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Abstract

This thesis presents an investigation of the structure and bonding of heavy el-
ement complexes. In particular, the thesis contains computational analyses of the
steric and electronic factors influencing the structure and bonding of complexes
containing the lanthanides or other heavy metals. In addition the thesis presents
synthetic investigations related to some of these computational issues.

Density Functional Theory, with the inclusion of scalar-relativistic corrections,
has been used to investigate the bonding of Lanthanides and other heavy met-
als in a series of complexes with ligands ranging from polihapto-m-donors such
as cyclopentadienyls, to monodentate o-bonding ligands such as chalcogenolates
and cyanides. These calculations provide a rationalization of the previously pro-
posed/determined geometries of [(CN)sPtT1(CN),|* (chapter 3) and lanthanide
chalcogenolates (chapter 4). These latter studies provide a detailed insight into
the nature and bonding of lanthanide metals and allow rationalization of observed
structural features in simple electrostatic terms.

Chapter 5 describes laboratory experiments aimed at the preparation of lan-
thanide complexes containing 1,3 dialkylated calix[4]arenes as ancillaries. Spectro-
scopic and structural evidence for a number of complexes is presented together with
several attempts to develop improved starting materials for lanthanide chemistry

including alkyl, aryls and amides.
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Chapter 1

The Rare Earth Elements



1.1 General Overview

Being lanthanides the main target of the work presented in this thesis, a general
introduction on their physical and chemical properties is given in this chapter.

The lanthanides (or rare earth metals) are a series of 14 elements, following lan-
thanum and up to lutetium, whose position in the periodic table corresponds to the
filling of the 4f electronic shell. Although the members of the lanthanide series were
isolated and identified at the beginning of the 19** century it is only in the past few
decades that the attention of chemists has been focused on this area of the periodic
table. Despite the initial idea that lanthanide chemistry would not be as interesting
as transition metal chemistry it was in fact realized that the rare earth elements have
a combination of physical properties (including size, type of valence orbitals, ion-
ization potential and predisposition to high magnetic anisotropy) which make their
chemistry a unique and fascinating area of research for both experimentalists!~ and
theoreticians.” 4

Due to the peculiarities of the f electronic functions, the lanthanides display
a chemical and physical behaviour which is quite distinct from main group and
transition metals, whereas they show some similarities with the actinide metals,
whose atomic configuration involves the filling of the 5f shell. Even though the
group III metals scandium, yttrium and lanthanum are not properly felements, their
electronic structure and ionic radii are such that their chemical behaviour resembles
quite closely that of the f elements and they are therefore generally included in

discussions regarding lanthanide chemistry.



1.2 Physical Properties

Tonization Potentials and Oxidation States

There are two typical ground state electronic configurations for the lanthanide
atoms, [Xe]4f "*15d%6s? and [Xe]df "5d'6s*> (n=0-14 from La to Lu), the first be-
ing most favourable for all elements except for Ce, Gd and Lu.

Among the possible oxidation states the trivalent (with electronic configura-
tion [Xe]4f "5d°64°) is the most stable for all lanthanides, although divalent and
tetravalent states are also possible for some elements. The relative stability of the
lanthanides as 3+ ions is normally explained by their ionization potentials. The

ionization potentials for the two processes:
Ln(g) — Ln™ + 3e” (1.1)

Ln(g) — Lo™ + 4e” (1.2)

are shown in Fig 1.1, and comparing the two curves it is clear that while oxidation to
the trivalent state requires an amount of energy which is recoverable through chem-
ical bond formation, oxidation to tetravalent state requires a much higher energy.
The tetravalent state is however accessible for cerium, and in particular conditions
for praseodymium, neodymium and terbium, whose value for the energy of pro-
cess 1.2 is smaller than that of the other lanthanides.

The possibility of isolating a divalent lanthanide ion is related to the ionization

potential for the process

Ln+2

) — Lndd) +1e” (1.3)

(aq)

The solvation energy of the 24+ and 34 ions are much smaller than the energy
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Figure 1.1: Ionization energies for the oxidation of lanthanide atoms to +3 and 4-4 ions.

associated with the ionization process,
Lnt" — Lnt" + le (1.4)

therefore, to a good degree of approximation, it is the 2-— >3+ ionization potential
in the gas phase which determines the oxidation state of the lanthanide ion. The
trend of this ionization potential within the lanthanide series is illustrated in Fig 1.2,
and shows that the values are higher for europium and ytterbium, and (to a smaller
extent) also for samarium and thulium. As a consequences these elements will be

less easily oxidized to 3+ ions and therefore more easily isolated in the 2-f state.

Lanthanide Contraction

A striking difference between transition metals and lanthanides is the trend of metal
sizes going across the series. For transition metals the size of the elements does not

decrease monotonically with increasing atomic number. By contrast, the lanthanides
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Figure 1.2: Ionization energies for the oxidation of Ln*? to Ln*3.

exhibit a steady decrease in atomic* and ionic radius on going through the series
from La to Lu. This phenomen is known as the lanthanide contraction. One of
the consequences of the lanthanide contraction is its effect on the radii of third row
transition metals, which are comparable in size to their second row analogues, and
often exhibit similar chemistry.

