the controlled hydrolysis of the THF adduct to replace the coordinated
solvent with H;O in a stepwise fashion.” By halide abstraction in THF, further solvent

molecules can be coordinated to the scandium centre. '
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Fig. 4.1 View of the complex [ScCls(thf);].®

Further oxygen donor chemistry is examined in a series of papers by Willey et al,,
exploring complexes of crown ethers with scandium chloride, demonstrating different
coordination numbers around scandium centres from the eight-coordinate sandwich
cation [Sc([12]-crown-4),]’" to seven-coordinate [ScCly([15]-crown-5)]" and

including *Sc NMR studies (see Chapter 5).!'""*

As seen for yttrium halides, some Schiff base chemistry has been examined. For
example, the compound [Sc(2,6-diacetylpyridine)H,O]Cl3.5H,O (Ligand shown in
Fig. 4.2) has been reported."” Pyridine adducts of scandium derived from [ScCls(thf)s]
have also been studied.'® For example, the complex [[(MesSi);N]sSc(THF)] was
initially prepared by reaction of [ScClz(thf);] with three equivalents Na(SiMes) in
hexane. Addition of pyridine to a solution of [[(Me;Si):N]:Sc(THF)] in hexane
produced the complex [[(Me;Si),N]sSc(py)].'®

LA

N H N

LN
Fig. 4.2 The ligand “2,6-diacetylpyridine” which reacts with hydrated scandium
chloride in ethanol to afford the complex [Sc(2, 6-diacetylpyridine)H,0]Cls.5H,0."
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This study aims to reveal the coordination chemistry of scandium halides with R;PO
and R;AsO ligands. With no previous studies into compounds of this type, the initial
aim was to probe what complexes could be synthesised. The results would allow a
simple comparison of the coordination chemistry of scandium with that of yttrium,
given results detailed in Chapter 3. In addition, further examination of the ligating
powers of R;PO and R3AsO would be possible. Finally, the study offered a chance to
examine how these complexes behave in solution, probed by molar conductance and

multinuclear NMR spectroscopy.
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4.2 Results and Discussion

4.2.1 Complexes of scandium halides with triphenylphosphine oxide

The reaction of ScCl3.6H,O with three to six molar equivalents of triphenylphosphine
oxide in ethanol yielded white [ScCL,(PhsPO)4]Cl. Similar reactions with ScBr;.6H,O
and Scl3.8H,O yielded white [ScBra(Ph;PO)4]Br and yellow [Sclo(PhsPO)4]L
Attempts to isolate [ScClz3(PhsPO);] were unsuccessful, even when using 1:1 metal to
ligand ratios used in ethanol and acetone, but evidence for its existence was seen in
solution (see below). ScF3.1/2H,0 did not react with PhzPO in boiling ethanol or

acetone, even with longer reaction times.

The IR spectrum of [ScCly(PhsPO)4]Cl exhibited w(PO) = 1152 cm™ (compared to
1195 cm™ for the “free’ ligand), [ScBry(PhsPO),]Br.CH,Cl, had v(PO) = 1137 cm™
whilst the iodide complex had a strong band at 1132 cm™’, with water identified by a
broad band at 3466 cm™ and a sharp band at 1624 cm™. It was apparent that moving
along the halide series Cl—>Br—1, the value of v(PO) shifts to lower wavenumbers, as

seen for the analogous yttrium halide complexes described in Section 3.2.1.

The *'P-{'"H} NMR spectrum of [ScCl(PhsPO),]Cl in CH,Cl, contained a strong
resonance at 34.5 ppm, with weaker features at 34.0, 33.0 (ratio of integrals
approximately 2:1) and 26.0 (PhsPO) ppm. Addition of an excess of PhsPO to this
solution resulted in the loss of the weaker resonances at 34.0 and 33.0 ppm,
suggesting they could be assigned to the axial and equitorial ligands in mer-
[ScCl3(PhsPO)s], formed by decomposition in solution. The *Sc¢ NMR spectrum of
the initial solution contained a broad resonance at & 75 ppm (Wi, = 850 Hz), with a
weaker and broader resonance at 8 121 ppm (W1, = 1400 Hz). Following addition of
Ph;PO, the resonance at 121 ppm was not observed, consistent with its assignment as
[ScCl3(PhsPO);]. The complex had A, = 17 ohm™cm?mol™; rising to 22 ohm™ cm?
mol™ following addition of PhsPO, helping to confirm the presence of the non-
electrolyte [ScCli(PhsPO)3] in small quantities in solution. A summary of the
multinuclear NMR data for the ScX3 / Ph3PO system can be found in Table 4.1.
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3p_{H} NMR spectroscopy for a CH,Cl, solution of [ScBr(PhsPO)4]Br exhibited a
single resonance at 8 35.8 ppm, remaining unchanged upon addition of excess Ph;PO
(demonstrating that no tris(phosphine oxide) complex exists in solution). This contrasted
with the decomposition observed for solutions of [ScCl(PhsPO)4]CL. The “*Sc NMR
spectrum had a very broad resonance at 8 108 ppm (W1, = 4500 Hz), with no change
occurring after addition of further Ph;PO, confirming only a single species existed in
solution. Similarly, the *'P-{'H}NMR spectrum for [Scl,(PhsPO),]JL.2H;0 contained a
single resonance (8 38.0 ppm) which remained unchanged after addition of Ph;PO. In
contrast to the chloro- and bromo-complexes, the *Sc NMR spectrum was extremely
broad (W12 = 20000 Hz), centred at ca. 200 ppm. This seems a reasonable chemical shift
for [ScL(Ph;PO)4]I by comparison with other **Sc data (Table 4.1 and Fig. 4.5). Owing
to the large line width, further resonances could conceivably be obscured or masked,
although given the *'P-{'"H} NMR data and molar conductance data this seems unlikely.
The presence of water was confirmed by a broad singlet at 1.7 ppm in the 'H NMR
spectrum. The large line widths observed in the *’Sc NMR spectra indicate a significant
electric field gradient, allowing fast quadrupolar relaxation at the “*Sc nucleus, with
increasing line width along the series from Cl->Br—1. This behaviour is explained by the
increasing difference in electronic environment between the hard O of the R3EO ligand

and the softer halides.

The molar conductances for dichloromethane solutions of both [ScBr,(Ph;PO),]Br and
[ScIy(PhsPO)4]I were consistent with 1 : 1 electrolytes (A, = 21 and 22 ohm™ c¢m? mol

1Y with no significant change upon addition of PhsPO.

Table 4.1 Multinuclear NMR spectroscopic data for complexes of scandium(III) halides
with triphenylphosphine oxide.

Complex 8 C'P-{'H}) 5 (¥’Sc) Wi (Hz)
[ScCly(Ph;PO),]CI 345 75 850
[ScCl(PhsPO)s I 34.0,33.0 121 1400
[ScBrz(Ph;PO)4]Br 35.8 108 4500
[Sclz(Ph;PO)4)L 380 ca. 200 ca. 20000

? Identified in solution only.
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The structure of [ScBry(PhsPO)4]Br.1/2Et,0O (Fig. 4.3) reveals a six coordinate
scandium centre with frans octahedral geometry. The angles were close to the
idealised values (Br-Sc-Br = 179.04°, Br-Sc-O = 88.6(3)-91.3(3)°). The Sc-Br
distances seem to be the first reported examples (Sc-Br = 2.652(1) and 2.661(1) A).
The Sc-O-P angles range from 153.6(2) to 166.5(2)° (Ave. = 160.6°), showing less
variation than the analogous yttrium cation for which Y-O-P(ave.) = 164.1° (see

3.2.1). Selected bond lengths and angles are given in Table 4.2.
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Fig. 4.3 The structure of the cation in [ScBr(PhsPO)4]Br.1/2Et,0. H atoms omitted
for clarity. Ellipsoids are drawn at 40% probability.
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Table 4.2 Selected bond lengths (A) and angles (°) for the structure of
[ScBr2(PhsPO)4]Br.1/2Et,0.

Sc-0(1) 2.090(4) Sc-Br(1) 2.652(1)

Sc-0(2) 2.057(4) Sc-Br(2) 2.661(1)

Sc-0(3) 2.059(4) O(n)-P(n) 1.504(4)-1.512(4)
Sc-0(4) 2.074(4)

Sc-O(1)-P(1) 153.6(2) Sc-0(3)-P(3) 163.0(2)
Sc-0(2)-P(2) 159.1(3) Sc-0O(4)-P(4) 166.5(2)
Br(1)-Sc-Br(2) 179.04(5) O(n)-Sc-Br(n) 88.6(3)-91.3(3)

4.2.2 Complexes of scandium halides with diphenylmethylphosphine oxide

When ScCl;.6H,0 was reacted with three molar equivalents of Ph;MePO in boiling
acetone, the product isolated was [ScCl3(Ph,MePO);].H,O. In contrast, reaction of
ScBr;.6H,O with diphenylmethylphosphine oxide in ice-cold acetone yielded
[ScBr(Ph;MePO)4]Br. No pure iodo-complexes could be isolated. The complex
[ScCL(Ph;MePO)4]JCl1 could not be isolated, despite observation of the
[ScCl(Ph,MePO),4]” cation in solution.

The infrared spectrum of [ScCl(Ph,MeP0)3].H,0O contained w(PO) = 1143 c¢m™, with
water apparent from the broad band at 3420 cm™, and a sharper peak at 1643 cm™.
The presence of H,O was confirmed by a broad singlet at 1.7 ppm in the 'H NMR
spectrum. The IR spectrum of [ScBry(Ph;MeP0)4]Br exhibited v(PO) = 1138 cm™.

The *'P-{'H} NMR spectrum of [ScCls(Ph,MePO)s] in CH,Cl, contained resonances
at 8 29.0 (Ph,MePO), 40.5, 42.4 and 42.5 ppm. The peaks at 40.5 and 42.5 ppm had
integrals of 1:2, leading to their assignment to the inequivalent phosphine oxide
resonances of mer-[ScClz(Ph,MePO);]. Addition of Ph,MePO to this solution led to
complete conversion to the species with the resonance at 8 42.4 ppm, suggesting this
could be due to [ScCl(Ph,MePO)4]". The ¥*Sc NMR spectrum of [ScCl(Ph,MePO);] .
contained two peaks at 8 80 and 123 ppm, the latter significantly stronger. Addition
of PhyMePO to the solution caused growth of the minor peak, leading to the
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assignment of the resonance at 8 80 as [ScCl(Ph,MePO),4]Cl, with the species at &
123 being [ScChL(Ph,MePO);]. Multinuclear NMR  spectroscopic data are
summarised in Table 4.3. The molar conductance data for a CH,Cl, solution of
[ScCl:(Ph,MePO);] supported these conclusions with A, = 8 ohm'cm’?mol”,
consistent with a non-electrolyte. Addition of Ph,MePO led to A, = 23 ohm™cm?

mol™ (typical of a 1:1 electrolyte).

In contrast to the chloro-complex, the *'P-{'H} NMR spectrum of
[ScBr,(Ph;MePO)4]Br contained a resonance at & 41.0 ppm, and remained unchanged
upon addition of excess ligand to the solution. Similarly, the **Sc NMR spectrum
exhibited a single resonance at 8 100 ppm. The molar conductance was 22 ohm™ cm’
mol™ for a 10° mol dm™ dichloromethane solution of this complex, indicating the
compound was a 1:1 electrolyte, confirming that [ScBr3(Ph,MePO);] was not present

in any significant quantity.

Table 4.3 Multinuclear NMR spectroscopic data for complexes of scandium(III)

halides with diphenylmethylphosphine oxide.

Complex 5 C'e-{'H})) 8 (¥'Sc) Wi, (Hz)
[ScCls(Ph,MePO);] 40.5, 42.5 123 1100
[ScCL(Ph,MePO)ICI  42.4 80 2000
[ScBro(Ph,MePO)4]Br  41.0 100 8000

* Identified in solution only.

4.2.3 Complexes of scandium halides with trimethylphosphine oxide

The reaction of ScCl3.6H,O with six molar equivalents of Me;PO afforded
[ScCl(MesPO)s]Cl,. In contrast, reactions with ScBr;.6H,O or Scl;.8H,O with
Me;PO yielded [Sc(MesP0)s]X;3 (X = Br or I). In common with all the homoleptic
MesPO complexes isolated throughout these studies, the bromo- and iodo-complexes

were poorly soluble in chlorocarbons, ethanol or acetone but dissolved in MeNQO,. An
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attempt to abstract the coordinated chloride in [ScCl(Me3PO)s]Cl, with antimony

pentachloride in anhydrous MeCN was unsuccessful, with no reaction apparent.

The infrared spectra of all three compounds were simple:- [ScCl(MesPO)s]Cl,
contained v(PO) = 1109 cm”, [Sc(MesPO)s]Brs had w(PO) = 1110 cm” and
[Sc(MesPO)s]1; exhibited v(PO) = 1108 cm™.

The *'P-{'H} NMR spectrum of [ScCI(Me;PO)s]Cl, in nitromethane showed a
mixture of species present, with resonances at 6 36.5 (Me3;PO), 54.0, 54.5 and 56.0
ppm. The intensities of the peaks at 54.5 and 56.0 ppm were in a 1: 4 ratio,
suggesting they could be attributed to the inequivalent phosphorus centres in
[ScCi(MesPO)s]Cl,. The resonance at 54.0 disappeared following addition of Me;PO,
leading to its tentative assignment as [ScCl,(MesPO)4]CL. The **Sc NMR spectrum of
this complex in MeNO; consisted of resonances at 8 47.0 and 84.5 ppm. On addition
of excess Me;PO, only [ScCl(Me3;PO)s]Cl; (8 47.0 ppm) remained, along with very
minor resonances at 8 11 and 4 ppm. The latter was attributed to a very small quantity
of [Sc(Me3PO)s]Clz. The peak at § 11 ppm was apparent in the spectra of all three
scandium halide / Me;PO complexes. On addition of Me;PO this resonance
disappeared, whilst it was absent if the spectra were run in acetone (although the
solubility of the complexes in Me,CO is poor). Hence, the peak was tentatively
assigned as [Sc(MesPO)s..(MeNO,),I’. The 'H NMR spectrum of
[ScCl(MesPO)s]Cl, was complex, indicating a mixture of species was present in
solution. The molar conductance in nitromethane solution was 117 ohm™ ¢cm? mol, a
value in between that of a 1:1 and 2:1 electrolyte, rising to 180 ohm™ e¢m® mol™ upon

addition of Me;PO, typical of a 2:1 electrolyte.’

The *'P-{'"H} NMR spectrum of [Sc(MesPO)s]Br; in MeNO, contained four
resonances at & 36.5 (Me;PO), 56.5 ([Sc(Me;PO)s]Br3), 56.0 and 55.0 ppm (in a 4:1
ratio, suggesting [ScBr(Me;PO)s]Br;). On addition of excess MesPO, the resonance at
56.5 ppm grew, with coupling observed with eight lines of equal intensity due to

coupling to **Sc. The resonances at 56.0 and 55.0 remained as weak features. The
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*Sc NMR spectrum of the solution prior to addition of Me;PO exhibited resonances
at & 4.5 ([Sc(MesPO)s]Brs), 11.0 ([Sc(MesP0)s.A(MeNO,),]’") and 51.5 ppm
([ScBr(Me;PO)s]Br). Following Me;PO addition, the equilibrium position was shifted
towards [Sc(Me;PO)g]Brs, with well defined septet coupling (Fig. 4.4), indicating the
scandium metal centre is in a cubic environment of six equivalent phosphorus nuclei

with slow relaxation as a result. Multinuclear NMR data are summarised in Table 4.4.

&/ ppm

Fig. 4.4 ¥Sc NMR spectrum of [Sc(MesPO)s]Brs in MeNO, with excess MesPO

showing a binomial septet.

The *'P-{"H} NMR spectrum of [Sc(MesPO)s]l; in MeNO, was simple, with a single
species present at & 57.5 ppm, the spectrum remaining unchanged after addition of
Me;PO. The ¥*Sc NMR spectrum contained two resonances at & 4.0 and 9.0 ppm, the
former attributable to [Sc(MesPO)s]>". When excess MesPO was added, the resonance

at 9.0 ppm disappeared, suggesting it was due to [Sc(Me3PO)6_n(MeN02)n]3+.
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Table 4.4 Multinuclear NMR spectroscopic data for complexes of scandium(I1I)
halides with trimethylphosphine oxide.

Complex 8 C'P-{'H}) 8 (*Sc) Win(Hz)  “JCP-Sc)yHz
[ScCl(MezPO)s]Cl, 56.0, 54.5 47.0 250 -
[ScCl(MesPOYICIE 54.0 85.0 360 -
[Sc(MezPO)g]Br3 56.5 (octet) 4.4 (septet) - 19.0
[ScBr(MesPO)s]Bry*  56.0, 55.0 51.5 850 -
[Sc(MesPO)]13 57.0 (octet) 4.2 (septet) - 19.0

? Identified in solution only.

4.2.4 Complexes of scandium halides with triphenylarsine oxide

The reaction of ScCl3.6H,O with four molar equivalents Ph;AsO in ethanol gave
trans-[ScCl,(Ph3AsO)4]CL.2EtOH. The analogous reaction with scandium bromide
afforded [ScBry(Ph3AsO)4]Br.5H,0. No analytically pure iodide compound could be
isolated, although spectroscopic data appeared to suggest the cation was similar to the
bromo- and chloro-complexes. Both [ScClL(Ph3;AsO)4]JC1.2EtOH and [ScBry
(Ph3As0)4]Br.5H,O appeared to be air and moisture stable whilst the pale yellow
iodo-complexes darkened in colour upon exposure to air, due to liberation of diiodine.
Hence, the varying analyses for iodo-compounds weré attributed to differing

iodide/polyiodide anions.

The infrared spectrum of [ScCl,(Ph;AsO)]JC12EtOH had v(AsO) = 908 cm™, with
ethanol of solvation apparent as a broad band centred at 3407 cm’, its presence
confirmed by the characteristic resonances in the 'H NMR spectrum.
[ScBra(Ph3As0)4]Br.5H,0 contained v(AsO) = 883 cm™, water apparent by a broad
band at 3400 cm™ and a sharper band at 1654 cm™. The 'H NMR spectrum had a
broad singlet at & 1.8 ppm, with the integrals confirming five H;O molecules were

present. The iodo-compound exhibited W(AsO) = 883 cm™.

129



Chapter 4 — Complexes of Scandium Halides with Tertiary Phosphine and Arsine Oxide Ligands

The *Sc NMR spectrum of [ScCly(Ph3AsO)4]Cl1 in CH,Cl, had a single, broad
resonance at & 96 ppm (Wi, = 4000 Hz), with no evidence observed for
decomposition to [ScCl3(Ph;AsO);], contrasting with the solution behaviour of
[ScCL(PhsPO)]CI (see 4.2.1). The ¥*Sc NMR spectrum of the bromide complex
contained a significantly broader (Wi, = 18000 Hz) resonance centred at ca. 140
ppm. No resonances were observed for a solution of the iodo-complex, presumably
because the line widths were unobservably broad. The “Sc NMR data is summarised
in Table 4.5, with data for the Ph;PO analogues also included for comparison. The
line widths moving from Cl->Br—I were broader than for the Ph;PO system, with the
iodide compound noticeably too broad for observation. This behaviour is due to a
greater disparity between the harder O of Ph3AsO and the increasingly softer halides
compared to the difference when PhsPO was the ligand, causing faster quadrupolar
relaxation because of the greater electric field asymmetry (see Chapter 1 for
explanation). It is also clear that the *Sc NMR chemical shift increases when Ph;AsO
is the donor ligand (compared to shifts for PhsPO complexes). All three compounds
were 1:1 electrolytes in dichloromethane solutions. The conductivities were

unaffected on addition of further Ph;AsO.

Table 4.5 Sc NMR spectroscopic data for complexes of scandium(IIT) halides with
Ph3EO ligands (E = As or P) in dichloromethane solution.

Complex 5 (¥Sc) Wy (Hz)
[ScCly(PhsAsO)4]CI 9 4000
[ScClLy(PhsPO)4]CH 75 850
[ScCl(PhsPO);]* 121 1400
[ScBr;(Ph;AsO)4]Br ca. 140 18000
[ScBr,(Ph;PO)4]Br 108 4500

[Scl(Ph3 AsO)4]l - Unobservably broad
[Scl2(PhsPO)4]T ca. 200 ca. 20000

* Identified in solution only.
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The structure of [ScCl,(Ph3AsO)4]C1.2EtOH was determined (Fig. 4.5), revealing
trans-chlorides, with the geometry around the scandium centre octahedral, with
angles close to those of an idealised octahedron (Cl-Sc-Cl = 179.8(1)°, O(n)-Sc-Cl(n)
= 88.6(3)-91.3(3)°). The Sc-Cl bond lengths (2.562(4) & 2.545(4) A) were ca. 0.15 A
longer than those observed for [ScCls(thf);] or some reported ScCls / crown ether
complexes.® > * The Sc-O-As angles were more acute than the Sc-O-P angles
observed for [ScBry(Ph;PO)4]Br (Table 4.6) presumably owing to a combination of
steric hindrance caused by the greater bulk of Br compared to the lighter Cl, and the
added steric bulk of As compared to P. The Sc-O(As) distances were similar to those
observed for [Sc(Ph3As0);(NO;3)z]NO; (For [Sc(PhsAsO)3(NO;3);]NOs, Sc-O(As) =
1.996(4) to 2.030(4) c.f. 2.059(7) to 2.089(7) A).

Fig. 4.5 The structure of the cation in [ScCl(Ph;AsO)4]JCl showing the atom
numbering scheme. Ellipsoids are drawn at the 40% probability level and H atoms are

omitted for clarity.
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Table 4.6 Selected bond lengths (A) and angles (°) for the structure of
[SCClz(Ph3ASO)4]C1.

Sc-0(1) 2.079(7) Sc-Cl(1) 2.562(4)
Sc-0(2) 2.089(7) Sc-CI(2) 2.545(4)

Sc-0(3) 2.059(7) O(n)-As(n) 1.651(7)-1.668(7)
Sc-0(4) 2.063(7)

Sc-0(1)-As(1) 146.6(4) Sc-0(3)-As(3)  147.3(5)
Sc-0(2)-As(2) 145.4(5) Sc-0(4)-As(4)  147.5(5)
CI(1)-Sc-CI(2) 179.8(1) On)-Sc-Cl(n)  88.6(3)-91.3(3)

4.2.5 Complexes of scandium halides with trimethylarsine oxide

The reaction of Me3AsO with ScCl3.6H;O in a 6 : 1 molar ratio in ethanol yielded
white [Sc(Me3AsO)s]Cls, contrasting with the analogous reaction with Me;PO which
yielded the pentakis species [ScCl(MesPO)s]Cl,. Similar hexakis(arsine oxide)

products were seen when using ScBr3;.6H,;0 and Scl;.8H;O.

The infrared spectrum of the chloro-complex contained three strong bands at 924, 874
and 844 cm’, attributed to v(AsO) and methyl rocking modes (it is difficult to
distinguish between these). The spectrum for [Sc(Me;AsO)g]Br; was similar, with
bands at 926, 874 and 846 cm™, whilst the spectrum of [Sc(Me;AsO)s]ls.3H,0 had
bands at 921, 872 and 844 cm™ in addition to absorptions assigned to water at 3440
(broad) and 1647 cm™. The presence of water was confirmed by a broad singlet at 1.7

ppm in the "H NMR spectrum.

The *Sc NMR spectum of [Sc(Me;AsO)s]Cl; in MeNO; contained a major resonance
at 8 56.0 ppm, with a much weaker broad feature at 8 84 ppm. Addition of Me;AsO
to the solution caused the weak feature to disappear, suggesting it was due to
[ScCl(Me;AsO)s]Cl,. Molar conductance data in nitromethane solution supported this
assignment, with addition of Me3;AsO to the solution causing A to rise from 214
ohm™cm’mol™ to 251 ohm™cm’mol’, the latter typical of a 3 : 1 electrolyte.'” In

addition, two methyl resonances were observed in the 'H NMR spectrum, singlets at
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8 2.1 and 2.05 ppm, the latter significantly weaker, suggesting the presence of a
second (minor) complex. The spectra for both [Sc(Me3;AsO)s]Brs and
[Sc(MesAsO)s]13.3H,0 in MeNO; contained a single *Sc resonance in each at 8 56
ppm which remained unchanged on addition of Me3AsO in both cases. ¥S¢ NMR
data are presented in Table 4.7, with the homoleptic compounds exhibiting narrower
line widths than for [ScCl(Me3;AsO)s]Cl; and other non-homoleptic complexes
identified in this chapter. This strongly suggests that the scandium centres are in cubic
symmetry environments. Both showed an increase in molar conductance when excess
ligand was added, suggesting some (minor) coordinated halide species exist prior to

this (although not enough to be detected by **Sc NMR spectroscopy).

Table 4.7 ©*Sc NMR spectroscopy data for the scandium halide-Me;AsO complexes

in nitromethane solution.

Complex 8 (*Sc) Wi, (Hz)
[Sc(Me3AsO)s]Cls 56 80
[ScCl(Me; AsO)s]CLL° 84 400
[Sc(Me3AsO)s]Br; 56 70
[Sc(Me3AsO)s]l5 56 70

? Identified in solution only.

The structure of [Sc(Me3;AsO)s]Brs was determined (Fig. 4.6) and as expected, the

bond lengths and angles within the cation were very similar to those of

[SC(MC3ASO)6] [NO3] 3.
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Fig. 4.6 View of the cation in [Sc(Me3;AsO)¢]Br; showing the atom numbering

scheme. Ellipsoids are drawn at the 40% probability level and H atoms are omitted

for clarity.

Table 4.8 Selected bond lengths (A) and angles (°) for [Sc(Me3;AsO)s]Brs.

Sc-0(1) 2.08(2) Sc-0(3) 2.11(2)
Sc-0(2) 2.11(2) O(n)-As(n) 1.65(2)-1.69(2)
Sc-0O(1)-As(1) 133.8(9) 0(1)-S¢c-0(2) 89.5(6)
Sc-0(2)-As(2) 132.6(10) 0(1)-S¢-0(3) 90.5(7)
Sc-0(3)-As(3) 146.3(10) 0(2)-Sc-0(3) 88.3(6)

4.2.6 *Sc NMR studies

Whilst the >'P nucleus is very sensitive, the chemical shifts were seen to vary very little

between complexes in each ScX3 / RsPO system resulting in resonances which can be

difficult to resolve owing to near coincidence. In contrast, the **Sc NMR chemical shifts
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and line widths vary significantly (Table 4.9). For example, when the #S¢ nucleus is in a
high symmetry environment such as the ScOs species, resonances are relatively sharp
whilst in contrast it was concluded that the resonance in [Scl(Ph3;AsO)4]I was
unobservably broad. There is a possibility that resonances may be hidden underneath
broader features. The line widths were seen to increase along the series Cl->Br—I,

whilst changing from P to As also causes an increase in Wy.

Table 4.9 Comparison of **Sc NMR line widths between related RsPO and R3AsO

complexes.

Complex Win (Hz) Complex Wi (Hz)
[ScCl(PhsPO),]CI 850 [ScBr(Me;P0O)s]|Br, 850
[ScCl3(PhsPO)s] 1400 [ScCly(Ph3AsO)4]Cl 4000
[ScBr(PhsPO)4]Br 4500 [ScBry(Ph;AsO)4]Br 18000
[Scl(PhsPO)4]l ca. 20000 [Sclz(Ph3AsO)4]1 Unobservable
[ScCl3(Ph,MePQO);] 1100 [Sc(Me3AsO)]Cl 80
[ScCl(Ph,MePO),]JC1 2000 [ScCl(Me3AsO)s]Cl, 400
[ScBry(Ph,MePO)4]Br 8000 [Sc(Me3AsO)s]Br3 70
[ScCl(Me3PO)5ICl, 250 [Sc(Me3AsO)s]ls 70
[ScCl(MesPO)4]Cl 360

The Sc NMR chemical shifts exhibit systematic trends with donor set (Fig. 4.5). It was
apparent that moving from Cl—Br—>I, & moves to higher frequency, whilst moving
from R3PO to R3AsO also causes an increase in the value of 8. Similar behaviour was
seen for the YX3 / RsEO system (Chapter 3). In contrast to the Y NMR spectra,
coupling patterns were not observed, with the exception of the highly symmetrical

[Sc(MesPO)]** species where the cubic environment causes slow relaxation of the
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quadrupolar *Sc nucleus. It was evident through these studies that intermolecular

exchange with added R;EO (E = As or P) was slow on the NMR time scales.
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[Sc(OAsMey), ] 25 [Sc(OAsMe)CI*
56 84
3- -
[ScCl] [ScBr,]”
249 288

Lzs TlSU

[Sc(OPPh),CL] % [S¢(OPPh),CL]" -2 [Sc(OPPhy),Br]” —2+ [Sc(OPPh),L]"
121 75 108 ~200

121 132
[Sc(OAsPh),CL] [Sc(OAsPhy),Br,]’
% 140

Fig. 4.7 Scheme showing systematic trends in **Sc NMR chemical shifts. Numbers under species are the chemical shift whilst
values by arrows are the difference in chemical shift. The values for [ScXs]> ions obtained from Ref. 18. (There is some
variation in the temperature of observation and solvents used. However, whilst this may alter specific values slightly, the trends

are still valid).
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4.2.7 Reaction scheme

Sc¢X,nH 0O (X=Cl, BrorI) + PhhPO ——

ScCL.6H,0 + PhMePO —
ScBr;.6H,0 + Ph,MePO —
ScCL.6H,0 + Me,PO e

ScX,nH,0 + Me,PO (X = Bror I) —b
ScX;.nH O + PhAsO (X =ClL, Bror]) —*
ScXanH0 + Me,AsO(X=Cl, BrorI) ——*

* = Solvents of crystallisation present in some complexes
x = *+10do complex not analytically pure

[ScX,(PhPO), JX*
[S¢Cl,(Ph,MePO),]. H,O

[ScBr,(Ph,MePO), |Br
[ScCl(Me,PO).|C]
[Sc(dMe.PO)IX,*
[Sc3(Ph,AsO), X
[Sc(Me,AsO), X *

Fig. 4.8 Reaction scheme indicating the compounds isolated in this study from reactions

of hydrated scandium halide salts with tertiary phosphine and arsine oxide ligands.
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4.3 Conclusions

When scandium halides were reacted with phosphine oxide ligands, complexes were
formed with a ligand to metal ratio ranging from 3:1 to 6:1, although only some
stoichiometries form with each ligand. With arsine oxide ligands, no 3:1 or 5:1
complexes were isolated, although some evidence for the existence of
[ScCl(Me;AsO)s]*" in solution was observed. In all cases, the compounds isolated
contained six-coordinate scandium centres, as seen in the analogous yttrium halide
systems (Chapter 3). The results suggest scandium has a greater affinity for the lighter
halides, as predicted on the basis of their greater electronegativity. For example, in the
MesPO systems, [ScCl(MesPO)s]Cl; was isolated, whilst similar reactions with
ScX3.nH,O (X = Br or I) afforded hexakis(phosphine oxide) compounds. Similarly,
[ScCl3(PhsPO);] was observed in solution, whilst the bromide and iodide species
showed no evidence for similar complexes. As for yttrium, scandium exhibits a greater
affinity for nitrate groups than halides. This is demonstrated by the formation of
[Sc(PhsP0O)4X;]X compared to [Sc(Ph;PO),(NOs)s]. Further evidence is provided by the
Ph3AsO systems, for which scandium halides consistently form tetrakis(arsine oxide)
compounds, whilst for scandium nitrates, both [Sc(PhsAsO)(NOs);] and
[Sc(Ph3 AsO)3(NO;3),]NO; are produced.

Like yttrium, scandium also demonstrated a greater affinity for R3AsO than R3PO
ligands. For example, whilst the pentakis species [ScCl(MesPO)s]Cl, is formed, from
the analogous reaction [Sc(Me3AsO)]Cl; was isolated. Similarly, evidence was
observed for [ScCl(Ph;PO)s] in solution whilst the lowest ligand to metal ratio arsine

oxide complexes detected were of the type [ScX2(Ph3As0),]X (X = Cl, Broor I).

Comparison of results with the yttrium halide system reveals a tendency to lower ligand

to metal ratios for scandium complexes, presumably due to the smaller radius of Sc**
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(0.83 compared with 1.06 A for yttrium). For example, evidence for [YCI(PhsPO)s]*"
was seen in solution whilst no resonances attributable to a pentakis(Ph;PO) species were

observed for scandium halides.
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4.4 Experimental

Ph;PO, PhyMePO, Ph3AsO (Aldrich) and Me;PO (Alfa) were used as received.
Me3AsO was prepared by oxidation of trimethylarsine in diethyl ether by hydrogen
peroxide, with sublimation of the product in vacuo used to purify the product.”
Sca(SO4); was prepared by addition of Sc;03 (1.4 g, 10 mmol) to a solution of 98%
H,SO, in water (100 ¢m®) with the reaction mixture heated to reflux for 48 h. The
solution was evaporated to ca. 10 cm’ then left to stand. The white solid was filtered off
and dried in vacuo. Yield 88%. ScF3.1/2H,O was prepared by precipitation from
aqueous solutions of Scz(SO4); and NaF, with the solid filtered off, washed with water
and then dried in vacuo. ScCl3.6H,O was produced by addition of barium chloride
solution to an aqueous solution of Scy(SO4); in a 3 : 1 molar ratio. The precipitated
BaSO, was removed by filtration, with the filtrate evaporated to dryness in vacuo to
leave a cream hygroscopic solid. Yield 90%. (Found: Cl, 40.8. Calc. for ScCl;.6H,0: Cl,
41.0%). Scl3.8H,0 was made similarly, yielding a fawn coloured hygroscopic product
that was stored in a dessicator. Yield 86%. (Found: I, 66.7. Calc. for Scl;.8H,O: I,
66.8%). In contrast, ScBr;.6H;0 was formed by reaction of Sc,O; with an aqueous
solution of 48% HBr, with a 1 : 6 molar ratio of metal salt to acid. The mixture was
refluxed until all scandium oxide had dissolved. The solution was evaporated to ca. 10
cm’ then left to stand. The pale orange solid produced was filtered off and dried in

vacuo. Yield 79%. (Found: Br, 60.8. Calc. for ScBrs;.6H,0: Br, 61.0%).

4.4.1 Complexes of scandium halides with triphenylphosphine oxide

[Sc(Ph;PO),CL]CI

In warm (60 °C) ethanol (10 cm?), scandium chloride hexahydrate (0.13 g, 0.5 mmol)
and triphenylphosphine oxide (0.55 g, 2 mmol) were dissolved separately, the solutions
mixed well then refrigerated overnight. The solution was concentrated to ca. 10 cm’,

then refrigerated for 1 h, following which the white solid formed was filtered off and

141



Chapter 4 — Complexes of Scandium Halides with Tertiary Phosphine and Arsine Oxide Ligands

dried in vacuo. Yield 0.35 g, 50%. (Found: C, 68.4; H, 4.7. Calc. for C;,HgCl304P4Sc:
C, 68.4; H, 4.8%). IR (cm™) (CsI disc): 3055w, 1624w, 1591w, 1439m, 1358w, 1191w,
1152s (PO), 11225, 10915, 1046w, 1029w, 999m, 751m, 726s, 697s, 544s, 473m, 460m,
445m, 430m. >'P-{'"H} NMR (300 K, CH,CL,): 34.5, 34.0, 33.0, 26.0. **Sc NMR (300
K, CHCLy): 76 (Wi, = 1000 Hz), 121 (W3, = 1000 Hz). 'H NMR (300 K, CDCls): 7.0
- 7.9(m). A (10° mol dm™, CH,Cly) = 17 ohm™ cm® mol”, + excess PhsPO 22.

[Se(Ph3PO)4Br;]Br.CH,Cl,

A solution of scandium bromide hexahydrate (0.39 g, 1.0 mmol) was dissolved in ice-
cold ethanol (10 ¢cm®) and added to PhsPO (1.11 g, 4 mmol) in ethanol (5 cm®) with the
mixture stirred for 1 h, The solution was refrigerated for 1 h, affording a white solid
which was filtered off and dried in vacuo. This was recrystallised by vapour diffusion of
diethyl ether into a dichloromethane solution of the solid. Yield 0.84 g, 60 %. (Found: C,
59.0; H, 4.5. Calc. for C;3HeBrsCLIOP,Sc: C, 59.1; H, 4.2%). IR (cm™) (CsI disc):
3056w, 1620w, 1591w, 1438m, 1358w, 1188w, 1137s (PO), 1120s, 1084s, 1028m,
1000m, 750m, 725s, 692s, 547s, 465m, 454m, 426w, 317m, 306m, 269m, 255m.
p.{'H} NMR (300 K, CH,Cl): 35.8. *Sc NMR (300 K, CH,CL,): 108 (Wy2= 4000
Hz). 'H NMR (300 K, CDCL): 7.0-7.6(m), 5.2(s). Am (CH2ClL, 10 mol dm™) = 21
ohm™ cm? mol”, + excess PhsPO = 23.

[Se(PhsPO),L]1.2H,0

This was made similarly to the chloride analogue, as a pale yellow solid. Yield 0.35 g,
44%. (Found: C, 54.7; H, 3.7. Calc. for C;Hs306P4Sc: C, 54.9; H, 4.1 %). IR (cm™)
(Csl disc): 3466br, 3054w, 1624w, 1590w, 1438m, 1359w, 1187w, 1132s (PO), 1122s,
1073s, 1027m, 999m, 750m, 725s, 693s, 543s, 464m, 452m, 425w. *'P-{'H} NMR
(300 K, CH,Cl,): 38.0. ®Sc NMR (300 K, CH,CL,): ca. 200 (W, = 10000 Hz). 'H
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NMR (300 K, CDCl): 7.0-7.7(m), 1.7 (H;0). A, (10® mol dm® CH,Cl,) = 22 ohm™

cm’ mol™.

4.4.2 Complexes of scandium halides with diphenylmethylphosphine oxide

[ScCl3(Ph,MePO);].H,O

A solution of diphenylmethylphosphine oxide (0.16 g, 0.75 mmol) in boiling acetone
(10 cm®) was added to a solution of scandium chloride hexahydrate (0.06 g, 0.25 mmol)
in acetone (5 cm”) resulting in a white suspension. Hexane (10 cm®) was added affording
a sticky solid which was separated and stirred with diethyl ether for 24 h. The white
powder produced was filtered off and dried in vacuo. Yield 0.17 g, 59%. (Found: C,
56.8; H, 5.1. Calc. for C3sHuCl;04P3Sc: C, 57.2; H, 5.0 %). IR (cm™)(Csl disc): 3420br,
3056w, 2913w, 1643m, 1439s, 1359w, 1143s (PO), 1127sh, 1099m, 1028w, 998w,
901s, 783m, 746s, 720m, 696s, 517s, 507sh, 429w. **Sc NMR (300 K, CH,CL,): 123, 80
(w). >'P-{'H} NMR (300 K, CH,CL,): 40.5, 42.4, 42.5. '"H NMR (300 K, CDCL): 1.7
br[2H], 1.9 (d, *pu = 13 Hz)[3H], 2.5 (d, “/pu = 13 Hz)[6H], 7.3-7.9 (m)[30H]. An,
(CH,Cly, 10° mol dm™) = 8 ohm™ cm?® mol ™, + excess PhsAsO = 23.