The ionic radii of the trivalent lanthanides and related ions given by Shannon,®
are summarized in Table 1.1. A recent analysis of experimental and theoretical Ln-
O bond length for several trivalent lanthanide complexes has found that the best
empirical fit to describe the lanthanide contraction is a quadratic decay of the ionic
radius with atomic number.!® However, no physical explanation has yet been found
for such observed correlation.

The lanthanide contraction has been explained classically by the failure of the

*Europium and ytterbium metals exhibit somewhat greater atomic radii with respect to the
other lanthanides. However this is rather due to the fact that these two metals are best regarded
as Ln?t ions with two electrons per atom devoted to metallic bonding, instead of Ln3* ions as it
is the case for the other lanthanide metals.



Table 1.1: Crystallographic radii (A) for 6-coordinate lanthanides and related ions.

Sc3t Y3+  La3t Ce¥t Pr* Nd¥* Pm3t Sm?t Eudt
0.745 0.901 1.132 1.010 0.990 0.983 0.970 0.958 0.947
Gd3+ T3t Dy3+ Ho3* Er3t Tm3t Ybd+t Ludt
0.938 0.923 0.912 0.901 0.890 0.880 0.868 0.861

4f orbitals to effectively shield the outer electron shells. Increasing atomic number
therefore results in a higher effective nuclear charge and consequent smaller radius.
However several papers dealing with the importance of relativity in the description
of systems containing heavy metals have shown that relativistic effects have a sig-
nificant influence on the properties of the f orbitals and therefore on the extent of
the lanthanide contraction, which has been interpreted as a subtle combination of

both relativistic effects and shell-structure effects.!®:17



1.3 Chemistry

The increasing number of 4 f electrons as the lanthanide series is crossed does not
generally result in a significant change of chemical properties, particularly for the
Ln3* ions. The 4f electrons are so well shielded from ligands by the outer 5s and
5p filled shells that the observed chemical behaviour is very similar going across
the lanthanide series, despite the different electronic configurations of the elements.
Furthermore, the limited radial extension of the 4f orbitals, and their consequent
poor overlap with ligand-based orbitals is responsible for lanthanide chemistry being
viewed as mainly ionic.! Thus the formation and structure of complexes is governed
mostly by electrostatic and steric factors, with differences across the series due
mainly to increasing charge over radius ratio of the metal ion. The chemistry of
trivalent lanthanides can therefore be expected, to a first approximation, to be that
of a large 3+ ion (in this respect showing many similarities to the chemistry of Sc®*,
Y3+, and La3t) with typical coordination numbers being around 8-12. Common
reaction pathways used in the synthesis of lanthanide complexes are illustrated in

Table 1.2.

Table 1.2: Typical reaction pathways for the synthesis of lanthanide complexes.

Reaction Type Ln Starting Material Ligand Products
Metathesis LoX; X =CL 1) ML’ (M = Li, Na, K) LnL; + MX
Protonolysis LnRs (R = basic ligand) HL' (HL' = acidic ligand) LnLj + HR
Transmetallation Ln (metal) HL' (HL' = acidic ligand) LnLj} + H,

t Another consequence of the poor overlap between metal- and ligand-based orbitals is the small
crystal field effects observed for lanthanide complexes compared to those observed for transition
metal complexes.



Due to their large size, rather electropositive character, and quite high affinity
for hard bases, the coordination chemistry of lanthanides with hard, oxygen and
nitrogen donor ligands is well established, and a number of stable compounds are
known with both neutral (water, ethers, ammonia) and negatively charged (ary-
loxides®'820 and amides®?'~2*) ligands. On the other hand the low affinity for less
electronegative, softer ligands, and the difficulty of covalent interactions, make the
lanthanides very inert with respect to neutral molecules like phosphines, alkenes and
alkynes. Therefore for many years the synthesis of organolanthanide complexes has
been dominated by the use of the negatively charged, polyhapto, m-donor cyclopen-
tadienyl and cyclooctatetraenyl ligands.®?® However, whith improved techniques
being developed for the synthesis of new negatively charged, soft ligands, it has
been possible to isolate for example o-bonded lanthanide alkyls,?63° and complexes
with phosfides,3'~%6 selenolate and tellurolate ligands.3”*” Because organometal-
lic species can undergo intramolecular decomposition via S-hydrogen elimination of
alkenes, the choice of alkyls is usually limited to those without a S-hydrogen.

One problem often encountered in lanthanide chemistry (which arises from the
highly polarized nature of the metal-ligand bond) is the high reactivity towards
insertion of molecular oxygen. This most likely results in the formation of a peroxide
intermediate species which can subsequently give rise to different decomposition
products. Lanthanide complexes are also easily hydrolized by trace amounts of water
and moisture which can protonate the strongly basic ligands and replace them with
OH~. These problems are usually overcome by handling lanthanide complexes in an
inert nitrogen atmosphere, and by the use of perfectly dried solvents and starting
materials.