[ScBry(Ph,MePO)4]Br

To a solution of Ph,MePO (0.22 g, 1.0 mmol) in ice-cold acetone (10 cm®), a solution of
scandium bromide hexahydrate (0.09 g, 0.25 mmol) in acetone (5 cm’) was added, and
the resultant mixture stirred for 1 h. Concentration of the solution to ca. 5 cm® followed
by refrigeration overnight precipitated a white solid. This was filtered off and dried in
vacuo. Yield 0.14 g, 49%. (Found: C, 55.3; H, 4.8. Calc. for Cs;Hs;Br;04P,Sc: C, 54.3;
H, 4.6 %). IR (cm'l) (Csl disc) 3420br, 3050w, 2908w, 1638m, 1486m, 1438s, 1363w,
1138s (PO), 1094m, 1073w, 1028m, 998w, 894s, 787m, 746s, 719m, 695s, 515s. **Sc
NMR (300 K, CH,Cl,): 100 (Wi, = 5000 Hz). *'P-{'"H} NMR (300 K, CH,Cl,): 41.0,
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40.3 (w). 'H NMR (300 K, CDCL): 1.92 (d, /o = 13 Hz)[12H], 7.3-7.9 (m)[40H]. 4y,
(CH,Cl,, 10® mol dm™) = 22 ohm™ cm?mol™.

4.4.3 Complexes of scandium halides with trimethylphosphine oxide

[Sc(Me;PO)sCHCL

Ice-cold ethanolic solutions (10 cm®) of ScCls.6HO (0.13 g, 0.5 mmol) and MesPO
(0.28 g, 3 mmol) were mixed together, stirred for 1 h, then concentrated to ca. 5 cm’ and
refrigerated overnight. The white solid formed was filtered off and dried in vacuo. Yield
0.24 g, 63%. (Found: C, 29.7; H, 8.1. Calc. for C;sHssCLOsPsSc: C, 29.4; H, 7.4%). IR
(cm™) (CsI disc): 2964w, 2896w, 1421w, 1360w, 1299m, 1182w, 1109br,vs (PO), 9595,
872s, 845m, 762s, 682m, 559w, 427s. >'P-{'H} NMR (300 K, MeNO,): 36.5, 54.0,
54.5, 56.0. *Sc NMR (300 K, MeNO,): 47 (W1, = 4000 Hz), 84.5. "H NMR (300 K,
d*>-MeNOy): 1.5(d, “JC'P-'H) = 14 Hz); 1.7(d), 1.8(d, YC'P-'H) = 14 Hz), 1.90(d,
2JC'P-'H) = 14 Hz). A (10° mol dm™ MeNO,) = 117 ohm™ cm® mol”, + excess
MesPQO 180.

[Sc(Me3;PO)g|Brs

To a solution of scandium bromide hexahydrate (0.20 g, 0.5 mmol) in ice-cold ethanol
(10 cm®), trimethylphosphine oxide (0.28 g, 3 mmol) in ethanol (5 e¢m’) was added,
immediately affording a white precipitate. The mixture was left to stand for 1 h, the
precipitate filtered off and dried in vacuo. Yield 0.29 g, 54%. (Found: C, 25.2; H, 6.6.
Calc. for CisHssBrsOsPsSc: C, 25.8; H, 6.5%). IR (cm™) (Csl disc): 2964w, 2897w,
1422m, 1361w, 1312m, 1299m, 1183w, 1110v br (PO), s, 960s, 872s, 762m, 682m,
428s, 418s. *'P-{'H} NMR (300 K, MeNO,): 36.5, 55.0, 56.0, 56.5(m). **Sc NMR
(MeNQ,): 4.5, 51.5. "H NMR (300 K, &>-MeNO,): 1.5(d) Z/C'P-'H) = 14 Hz), 1.85 (d,
2JC'P-'H) = 14 Hz), 1.70(d), 1.85(d, >JC'P-'H) = 14 Hz). A (10° mol dm™ MeNO,) =
179 ohm™! em? mol™, + excess MesPO 221.
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[Se(MesPO)6] 1. EtOH

Solutions of Scl;.8H,0 (0.11 g, 0.25 mmol) and Me;PO (0.14 g, 1.5 mmol) in boiling
ethanol (10 cm®) were mixed well, yielding a pale yellow precipitate. The precipitate
was filtered off and dried in vacuo. Yield 0.14 g, 67%. (Found: C, 24.2; H, 6.1. Calc. for
CaoHgol30PsSc: C, 23.6; H, 5.9%). IR (cm™) (Csl disc): 3480br, 2964w, 2898w,
1421m, 1360w, 1312m, 1299m, 1184w, 1108vbr, s (PO), 957s, 871s, 761m, 681m,
427s.  *'P-{'H} NMR (300K, MeNO,): ca. 57.5(s). *Sc NMR (300 K, MeNO,): 4.0,
9.0. '"H NMR (300 K, d>MeNO,): 1.1(t), 3.4(q), 1.88(d, 2/*'P-'H) = 13 Hz), 1.78-
1.82(br). A (10° mol dm® MeNO,) = 189 ohm™ cm? mol”, + excess Me;PO 242.

4.4.4 Complexes of scandium halides with triphenylarsine oxide

[Se(PhsAsO)4CL]CL.2EtOH

To a solution of ScCls.6H,0 (0.06 g, 0.25 mmol) in boiling ethanol (5 cm®), an ethanolic
solution (5 ¢m®) of Ph3AsO (0.32 g, 1.0 mmol) was added and the mixture stirred for 1
h. The solution was then concentrated to ca. 5 cm® and refrigerated for 24 h. The white
solid was filtered off and dried in vacuo. Yield 0.16 g, 45%. (Found: C, 58.9; H, 4.5.
Calc. for CssH72As4CL06Sc: C, 59.5; H, 4.7 %). IR (cm™)(CslI disc): 3407br, 3055w,
1583w, 1485m, 1440m, 1358w, 1187w, 1162w, 1089s, 1070w, 1027m, 999m, 908vs
(AsO), 883m, 745s, 692s, 480s, 458m. **Sc NMR (300 K, CH,CL): 96 (Wi, = 4000
Hz). 'H NMR (300 K, CDCl): § 7.0-7.7(m)[60H], 1.2(t)[6H], 3.4(q)[4H] (EtOH). A
(CH,Cl,, 10° mol dm™) =20 ohm™ cm? mol, + excess Ph;AsO = 24.

[Sc(Ph3AsO)4Br;]Br.5H,O

Was made similarly to the chloride analogue, furnishing a pale yellow solid. Yield 0.22
g, 54%. (Found: C, 51.4; H, 3.6. Calc. for C7;H7AssBr;0sSc: C, 51.9; H, 4.3 %). IR
(ecm™) (Csl disc): 3400br, 3051w, 1654m, 1582w, 1485m, 1440s, 1354w, 1185m,
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1162w, 1088s, 1027w, 999m, 883s (AsO), 762s, 744s, 691s, 482s, 473s, 457m, 413m.
#Sc NMR (300 K, CH,CLy): ca. 140 (Wi, = 20000 Hz.). 'H NMR (300 K, CDCL): 7.1-
6.6 (m)[60H], 1.8 br{10H]. A (CH,Clz, 10? mol dm™) = 19 ohm™ cm? mol”, + excess
Ph;AsO = 23.

“[ScL(Ph;AsO))1”

Was made similarly to the chloride analogue, yielding an ochre solid. Yield 0.20 g, 46%.
An analytically pure sample could not be obtained (see 4.2.4). IR (cm™) (CsI disc):
3300m, 1636w, 1439m, 1359w, 1185w, 1161w, 1088s, 1027w, 998m, 883s, br (AsO),
739s, 690s, 477m, 457m, 419m. “Sc NMR (300 K, CH,Cl,): Not observed. '"H NMR
(300 K, CDCL): 7.15-7.7 (m). Am (CH,Cl,, 10® mol dm™) = 20 ohm™ em® mol?, +
excess Ph3AsO = 23.

4.4.5 Complexes of scandium halides with trimethylarsine oxide

[Se(Me3AsO)s]Cls

ScCl;.6H,0 (0.05 g, 0.19 mmol) was dissolved in boiling ethanol (10 cm’) and added to
an ethanolic solution (10 cm’) of Me;AsO (0.21 g, 1.5 mmol), affording a white
suspension, The solution was concentrated to ca. 10 cm’, with the resultant white solid
filtered off and dried in vacuo. Yield 0.13 g, 71%. (Found: C, 22.1; H, 5.6. Calc. for
CisHs4As6Cl306Sc: C, 22.3; H, 5.6 %). IR (cm'l) (CsI disc): 2981w, 2904w, 1418m,
1359w, 1295w, 1269m, 1114w, 924s, 874s, 844s, 647s, 420m. “Sc NMR (300 K,
MeNO): 56.0, 84 (vw). 'H NMR (300 K, d*-MeNOy): 2.1 (s), 2.05 (W). Ay (MeNO;,
10” mol dm‘3) =214 ohm™ cm® mol™, + excess MesAsO = 251.

[Sc(MesAsO)s]Brs
Was made similarly to the chloride analogue. Yield 0.13 g, 62%. (Found: C, 19.0; H,
5.0. Calc. for CisHssAssBr;06Sc: C, 19.6; H, 5.0 %). IR (cm™) (Csl disc): 2982w,
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2920w, 1653w, 1418m, 1359m, 1268m, 1088m, 926s, 874s, 846s, 648s, 420m. *Sc
NMR (300 K, MeNO,): 56.0. '"H NMR (300 K, d>-MeNO;): 2.05 (s). Ay (MeNO,, 10°

mol dm™) = 239 ohm™ cm? mol™, + excess Me; AsO = 281.

[Sc(MesAsO)s]1:.3H0

Solutions of ScI;.8H,0 (0.10 g, 0.17 mmol) and Me3AsO (0.14 g, 1.0 mmol) in warm
(60°C) ethanol (10 cm®) were mixed, yielding a pale yellow solid immediately, which
was filtered off and dried in vacuo. Yield 0.11 g, 53%. (Found: C, 15.8; H, 3.9. Calc. for
CisHeoAssl30sSc: C, 16.7; H, 4.6 %). IR (cm™) (CsI disc): 3440br, 2978w, 2902w,
1647w, 1417m, 1359w, 1265m, 1088w, 921s, 872s, 844s, 646s, 420m. *Sc NMR (300
K, MeNO,): 56.0. "TH NMR (300 K, d*-MeNOy): 2.1 (s), 2.05 (w). An (MeNO,, 10° mol
dm'3) =253 ohm™ cm? mol'l, + excess Me;AsO = 280.

4.4.6 Crystallographic studies

Details of the crystallographic data collection and refinement parameters are given in

Table 4.10.

[SeBr:(Ph;PO)4]Br.1/2Et,0
Colourless plate crystals were grown by vapour diffusion of Et,0 into a CH,Cl,
solution of [ScBry(PhsPO)4]Br.CH,Cl, in a refrigerator. Full-matrix least squares

refinement on F was carried out in TEXSAN 22!

[SeCL(Ph3;As0),4]Cl

Plate-like crystals were grown by vapour diffusion from a CH,Cl — Et;O system with
the recrystallisation cell held in a refrigerator. Solution on F* was carried out using
SHELXL 97.*% % Initially, refinement was conducted in the triclinic space group Pi

(No. 2) with Z = 4. However, the value of Z caused some concern*® and examination
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of data revealed systematic absences consistent with a monoclinic space group.

Hence, refinement was carried out in P2;/c (No. 14).

[Sc(Me3AsO)q|Brs

Small block crystals were obtained by vapour diffusion of Et;O into a MeNO; solution
of the complex containing an excess of Me3AsO to prevent any decomposition into
[ScBr(MegAsO)5]2+. Refinement on F was carried out,””?! with anisotropic refinement
giving some O and C atoms non-positive definite thermal parameters. As a result, all O

and C atoms were refined isotropically.
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Table 4.10 Crystallographic data collection and refinement parameters

[ScBry(Ph;P0),]Br.1/2Et,0 [ScCly(PhsAsO)]Cl [Sc(MesAsO)s]Brs
Formula CrHgBrsO4P,Sc + %(CyH,;,00) CHgpAs,CL0,48¢ C1gHs54A8:Br; 04S¢
Formula weight 1434.839 1440.19 1100.82
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 (No. 2) P2,/ (No. 14) C2/c (No. 15)
alA 14.2119(4) 18.436(2) 17.7475(5)
blA 14.7923(4) 18.946(3) 16.9358(5)
cl/A 17.6032(5) 18.393(3) 12.5771(4)
al® 66.695(2) 90 90

ple 80.919(1) 90.04(1) 96.643(1)

¥l ° 89.302(1) 90 90

UlA? 3351.02) 6424.5(18) 3754.92)

VA 2 4 4

HMo-Ky)/ em™ 20.5 23.33 86.7

No. unique reflections 15012 9826 4371

Ry 0.054 0.16 0.093

No. of obs. reflections 8868° 9826° 1581°

No. parameter/restraint 77710 758/0 96/0

R® 0.059 0.081 0.065

wR,¢ - 0.217 -

wR¢ 0.073 - 0.114

*Observed if [I, > 20(o)] * R=X (Fobsi- Feaicl) / T |Fobsli

€ WR2 = [Zw(Fobsz'Fcalcz)z/zw(Fobsz)zl”2 4 WwR= \I[Zwi(lFohsli' |Fcalcl i)2 / ZwilFohsl i2 ¢ Observed if [10 >3 a(]o)]
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5.1 Introduction

In 1967, Pedersen reported a range of crown ethers and their complexes with Group I
and Group II metals.' Surprisingly, the work was not extended to lanthanide ions for
several years. The ionic radii of the lanthanide ions (and Group III metal ions)
appeared favourable for coordination to crown ether ligands but the large hydration
energy of Ln*" may have hindered research (which often leads to lanthanide-crown

complex dissociation in aqueous solvents).>

Research into lanthanide — crown complexes has now received much attention with
study conducted into complexes with a range of lanthanide salts. For example,
compounds based on lanthanide nitrates, halides and perchlorates have all been
structurally characterised.” However, in this chapter, only the most relevant examples,
namely lanthanide halide complexes of [12]-crown-4, [15]-crown-5 and [18]-crown-6

are discussed.

Numerous complexes with [12]-crown-4 have been structurally characterised, with
distinct geometries observed, both the lanthanide used and reaction temperature
affecting the result.” Compounds of the type [Ln(H;0)s([12]-crown-4)]Cl3.2H,0 have
been observed where Ln = Y, Ce (Fig. 5.1), Nd, Sm, Eu, Gd, Dy-Er and Yb. The
geometry of the cation is a monocapped tetragonal antiprism, with the anions all

showing hydrogen bonding to the coordinated water molecules.

QCoo®
acao

b

Fig. 5.1 View of the complex [Ce(H;0)s([12]-crown-4)]Cls.2H,0.*
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A second geometry observed was that in [LnCl,(H20),([12]-crown-4)]Cl (Fig. 5.2)

for Ln = Ho-Lu, the coordination environment about Ln being a bicapped trigonal
prism.?

Cc O

000®

a

Fig. 5.2 View of the complex [HoCl,(H,0)2([12]-crown-4)]C1.

Further complex types were observed, namely [YCl,(H,O)(CH;0H)([12]-crown-

H]Cl (Fig. 5:3),6 [PrCl3(H20)([12]-crown-4)].[12]-crown-4. CH;OH (Fig. 5.4) and
[PrCl;(CH;OH)([12]-crown-4)].”

elele]

Qo0

Fig. 5.3 View of the compound [YCl,(H,O)(CH;OH)([12]-crown-4)]CL°
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000®

Qoay

Fig. 5.4 View of the structure [PrCl3(H,0)([12]-crown-4)].[12]-crown-4.CH;0H.”

Reactions of [15]-crown-5 with LnCl3 yielded two main complex types, dependent on
whether anhydrous metal salts were used. When anhydrous PrCl;, NdCl; or SmCl;
were used, the product was [LnCls([15]-crown-5)].> * When hydrated yttrium,
gadolinium or lutetium salts were employed, the product was [Ln(H,0)s]Cl3.[15]-
crown-5.nH,0.'%"® The structures of these aquo complexes revealed a distorted
dodecahedral coordination polyhedron around the metal centres, with complex

systems of OH...O and OH...ClI hydrogen bonding.

When [18]-crown-6 was reacted with LnCl; in a methanol — acetonitrile mixture, the
product was [LnCl(H20),([18]-crown-6)]Cl2.2H,0 for Ln = Pr, Nd, Sm-Gd, Tb (Fig.
5.5)." 1° The metal centre is coordinated to all six oxygens of the crown. When
lanthanum chloride was used, the products observed were [LaCl,(CH;OH)([18]-
crown-6)]Cl.1.5H,0 and [LaCly(H,0)([18]-crown-6)]CL."
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Fig. 5.5 View of the structure [TbCI(H,0)x([18]-crown-6)]Cl,.2H,0."

In a series of papers examining reactions of scandium halides with crown ethers using
a reaction system of anhydrous [ScCls(thf);], SbCls (acting as a halide abstractor),
crown ether and acetonitrile as a solvent, Willey et al. describe formation of an array
of complexes. Reaction of [ScCls(thf);] with antimony pentachloride in acetonitrile,
followed by addition of [12]-crown-4 affords the compound [Sc(12-crown-
4),][SbCl6][Sb,Cls(MeCN),].2MeCN (Fig. 5.6), the scandium centre sandwiched
between two crown ligands.16 Synthesis of [ScCly([12]-crown-4)(MeCN)][SbCls] has
also been reported.”’ The same report documents synthesis of [M([12]-crown-
4)(MeCN)s][SbClg]s and [M([18]-crown-6)(MeCN);][SbCls]s where M = Y or La."”
Reaction of [ScCls(thf);] with one molar equivalent of SbCls followed by addition of
[15]-crown-5 yields [ScCly([15]-crown-5)]SbCls. A second synthetic approach by
Belsky et al. uses CuCl; as a halide abstractor, with formation of [ScClx([15]-crown-
5)1:[CuCly] reported.’® Willey et al. report synthesis of the [18]-crown-6 complex
[ScCly([18]-crown-6)]1[SbCls] (Fig. 5.7) by reaction of [ScCls(thf);] with SbCls in dry
acetonitrile followed by addition of the crown ether, in a paper which also describes
structural characterisation of [ScCly(benzo-[15]-crown-5)][SbCls].” Willey et al. have
also reported crystal structures of the compounds [ScCly(dibenzo-[24]-crown-
8)(H,0)][SbCls] and [ScCly(dibenzo-[30]-crown-10)(H,0),][SbCls]." In addition, the
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same author has conducted solution studies of the scandium chloride — crown ether

systems, with species identified by ¥Sc NMR spectroscopy (discussed in Section

5.2).%

Fig. 5.6 Views of the cation [Sc([12]-crown-4),]>" perpendicular and parallel to the

plane of the crown ether ligands.'®

Fig. 5.7 Views of the cation of [ScCl([18]-crown-6)][SbCls]."”

A number of studies examining complexes of other scandium salts with crown ether
ligands have been reported. For example, the structures of both
[Sc(NO3)3(H,0)5].[18]-crown-6 (Fig. 5.8)*% and [Sc(NO3)3(H20).].[15]-crown-5

have been reported.®*
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Cie

Fig. 5.8 View of hydrated scandium nitrate [Sc(NO3):(H0);] exhibiting hydrogen

bonding to [ 18]-crown-6 2!

In this chapter, the aim was to explore reactions of anhydrous [ScCli(thf);] with
crown ether ligands in the presence of a halide abstractor. Whilst previous studies
have revealed complexes of this type, it seemed likely that further compounds could
be synthesised beyond those reported in the literature. Additionally, attempts to bond
a mixed donor macrocycle ([15]aneS;03) to a scandium centre would be made,
possibly giving the first reported example of bonding between S¢* and a thioether
group. Compounds formed by reaction of hydrated scandium salts with crown ethers
would then be investigated, and finally the hydrolysis pathway of anhydrous products
would be examined, allowing comparison of all three systems. Additionally,
behaviour of all the isolated complexes in solution would be covered, using *Sc
NMR spectroscopy as a probe. The study would allow comparison of the affinity of

the scandium centre for chloride, crown ethers and water (where appropriate).
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5.2 Results and Discussion

5.2.1 Reactions of [ScCl;(thf);] with crown ether ligands

When [ScCls(thf);] was reacted with SbCls and [15]-crown-5 in a 1:2:1 molar ratio in
anhydrous MeCN, colourless crystals of [ScCI(MeCN)([15]-crown-5)][SbClel,.
MeCN were produced. Reaction of [ScCls(thf);] with 1 molar equivalent of both
FeCl; and [18]-crown-6 in MeCN produced yellow-green crystals of [ScCly([18]-
crown-6)]FeCls. The same reaction, using [15]aneS,03 as the ligand produced yellow
[ScClx([15]aneS,0;)][FeCls]. Attempts to isolate complexes with no coordinated

chlorides using excess SbCls (to act as a halide extractor) were unsuccessful.

The IR spectrum of [ScCI(MeCN)([15]-crown-5)][SbCls]..MeCN contained bands
corresponding to both coordinated and lattice MeCN at v = 2332 and 2303 cm™.
Additionally, [SbCls]” was apparent by a very strong band at 344 cm™, attributed to

the v; mode.'” The strong band at 441 cm™ was assigned as v(Sc-Cl).

The **Sc NMR spectrum in anhydrous MeCN exhibited a single resonance at & 99.5
ppm. The dichloro-cation of [ScCly([15]-crown-5)]{SbCls] has been reported
previously, synthesised using a 1:1:1 molar ratio of the same reagents, and was
claimed to have a single **Sc NMR resonance at & 130 ppm.!” Attempts were made to
synthesise a complex with no coordinated chlorides using an excess of antimony
pentachloride. However, in situ *Sc NMR studies of the products within this system

only contained resonances at 99.5 ppm, corresponding to the monochloro-cation.

The structure of [ScCl(MeCN)([15]-crown-5)][SbCls]..MeCN was determined by
single crystal X-ray diffraction, revealing a seven coordinate pentagonal bipyramidal
scandium cation (Fig. 5.9). The scandium metal centre was located in the centre of the
crown, with MeCN and Cl in trans positions perpendicular to the axis of the crown
ether. Selected bond lengths and angles are presented in Table 5.1. The structure of
[ScCly([15]-crown-5)]2[CuCls] has been reported previously, allowing comparison of
structural data.'® The [ScCl(MeCN)([15]-crown-5)]*" cation exhibits a shorter Sc-Cl
bond length (2.361(2) A) than observed for [ScCly([15]-crown-5)]" (2.426(8) A). The
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two complexes have similar Sc-O bonds lengths, the monochloro-cation having Sc-O

= 2.135(3) to 2.176(3) A compared with 2.109(2) and 2.150(1) A for [ScCl([15]-

crown-5)]".

Fig. 5.9 The structure of the cation in [ScCI(MeCN)([15]-crown-5)][SbCl¢],.MeCN,
showing the atom numbering scheme. Ellipsoids are drawn at the 40% probability

level, whilst H atoms are omitted for clarity.

Table 5.1 Selected bond lengths (A) and angles (°) for the structure of
[ScCl(MeCN)([15]-crown-5)][SbCls],.MeCN.

Sc-CI(1) 2.361(2) Sc-N(1) 2.272(4)
Sc-0(1) 2.135(3) Sc-0(2) 2.155(3)

Sc-0(3) 2.164(3) Sc-0(4) 2.154(3)
Sc-0(5) 2.176(3) C-0 1.444(6)-1.469(6)
C-C(crown) 1.477(7)-1.501(7)

0(1)-Sc-0(2) 71.2(1) 0(2)-Sc-0(3)  72.1(1)
0(3)-Sc-0(4) 71.5(1) 0(4)-Sc-0(5)  72.5(1)
0(5)-Sc-0(1) 71.7(1) N(1)-Se-Cl(1)  178.2(1)
0(5)-Sc-Cl(1) 92.14(9) 0(4)-Sc-Cl(1)  95.7(1)
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The IR spectrum of [ScCly([18]-crown-6)][FeCls] contained the characteristic v3
mode for [FeCly], a strong band at 389 cm’, confirming halide abstraction from
Sc(III) had occurred.” The **Sc NMR spectrum contained a single resonance at § 132
ppm (Wi = 600 Hz), which by comparison with the results for the [15]-crown-5
system suggested a CL,Os donor set. Interestingly, previous **Sc NMR studies of

17- 20 However, cooling this

[ScCly([18]-crown-6)][SbCle] report multiple resonances.
NMR solution did not reveal further peaks. Addition of 1 molar equivalent aliquots of
FeCl; to the NMR solution (in an attempt to abstract further chlorides from the Sc
centre) led to the appearance of new features at & 101 and -2 ppm. The former
appeared when a single aliquot was added, remaining until the Sc:FeCl; ratio reached
1:4. By comparison with the [15]-crown-5 system, this resonance can be attributed to
the cation [ScCl([18]-crown-6)]*", whilst the resonance at —2 ppm is presumably
[Sc([18]-crown-6)]>" (probably with coordinated MeCN, as six coordinate scandium
seems unlikely for this system when the results in this Chapter and those of Willey et

al. are considered).

The analogous reaction using SbCls as a halide abstractor has been reported, with a
1:1:1 molar ratio of [ScCls(thf);], SbCls and [18]-crown-6 affording [ScCly([18]-
crown-6)]SbCls.)” Attempts to remove further chlorines in this case (by addition of
further SbCls) gave complex mixtures.'” When monitored in situ using **Sc NMR
spectroscopy, the results were difficult to interpret.® It seems possible that SbCls is
such a strong Lewis acid that it reacts not only by abstracting chlorine, but also reacts
with other bases in the reaction mixture. Hence, controlling the Sc:SbCls ratio proves
extremely difficult. However, when the “Sc NMR results for the system using the
weaker Lewis acid FeCls are considered, the data for the SbCls system begin to make
sense. In situ *Sc NMR experiments were conducted on the [ScCls(thf)s] / [18]-
crown-6 / SbCls system (in anhydrous MeCN), with the quantity of SbCls varied.
Resonances were observed at & 130, 95 and —19 ppm, although their relative
intensities were not obviously related to the quantity SbCls added. It seems probable
that the first two resonances correspond to [ScCly([18]-crown-6)]" and [ScCI([18]-
crown-6)1*" (presumably with coordinated MeCN) by comparison of shift with the

FeCl; system (see above). The third resonance is absent in the FeCls system, but could
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be the species [Sc([18]-crown-6-SbCls)(MeCN),]*", with the SbCls coordinated to the

‘free’ oxygen in the crown ether.

The crystal structure of [ScCly([18]-crown-6)][FeCly] shows two similar independent
cations, differing only in the conformation of the crown ether at the uncoordinated
oxygen O(4). The cation containing Sc(1) is shown in Fig. 5.10, with selected bond
lengths and angles reported in Table 5.2. The cation shows the Sc centre bonded to
five of the six available crown ether oxygen atoms in a pentagonal bipyramidal
geometry, the oxygens in the pentagonal plane, with #rans chlorines. Comparison of
this structure with that of [ScCly([18]-crown-6][SbCls] (Fig. 5.7) reveals little
difference between the cations, apart from some minor variations in bond lengths and
angles.!” For example, the Sc-Cl bond lengths in [ScCly([18]-crown-6)][FeCly] range
from 2.402(1) to 2.435(1) A, whilst the [SbCls]" salt had Sc-Cl = 2.402(3) and
2.418(3) A. The Sc-Opondea distances in the [FeCly] complex again show noticable
variation, ranging from 2.192(3) to 2.264(2) A. In contrast, the [SbCls] salt has a
narrower distribution of bond lengths, from 2.190(5) to 2.229(5) A."7

Fig. 5.10 View of the cation containing Sc(1) in [ScCly([18]-crown-6)][FeCl4]
showing the atom labelling scheme. Ellipsoids are drawn at the 50% probability level,
with H atoms omitted for clarity. The species containing Sc(2) is similar, differing

only in the conformation at C(7) and O(4).
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Table 5.2 Selected bond lengths (A) and angles (°) for the structure of
[ScClLx([18]-crown-6)][FeCls].

Sc(1)-CI(D) 2.435(1) Se(1)-Cl(2) 2.413(1)
Sc(1)-0(1) 2.195(2) Sc(1)-0(2) 2.192(2)
Sc(1)-0(3) 2.230(2) Sc(1)-0(5) 2.243(2)
Sc(1)-0(6) 2.210(2) Sc(2)-CI(3) 2.425(1)
Sc(2)-Cl(4) 2.402(1) Sc(2)-0(7) 2.264(2)
Sc(2)-0(9) 2.216(2) Sc(2)-0(10) 2.200(2)
Sc(2)-0(11) 2.213(2) Sc(2)-0(12) 2.202(2)
C-C(crown) 1.483(5)-1.503(5) C-O 1.417(4)-1.473(4)
O(1)-Sc(1)-0(2)  70.76(9) 0(2)-Sc(1)-0(3)  71.68(8)
0(3)-Se(1)-0(5)  77.50(9) 0O(5)-Se(D)-0(6)  71.72(8)
0(6)-Sc(1)-0(1)  69.60(9) CI()-Se(1)-CI(2)  177.96(5)
O(1)-Sc(1)-CI(1)  85.58(7) 0(3)-Sc(1)-CI(1)  95.50(7)
O(7)-Sc(2)-0(9)  77.85(9) 0(9)-Sc(2)-0(10)  70.66(8)
0(10)-Sc(2)-0(11)  71.11(9) 0(11)-Sc(2)-0(12)  68.96(9)
0(12)-Se(2)-0(7)  72.28(9) CI(3)-Se(2)-Cl(4)  176.35(4)
0(11)-Sc(2)-CI(3)  86.47(7) 0(9)-Sc(2)-CI(3)  95.12(7)

I-g)

The IR spectrum of the mixed thia-oxa crown complex [ScCly([15]aneS,03][FeCl4]
contained the v; mode of [FeCl,] as a strong band at 382 cm”. The 'H NMR
spectrum of this complex in CD,Cl, contained overlapping multiplets from 3.35 to
3.70 ppm. When compared to the spectrum of the ‘free’ ligand, for which resonances
are observed at § 2.72(t), 2.87(s) (both CH,S), 3.64(s) and 3.75(t) (both CH,0),” it
appears that the ligand has coordinated through the sulfur atoms, resulting in the
resonances attributable to CH,S shifting to higher frequency. Further evidence of
donation throughout the sulfur atoms is given by the *°Sc data, with a single
resonance present in an acetonitrile solution at 8 200 ppm. In comparison, the **Sc
NMR spectrum of the [ScCly([15]-crown-5)]" cation contains a single resonance at 8
130 ppm. Crystals suitable for study by single crystal X-ray diffraction could not be
grown, but it appears that scandium has bonded through the softer S donor. This is the

first reported example of coordination of a thioether donor to a Sc(Il) centre.

Whilst no novel anhydrous ScCls / [12]-crown-4 compounds were synthesised, **Sc
NMR spectroscopy was conducted on this system of compounds to investigate

behaviour in solution. The complex [Sc([12]-crown-4);][SbCls][Sb2Cls(MeCN),].
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2MeCN hés been produced by reaction of [ScClz(thf)s], SbCls, SbCl; and [12]-crown-
4 in a 1:1:2:2 molar ratio in anhydrous MeCN.'® The compound has been structurally
characterised (Fig. 5.6) revealing the scandium centre sandwiched between two [12]-
crown-4 ligands in a square antiprismatic conformation. In this study, the species was
observed as a single resonance at § 25 ppm in the *Sc NMR spectrum.’® A second
compound, [ScClx([12]-crown-4)(MeCN)]SbCls has also been reported, synthesised
by reaction of a 1:1:1 molar ratio of [ScCls(thf);], [12]-crown-4 and SbCls in dry
MeCN.' An in situ NMR study of this compound revealed two resonances in the *Sc
NMR spectrum at & 25 and 153 ppm, attributed to [Sc([12]-crown-4),]>" and
[ScCly([12]-crown-4)]" respectively.?® However, no structural data exist for the
second complex. In the work described in this thesis, a resonance at § 153 ppm was
encountered for all solutions containing the hydrolysis product [ScClz(H,0)3] (see
5.2.2). Given that the cavity in [12]-crown-4 is too small to encapsulate Sc’*, it would
behave differently to the larger crowns studied. Along with this “*Sc NMR data,
attempts were made to confirm the identity of the product of the 1:1:1 molar
equivalent reaction. Following the synthetic route reported by Willey et al., a complex
with similar spectroscopic data to “[ScCL([12]-crown-4)(MeCN)]SbCls” was isolated,
although crystals suitable for single crystal X-ray diffraction could not be grown. The
#Sc NMR spectrum of a solution of the complex in rigorously dried MeCN contained
resonances at & 25 and 205 ppm, the ratio of integrals being approximately 1:1. The
latter resonance is very similar to that given by a solution of [ScCls(thf);] in dry
MeCN. When treated with an excess of LiCl, this resonance is converted to a sharper
peak at 5 217 ppm, possibly due to formation of [ScCls(MeCN),]. However, in the
absence of excess CI, this species probably decomposes to form [ScClz(MeCN)s].
The resonance observed for this species in this study compares well with the literature
value of 8 201 ppm.?” Hence, whilst in the absence of an X-ray crystal structure any
assignment is made tentatively, it seems possible that the species isolated is in fact

[Sc([12]-crown-4),][SbCls]2[ScCly(MeCN),] and not [ScClx([ 12]-crown-4)]SbCls.
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5.2.2 Reactions of hydrated scandium chloride with crown ether ligands

The anhydrous scandium chloride systems proved extremely moisture sensitive. For
example, when a solution of [ScCly([18]-crown-6)]SbCls in dry MeCN was left to
evaporate exposed to air, crystals of mer-[ScCls(H,0)3].[18]-crown-6 were obtained.
When ScCl;.6H,0 was reacted with one molar equivalent of [18]-crown-6 in ethanol,
the same product was isolated. The reaction of ScCl;.6H,0 with [12]-crown-4, [15]-
crown-5 or [18]-crown-6 in a 2:1 ratio in ethanol afforded complexes of the type
[ScCl(H20)3]z.crown. All of these ‘2:1° products proved highly soluble to the extent
that isolation of crystals or powders was difficult. All the complexes isolated in this

system were spectroscopically similar.

The *Sc NMR spectra of all of the complexes containing [ScClz(H,0)s] contained a
resonance at ca. 153 ppm, Wi, ranging from 500 to 1100 Hz. The resonances were
both concentration and solvent dependent (spectra were recorded in ethanol,
acetonitrile and acetone). When ScCl;.6H,O was dissolved in ethanol, a similar
resonance was observed (at 150 ppm), and as [ScClz(H;O)s] is the only scandium
containing species formed, this result strongly suggested that the resonances observed

in all these NMR solutions were caused by this scandium group.

The 'H NMR spectra of all the hydrated complexes contained singlets at 6 ca. 3.6
ppm, corresponding to ‘free’ crown ether. A second, broad singlet was also present in
all spectra, corresponding to water. The chemical shift of this second peak varied for
each complex ([ScCl(Hy0)3)2.[12]-crown-4 & 4.0 (br, s), [ScCl(H,0)3],.[15]-crown-
58 4.7 (br, 8), [ScCl3(H20)3]2.[18]-crown-6 & 4.6 (br, s), [ScCl(H;0)3].[18]-crown-6
8 4.2 (br, s)). The presence of water in these compounds was confirmed by two bands
in each infra-red spectrum, namely a broad band found between 3410 and 3300 cm™,
and a sharper band lying between 1620 and 1636 cm™.>> Bands at ca. 1100 and 950
cm” in these complexes indicated W(C-O-C) and W(C-C-O) of the crown ethers

respectively. '

The crystal structure of mer-[ScCl;(H,0)3].[18]-crown-6 is shown in Figs. 5.11 and
5.12, with selected bond lengths and angles given in Table 5.3. Fig. 5.11 shows the
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neutral [ScClz(H20)3] unit, with a plane of symmetry passing through CI(2), Sc(1) and
O(4). The arrangement of ligands around the scandium centre is approximately
octahedral. Fig. 5.12 shows an extended network of [ScCl3(H,0)3] groups, hydrogen
bonded to [18]-crown-6 ligands through three O-H....O bonds (depicted by the
thinner black lines). All three water groups of each scandium group are involved in
bonding to three oxygens of a single crown. The other three oxygens of the crown
ether group bond in the same fashion to a second [ScCl3(H2O)3] group. As a result, an
infinite chain of alternating [ScCl3(H20);] and [18]-crown-6 groups is formed. The
hydrogen bond lengths are all approximately 2.8 A. The H-atoms of these water
groups were convincingly identified in later electron density maps. The [18]-crown-6

group has a crystallographic centre of symmetry.

Fig. 5.11 View of the structure of [ScCl3(H;0)3].[18]-crown-6, showing the Sc(1)
group and demonstrating the atom numbering scheme adopted. The 2-fold symmetry
along O(4), Sc(1) and CI(2) is identified. Ellipsoids are drawn at the 50% probability

level.
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Fig. 5.12 View of [ScCl(H;0)3].[18]-crown-6 along the a direction showing the
OH....O bonding between Sc groups and the crown parallel to the ¢ direction. H-

bonding is indicated by single lines. H-atoms omitted for clarity.

Table 5.3 Selected bond lengths (A) and angles (°) for the structure of
[ScCl3(H20)3].[18]-crown-6 (‘H---O(crown)’ distances are hydrogen bond lengths).

Sc-CI(1) 2.4403(6) Sc-Cl(2) 2.4267(8)
Sc-0(4) 2.177(2) Sc-0(5) 2.142(1)

C-C 1.441(3)-1.484(4) C-0 1.444(6)-1.469(6)
H---O(crown) 2.768(2) - 2.798(2)

0(4)-Sc-0O(5) 81.89(4) 0O(5)-Sc-O(51)"  163.78(8)
CI(1)-Sc-Cl(2) 91.86(2) CI(1)-Sc-CI(1i)* 176.27(3)
0O(4)-Sc-Cl(1) 88.14(2) O(4)-Sc-Cl(2) 180.00
0O(5)-Sc-CI(1) 89.79(5) 0O(5)-Sc-Ci(2) 98.11(4)

* Symmetry operation:- i=-x,y, -z +3/2

The observed hydrolysis pathway by traces of water was unexpected, the
displacement of the crown ether group by H,O indicating a strong preference of the
Sc(ll) centre for both chloride and water over [18]-crown-6. The crown was
hydrogen bonded to the scandium centres (via water) in the secondary coordination
sphere. This contrasts with the hydrolysis mechanism observed for the next element in

the periodic table, titanium. For example, hydrolysis of [TiCls([18]-crown-6)] by trace
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quantities of water results in the loss of chlorines, replaced by p-O bridges. However,

the crown remains bonded to the metal centre (see Chapter 6).

5.2.3 Reactions of hydrated scandium nitrate with crown ether ligands

When scandium nitrate pentahydrate was reacted with one molar equivalent of [18]-
crown-6 in ethanol, the product was the white solid [Sc(H20)3(NO3)3].[18]-crown-6.
The same reaction using [15]-crown-5 afforded the white powder
[Sc(H20)4(NO3)2]NOs.[15]-crown-5.  Slow evaporation of a solution of
Sc(NO3)3.5H,0 and [12]-crown-4 in the minimum amount of ethanol yielded several
crystals of [Sc(H20)2(NOs)s].([12]-crown-4),; suspended in a thick gum.
Crystallisation over a longer period yielded a few small crystals of the hydroxy-
bridged dimer [Scy(H;0)s(OH)2(NO3),](NO3),.[12]-crown-4, with the yield so poor
that only single crystal X-ray diffraction studies could be carried out. In an attempt to
improve the yield, the same reaction was carried out in the presence of several drops
of 1 molar NaOH in order to improve formation of the hydroxy-bridged dimer.
Several crystals were formed from the reaction, identified by X-ray diffraction as
[Sca(NO3)4(H20)4(OH)].[Na([12]-crown-4);]NO;.(H20)3. All of the complexes were
extremely soluble in ethanol, meaning solids proved difficult to isolate in large yields,

with the [12]-crown-4 species particularly hard to extract from solution.