The synthesis of both lanthanide neutral homoleptic compounds (i.e. where



the metal is surrounded by a number of equivalent ligands), as well as of com-
plexes in which the metal is forced to be in a low coordination environment, is a
rather challenging task. The metal tends to expand its coordination sphere either
by further coordination of an anionic ligand (resulting in the anionic tetrakis lan-
thanide -ate complexes), by coordination of solvent molecules, or by formation of
oligomers via bridging ligands. The stability of monomeric lanthanide homoleptic
complexes has usually been achieved by use of bulky anionic ligands which sat-
isfy the charge balance and block decomposition pathways by completely saturating
the coordination sphere of the metal. With the bulky 2,6-di-t-butylphenoxide!®
and the bis-trimethylsilyl-amide?! for example, the corresponding mononuclear ho-
moleptic tris-aryloxide and tris-amide are easily formed, and no solvent coordination,
oligomerization or contamination by -ate complexes have been reported. Similarly
the first neutral homoleptic alkyl has been isolated as a monomeric species using
the bulky bis-trimethylsilyl methyl ligands.3® The use of trimethylsilyl (TMS) sub-
stituted alkyls and amides, has also proved to be a good strategy for stabilising
lanthanide complexes by intramolecular Sif—Cy agostic interactions.*®

While tetravalent lanthanide chemistry is mostly limited to a small number of
cerium(IV) inorganic compounds, there is a growing interest in the synthesis of

divalent and low valent! lanthanide complexes.>® They have in fact shown to have

49-53 54,55
b

an unusual reactivity towards neutral molecules like dinitrogen, isocarbonyl

alkenes and alkynes.%6:57
Beyond these most commonly observed oxidation states there has been in the

recent years a sudden growth in the chemistry of the lanthanide in “non classical”

oxidation states.?%® Some remarkable zerovalent lanthanide sandwich complexes

#The usefulness of such species is indicated by the fact that divalent samarium iodide is routinely
used as a selective reducing agent in organic synthesis.

9



with a surprising thermodynamical stability have been obtained with neutral n°-

4,59,60

arene ligands, suggesting that some degree of covalency might indeed play a

significant role in such low valent systems.

10



1.4 Description of following chapters

In chapter 2 I will give a description of the theoretical background and the com-
putational methods used within this thesis, with particular emphasis on density
functional theory and relativistic treatment of heavy elements. A brief account of
computational investigations on lanthanide and actinide is also given in this chapter.

Chapter 3 describes the computational study of a series of Pt-Tl complexes.
The calculated electronic and geometric structure of the complexes are compared
with experimental observations in order to support the proposed structures. The
platinum-thallium system was chosen at the beginning of the project in order to allow
for training on the use of the program package and the computational techniques
adopted.

The original aim of the Ph.D. project was to synthesize calixarene-supported
lanthanide complexes (and in particular lanthanide bimetallics supported by en-
capsulating bis calixarene ligands) and investigate their electronic and geometric
structures by means of spectroscopical and computational analysis. However, due
to problems encountered with the experiments, it was decided to focus the compu-
tational analysis on other systems.

Chapter 4 presents therefore a computational investigation of several cyclopenta-
dienyl-supported lanthanide chalcogenolates, with an analysis of the lanthanide-
chalcogen bond and the factors influencing the geometric structures of these com-
plexes.

Chapter 5 describes experimental work aimed at the synthesis of calixarene-
supported lanthanide complexes. Several attempts at the synthesis of new tris ho-

moleptic lanthanide starting materials are also presented.

11



Chapter 2

Theoretical Considerations

12



In this chapter a brief overview on the historical development of Density Func-
tional Theory and its current state is presented. It follows a short description of ab
Initio methods (for comparative purposes) and a more detailed discussion of different
aspects of Density Functional Theory (principles, Kohn-Sham method, exchange-
correlation functionals). The final section describes the effects of relativity at the
atomic and molecular level and the different approaches to include relativity in the

calculation of electronic properties, specifically those of the 4f elements.

2.1 General Overview

The origin of Density Functional Theory can be traced to the early part of the 20%
century when Fermi® and Thomas®® proposed an approximate model to describe
the electron distribution in space. This model, however, was unable to reproduce
molecular properties (such as bonding between two atoms) and was less accurate
than existing models in calculating the electronic structure of atoms. The first step
towards the development of the density functional method, as it is known today,®?
was taken in 1964-65, when the theory and methodology of density functional cal-
culations were published in the landmark papers by P. Hohenberg, W. Kohn, and
L. J. Sham.%4% Although physicists soon applied the new theory using the local
density spin approximation (LSDA) to study solids with considerable success,®® it
took a while for chemists to apply DFT to the calculation of molecular properties.
This was partly due to failure of the LSDA to give accurate results for molecular
dissociation energies, but with the introduction of gradient-corrected functionals in
the mid-'80s%" this problem was solved, and molecular DFT calculations experienced
a huge growth over the next few years.

One of the reasons for the success of DFT and its wide application to the study of

13



chemical systems is its short computational time compared with other approaches.
Comparison with correlated methods such as coupled cluster (CC) or configuration
interaction (CI) shows that these methods generally achieve more accurate results
than DFT, but being computationally very demanding, they are still limited to the
study of comparatively small systems. Hartree-Fock calculations require roughly the
same computational time, but unlike DF'T electron correlation is not intrinsically
included in the Hartree-Fock method and has to be computed separately.

The concept of electron density (which in the density functional approach re-
places the many-electron wavefunction) is also particularly suited to the description
of well established concepts in chemical structure and reactivity®® (such as chemical
potential, polarizability, hardness/softness and many others) and DFT is therefore
appropriate for the investigation of chemical systems.

Although the Kohn-Sham equations (a set of equations which allows the self
consistent calculation of the electron density for a given electronic system) are in
principle exact, the insufficient knowledge on the form of the exchange-correlation
potential for systems of interacting electrons leads inevitably to approximate solu-
tions. However the currently available forms of exchange-correlation potential are
in most cases accurate enough for the treatment of chemical systems, with errors
of a few kcal/mol for binding energies.®® Moreover there has been a recent interest
in the search for exchange correlation functionals based on a deeper understand-
ing of their nature and properties,”®"* which if successful would reduce the level of

approximation in density functional methods to the choice of basis functions.
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2.2 Ab Initio Methods

The Schrédinger equation provides the basis for describing in principle any physical
system at a non-relativistic* quantum mechanical level. Its time-dependent, and

time-independent forms (in atomic units) are respectively:'

- ov
HY = EY (2.2)

where H is the Hamiltonian energy operator, ¥ is the wavefunction associated to
the system, and E is the energy of the system. The wavefunction has a central role
in quantum mechanics since all the physical observables associated with a system
can be calculated from its wavefunction through the corresponding operator (i.e.
the observable is given by the expectation value of the associated operator over
the wavefunction). An example is shown in equation 2.3, where the total energy is

calculated from the corresponding Hamiltonian operator.

E[¥] = %\5’_) (2.3)

The general form of the Hamiltonian operator for a molecular system is given
by:

IA{=Te+Tn+Vne+me+Vnn (24)

where the terms on the right-hand side of the above equation are respectively the

electronic kinetic energy operator, the nuclear kinetic energy operator, the potential

*In the following sections only non-relativistic methods will be treated, whereas relativistic
effects and their possible treatment will be discussed in section 2.6.
tThe following conventions will be adopted in mathematical equations: vectors will be rep-

resented as bold text, operators as fi, and square brackets will be used to designate functional
dependency.
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energy operator of nuclei-electron attraction, and the potential energy operator for
electron-electron and nucleus-nucleus repulsion.

The Born-Oppenheimer approximation is generally applied to quantum mechan-
ical calculations of electronic properties. Since the time scale of electron motion
is much smaller than that of nuclei, it is assumed that electrons experience a field
generated by fixed nuclei. This simplifies the form of the molecular Hamiltonian as
it allows us to separate the motion of electrons from that of nuclei. Therefore the
electronic Hamiltonian for a N-electron molecular system (in atomic units) has the

following form.

A

H=T+Vp+ V., (2.5)

The electronic kinetic energy operator has the form,
PN LA |
T=Y _EV? (2.6)

where V? is the Laplacian operator for electron i. The second term in equation 2.5
is the external potential operator, which if no other potential is present corresponds
simply to the operator for the electrostatic nuclei-electron interaction:
. N N Za
Vae=) v(r) =33 — (2.7)
i=1 i=1 a Tia
where v(r;) is the electrostatic potential experienced by electron ¢ at point r, Z,

is the nuclear charge of nucleus o and r;, is the nucleus-electron distance. The

operator for the electron-electron repulsion is given by.

V=Y — 28)

j i>j T4
Note that in the formulation of the electronic Hamiltonian, the kinetic energy

and electron repulsion operators are of a general form and are only determined by
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the number of electron N. Therefore given the number of electrons, the Hamiltonian
of the system is simply defined by the form of the electrostatic potential v(r). Con-
sequently N and v(r) determine the Hamiltonian, the wavefunction, and all other
properties of the system.

Unfortunately for systems of interacting electrons (i.e. many-electrons atoms
and molecules) the time-independent Schrédinger equation can not be solved an-
alytically, and only numerical approximate solutions are possible. Nevertheless,
several ab initiot computational methods have been devised, which provide increas-
ingly more refined numerical solutions. All ab initio methods for the study of atomic
and molecular systems (Hartree-Fock, Configuration Interaction, Coupled Cluster,
etc.) are based on the calculation of an approximate wavefunction from which all
other observables are derived.