The IR spectrum of [Sc(H;0)3(NO3)3].[18]-crown-6 contained a weak band at 810
cm™, assigned as v, of a coordinated nitrate group. In addition, water was apparent
from the broad absorption at 3400 cm™ and a sharp band at 1645 cm™.* Further bands
assignable to bonded nitrate groups were obscured by absorptions of the crown

ether.?

The 'H NMR spectrum of [Sc(H20)3(NOs)s].[18]-crown-6 in deuterated acetone
contained resonances assigned as uncoordinated crown ether (a singlet at 3.6 ppm)
and water (a broad singlet at 4.0 ppm). The *Sc NMR spectrum in acetone contained
a single resonance at & 5.0 ppm. This value seems reasonable when compared to
literature values of scandium centres in oxygen donor environments. For example, it

compares closely to the hexaaquo ion which is the accepted ‘zero reference’, whilst in
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this study, scandium surrounded by eight O-donors in the complex
[Sc(NO3)s(PhsPO),] has & -7.5 ppm (Chapter 2).** Crystals of the [18]-crown-6
compound [Sc(NO3)3(H,0)3].[18]-crown-6 were isolated, and a unit cell determined.
A search of the Cambridge Crystallographic Database revealed that the structure of
this complex had been determined previously, with the unit cell the same (Fig. 5.8).*
Initially, this refinement had been carried out using the space group Pra2,, then later,
the solution was conducted in the centrosymmetric space group Pmma. The latter
solution revealed a scandium residue with a plane of symmetry, the Sc atom being
nine-coordinate (with three bidentate nitrate groups and three waters coordinated (in a
mer configuration, if the bidentate nitrate groups are conceptually replaced by
monodentate ligands)). The Sc-Ouwaer distances were 2.205(3) and 2.228(3) A, whilst
the Sc-Ogirare distances range from 2.249(4) to 2.363(5) A. Atomic coordinates of
hydrogen atoms were not supplied, but calculation of O...O distances between crown
oxygens and the waters bonded to scandium revealed four potential H-bond lengths of
less than 3.0 A. This system of H-bonding would produce an infinite chain, similar to

that observed for [ScCl3(H,0);].[18]-crown-6.

The IR spectrum of [Sc(NO3)2(H,0)4]NOs.[15]-crown-5 contained two weak v,
nitrate modes, at 808 cm™ (corresponding to coordinated nitrate) and at 833 cm’
(ionic nitrate).” Absorption bands at 1098 and 944 cm™ were assigned as W(C-O-C)
and w(C-C-O) respectively.’> The "H NMR spectrum of this compound was similar to
that of [Sc(H20)3(NO3)3].[18]-crown-6, containing a singlet at 3.6 ppm (‘free’ crown)
and a broad singlet at 4.4 ppm (coordinated water). The ¥Sc NMR spectrum was also
similar, exhibiting a resonance at & 2 ppm. The crystal structure of
[Sc(H20)4(NO3),]NO;s.[15]-crown-5 was determined (Fig. 5.13). The structure
contains an eight coordinate scandium centre, with two coordinated nitrate groups.
However, the crystals isolated were of rather poor quality. Whilst the structure did not
refine well, a clear picture of the hydrogen bonding network was revealed. A
summary of the crystal data is given in Table 5.7. The cation exhibits an eight
coordinate scandium centre, with two bidentate nitrate groups and four water groups
coordinated. The geometry around the Sc centre is octahedral (if the nitrate groups are

conceptually replaced by monodentate ligands). Sc-Owaer bond lengths range from
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2.134(8) to 2.232(7) A, whilst Sc-Opitate lengths lie between 2.184(8) and 2.249(7) A.
Disorder was seen in the [15]-crown-5 group, with the non-bonded oxygen and the
adjacent carbon atoms exhibiting high thermal parameters. Whilst this was partially
caused by fractionally occupied atoms, the high values of the atomic displacement
paramaters (adp’s) indicated that disorder was more extensive. As a result, no attempt
was made to introduce H atoms into the structure, including those of the coordinated
water groups. The proposed hydrogen bonding scheme is hence derived from the
O....0 distances (ca. 2.8 A), with bonds apparent between two trans water groups and
four oxygens of the crown ether. As a result, a chain of alternating scandium cations
and crown ether groups is formed. H-bonding is also apparent between the ionic
nitrate groups and the waters containing O(10) and O(11). A previous scandium
nitrate — [15]-crown-5 complex has been structurally characterised by Gan ef al. and

had the composition [Sc(H,0)2(NOs)s].[15]-crown-5.7

Fig. 5.13 The structure of [Sc(NO3)(H,0)]J(NO;).[15]-crown-5, indicating the
OH...O H-bonding chain between the Sc cation and the crown ether lying parallel to

the & direction. H bonding is shown by dotted lines. H atoms are omitted for clarity.
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The IR spectrum of [Sc(Hz0)>(NO3)3].([12]-crown-4), contained a broad band at
3580 cm™ and a sharp absorption at 1650 cm™, confirming the presence of water. No
bands corresponding to ionic nitrate groups were present. The 'H NMR spectrum in
d-acetone contained singlets at & 3.6 and 4.5 ppm, the latter broad. These
corresponded to ‘free’ crown ether and water respectively. The corresponding *’Sc

NMR spectrum revealed a broad resonance at 5 -1.0 ppm.

Insufficient quantity of either [Sca(NO3)4(H20)4(OH),][Na([12]-crown-4);]
(NO3).(H20)3 or [SCz(HzO)s(OH)z(NO3)2](NO3)2.[12]-CI‘OWD-4 were isolated to allow

either spectroscopic or analytical analysis.

The structure of [Sc(NOs3)3;(H20),].([12]-crown-4), was determined by single crystal
X-ray diffraction, revealing an eight coordinate scandium centre (Fig. 5.14), with
[12]-crown-4 in its second coordination sphere. Fig. 5.15 shows the hydrogen bonded
species. Selected bond lengths and angles are given in Table 5.4. The neutral eight
coordinate scandium unit contains three nitrate groups bonded in the symmetrical
bidentate mode. The scandium group exhibits 2-fold symmetry. The two coordinated
water molecules form an O-Sc-O bond angle of 153.64(9)°. Each water forms
hydrogen bonds with [12]-crown-4, exhibiting OH....O bond lengths of ca. 2.7 A.
Only two oxygens of each crown ether group are involved in H-bonding, meaning a
discrete species is formed, contrasting with the chain-like networks observed for both
of [Sc(NO3)2(H20)4](NO3).[15]-crown-5 and [Sc(H20)3(NOs3)3].[18]-crown-6. The H

atoms were located in later electron density maps in convincing positions.
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Fig. 5.14 View of [Sc(NOs)3(H20)2].([12]-crown-4), showing the Sc(1) group,
indicating the atom numbering scheme adopted. The 2-fold symmetry along the ¢
direction passing through Sc(1), N(1) and O(2) is identified. Ellipsoids are drawn at
50%.

Fig. 5.15 View of [Sc(NO3)3(H20),].([12]-crown-4), along the ¢ direction showing
the OH...O bonds, identified by thin lines, between O(6i) of the Sc group, and the

crown ether. Ellipsoids are drawn at the 50% probability level.
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Table 5.4 Selected bond lengths (A) and angles (°) for the structure of
[Sc(NO»)3(H20),].([12]-crown-4),. (‘H---O(crown)’ distances are hydrogen bond

lengths).

Sc-0(1) 2.252(2) Sc-0(3) 2.268(1)

Sc-0(4) 2.201(2) Sc-0(6) 2.105(2)

C-C 1.492(3)-1.505(4) C-O 1.417(3)-1.444(3)
H---O(crown) 2.684(2) & 2.689(2)

0(1)-Sc-0(1i)* 56.98(7) 0O(3)-Sc-0(4) 57.58(5)

0(6)-Sc-0(6i)* 153.64(9)

* Symmetry operation: - i = -x, -y, z

A few crystals of [Sca(NO3)2(H20)s(OH),J(NOs),.[12]-crown-4 were obtained, the
structure revealing a centrosymmetric cation containing two scandium metal centres,
bridged by OH groups (Fig. 5.16). Selected bond lengths and angles are presented in
Table 5.5. In addition to two OH groups, each scandium centre had a single nitrate
group coordinated (in the symmetrical bidentate mode of coordination) and three
waters, giving rise to a seven-coordinate metal centre. The Sc-O distances vary
considerably depending on the functional group involved. For example, the Sc-Oprigge
values were 2.050(2) and 2.064(2) A compared with the longer Sc-Oitate lengths of
2.261(2) and 2.366(2) A. The Sc-Owaer bond lengths range from 2.101(2) to 2.186(2)
A. The crown ether group was also centrosymmetric, with all the oxygens involved in
hydrogen bonding to the cation through the coordinated water groups, indicated by
O...0 distances of less than 3.0 A. Indeed, all of the hydrogens of the cation were
involved in H-bonding to either the crown oxygens, or the oxygens of an ionic nitrate
group. Fig. 5.17 shows the extended H-bonding network in this structure, showing
chains aligned in the ¢ direction, linked by H-bonding to ionic nitrate groups to form a

2-dimensional network.
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Fig. 5.16 The structure of [Sca(NO3)(H20)6(OH),J(NO3)2.[12]-crown-4, showing the
centrosymmetric cation with the atom numbering scheme identified. Ellipsoids are

drawn at the 50% probability level, whilst H atoms are omitted for clarity.

Fig. 5.17 View of [Scy(NO3)2(H20)s(OH),J(NOs),.[12]-crown-4 showing the 2-
dimensional sheet formed by OH...O hydrogen bonding (indicated by dashed lines).
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Table 5.5 Selected bond lengths (A) and angles (°) for the structure of
[Sca(NO3)2:(H20)6(OH)2J(NO3),.[12]-crown-4.  (‘H---O(crown)’  distances  are
hydrogen bond lengths). |

Sc(1)-0(1) 2.261(2) Sc(1)-0(2) 2.366(2)
Sc(1)-0(4) 2.128(2) Se(1)-0(5) 2.186(2)
Sc(1)-0(6) 2.101(2) Se(1)-0(7) 2.050(2)
Se(1)-0(7i)? 2.064(2) Se(1)... Se(1i)* 3.296(1)
C(1)-C(2) 1.511(4) C(3)-C(4) 1.488(4)

C-0 1.431(3)-1.435(3) H---O(crown) 2.723(3) - 2.904(2)
0(1)-Sc-0(2) 55.23(6) O(7)-Sc(1)-O(Ti)*  73.54(7)

Sc(1)-0(7)-Sc(1i)*  106.46(7)

* Symmetry operation: - i = 1-x, -y, 1-z

A third scandium nitrate — [12]-crown-4 species was identified by single crystal X-ray
diffraction. =~ The structure of  [Sca(NO3)4(H20)4(OH),][Na([12]-crown-4);]
(NO3).(H20); contained another ‘hydroxy-bridged dimer’, shown in Fig. 5.18.
Selected bond lengths and angles are given in Table 5.6. In this example, the
scandium centres are again linked by two hydroxy bridges. In addition, each scandium
centre has two coordinated water molecules and two nitrate groups bonded in the
symmetrical bidentate fashion, giving an eight-coordinate metal centre. In contrast to
the structure of [Sca(NO3)(H20)6(OH),J(NO;3)2.[12]-crown-4, in this example the
crown ether groups are bonded to a sodium ion, with two crowns per metal centre
leading to an eight-coordinate Na centre. Since all of the ether groups are involved in
bonding to the sodium ions, the crown is not involved in secondary coordination to
the hydroxy bridged dimer. H-bonding was observed between coordinated water,
solvate water and bridging hydroxy groups, the shortest O...O distances being ca. 2.7
to 2.8 A in length. All of the hydrogen atoms were located in convincing positions
during refinement except for those coordinated to O(32A)/(32B), a disordered water
group. In addition, this solvate water overlapped with the ionic nitrate group, causing
disorder in N(5A)/(5B). Figure 5.19 depicts the supramolecular structure of
[Sc2(NO3)4(H,0)4(OH),;][Na([12]-crown-4),](NO3).(H,0);. The sodium cation has

been reported previously, and is not uncommon (Fig. 5.20).%"°
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Fig. 5.18 View of [Sc2(NO3)4(H20)4(OH);][Na([12]-crown-4),]J(NO;3).(H20)s,
showing the scandium dimer, and indicating the atom numbering scheme adopted.

Ellipsoids are drawn at the 50% probability level, with H atoms omitted for clarity.

Table 5.6 Selected bond lengths (A) and angles (°) for the structure of
[SCz(N03)4(H20)4(OH)2] [Na([ 1 2]-C1’ 0W1’1-4)2](N 03) . (H20)3 .

Sc(1)-0(1) 2.346(2) Sc(1)-0(2) 2.345(2)
Sc(1)-0(4) 2.298(3) Sc(1)-0(5) 2.337(2)
Sc(1)-0(7) 2.170Q2) Sc(1)-0(8) 2.153(3)
Sc(1)-0(9) 2.039(2) Sc(1)-0(10) 2.087(2)
Sc(2)-0(9) 2.089(2) Sc(2)-0(10) 2.033(2)
Sc(2)-0(11) 2.155(3) Sc(2)-0(12) 2.174(2)
Sc(2)-0(13) 2.352(2) Sc(2)-0(14) 2.291(2)
Sc(2)-0(16) 2.341(2) Sc(2)-0(17) 2.355(2)
Sc(1)...Sc(2) 3.324(1) Na(1)-0(19) 2.465(3)
Na(1)-0(20) 2.490(3) Na(1)-0(21) 2.503(3)
Na(1)-0(22) 2.431(3) Na(1)-0(23) 2.499(3)
Na(1)-0(24) 2.449(3) Na(1)-0(25) 2.449(3)
Na(1)-0(26) 2.475(3) C-0 1.416(4)-1.436(4)
c-C 1.502(5)-1.518(5)

O(1)-Sc(1)-0(2)  54.38(9) 0(4)-Sc(1)-0(5)  55.02(9)
0(9)-Sc(1)-0(10)  72.52(9) 0(13)-8c(2)-0(14)  54.89(9)
0(16)-Sc(2)-0(17)  54.28(9) 0(9)-Sc(2)-0(10)  72.61(9)
Sc(1)-0(9)-Sc(2)  107.3(1) Sc(1)-0(10)-Sc(2)  107.6(1)
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Fig. 5.19 View of the supramolecular structure of [Scy(NO3)4(H20)4(OH),][Na([12]-
crown-4),;](NOs).(Hz0)3, with ionic nitrate groups, non-coordinated waters and H

atoms omitted for clarity. Ellipsoids are drawn at the 50% probability level.

Fig. 5.20 View of [Na([12]-crown-4);] showing the atom numbering scheme.
Ellipsoids are drawn at the 40% probability level whilst H atoms are omitted for

clarity.
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5.3 Conclusions

The scandium(IIl) centre exhibits a stronger affinity for water than the crown ether
ligands studied, with a trace amount of water enough to displace a bonded crown (in
an anhydrous complex) into the secondary coordination sphere. For example,
exposure of [ScCly([18]-crown-6)]SbCls to small quantities of H,O yielded
[ScCls(H20)3].[18]-crown-6. The Sc** ion also coordinates preferentially to both
chloride and nitrate groups over crown ethers. This contrasts with the behaviour of the
next element in the periodic table, titanium, which retains bonding to the crown,

losing chlorides in place of oxide groups (Chapter 6).

The results of studies examining reactions of hydrated scandium salts with crown
ethers revealed a strong dependence of the supramolecular structure on both reaction
conditions and the crown used. However, particular features were observed
consistently. For example, when a 1:1 ratio of scandium groups (monomers or dimers)
to crown ether was observed, an ‘infinite chain’ of alternating units was seen. In
contrast, a 1:2 ratio resulted in formation of a discrete species. It was apparent that the
supramolecular structure is not greatly altered depending on whether chloride or
nitrate groups were coordinated to scandium, with the closely related structures of
[ScCly(H0)3].[18]-crown-6  and  [Sc(H20)3(NO3)3].[18]-crown-6  providing

evidence 2%

Reaction of [ScCls(thf);] with either [15]-crown-5, [18]-crown-6 or [15]aneS;0;5 in
the presence of one molar equivalent of a Lewis acid (to act as a halide abstractor) in
rigorously anhydrous conditions affords a cation of the type [ScCly(crown)]’. Further
halide abstraction can be accomplished by addition of further Lewis acid. However,
stronger Lewis acids (in this case SbCls) may well react with other bases within the
reaction mixture, meaning further halide abstraction may not be stoichiometric. All of
these ligands encapsulate Sc(IIl). In contrast, the cavity in [12]-crown-4 is too small
to accommodate Sc(IlI), meaning two ligands sandwich the metal centre. When
[15]aneS;03 reacts with scandium(Ill), it appears that coordination through the
thioether functions does occur, with this apparently the first reported example of a
scandium - thioether linkage. The structures of [ScCl(MeCN)([15]-crown-5)]
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[SbClg],.MeCN and [ScCly([18]-crown-6)}[FeCls] both contain seven-coordinate
scandium in a pentagonal bypramidal environment. Comparison of these structures
with those of the related compounds [ScCly([15]-crown-5)]:[CuCls], [ScClx([15]-
crown-5)][SbClg], [ScCly(benzo-[15]-crown-5)] [SbCle] and [ScCly([18]-crown-6)]
[SbClg] reveals similar geometry in all, showing a strong preference of the metal

centre for this environment.

179



Chapter 5 — Complexes of Scandium Halides with Crown Ether Ligands

5.4 Experimental

Sc(NO;);.5H,0 (Strem), [12]-crown-4, [15]-crown-5 and [18]-crown-6 (Aldrich)
were used as received. ScCl;.6H,0 and [ScCls(thf);] were synthesised by literature
methods.* ** 1,4-dithia-7,10,13-trioxacyclopentadecane ([15]aneS,03) was made by
the literature method shown in Section 1.3.3.*° Anhydrous tetrahydrofuran was

obtained by distillation under nitrogen over sodium / benzophenone.

5.4.1 Reactions of [ScCls3(thf);] with crown ether ligands
[ScCi{MeCN)([15]-crown-5)][Sblg],.MeCN

A solution of SbCls (0.24 g, 0.84 mmol) in anhydrous MeCN (5 cm’) was added to a
solution of [ScCla(thf)s] (0.15 g, 0.42 mmol) in MeCN (10 cm’). The solution was
stirred under nitrogen for 15 min. [15]-crown-5 (0.09 g, 0.42 mmol) was added to the
reaction mixture which was left to stand for several days under a nitrogen atmosphere.
Colourless crystals formed which were filtered off and dried in vacuo. Yield 0.23 g,
84%. (Found: C, 15.9; H, 2.4; N, 1.8. Calc. for C;4H6Cl;3N205S8b,Sc: C, 16.0; H, 2.5;
N, 2.7%). IR (cm™)(Nujol mull): 2332w, 2303w, 1349m, 1267m, 1246m, 1128w,
1058s, 965s, 939m, 821m, 449s, 441s, 344vs. '"H NMR (300 K, d>-MeCN): 4.3(m).
#Sc NMR (300 K, MeCN): 99.5.