The calculation of atomic and molecular wavefunctions depends crucially upon
the definition of a trial many-electron wavefunction (usually constructed from many
one-electron orbitals), and a suitable Hamiltonian. In the Hartree-Fock method for
example, the Hamiltonian (known as Fock operator) contains a Coulomb and an
exchange integral (K and J respectively) which depend on the basis set orbitals
which define the wavefunction. The wavefunction is then optimized through a series
of iterative processes following a Self-Consistent-Field procedure, so as to minimize
the ground state energy of the system.}

There are different possible ways to approximate the Hamiltonian and different
forms to express the wavefunction (according to the different ab initio methods) and

these eventually determine the level of refinement of the corresponding numerical

Yi.e. from first principle, therefore without the use of empirical data.
§The Variational Principle ensures that the energy calculated with any trial wavefunction is
always greater than the real ground state energy of the system.
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solutions. For more details on typical ab initio methods see for example “Compu-

tational Chemistry”™ and “Molecular Quantum Mechanics”.™
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2.3 Density Functional Theory (DFT)

In the same way that the electronic wavefunction plays a central role in ab initio
methods, the electron probability density (or electron density) plays a central role in
Density Functional Methods. Considering an electronic system, the electron density
p for a given state is defined as the number of electrons per unit volume in that
state. Integration over all space of the electron density for a given electronic system

gives the total number of electrons for that system.
N = /p(r)dr (2.9)

The basic concepts on which Density Functional Theory is built are summarized
in the first and second Hohenberg-Kohn theorems.® They quite simply demonstrate

that:

1. The external potential v(r) is determined, within a trivial additive constant,

by the ground state electron density po(r).
2. For a trial density g(r), such that g(r) > 0 and [ 5(r)dr = N,
Ey < E[p]
where E[j] is the energy calculated as a functional of j(r).

We have already seen that the number of electrons in a system is uniquely deter-
mined by the electron density (see equation 2.9). Since the electrostatic potential
v(r) is also determined by the electron density, from the first Hohenberg-Kohn the-

orem it follows that the Hamiltonian, and therefore energy, wavefunction, and all

9In analogy with a function, i.e. a rule for going from a variable z to a number f(z), a functional
is a rule for going from a variable function f(z) to a number F[f].
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other electronic properties of the system, are uniquely determined by the ground-

state electron density po(r). We can therefore write:
E[po] = T[po] + Vaelpo] + Vee[po] (2.10)

to stress the point that the total energy, kinetic and potential energy terms must all
be functionals of py.

The second Hohenberg-Kohn theorem is analogous to the Variational principle
(with the only difference being that the ground state energy is expressed as a func-
tional of the ground state electron density) and provides a tool for the numerical
solution of the density functional problem.

There are however a few difficulties which have to be overcome in order to apply
DFT to systems of interacting electrons, and these arise from finding suitable ex-
pressions for the energy functionals in equation 2.10. The potential energy Vn.[po]

due to an external field v(r) is a simple functional of the density.

Vielpo] = / v(r)po(r)dr (2.11)
However, the energy for electron-electron interaction V.. has a classical part, the

Coulomb potential energy J[go),

Jlpo] = 3 / LGV P (2.12)

ry — T
and a non classical part which is not known.
Therefore the problem remains of how to evaluate the kinetic energy, T|p,], and
the non classical part of the electron-electron interaction energy in terms of pg(r).

The Thomas-Fermi®62 and related models”"®

are direct approaches which pro-
pose different ways to approximate T[p] and the non classical part of V.[p]. However
quite drastic assumptions have to be made and this leads inevitably to a great loss

of accuracy.
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2.4 The Kohn-Sham Method

Density Functional Theory was turned into a practical tool for rigorous calculations
through the work of Kohn and Sham.%® They devised an indirect approach which al-
lows the exact evaluation of the kinetic energy for an electronic system, and provides
a set of equations for the solution of the density functional problem.

Consider a system of N non interacting electrons (which from now on will be

denoted by the subscript s). The Hamiltonian has the form:
R N 1 . N
H; = Z(—EV,-) + sz(r,;) (2.13)
(] (]
and the corresponding ground state wavefunction is a single determinant wavefunc-

tion of the type:

\IIS ¢21"'1¢N| (214)

= \/% |91,
where 1); are one-electron spin orbitals which satisfy the time-independent Schrodinger
equations below.

{_%V? + vs(s) i = €ithi (2.15)

For such a non interacting system the exact kinetic energy can be easily calculated,

and its form (in term of atomic orbitals) is shown below.
ud 1
Ty =2 (il — 5 Vils) (2.16)
i
Therefore for a system of non interacting electrons the ; can be obtained by solving

the N one-electron equations 2.15, and the electron density can be calculated simply

by quadrature.
N
pa() = 3 [9s()? (2.17)
The total energy for this non-interacting system is hence known exactly.
EJp| =T, + / o(r) p(r)dr (2.18)
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If we now consider a real system of interacting electrons, the total energy,

Elp] = Tlp] + Veelp] + [ o(x)p(x)dr (2.19)

has a rather more complicated form than 2.18, since it contains the electron-electron
interaction energy, Ve[p], with a non classical term which is not known. Furthermore
the kinetic energy of a real interacting-electron system is different from that shown
in equation 2.16.

In order to simplify the problem, Kohn and Sham defined an exchange-correlation
energy term (also known as exchange-correlation energy functional) E;.[p], which
includes all the terms which cannot be easily calculated (i.e. the difference between

T[p] and Ts[p] and the non classical part of V).

Ezelp] = (Tp] — Tilp]) + (Vee — J[p)) (2.20)

The total energy for the interacting system (equation 2.19) can therefore be rewritten
as:

Blo) = Tlp) + Jl} + Buclp] + [ v(x)o(x)dr (2.21)

The central point in the Kohn-Sham method is considering that a real system
of interacting electrons, with kinetic energy T[p] and potential v(r), is equal to a
reference system of non interacting electrons having kinetic energy T but a modified
external potential veg(r) called the Kohn-Sham effective potential. With this clever

assumption the total energy for the interacting system can be written as

Blg] = Ty[p] + [ vea(r)p(r)dr (2.22)

with veg(r) defined as follows.

§J[p] | 9Ez[p]
5p(r) * op(r)
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The last term in equation 2.23 is the exchange-correlation potential, v .(r):

_ 0 Eycp]
=) = 5ote)

(2.24)

note that the exact expression for E,., and therefore v,., is not known. A more

explicit form of veg(r), obtained by substituting equations 2.12 and 2.24 in 2.23,

vesr () = v(r) +/ |rpg‘,1)"| dr' + vge (2.25)

highlights the fact that the only term in veg which is not known is the exchange-
correlation potential.
The Kohn-Sham method is in principle exact in that, once v,(r) is known, the

electron density p(r) can be calculated by solving the N Kohn-Sham equations,
-
{=5Vi + ()} = ety (2.26)

(where 1); are the one-electron Kohn-Sham orbitals) and substituting the obtained

;i in

N

p(r) =3 [(r) (2.27)

:
Since veg depends on p (see equation 2.25) the Kohn-Sham equations have to be
solved iteratively i.e. choosing a trial p substituting in 2.25, solving 2.26 to obtain
1);, calculating a more accurate p from 2.27, and so on until self-consistency is
reached.

However, the limitations on the knowledge of v,., and the consequent use of
approximate semi-empirical expressions for its representation, introduce a further

level of approximation which adds to the basis set truncation leading to inevitably

approximate solutions.
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2.5 Exchange-Correlation Functionals

The determination of improved exchange-correlation functionals is a continuing area
of interest in Density Functional Theory, with more and more functionals being pro-
posed every year.”® In this section I describe some of the most commonly used
exchange-correlation functionals. An exchange-correlation energy functional is con-
sidered ‘local’ when it is just a functional of the value of p(r), while a ‘gradient

corrected’ functional is one which depends also on the gradient of p(r), indicated by
Vp(r).

Local Density Approximation

One of the simplest approximate forms of the exchange-correlation energy functional,
is to treat the electrons locally as a uniform gas. This is known as the Local Density
Approximation (LDA). The LDA method is most accurate for systems with slowly-
varying electron densities however it also gives fairly useful results for chemical
systems, in which the electron distribution is far from homogeneous.

The LDA exchange-correlation functional can be written as:

ELPAlp] = [ p(r)eac(p)dr (2.28)

where €,.(p) is the exchange-correlation energy per particle of a uniform electron

gas of density p, and can be separated in its two contributions.

€ze(p) = €z(p) + €c(p) (2.29)

The set of Kohn-Sham equations within the LDA approach become:

| p(r')

r'| dr’ + ’UE)A(I‘) iﬁi = e,-zp,; (2.30)

[—%VZ @) + |
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LDA

where v is:

(2.31)

IUI [

Solution of equations 2.30 is referred to as the LDA method.
The exact expression of the exchange functional per particle for a uniform elec-

tron gas has been developed by Dirac.8¢

£x(p) = Cup(r)'/® with C, = [—% (%) 1/3] (2.32)

Possible approximate expressions for €, have also been proposed.3!:82

Exchange-only LDA and the Xa Method

The simplest possible form of LDA is the exchange-only LDA. If one ignores corre-

lation, the expression for the exchange-only functional is obtained,
EPA[] = C, / p(r)dr (2.33)

and differentiating with respect to p one can write the exchange-only LDA potential,

2@ = - (2o0) " (2.34)

and the corresponding exchange-only LDA Kohn-Sham equations.

[——V2 +v(r) + / = dr LDA(T)] Vi = &9; (2.35)

Equation 2.35 shows many similarities with the Xa equation developed by Slater

as an approximation to the Hartree-Fock equation:

[——V2 +o(r -|-/ = dr + vXa(r)] ¥i = € (2.36)
where vx, is the Xa local potential,
3 3 1/3
UXa = —5Q (;P(l‘)) (2.37)



and « is a parameter which Slater set equal to 1.

Comparison of equations 2.35 and 2.34 with 2.36 and 2.37 shows in fact that
the exchange-only LDA Kohn-Sham potential (2.34) corresponds exactly to the Xa
potential (2.37) with o = 2/3.

Within the Xa method, the exchange functional ELPA is therefore rearranged

into a more general form,
3
E¥elp] = 2o, / p(r)*3dr (2.38)

and the parameter « is often treated as an adjustable quantity, varying between 2/3
and 1.

Because of the way it is constructed, the Xa solution does not include correlation
effects.