[SeClx([18]-crown-6)][FeCly]

A solution of FeCls (0.08 g, 0.42 mmol) in MeCN (5 cm®) was added to a solution of
[ScCls(thf)s] (0.15 g, 0.42 mmol) in MeCN (10 cm®). The solution was stirred under
nitrogen for 30 min. A solution of [18]-crown-6 (0.11 g, 0.42 mmol) in MeCN (5
cn’) was added, with the reaction mixture left to stand for 24 h in a refrigerator.
Yellow crystals formed which were filtered off and dried in vacuo. Yield 0.09 g, 37%.
(Found: C, 24.7; H, 4.1. Calc. for Ci;HClsFeOsSc: C, 24.9; H, 4.1%). IR (cm™)
(Nujol mull): 1261m, 1152w, 1089s, 1020m, 960m, 797m, 449m, 389s. 'H NMR
(300 K, d*-MeCN): 4.3(m). *Sc NMR (300 K, MeCN): 132.
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[ScClx(J15]aneS;0;5)][FeCly]

Solutions of FeCl; (0.08 g, 0.42 mmol) and [ScCls(thf)s] (0.15 g, 0.42 mmol) in
MeCN (5 cm’) were mixed together then stirred for 1 h. A solution of [15]aneS;0;
(0.11 g, 0.15 mmol) in MeCN (5 cm’) was added. The solution was concentrated to
ca. 5 cm’ then left to stand for 3 days in a refrigerator, affording a yellow solid which
was filtered off and dried in vacuo. Yield 0.12 g, 49%. (Found: C, 21.7; H, 3.5. Calc.
for C1oHa0CleFe0sS,Se: C, 21.2; H, 3.5%). IR (cm™)(Nujol mull): 1302w, 1260m,
1246m, 1169sh, 1111s, 1021sh, 968m, 933m, 839m, 798m, 594m, 466s, 382vs. 'H
NMR (300 K, CD;Cl,): 3.35 — 3.70(m). *Sc NMR (300 K, MeCN): 200.

[ScCl3(H20);].[18]-crown-6

A solution of [ScCls(thf)s] (0.15 g, 0.42 mmol) in MeCN (10 cm®) was added to a
solution of [18]-crown-6 (0.15 g, 0.42 mmol) in MeCN. The solution was left to
evaporate in air for 7 days, yielding colourless crystals which were filtered off and
dried in vacuo. Yield 0.09 g, 46%. (Found: C, 30.8; H, 5.5. Calc. for C;,H30Cl304Sc:
C, 30.7; H, 6.4%). IR (cm™)(Nujol mull): 3410br, 3222br, 1631m, 1300m, 1262w,
1140m, 1101m, 958s, 810m, 439m, 334m. 'H NMR (300 K, dﬁ-acetone): 3.6(s),
4.2(s). ®Sc NMR (300 K, EtOH): 152.

5.4.2 Reactions of scandium chloride hexahydrate with crown ether ligands
[ScCl;(H20);3]2.[18]-crown-6

A solution of [18]-crown-6 (0.08 g, 0.30 mmol) in boiling ethanol (5 ml) was added to
a solution of ScCl3.6H,0 (0.16 g, 0.60 mmol) in ethanol (10 cm’). The solution was
heated to reflux for 1 h, following which all solvent was removed. The residue was
washed with ice-cold ethanol (1 cm?), the solid filtered off and then dried in vacuo.
Yield 0.06 g, 30%. (Found: C, 21.7; H, 5.9. Calc. for C13H36Cls0128c,: C, 21.4; H,
5.4%). IR (cm™)(Nujol mull): 3400br, 3190br, 1635m, 1569w, 1303w, 1259w,
1169m, 1140m, 1093s, 956s, 837m, 768m. 'H NMR (300 K, d°-acetone): 3.6(s),
4.6(s), br. *Sc NMR (300 K, EtOH): 153.
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[ScCl;(H20);3]2.[15]-crown-5

Was made similarly using ScCl3.6H;O (0.14 g, 0.55 mmol) and [15]-crown-5 (0.06 g,
0.27 mmol). Yield 0.085 g, 50%. (Found: C, 19.0; H, 4.9. Calc. for C10H32ClsO115¢2:
C, 19.0; H, 5.0%). IR (cm™)(Nujol mull); 3400br, 1636m, 1304w, 1263w, 1125w,
1060m, 965m, 936m, 919w, 889w, 825m, 771w. 'H NMR (300 K, d°-acetone): 3.6(s),
4.7(s), br. “Sc NMR (300 K, EtOH): 152. |

[SeClz(H20)s3]2.[12]-crown-4

Was made similarly using ScCl3.6H,O (0.22 g, 0.85 mmol) and [12]-crown-4 (0.07 g,
0.42 mmol). Yield 0.08 g, 35%. (Found: C, 16.2; H, 4.6. Calc. for CsH,5ClsO10Scz: C,
16.4; H, 4.8%). IR (cm'l)(Nujol mull): 3300br, 1620m, 1304w, 1166w, 1155w, 1047s,
1021w, 966m, 938m, 908w, 891m, 855m, 810w, 765m. 'H NMR (300 K, d’-acetone):
3.6(s), 4.0(s), br. “Sc NMR (300 K, EtOH): 153.

5.4.3 Reactions of Sc(NO3);.5H,0 with crown ether ligands
[Se(NOs3)3(H20)3].[18]-crown-6

A solution of Sc(NO3)3.5H,0 (0.15 g, 0.45 mmol) in hot ethanol (15 ¢cm®) was added
dropwise to a solution of [18]-crown-6 (0.58 g, 0.22 mmol) in ethanol (5 cm’) and the
reaction mixture refluxed for 1 h. The solution was concentrated to ca. 1 cm® then left
to stand for 24 h in a refrigerator producing a white powder. The product was filtered
off and dried in vacuo. 0.05 g, 40%. (Found: C, 25.8; H, 5.2; N, 7.2. Calc. for
Ci2H30N30188c: C, 26.2; H, 5.5; N, 7.7%). IR (cm'l)(Nujol mull): 3400br, 3200br,
1645m, 1304w, 1170w, 1153w, 1077w, 1020w, 965m, 936m, 919w, 892m, 844m,
816w, 769m, 562w, 450w. "H NMR (300 K, d°-acetone): 3.6(s), 4.0(s), br. ®Sc NMR
(300 K, Me,CO): 5.

[Sc(NO3)2(H20)4]NOs.[15]-crown-5

A solution of [15]-crown-5 (0.44 g, 0.2 mmol) in ethanol (5 cm’) was added dropwise
to a boiling solution of Sc(NQ5)3.5H,0 (0.12 g, 0.4 mmol) in ethanol (5 cm®), with the
reaction mixture refluxed for 1 h. The solution was concentrated to ca. 1 cm’ then
refrigerated for 24 h, affording a white solid. The product was filtered off and dried in
vacuo. 0.05 g, 50%. (Found: C, 23.0; H, 5.4; N, 8.1. Calc. for C;oHasN3045Sc: C,
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229, H, 53; N, 8.0%). IR (cm'l)(Nujol mull): 3400br, 3200br, 1645m, 1537m,
1279m, 1121w, 1098m, 1056w, 1023m, 964w, 944m, 833m, 808m, 757m. 'H NMR
(300 K, d®-acetone): 3.6(s), 4.4(s), br. “Sc NMR (300 K, Me,CO): 2.

[Se(NOs)3(H20):].([12]-crown-4),

A solution of [12]-crown-4 (0.18 g, 1.0 mmol) in boiling ethanol (5 cm’) was added to
a solution of Sc(NOs)3.5H,0 (0.32 g, 1.0 mmol) in boiling ethanol (15 cm’) and the
mixture refluxed for 1 h. The vessel was left to stand when the solvent evaporated to
dryness, producing a gum. The gum was redissolved in the minimum of hot acetone
and the solution left to stand. Slow evaporation afforded several crystals along with an
oil. The crystals were identifed by single crystal X-Ray diffraction. IR (cm™)(Nujol
mull): 3580br, 2665m, 1650m, 1587m, 1305w, 1168w, 1157w, 1088w, 1024w, 972m,
931m, 897m, 852m, 813w, 770m, 637w, 560w, 519w. 'H NMR (300 K, d®-acetone):
3.6(s), 4.5(s), br. ¥*Sc NMR (300 K, Me,CO): -1.0, br.

[SCz(N 03)2(H20)5(0H)2] (N 03)2. [1 2]-Cl‘0Wll-4
On one occasion, the above reaction mixture was left to stand after concentration,
depositing a few crystals identified by X-ray crystallography. Insufficient quantities

were obtained for spectroscopic study.

5.4.4 Crystallographic Studies

Crystals of the complexes [ScClI(MeCN)([15]-crown-5)][SbCls],.MeCN, [ScClx([18]-
crown-6)][FeCly],  [Sc(H20)(NOs)s].([12]-crown-4);,  [Sca(OH)(H20)6(NO3)2]
(NOs)2.[12]-crown-4 and [Scz(NO3)4(H20)4(OH),][Na([12]-crown-4),](NO3).(H,0)3
were obtained directly from the reaction mixtures (see above). Crystals of
[Sc(H20)4(NO3),]NOs.[15]-crown-5 and [ScCl3(H20)3].[18]-crown-6 were obtained
by slow evaporation of ethanolic solutions. A table of crystallographic data is given
(Table 5.7). Structure solution and refinement were routine in all cases.*>>® Methylene
hydrogens were added in calculated positions on crown residues, whilst in contrast, H

atoms bound to oxygen atoms were located in later electron density maps in all but a
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few cases, and were introduced into the model in either fixed or restrained positions
(using DFIX command,; target 0.84(2) A).
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Table 5.7 Crystallographic data collection and refinement parameters

[ScCI(MeCN)([15]-crown-3)][SbClg]z.MeCN [ScCly([18]-crown-6)][FeCly] [ScCl3(H0)5].[18]-crown-6  [Sc(NO3)(H;0%INOs.[15]-crown-5

68l

Formula C14H26C113N2058bsSc Ci2H24CleFeOgSc C12H30Cl3048¢ C10H2sN30458¢
Formula weight 1051.68 577.82 469.67 523.31
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group Pbea (No. 61) Pra2; (No. 33) Pben (No. 60) Pbca (No. 61)
al A 21.209(2) 19.2026(15) 10.7210(10) 8.666(2)
b/A 13.4224(10) 11.2156(10) 14.8569(15) 15.767(6)
c/A 24.800(2) 21.0990(15) 13.2776(15) 31.740(9)
al® 90 90 90 90

ple 90 90 90 90

y/° 90 90 90 90

U/ A 7060.0(10) 4544.1(6) 2114.9(4) 4337.1(3)

Z 8 8 4 8

H#Mo-Ky)/ om™ 27.19 16.67 7.65 12.63

No. unique reflections 8017 10116 2415 2868

R 0.107 0.060 0.073 0.11

No. of obs. reflections 8017 10116 2415 1726

No. parameter/restraint 335/0 470/1 125/3 288/18

R® 0.042 0.039 0.038 0.12

wR;* 0.086 0.080 0.092 0.146

wR* 0.098 0.065 0.062 032

“ Observed if [1,> 20(,)] *R="Y ([Fovshi~ [Foutch) / T [Fobsli  ° WR> = [EW(F sos’~Foatc )/ EW(Fops 1?4 WR = N[EWi[Fovsli - [Featch)’ / SWilFopsli®

spuesrT JOYIE UMOL) YA SapifeH umipuess Jo sexo[duro) — ¢ mdey)
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Table 5.7(cont.) Crystallographic data collection and refinement parameters

[Sca(NO;)((H,0)((OH),][Na([12}-crown-4),J(NO3).(H;0)s

[Scy(NO3)(H,0)6(OH), J(NO3),. [12]-crown-4

[Sc(NO3)3(H,0),].([12]-crown-4),

Formula C;HssNsNaO3,Sc¢, CgH3¢N,0,,8¢, C,6H3sN20,0S¢
Formula weight 935.50 656.28 619.44

Crystal system Triclinic Triclinic Orthorhombic
Space group P11 (No. 2) PT (No.2) P2;2,2 (No. 18)
alA 8.7342(10) 7.5712(15) 11.6362(15)
b1A 13.4735(15) 9.2350(15) 13.432(3)
clA 16.842(3) 9.862(3) 8.7311(10)
al® 100.341(4) 85.497(7) 50

ple 98.989(4) 84.869(8) 90

yl° 93.665(7) 69.545(15) 90

U/lR? 1917.2(4) 642.7(2) 1364.7(3)

Z 2 1 2

H(Mo-Ko) / em? 4.79 6.36 3.58

No. unique reflections 6636 2801 3109

Riny 0.058 0.085 0.050

No. of obs. reflections 6636 2801 3109

No. parameter/restraint 493/3 191/6 18572

RP 0.050 0.041 0.041

wR,¢ 0.145 0.098 0.088

wR ¢ 0.090 0.069 0.060

¢ Observed if [Z, > 20(,))

b R=% (Fobshi - Foatcl) / 22 Fonshi “wR,= [ZW(Fobsz'Fcalcz)zlzv‘(Fobsz)z] 7 dyR= \j[zwi(‘Fobsh - chalcli)z / ZWiIFobs[iz

SpuedrT DY UMOLY) YA SOPITBH UIMIpueRdg Jo saxojdwo) — ¢ dey)
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6.1 Introduction

Titanium tetrahalides are often employed as precursors to Ti(IV) compounds. TiCly is
used most often, whilst frequent examples of complexes synthesised using TiBry are
encountered. However, very few Tily examples are known. Examples identified
include [Tils{MeSe(CH,),SeMe}], [Til2{o-CcHs(AsMe;z),},][I'], and [Tils{o-
CsHi(SeMe), } 1.2 The rarity of iodo-complexes is explained by the poor solubility of
Til, in non-coordinating solvents, whilst it is also a much weaker acceptor than the
chloro- and bromo-analogues.® Previous research into the interactions of titanium
halides with crown ether ligands have concentrated on reactions with TiCl,, with no

investigations of TiBr4 / crown ether complexes reported in the literature.

A single example of a structurally characterised TiCly / [12]-crown-4 compound has
been reported in the literature.* TiCl, was reacted with SbCls in acetonitrile, yielding
[TiCl3(MeCN);]SbCls. Reaction of this species with [12]crown-4 in dichloromethane
afforded the oxygen-bridged hydrolysis product [{TiCl(u,-O)([12]-crown-
4)}2][SbClg]; (Fig. 6.1). Each Ti metal centre is seven-coordinate, bonded to the four
oxygens of the crown, one chloride and two bridging oxygen atoms. Hence, a planar
Ti-O-Ti-O ring links the two metal centres. The Ti-Ocrown distances vary greatly (Ti-O
=2.121(4) - 2.237(4) A).*

-t

Qoo®
o NeNe =

Fig. 6.1 View of the cation [{ TiCl(11,-0)([12]-crown-4)},]%, a hydrolysis product.*’
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Direct reaction of TiCly with [15]-crown-5 in acetonitrile produces [TiCI(]15]-crown-
5)(u2-O)(TiCls)], presumably via adventitious hydrolysis. One Ti centre is located

inside the crown ether, coordinated to all five oxygens of the ligand (Fig. 6.2).°

—

==
Qoo®
gonH

&

Fig. 6.2 View of the structure [TiCI([15]-crown-5)(u1,-O)(TiCls)].> ¢

The Ti-Ocrown distances vary significantly (Ti-O = 2.073(6) — 2.140(5) A). In the
same study, it was found that by addition of metal chlorides with readily ionisable M-
Cl bonds, the Ti-O-Ti linkage could be prevented. For example, reaction of TiCla,
MgCl, and [15]-crown-5 in MeCN yielded [Mg(MeCN)([15]-crown-5)][TiCls].° A
second example exhibiting bonding of titanium to a crown ether is [TiCly([15]-crown-
5)][AICly], formed using TiCl; as a precursor, reacted with AlCl; and [15]-crown-5.°
The titanium centre lies in the cavity of the crown ether. Ti-Ocown distances are seen
to vary from 2.12(2) to 2.20(2) A. The complex [TiCls([15]-crown-5)(MeCN)]
[SbCls] has also been structurally characterised, revealing a six-coordinate Ti(IV)
centre, with bonds to two crown ether oxygens, along with three chlorine donors and

an acetonitrile, coordinated through nitrogen.’

In contrast to reactions with both [12]-crown-4 and [15]-crown-5, when TiCly was
added to a solution of [18]-crown-6 in dry toluene, no Ti-O-Ti linkage was observed,
with [TiCly(n*-[18]-crown-6)] formed (Fig. 6.3).° The TiCl, unit is bonded to two
adjacent oxygen atoms of the crown ether giving an octahedral coordination

geometry. The Ti-Ocrown distances are 2.125(7) and 2.145(6) A.
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't

Qoo@
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Fig. 6.3 View of the complex [TiCly(n*-[18]-crown-6)].>®

The Ti(Ill) complex [TiCl3(H20)([18]-crown-6)] has also been structurally
characterised.” Reaction of TiCl; with [18]-crown-6 in ethanol affords the complex
[TiCl3(OC,Hs)(C,HsOH),].2([18]-crown-6) (Fig. 6.4). The titanium centre is in an
octahedral environment, with two coordinated ethanols showing hydrogen bonding to
crown ether ligands through the OH of the ethanol to an oxygen of the crown in a
fashion similar to that observed for complexes isolated in Chapter 5 (eg.
[Sc(NO3)3(H,0),].([12]-crown-4),) .1°

Fig. 6.4 View of the complex [TiCl3(OC,Hs)(C,HsOH),].2([18]-crown-6).'°
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Whilst some studies of complexes of TiCly with crown ether ligands have been
previously conducted, they are by no means thorough. For example, whilst [TiCls(n’-
[18]-crown-6)] has been reported, analogous complexes of [12]-crown-4 and [15]-
crown-5 are not found in the literature.® In addition, no examples of rTiBr4 compounds
with these ligands have been reported. Hence, initially the aim was to examine
anhydrous TiXs/crown ether compounds. Attempts to synthesise compounds
exhibiting bonding to the mixed donor macrocycle [15]aneS,03 would also be made.
The work would then be extended to examining the hydrolysis pathway of these
complexes, additionally allowing comparison with the hydrolysis pathway exhibited
for analogous complexes of the previous element in the periodic table, scandium

(Chapter 5).
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6.2 Results and Discussion

6.2.1 Complexes of TiX, with [12]-crown-4

Reaction of TiCls with [12]-crown-4 in anhydrous toluene (chosen in preference to
hexane and acetonitrile because of better complex solubility in toluene) under a
nitrogen atmosphere yielded a bright yellow solid. However, upon standing, the
product decolourised to form a cream compound, which appears to be a hydrolysis
product (see below). Similar behaviour was observed when the yellow compound was
filtered off and dried in vacuo, or when n-hexane was employed as the solvent. The
solvents were rigorously dried to avoid moisture, whilst the crown ether was pre-
dried using SOCl,. Despite these precautions, repeated attempts to isolate the yellow
product were unsuccessful. In contrast, reaction of TiBry with one molar equivalent
[12]-crown-4 in toluene readily afforded the orange - brown compound [TiBra([12]-
crown-4)]. Attempts to react Tils with [12]-crown-4 were unsuccessful, possibly due

to the poor solubility of Tils in non-coordinating solvents and its poor Lewis acidity.

Crystals of the white product gained from attempts to synthesize [TiCls([12]-crown-
4)] suitable for single crystal X-ray diffraction could not be grown owing to the poor
solubility in non-coordinating solvents. However, microanalysis results suggested the
complex was probably the hydrolysis product [Ti,ClsO([12]-crown-4),], a result
which seems possible given the hydrolysis product observed for the TiCly / [18]-
crown-6 system (see 6.2.5). The reason for the vulnerability of the yellow product
(presumably [TiCly([12]-crown-4)]) to hydrolysis was unclear, particularly when the

analogous reaction with titanium tetrabromide is considered.

The complex [TiBrs([12]-crown-4)] was identified by microanalysis, whilst the infra-
red spectrum contained characteristic bands at 321 and 275 c¢m’, attributable to w(Ti-
Br)." ' In theory, a cis-bromide arrangement in [TiBrs([12]-crown-4)], which has C,v
symmetry, should exhibit four bands in the IR spectrum (2A; + B; + B;). Only two
bands were observed in practice presumably because the individual bands are close in
energy and hence were poorly resolved. The UV/visible spectrum contained the
characteristic feature at 21,700 cm™, assigned as n(Br) — t2(Ti)." !* This compares
well with n(Br) —> t(Ti) at ca. 22500 cm™ for a series of complexes of

titanium tetrabromide with bidentate thio- and seleno- ether ligands
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(eg TiBry{MeS(CH,),SMe}], TiBrs{MeSe(CH,),SeMe}]), given that results must
allow for an error of 1000 cm™.! At 300 K, the '"H NMR spectrum exhibited a single,
broad resonance at 8 3.66 ppm (compared with 3.60 ppm in the free ligand). Cooling
to 220 K did not result in any significant sharpening of the peak, suggesting rapid

exchange processes or hydrolysis.