Local Spin Density Approximation

One step beyond the simple LDA approach is the Local Spin Density Approximation
(LSDA). This is an analogous approach to LDA (i.e. it approximates the electron
distribution to that of an homogeneous spin-polarized electron gas) but applies to
systems in which spin polarization is important (such as open shell systems, or
systems in the presence of an external magnetic field) and for which Spin Density
Functional Theory (SDFT) is used instead of Density Functional Theory.! Due to
its spin dependency, SDFT also allows the production of more accurate forms of the
approximate exchange and correlation functionals. The energy functionals in the
SDFT approach become in fact functionals of the a- and S-electron densities.
The exchange-correlation functional can be separated in its two contributions:

Eze[p® PP = Ez[p®, p°] + E.[p", /”] (2.39)

For more details on Spin Density Functional Theory see Density-Functional Theory of Atoms
and Molecules.®3
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where the exchange functional is,

BESPA[pe, of) = 2°C, [ [(6)*F° + (o)) dr (2.40)

and the correlation functional has the form

EEPALe, o) = [ pla)ec(p, Q)dr (2.41)
where £.(p, () is the correlation energy per electron and ( is the spin polarization
parameter.

@
(== (2.42)
P+

Many possible forms have been developed for the correlation energy, .(p, ¢).828
The most commonly used is the one proposed by Vosko, Wilk and Nusair®? (known

as VWN correlation functional).

Generalized Gradient Approximation

The next level of approximation is given by the so called Generalized Gradient
Approximation (GGA). Within this approach a gradient correction is applied to the
local exchange-correlation functional so as to take into account the inhomogeneity
of electron densities in atoms and molecules.

Since the major source of error in LDA is in the exchange energy, the simplest
GGA approach, developed by Perdew and Wang,® consists of applying a gradient
correction only to the exchange energy functional. This method, although quite
simple, leads to a significant increase in the level of accuracy leaving only 1% error
in the calculated exchange energy. The Perdew-Wang GGA-corrected exchange

functional is shown below,

£eos) = -3 (3" [ g pisyar (2.43)
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where

F(s) = (1+1.2065> + 14s* + 0.26°) /" (2.44)
and
V()| . 2 1
= with ke = (372p)/3 2.45
;= 7) = (3r%) (2.45)

A different form for the gradient expansion, F(s), was proposed by Becke.5”

Analogous gradient corrections were also developed for the correlation functional;
among the most used are the one proposed by Lee, Yang and Parr® and one proposed
by Perdew.%”

Other functionals have also been proposed which include gradient corrections
both to the exchange and correlation terms. One such functional is the PW918%8
which uses the exchange and correlation corrections developed by Perdew and Wang
in 1991. A more recent example is the PBE functional which uses the Perdew-
Burke-Ernzerhof gradient corrected exchange and correlation terms.®® The RPBE
and revPBE also use the Perdew-Burke-Ernzerhof correlation correction while us-
ing a revised form of the Perdew-Burke-Ernzerhof exchange term, respectively the

Hammer-Hansen-Norskov®® and Zhang-Wang®' exchange functionals.

Meta-GGA functionals

In order to improve the form of the GGA functionals there have been a few attempts
to go beyond first-order approximation and introduce the second-order derivative of
the electron density, i.e. the Laplacian of the density (V2p), or the kinetic energy

density (7). The form for a meta-GGA functional is therefore:
EgcS%Ap) = / Fue(p, Vp, V?p,7)dr (2.46)

where F,. represents a general gradient expansion function for the exchange and

correlation functionals.

28



Examples of such functionals are the B98%? (which includes V?p, T and exact ex-
change), PKZB* (based upon PBE but extended to include 7), and VS98% (based
on second-order density matrix expansion). In general, the functionals which are
dependent on the Laplacian of the density display a large variation with respect
to basis set changes or numerical integration accuracy. Furthermore, testing these
functionals together with their corresponding first-order analogues proved that they
perform worse or comparably well, with the only exception being VS98 which per-

forms similarly for energy calculation but shows improved geometrical predictions.™
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2.6 Relativity in Chemistry

Relativistic Effects

Despite the initial belief that relativity would not affect atomic and molecular prop-
erties, the importance of relativistic effects in chemistry has now been widely ac-
cepted.!%

The radial velocity v of an electron moving in the 1s shell and inner shells
increases with increasing atomic number. Therefore, the relativistic mass correction
for the core electrons

m= (2.47)

- (2)

(where mg is the mass at rest and c is the speed of light) becomes increasingly
important for heavy elements. As a result the s and, to a lesser extent, p shells
are contracted and stabilized. This effect is referred to as direct relativistic orbital
contraction. On the other hand, d and f orbitals are destabilized by the increased
shielding of the nuclear charge by the s and p electrons of similar radial distribution.
This effect is known as indirect relativistic orbital expansion, and is generally less
marked than the previous one.