The UV/visible spectrum of the hydrolysis product “[Ti,CleO([12]}-crown-4),]”
contained a single feature at 28,800 cm™ (compared to ca. 28,000 cm™ for the
anhydrous TiCly / crown ether complexes isolated within this study — see below). The
increased wavenumber is caused by a change in the Ti orbital energies due to Ti-O

bonding, in turn affecting the m(Cl) — t2(Ti) transition energy.

6.2.2 Complexes of TiX, with [15]-crown-5

Reaction of TiCls with [15]-crown-5 in a 1:1 molar ratio in toluene under rigorously
anhydrous conditions afforded the complex [TiCly([15]-crown-5)]. Similar reaction
using TiBry afforded [TiBry([15]-crown-5)], yet when Til4 was used, no reaction was

observed.

The IR spectrum of [TiCly([15]-crown-5)] contained a characteristic very strong,
broad band at 394 cm’, assigned as overlapping terminal w(Ti-Cl) modes (theory
predicts four bands, 2A; + B; + B, which in practice are found in the region 400 - 380

! The overlapping nature of the bands contrast with a series of TiCly / thio-

cm™).
and seleno-ether compounds identified previously, which all exhibit four well-
resolved bands.' For example, the IR spectrum of [TiCls{o-CsH4(SeMe),}] contained
bands at 390, 386, 382 and 379 cm™, assigned as w(Ti-Cl)." The spectrum of
[TiBry([15]-crown-5)] contained strong bands at 320 and 282 cm™, assigned as
overlapping v(Ti-Br) modes (again, four bands are expected within the region 320 to
280 cm™)." ' This contrasted with the spectra of a series of TiBry / thio- or seleno-
ether complexes which all exhibited four well defined bands. For example, the
spectrum of [TiBrs{MeSe(CH;);SeMe}] included bands at 327, 317, 308 and 300

cm’, assigned as v(Ti-Br).
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The UV/Visible spectroscopy data confirmed the presence of TiX bonds for both the
chloro- and bromo-complex. The spectrum of [TiCli([15]-crown-5)] contained a
strong feature at 28,000 cm™, assigned as m(CI) — tye(Ti)." M [TiBry([15]-crown-5)]

exhibited a strong feature at 22,000 cm™, corresponding to 7(Br) — tae(Ti)." !

The 'H NMR spectrum of [TiCly([15]-crown-5)] in anhydrous CD,Cl, contained
resonances at 8 3.60 (br), 4.33, 4.60 and 5.00 ppm, the integralsina2:1:1: 1 ratio.
Hence, the resonance at 5.00 ppm was assigned to CH, groups bridging the
coordinated oxygens whilst the resonance at 4.60 was attributed to the CH, groups
adjacent to these coordinated oxygens. The peak at 4.33 ppm corresponds to the next
CH,; groups further away form the coordinated oxygens with the broad resonance at
3.60 assigned to the remaining CH, groups. Cooling to 220 K had little effect on the
spectrum, suggesting that neither dissociation nor fast exchange of ‘free’ and
coordinated ether groups are occurring. When ‘wet” CD,Cl, was used, the yellow
colour of the solution was lost, with a white precipitate forming immediately. The
resulting spectrum contained only a singlet at & 3.6, corresponding to the ‘free’ crown
ether ligand. The spectrum of [TiBrs([15]-crown-5)] in dry CD,Cl, contained a broad
resonance at 3.64 ppm, along with overlapping resonances from & 4.65 to 5.00
corresponding to an exchange broadened equivalent of the spectrum of [TiCly([15]-

crown-5)]. Cooling to 220 K did not affect the spectrum.

6.2.3 Complexes of TiX4 with [18]-crown-6

Reaction of TiCly with [18]-crown-6 in a 1 : 1 molar ratio in dry toluene afforded the
complex [TiCly([18]-crown-6)] (a literature method, reported by Atwood et al.),®
whilst [TiBrs([18]-crown-6)] was obtained from the analogous TiBr4 experiment. In
contrast, when Til; was used, no reaction occurred. When TiCl; and the crown were
reacted in a 2 : 1 ratio in n-hexane, the product was the 2:1 species [(TiCly)([18]-

crown-6)].

The crystal structure of [TiCly(n>-[18]-crown-6)] has been reported previously.®

However, no further spectroscopic data were reported. In order to confirm that the
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complex isolated in this study was the same compound and was representative of the
bulk material, a powder X-ray diffraction pattern was recorded and compared with a
simulated pattern calculated from the single crystal X-ray data obtained by Atwood et

al. The fit between these was very convincing.®

The IR spectrum of [TiCl4([18]-crown-6)] contained a broad, very strong resonance at
377 ¢m™, corresponding to terminal w(Ti-Cl) modes. The broad nature of the band
meant there was a high possibility that further bands might well be obscured or
hidden underneath. The spectrum of [(TiCly)2([18]-crown-6)] was more clearly
resolved, with strong bands at 397 and 383 cm”, the latter broad. The spectrum of
[TiBrs([18]-crown-6)] contained three bands attributable to v(Ti-Br) at 321, 312 and
300 cm™.

The UV/Visible spectra for both TiCly complexes contained the characteristic feature
at 28,000 cm™, assigned as m(CI) —> to¢(Ti). Similarly, the spectrum for [TiBra([18]-

crown-6)] had a broad feature at 21,000 cm™, attributed to 7(Br) — t2o(T1).

The '"H NMR spectrum of [TiCly([18]-crown-6)] in CD,Cl, at ambient temperature
was complex, containing resonances at 8 3.60 in addition to overlapping peaks at ca.
3.76, a resonance at 4.00 and a multiplet from 4.23 — 4.60 ppm, in a 3:1:2 ratio. The
resonances at higher frequency correspond to the CH; groups closest to the oxygens
coordinated to the Ti centre (See Fig. 6.3), with the frequency dropping progressively
moving away from these coordinated oxygens. Cooling to 220 K did not alter the
spectrum significantly. The resultant '"H NMR spectrum was more simple, containing
three resonances at 8 3.70, 4.00 and 4.52 ppm, the integrals in a 1:1:1 ratio, as
observed for [(TiCls),([18]-crown-6)]. The ratio of integrals suggests that the
structure of this complex probably contains TiCls units bridged by the crown ether, as

shown in Fig. 6.5.
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Fig. 6.5 Proposed structure of the compound [(TiCls)2([18]-crown-6)] given "H NMR

data.

The 'H NMR spectrum of [TiBry([18]-crown-6)] was simple, containing a single
broad resonance at & 3.72 ppm, remaining unchanged upon cooling to 220 K,

indicating rapid exchange on the NMR timescale.

6.2.4 Reaction of TiCly with [15]aneS,0;

Reaction of TiCly with 1 molar equivalent of [15]aneS20; in anhydrous toluene
afforded the complex [TiCly([15]aneS203)]. Reactions with TiBrs and Tils were not
attempted. Whilst crystals suitable for single crystal X-Ray diffraction could not be
grown due to the poor solubility of the product, it is clear that the ligand cooordinates

through the sulfur atoms to some extent.

The UV/Visible spectrum contains features at 22,000 and 27,500 cm™. The latter is
consistent with (Cl) — ty,(Ti), whilst by comparison of the spectra with that of
[TiCla(MeSCH,CH,SMe)] it is apparent that the former is caused by n(S) — tzg(Ti).12
Whilst this evidence indicates the presence of Ti-S bonding, it does not determine

whether coordination is through two sulfur atoms or mixed donors (Fig. 6.6).
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Fig. 6.6 Possible structures of the complex [TiCly([15]aneS,05)].

The "H NMR spectrum in CD,Cl, at room temperature contained five resonances at &
2.98, 3.20 and 3.87 ppm along with overlapping resonances at 3.61 and 3.73 ppm.
Cooling to 220 K did not alter the spectrum significantly. The integrals were 1:1:1:2,
suggesting five CH, environments. This is consistent with Structure A, indicating that
that titanium has chosen coordination to sulfur over oxygen, with both donor atoms in
identical environments. This result is interesting given the hard nature of the Ti(IV)
centre, meaning coordination through oxygen might be predicted. However, titanium
is known to complex readily with softer donors, such as phosphorus, arsenic, sulfur
and selenium in anhydrous conditions (the products are very hydrolytically

unstable). 112

6.2.5 Hydrolysis Products

Throughout studies investigating the TiCl, / crown ether system, it was apparent that
samples were extremely vulnerable to hydrolysis. For example, attempts to isolate
[TiCly([12]-crown-4)] proved futile with a hydrolysis product repeatedly formed,
whilst all the anhydrous complexes isolated were seen to lose their distinctive yellow
colour (caused by n(Cl) — t2¢(Ti) charge transfer bands) when exposed to air for even
a brief period. As a result of this readiness to react with water, attempts to obtain
crystals of [TiCly([18]-crown-6)] (to confirm that the literature complex had been
successfully reproduced) by slow evaporation of a toluene solution in a nitrogen filled
glove box afforded pale yellow crystals of the oxo-bridged dimer [([18]-crown-
6)Cl3Ti(u-0)TiCl3([18]-crown-6)]. A similar experiment using [TiCly([15]-crown-5)]
yielded several crystals of the tetrameric complex [TisClg(u-O)a([15]-crown-5)4]. A
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‘bulk’ sample of the [18]-crown-6 complex was produced by stirring a toluene
solution of TiCl; with one molar equivalent of the ligand under nitrogen for 48 h. A

‘bulk’ sample of the tetrameric complex could not be prepared.

The IR spectrum of [([18]-crown-6)ClTi(u-O)TiCls([18]-crown-6)] was similar to
those of both [TiCly([18]-crown-6)] and [(TiCls)2([18]-crown-6)]. However, there
were variations in w(Ti-Cl), with vibrations appearing at 394 and 366 cm™ in the
former. The Ti-O-Ti linkage has been reported previously, with the w(Ti-O-Ti)
vibrations identified."” '* For example, the compound [Mg(MeCN)s][{TiCls
(MeCN)}2(u-0)] exhibits viym = 786 cm™.' The crown ether vibrations in the
spectrum of the oxo-bridged dimer obscure vym, predicted to be a weak band given
the Ti-O-Ti angle of 168° (from the single crystal X-ray diffraction (below)) but Vagym
was identified by a medium intensity band at 775 cm™. This assignment compares
well with Vasm for [{TiCl((MeCN)}2(1-0)]*, reported at 786 cm™ and that of [{n’-
CsHy(SiMe3)s }2 TirCly(p-0)), for which vaeym was identified at 762 cm™ >

The UV/Visible spectrum of [([18]-crown-6)CLTi(u-O)TiCl3([18]-crown-6)] was
noticably different from those of [TiCls([18]-crown-6)] and [(TiCls)2([18]-crown-6)]
with a single feature apparent at 28,600 cm™ compared to 28,000 cm™ for the
anhydrous species. The increased wavenumber is caused by a change in the Ti orbital

energies due to Ti-O bonding, in turn affecting the n(Cl) — t,4(Ti) transfer energies.

The structure of [([18]-crown-6)CLTi(-O)TiCl3([18]-crown-6)] was determined
(Fig. 6.7), with selected bond lengths and angles presented in Table 6.1. The structure
contains two titanium centres bonded to n’-bound [18]-crown-6 and three chlorines in
a mer configuration, linked by an oxygen bridge. The Ti centres exhibit a distorted
octahedral geometry, with the CI-Ti-Cl angles ranging from 92.78(2) to 95.50(2)°.
The Ocrown-Ti-Ouown angles are 73.95(5) and 74.54(5)°, forming the sharp apex of a

five-membered ring.

The Ti-O-Ti linkage was non-linear (167.8(8)°), whilst the Ti-Opngge distances
differed slightly (1.7993(12) and 1.7948(12) A). Numerous examples of a Ti-O-Ti
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bridge have been reported previously, with the linkage often linear. For example, the
structure of [(MeSCH,CH,SMe)CLTi(u-0O)TiCl(MeSCH,CH,SMe)] has a Ti-O-Ti
bond angle of 180°, with the Ti-Opriage bond length 1.788(2) A.' A second example is
the Ti-O-Ti bridge reported for the cation [{TiCly{(MeCN)},(u-O)]*, exhibiting a
crystallographically imposed bond angle of 180°, with the Ti-Opuage bond length
1.804(3) A."’ Interestingly, a second isomer of this cation has been determined,
revealing Ti-O-Ti = 174.7(4)°.'* A further case containing a bent linkage is the
complex [(th),CL Ti(u-0)TiCla(thf),], having a Ti-O-Ti angle of 176.7(3)°."°

Comparison of Ti-Oprage for the dimer [([18]-crown-6)Cl3Ti(u-O)TiCl3([18]-crown-
6)] (1.7993(12) and 1.7948(12) A) with the bond lengths Ti-Ocrown Which range from
2.1004(12) to 2.1860(13) A suggests that the bonds in the Ti-O-Ti bridge may have a
degree of multiple bond character. At each Ti centre, it is apparent that the Ti-Cl
distances are greater when #rans to a chlorine atom, than when frans to an oxygen of
the crown ether (Ti-Clyansc1 = 2.2893(5) to 2.3329(5) A c.f. TiCliransocrown = 2.2551(5)
t0 2.2582(5) A). A similar trend is seen in the structure of [TiCly([18]-crown-6)].2

Fig. 6.7 View of the structure of [([18]-crown-6)Cl3Ti(u-O)TiCl3([18]-crown-6)]. H

atoms omitted for clarity. Ellipsoids are drawn at 50% probability level.
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Table 6.1 Selected bond lengths (A) and angles (°) for the structure of
[([18]-crown-6)Cl3 Ti(u-O) TiCls([ 18]-crown-6)].

Ti(1)-0(1) 2.1860(13) Ti(1)-0(2) 2.1004(12)
Ti(1)-C1(1) 2.2893(5) Ti(1)-CI(2) 2.2582(5)
Ti(1)-CI(3) 2.3329(5) Ti(2)-Ci(4) 2.2551(5)
Ti(2)-CI(5) 2.3077(5) Ti(2)-CI(6) 2.3199(5)
Ti(1)-0(13) 1.7993(12) Ti(2)-0(13) 1.7948(12)
Ti(2)-0(7) 2.1334(13) Ti(2)-0(8) 2.1856(12)
Ti(1)-0(13)-Ti(2) 167.75(8) 0(13)-Ti(1)-0(2) 94.50(5)
O(13)-Ti(1)-0(1) 168.28(5) 0(1)-Ti(1)-0(2) 73.95(5)
0(13)-Ti(1)-CI(2) 99.32(4) 0(13)-Ti(1)-CI(1) 95.55(4)
0(13)-Ti(1)-CI(3) 93.49(4) 0(2)-Ti(1)-C1(2) 166.18(4)
0(1)-Ti(1)-CI(2) 92.23(4) O(1)-Ti(1)-CI(1) 85.78(4)
0(2)-Ti(1)-CI(3) 85.26(4) CI(2)-Ti(1)-C1(1) 92.78(2)
0(1)-Ti(1)-CI(3) 83.78(4) CI(2)-Ti(1)-CI(3) 93.54(2)
CI(1)-Ti(1)-CI(3) 167.99(2) 0(13)-Ti(2)-O(7) 95.70(5)
0(13)-Ti(2)-0(8) 170.17(5) 0(7)-Ti(2)-O(8) 74.54(5)
0(13)-Ti(2)-CI(4) 99.98(4) O(7)-Ti(2)-Cl(4) 164.30(4)
O(8)-Ti(2)-Cl(4) 89.80(4) 0(13)-Ti(2)-C1(5) 93.85(4)
O(7)-Ti(2)-CI(5) 83.81(4) O(8)-Ti(2)-CI(5) 86.34(4)
CI(4)-Ti(2)-C1(5) 94.24(2) 0(13)-Ti(2)-C1(6) 92.21(4)
O(7)-Ti(2)-Cl(6) 84.68(4) O(8)-Ti(2)-CI(6) 85.83(4)
CI(4)-Ti(2)-CI(6) 95.50(2) CI(5)-Ti(2)-CI(6) 167.46(2)

The structure of the tetrameric compound [{TiOCly([15]-crown-5)}4] is shown in Fig.
6.8, with selected bond lengths and angles given in Table 6.2. The compound
contains an eight-membered ring of alternating Ti and O atoms, with the titanium
centres forming the corners of a near planar square. The structure exhibits S4
symmetry. The Ti-O-Ti ‘bridges’ are non-linear, with a bond angle of 169.2(3)°. The
eight-membered Ti-O ring is surprisingly common, with over forty structurally
determined examples reported in the literature.'* '”- ' The geometry at each Ti centre
is close to octahedral, with bonds to two chlorines (in cis positions), two bridging
oxygen atoms and two oxygens of the crown ether. The Ti-Oprigge bond lengths differ
notably, depending on which group is frans to the oxygen. Ti-O(6), for which a
crown ether oxygen is in the trams position, is shorter (1.690(5) A) whilst the
symmetry expanded Ti-O(6’), frans to a chlorine, exhibits a bond length of 2.001(5)
A, demonstrating the strong rans effect of chlorine. As observed for [([18]-crown-

6)CL Ti(u-0)TiClz([18]-crown-6)], the Ti-Oprigge distances (1.690(5) A if zams to an
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oxygen, 2.001(5) A if trans to a Cl) are considerably shorter than Ti-Ocrown bond
lengths (2.244(5) A if trans to O, 2.117(5) if trans to Cl). Inequivalent Ti-O bond
lengths are not standard for Ti-O-Ti bridges, although examples do exist. For
example, the tetramer [{TiOClz(MeCN);}4] exhibits non-symmetrical Ti-O-Ti
bridges.'* The structure is similar to that of [{ TIOCly([15]-crown-5)}4], (with MeCN
replacing crown ether groups) with the donors frans to the bridging oxygen greatly
affecting the Ti-Oprgge bond length. By analysis of the structures of both
[{TiIOCLy([15]-crown-5)}4] and [([18]-crown-6)Cl3Ti(u-O)TiCls([18]-crown-6)] it is
apparent that the frams influence of the donors on Ti(IV) is O(oxide) > Cl >

O(crown).

Fig. 6.8 View of the structure of [TisCls(u-O)4([15]-crown-5)4], showing the atom
numbering scheme. H atoms omitted for clarity. Ellipsoids are drawn at 40%

probability level.
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Table 6.2 Selected bond lengths (A) and angles (°) for the structure of
[Ti4C18(u-0)4([ 1 5]-CI' 0Wﬂ-5)4].

Ti-0(1) 2.244(5) Ti-0(5) 2.117(5)
Ti-0(6) 1.690(5) Ti-0(6") 2.001(5)
Ti-CI(1) 2.351(2) Ti-Cl(2) 2.312(2)
Ti-0(6)-Ti’ 169.2(3) 0(6)-Ti-O(6") 94.3(3)
0(5)-Ti-0(6) 96.4(2) 0(5)-Ti-O(6") 83.9(2)
O(1)-Ti-0(6) 169.1(2) O(1)-Ti-O(6") 82.3(2)
O(1)-Ti-0(5) 73.0(2) 0(6)-Ti-C1(2) 102.7(2)
0(6")-Ti-C1(2) 91.1(2) 0(5)-Ti-C1(2) 160.6(2)
0(1)-Ti-CI(2) 87.7(2) 0(6)-Ti-C1(1) 95.6(2)
0(6’)-Ti-Cl(1) 168.4(2) O(5)-Ti-CI(1) 89.1(2)
O(1)-Ti-Cl(1) 86.9(2) CI(D-Ti-Cl2)  92.6(1)
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6.3 Conclusions

Reaction of TiXy (X = Cl or Br) with the crown ethers [12]-crown-4, [15]-crown-5
and [18]-crown-6 in anhydrous toluene yields compounds of the type [TiX4(® -
crown)]. However, the complexes are extremely sensitive to hydrolysis, to the extent
that isolating [TiClsy([12]-crown-4)] was not possible. Two examples of hydrolysis
were structurally characterised, representing two different stages of the process. The
first stage is demonstrated by [([18]-crown-6)Cl3Ti(u-O)TiCls([18]-crown-6)], with
formation of a single Ti-O-Ti linkage replacing one chlorine per Ti centre. Further
hydrolysis removes a second chlorine from each Ti centre leading to formation of a
tetrameric species, [TisCls(u-O)4([15]-crown-5)4]. A third step would presumably
involve formation of further Ti-O-Ti bridges accompanied by loss of a third chlorine.
A likely geometry would be a cube, with Ti centres situated at the corners, a theory
supported by the reported structure of the hydrolysis product [TisO12(H;0)24]%" which
exhibits such a cubic arrangement (see Fig. 6.9)."
(crown)Cl 2Tli —0— TiCIa(crown)

TiCl{crown) —— {crown)CL,Ti —Q —TiCl{crown) — 0 0
DIMER | [
MONOMER {crown)Cl,Ti — O ——TiCl{crown)
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/ e
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Fig. 6.9 Scheme showing the probable progressive hydrolysis pathway for
compounds of the type TiCly(crown).

Comparison of the [TiCly(crown)] hydrolysis pathway with the analogous system of
the preceeding element in the Periodic Table, scandium, proves interesting. In the

former, oxygen replaces terminal chlorines, whilst the crown ether ligand is retained.
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In contrast, the findings in Chapter 5 indicate that compounds of the type
[ScCls(crown)]®™" retain the halide whilst the crown is displaced in favour of water,
to form [ScCl3(H,0);], with the crown ether hydrogen bonded to the coordinated
water. The highly polarising Ti(IV) centre is better suited to oxo-group coordination,
with m-interactions possible, whilst the larger Sc(IIl) centre prefers coordination by
aquo-ligands. However, for both systems, the ethers show a surprisingly low affinity

for the hard d° Sc(III) and Ti(IV) metal centres.

TiCly reacts with [15]aneS;03 to form [TiCly([15]aneS;03)], with bonding through
the sulfur donor atoms. Given the choice of S or O donors in identical environments,

the hard Ti(IV) centre surprisingly prefers the softer donor ligand.
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6.4 Experimental

TiCly, TiBry, Tily, [12]-crown-4, [15]-crown-5 and [18]-crown-6 were obtained from
Aldrich and used as received, with the exception of [12]-crown-4, which was dried in
vacuo or by treatment with SOCl, prior to use. [15]aneS,0; was synthesised by
literature methods (see 1.3.3).%° X-ray powder diffraction data were collected over a
26 range of 10-70° with a step size of 0.02° using a Siemens D5000 diffractometer in
reflecting geometry and Cu-Ko radiation. The powder pattern for the literature

structure was predicted using the Atoms program.!

6.4.1 Reactions of TiCly with crown ether ligands

[TiCly([18]-crown-6)]

To a solution of [18]-crown-6 (0.26 g, 1.0 mmol) in toluene (10 cm®), TiCl, (0.19 g,
1.0 mmol) was added dropwise, affording a yellow precipitate. The mixture was
stirred for 30 mins, with the soild then filtered off and washed with n-hexane (10
cm’). The product was then dried in vacuo. Yield 0.095 g, 42%. (Found: C, 30.5; H,
5.8. Calc. for C1;H24CLiO6Ti: C, 31.8; H, 5.3%). IR (cm™)(Nujol mull): 1303w,
1261w, 1208w, 1168m, 1144s, 1134m, 1073m, 1037s, 972m, 932m, 901m, 842m,
804m, 733m, 566w, 467w, 377s, br. UV/Vis. (cm” }DR, BaSO,): 28000. '"H NMR
(300 K, CD,CL): 3.60, 3.76 (overlapping) [12 H], 4.00 [4H], 4.23-4.60 [8H]; (220
K): No change; (With added TiCls, 300 K): No resonances observed.

[(TiCly)2([18]-crown-6)]

Was made similarly using a 2:1 molar ratio of TiCl, : ligand in n-hexane. Yield 70 %.
(Found: C, 20.4; H, 4.0. Calc. for C1;H4CleO¢Tiy: C, 21.7; H, 3.6%). IR (cm™ )(Nujol
mull): 1300m, 1272w, 1249w, 1169w, 1144s, 1131m, 1068s, 1033s, 932m, 918m,
839m, 804m, 781m, 565w, 397vs, 383vs, br. UV/Vis. (cm™)(DR, BaSO,): 28000. 'H
NMR (300 K, CD,Cl): 3.70 [8H], 4.00 [8H], 4.52 [8H]; (200 K): 3.3 — 4.5 complex

pattern.
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[([18]-crown-6)TiCl;OTiCl3([18]-crown-6)]

Was made similarly to [TiCls([18]-crown-6)], except the reaction mixture was stirred
for 48 h under nitrogen prior to filtration. Yield 60%. (Found: C, 33.3; H, 5.8. Calc.
for CpqHusClsO13Tix: C, 33.8; H, 5.6%). IR (cm™)(Nujol mull): 1303w, 1260w,
1250w, 1144m, 1121w, 1098m, 1081s, 1037m, 1020s, 942s, 917m, 894m, 851m,
828w, 775w, 540m, 439w, 394s, 366s, 307m. UV/Vis. (cm™)(DR, BaSO.): 28600. 'H
NMR (300 K, CD,Cl): 3.60, 3.65 (overlapping) [12 H], 3.99 [4H], 4.43-4.70 [8H];
(200K): 3.42, 3.49, 3.77, 4.50, 4.53.

[TiCly([15]-crown-5)]

To a solution of [15]-crown-5 (0.22 g, 1.0 mmol) in toluene (10 cm?®), TiCl, (0.19 g,
1.0 mmol) was added dropwise, affording a bright yellow precipitate. The mixture
was stirred for 30 mins under a nitrogen atmosphere, following which the solid was
filtered off and washed with n-hexane (10 cm®). The powder was dried in vacuo.
Yield 0.16 g, 40%. (Found: C, 29.5; H, 5.2. Calc. for C;oHCL4OsTi: C, 29.3; H,
4.9%). IR (cm™)(Nujol mull): 1305s, 1261w, 1168w, 1130s, 1062s, 1020w, 978s,
930m, 907m, 848s, 827m, 769w, 565w, 546w, 519w, 430m, 394s, 363s, 339s, 321m.
UV/Vis. (em™)(DR, BaSOy): 28000. '"H NMR (300 K, CD,Cl,): 3.60 br [8H], 4.33
[4H], 4.60 [4H], 5.00 [4H]; (220 K): No change; (With added TiCls, 300 K): 4.4 v. br.
(220K) 3.68,3.72,3.94, 4.11, 4.39, 4.60, 4.87, 5.02, 5.20.

[TiCly([15]aneS205)]

TiCls (0.19 g, 1.0 mmol) was added dropwise to a solution of [15]aneS,0; (0.25 g,
1.0 mmol) in toluene (10 cm’), yielding an orange precipitate. The product was
filtered off and washed with toluene (5 cm®) then dried in vacuo. Yield 70%. (Found:
C, 26.8; H, 4.8. Calc. for C1oH2Cl4038,Ti: C, 27.2; H, 4.6%). IR (cm™)(Nujol mull):
1303s, 1255w, 1169w, 1155w, 1080m, 1021w, 968m, 933m, 918m, 889s, 848m,
805m, 770m, 566w, 482s, 472m, 409s, 385s, 377s, 353sh. UV/Vis. (cm™)(DR,
BaS0y): 27500, 22000. 'H NMR (300 K, CD,Cl,): 2.98 [4H], 3.20 [4H], 3.61, 3.73
[8H], 3.87 [4H]; (220 K): No change.
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6.4.2 Reactions of TiBr4 with crown ether ligands

[TiBr4([18]-crown-6)]

To a solution of [18]-crown-6 (0.13 g, 0.5 mmol) in toluene (10 c¢m?), a solution of
TiBrs (0.19 g, 0.5 mmol) in toluene (10 cm®) was added, affording a red-brown
precipitate. The product was filtered off, washed with toluene (5 cm®) and dried in
vacuo. Yield 60 %. (Found: C, 22.6; H, 4.0. Calc. for C1,H24BrsO6Ti: C, 22.8; H,
3.8%). IR (cm™)(Nujol mull): 1302m, 1258w, 1168w, 1150m, 1081s, 1039s, 953s,
921w, 891w, 836w, 803w, 770w, 562w, 467sh, 334s, 321s, 312m, 300m. UV/Vis.
(cm™)(DR, BaS04): 21000. '"H NMR (300 K, CD,Cl): 3.72 [16H]; (220 K): No

change.

[TiBr4([15]-crown-S)]

Solutions of [15]-crown-5 (0.11 g, 0.5 mmol) and TiBr4 (0.19 g, 0.5 mmol) in toluene
(10 cm®) were mixed, producing a red-brown precipitate. The product was filtered
off, washed with toluene (5 cm’) and dried in vacuo. Yield 50%. (Found: C, 20.3; H,
3.4. Calc. for CyoHzoBrsOsTi: C, 20.4; H, 3.4%). IR (cm’l)(Nujol mull): 1305m,
1260w, 1169m, 1150s, 1138s, 1119s, 1104m, 1013m, 975s, 951s, 921s, 904m, 845s,
821m, 767w, 565w, 544w, 438w, 320s, 282vs. UV/Vis. (cm™)(DR, BaSO4): 22000.
'H NMR (300 K, CD,Cly): 3.64 br [16H], 4.65-5.00 (overlapping) [8H]; (220 K): No
change; (With added TiBr4, 300 K): 3.8, 4.6 v. br. (1:1 integrals); (220 K): 3.55, 3.82,
438, 4.59, 4.78, 5.05.

[TiBrs([12]-crown-4)]

Was made similarly to [TiBry([15]-crown-5)]. Yield 60%. (Found: C, 17.6; H, 2.8.
Calc. for CgHyBryO4Ti: C, 17.7; H, 3.0%). IR (cm™)(Nujol mull): 1303m, 1261w,
1169s, 1151m, 1092m, 1021m, 973m, 936m, 919w, 846m, 821m, 803m, 562w,
416w, 394w, 348w, 321m, 275s, 242m. UV/Vis. (cm™)(DR, BaSO,): 21700. 'H
NMR (300 K, CD,Cl,): 3.66 br; (220 K): No change.
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6.4.3 Crystallographic studies

Details of the crystallographic data collection and refinement parameters are given in

Table 6.3.

[(J18]-crown-6)Cl3 Ti(u-O) TiCl3([18]-crown-6)]

Pale yellow block crystals were grown by slow evaporation of the toluene mother-
liquor from the synthesis of [TiCly([18]-crown-6)] under a nitrogen atmosphere.
Structure solution and refinement were carried out using SHELXL 97, and were
straightforward **?* During refinement, a 50% occupied toluene solvent molecule
was identified in the asymmetric unit. This was symmetry related to a second 50%
occupancy toluene such that the methyl carbon of one molecule is sumperimposed on
the ipso carbon of the other. As a result, six carbon atoms were refined, five with

occupancy = Y2, and one with occupancy = 1.

Fig. 6.10 Model of the two symmetry related 50% occupied toluene molecules in the
structure of [([18]-crown-6)Cl3Ti(u-O)TiClz([18]-crown-6)] showing the occupancy

of each specific carbon.

[Ti4Clg(n-O)4([15]-crown-5)4]

Pale yellow block crystals were isolated by slow evaporation of the toluene filtrates
obtained from the synthesis of [TiCly([15]-crown-5)] under a nitrogen atmosphere.
Refinement using SHELXL 97 was routine.”*?* During solution, a fully occupied
toluene molecule and a water molecule with occupancy = % were identified per Ti

centre in the tetrameric complex.
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Table 6.3 Crystallographic data collection and refinement parameters

[ TipClg(p-O)([ 18]-crown-6),].1/2C,Hg

[Ti,Clg(n-O)y([15]-crown-5),].4C,Hg. 4(1/2H,0)

Formula

Formula weight
Crystal system

Space group

alA

blA

clA

al®

pre

y!°

UrA’

A

#(Mo-K,)/cm™

No. unique reflections
Rint

No. of obs. reflections
No. parameter/restraint
R®

WRZC

Co7sHs5Cls043 Ty
899.19
Triclinic
Pi (No. 2)
10.2483(5)
13.835(1)
14.721(1)
84.669(3)
81.909(3)
79.892(3)
2029.3(2)
2

0.844
9239
0.046

8071

451/0

0.0346
0.0873

Costli16Clg0 Ty
1824.8
Tetragonal

P4/n (No. 85)
20.353(3)
20.353(3)
10.739(2)
90

90

90
4448.6(12)
2

0.655
3883

0.14

1722
356/0

0.0733
0.1671

“ Observed if [1o>20(,)] 2 R=Y ([Fopshi- [Featch) / T [Fapsh ¢ WR2 = [EW(F gbs > Feate )/ EW(F s 1)1

SpueSr{ YT UMO0L)) YIM SOpIfeH wmuelL ], Jo saxerduio) — 9 mideq)
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7.1 Experimental Techniques

The hard metal centres used in these studies show a preference towards hard donor
ligands. For studies into reactions of hydrated Sc, Y or La salts with pnictogen oxide
ligands this did not cause experimental problems. However, for reactions of anhydrous
scandium chloride (Chapter 5) or titanium halides (Chapter 6) with crown ether
ligands, products were likely to be both air and moisture sensitive. Hence, during both
synthesis and characterisation, precautions to avoid exposure to air and water were
taken. Anhydrous solvents were prepared by distillation under nitrogen over specific
reagents (Table 7.1), whilst sample preparation was carried out in a continuously

nitrogen purged dry glove box. Schlenk techniques were adopted where appropriate.

Table 7.1 Reagents adopted for anhydrous solvent preparation.

Solvent Reagents

Ethanol Mg turnings / Trace iodine
Acetonitrile Calcium hydride
Dichloromethane Calcium hydride
Tetrahydrofuran Sodium / Benzophenone®
Hexane Sodium / Benzophenone®
Toluene Sodium / Benzophenone®

? Trace diglyme added to solubulise sodium.

Throughout these studies, a range of spectroscopic techniques have been employed.
Brief descriptions of the methods used follow. In addition, microanalysis for carbon,
hydrogen and where appropriate nitrogen has been carried out using the University of

Strathclyde microanalytical service.

7.1.1 IR Spectroscopy
Spectra were recorded on a Perkin Elmer 1710 spectrometer over the range 4000-220
cm. Samples were prepared as Nujol mulls between CsI plates, or, when absorptions

caused by Nujol masked regions of the spectrum that were of interest, CsI discs were
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prepared. Some problems were experienced when adopting the latter method when
using metal halide salts as reagents with halide exchange observed (apparent by

distinct colour change of the disc) for certain samples.

7.1.2 UV/Visible Spectroscopy

Spectra were recorded for the titanium halide — crown ether system using a Perkin
Elmer Lambda 19 spectrometer. Owing to both the poor solubility of these compounds
in all solvents throughout these studies, spectra were recorded by diffuse reflectance
using dry BaSQ, as an inert diluent. Data were displayed using F(R) (the Kubelka-
Munk function).

The titanium centre is d° and hence lacks d-d and metal to ligand charge transfer
transitions. As a result, for the ligands studied, observed transitions could be assigned

to ligand to metal charge transfer transitions.

7.1.3 Molar Conductance Experiments

Conductivities were measured on a Pye 1700 conductance bridge for 107 mol dm™
solutions of the complexes in anhydrous CH,Cl, or MeNQ,, the former chosen when
solubility permitted. For reference, standard solutions were prepared in CH2Cl; to
assess typical values of 1:1, 2:1 and 3:1 electrolytes. For example, the value of Ay, was
measured for a 10” mol dm™ solution of "BuyNBF, to indicate values for a 1:1
electrolyte (found to be 22.5 ohm™cm’mol™). For MeNO; solutions, literature values

were used. !

7.1.4 Nuclear Magnetic Resonance Spectroscopy

Multinuclear NMR spectroscopy was used extensively in these studies to examine
behaviour in solution. In many cases, variable temperature studies were conducted to
allow observation of dynamic processes occurring. Spectra were recorded using either
a Bruker AM360 or a Bruker DPX400 NMR spectrometer, with the exception of both
'H and C NMR spectra, which were measured on a Bruker AM300 machine. 'H
NMR spectra were recorded at 300 MHz in CDCl3;, CD,Cl,, d®-acetone, d>-acetonitrile
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or d*-nitromethane in 5 mm tubes. Spectra obtained for other nuclei were recorded

from samples in 10 mm tubes.

p_'H} NMR spectroscopy

Spectra were recorded from solutions containing 10% deuterated solvent. The majority
of spectra were from CH,Cl, — 10% CDCl; solutions, although MeNO;, EtNO,,
MeCN or EtOH based solutions were also used where necessary. Spectra were
recorded at 145.5 MHz (when using AM360 NMR spectrometer) or 162.0 MHz
(DPX400 NMR spectrometer), referenced to external 85% H3;PO,.

The *'P nucleus has 100% natural abundance, with spin I = 1. In addition, the nucleus
has a good receptivity (D, = 0.0663) and a reasonably high magnetic moment (i =

1.9581 p,) making it a favourable nucleus for NMR spectroscopy studies.>

¥Y NMR spectroscopy

Information about ¥Y NMR spectroscopy, including properties of the nucleus is given
in Sections 1.2.2 and 1.4.1. Here, the experimental conditions used to record data are
described. Spectra were recorded in 10mm tubes from concentrated solutions. The
compound 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPQO) was added to act as a
relaxation agent, with a 2 s pulse delay at 17.65 MHz (when using the AM360 NMR
spectrometer) or at 19.6 MHz (for DPX400 NMR spectrometer) and a sweep width of
25 KHz. Long collection times were often required owing to the properties of the ¥Y

nucleus. A 2 mol dm™ solution of YCl3 at pH 1 was used as a zero reference.”

*S¢ NMR spectroscopy

Properties of the **Sc nucleus and a discussion of previous *Sc NMR studies are
described in Sections 1.2.1 and 1.4.2. Here, the experimental conditions used to record
data are described. *Sc NMR spectra were recorded at 87.5 MHz (when using the
AM360 NMR spectrometer) or at 97.2 MHz (when the DPX400 spectrometer was
employed), referenced to a 0.1 mol dm™ solution of Sc(NO3)s at pH 1.*
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7.1.5 Single Crystal X-Ray Diffraction

Data were routinely collected on either a Rigaku AFC7S four-circle diffractometer or
an Enraf Nonius-Kappa CCD diffractometer fitted with Mo-Ko radiation and a
graphite monochromator. Cell dimensions were taken directly from the diffractometer
software, with the fact that es.d. values for data collected with the CCD are
unreasonably small acknowledged.” The reflections collected were sorted, with data
quality determined by percentage of expected unique reflections that were observed. In
addition, Riy, the internal residual factor, can be calculated. Generally, a value of less

than 0.1 indicates a good data set.

Structures were solved using either Patterson synthesis methods or direct methods
within the TEXSAN package.® - ® DIRDIF is best suited for structures containing one
heavy atom and many light atoms whilst direct methods can be used for any structure
(they are best suited to a structure containing lots of atoms of similar weight). Most
examples within this study contained heavy atoms meaning either method was
appropriate. The presence of heavy atoms meant absorption corrections were required.
For data collected on the Rigaku, psi-scans were recorded during data collection,’
whilst for Nonius data, SORTAV software was used to calculate absorption by
comparison of symmetry equivalent reflections.'® Refinement was carried out using
full-matrix least-squares refinement cycles,® an iterative procedure that achieves the
best fit between the observed data and the Fourier transforms of the structure solution.
In addition, the least squares cycle offers a range of information, including residual
factors such as R and Ry, (weighted R-factor) which offer indication as to the quality of
the solution Another factor commonly quoted is the reflection:parameter ratio (number
of observed reflections per parameter refined). Generally this value should be at least 8
for a satisfactory solution, although for high symmetry complexes slightly lower
values may be acceptable. The reflection:parameter difference is accounted for in the

goodness of fit (GOF), a standardised comparison with the optimal value being 1.
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