The inclusion of relativistic corrections in the computational analysis of systems
containing heavy elements generally leads to a significant shortening of covalent
bonds with respect to analogous non-relativistic calculations. Although this was
first thought to be a consequence of the reduced radial extension of the valence
atomic orbitals, it was proved to be an independent effect rather due to the form of
the relativistic Hamiltonian operator.6-8

Another aspect of relativity, which is related to the existence of electron spin

(and is correctly predicted by the Dirac equation), is spin orbit coupling. In an atom
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or molecule the electron spin angular momentum couples with the orbital angular
momentum, leading to a total angular momentum. There are two qualitative spin
orbit coupling schemes that can be used to evaluate the spin orbit coupling, namely
L-S (or Russell-Saunders) and j-j approaches. The first is more appropriately used
when spin orbit coupling is weak with respect to interelectronic repulsion, the second
is more appropriate when spin-orbit coupling becomes stronger than electrostatic
interactions. Since spin orbit coupling depends on Z* (Z being the atomic number)
it becomes very effective for heavy elements.** In the second case, spin orbit coupling
results in the splitting of a shell into subshells characterized by non integral quantum
number j, which is reflected in the observed electronic absorption spectra. Since the
use of single point symmetry is not sufficient to describe states with non integral
quantum number, the rather less familiar double point symmetry groups have to be

used for a rigorous treatment of relativity.

Relativistic Computational Methods

I will now describe the possible computational approaches to treat relativity at
quantum mechanical level. All of these approaches are in principle applicable to
both ab initio and DFT methods.

A precise relativistic description of electrons in atomic and molecular systems is
given by the 4-component Dirac equation:

- 0
Hpo¥ =is (2.48)

where Hpc is the electronic Dirac-Coulomb operator,

A . 1
Hpc = - E co;p; + ,5,'02 + ’U(l‘,‘) + Z — (2'49)
i i>j Tij

**The Russell-Saunders approach describes very well the electronic structures of lanthanide
atoms and the corresponding 3+ ions, but becomes unappropriate for heavier elements.

31



c is the speed of light, o and 8 are 4x4 constant matrices, and p is the linear mo-
mentum operator. The solution of Dirac equations is a 4-component wavefunction.
It has two positive energy states corresponding to o and S spin electrons, and two
negative energy states corresponding to e and 3 spin positrons. The Dirac equation
has several conceptual advantages over the Schrodinger equation; first electron spin
and spin orbit coupling are intrinsically defined rather than being added as an extra,
second it is symmetric with respect to space and time, therefore obeying Einstein’s
special theory of relativity. However the computational effort associated to the so-
lution of the full Dirac equation is such that calculations are currently restricted to
atoms and very small molecules.

One way to simplify the Dirac-Coulomb operator is by elimination of the positronic
states. This leads to approximate 2-component methods such as n-ORA (n** or-
der regular Hamiltonian approximation, with n = 0, 1, 2...).9%1% Among these
approximations one of the most commonly used is ZORA (zero-order regular ap-
proximation) which can be combined to single or double point group symmetry to
give scalar-relativistic or spin orbit coupled results respectively!t.

A different way to treat relativity is the Pauli formalism. This approach uses the
Schrodinger equation instead of Dirac equation, and a form of the Hamiltonian (the
Pauli Hamiltonian'®1%?) which contains first-order relativistic corrections. The
Pauli Hamiltonian has corrective terms for the kinetic and potential energy (called
respectively the mass-velocity and Darwin corrections), and, if necessary, an extra
term to account for the spin-orbit contribution. In chemical applications, it has been
found that a Pauli treatment is of acceptable accuracy for all electron calculations

of 3d and 4d transition-metal systems, but can be unreliable where heavier elements

tt As implemented in Amsterdam Density Functional, version 2002.01
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are involved. The use of frozen cores gives however reasonable results for all but the
very heavy elements.}

Another less sophisticated approach to introduce relativistic corrections is the
so called relativistic pseudopotential method. This consists of replacing the wave-
function associated with the core electrons with relativistic effective core potentials
(ECP),!%* therefore highly reducing the computational effort, particularly for heavy
elements. The ECP are usually generated from very accurate relativistic atomic
calculations, and calculation of molecular properties often involves no further rela-
tivistic treatments.

Relativity and the f block

The way in which relativity affects the geometric and electronic properties of lan-
thanide and actinide complexes has been widely investigated.®10:105:106 A series of
fully relativistic density functional calculations of the ionization energies and d-f
charge transfer energies for the whole series of lanthanide atoms and comparison
with analogous results using a quasirelativistic ab initio pseudopotential method
has shown that both density functional and ab initio methods give equally accurate
results.!® Electron correlation effects turn out to be very important, while spin-orbit
coupling contributions were found to be generally small for the lanthanide atoms,
suggesting that the use of scalar-relativistic Hamiltonians might lead to sufficiently
accurate results for many purposes.'®

In one of the earlier attempts to evaluate the effects of relativity for lanthanide
molecules the electronic structures of several lanthanide mono-hydrides, mono-fluorides,

and monoxides were calculated by nonrelativistic and quasirelativistic gradient-

HTheoretical deficiencies of the Pauli Hamiltonian are due to its singular behavior at the nucleus,
and therefore it performs worse with a complete basis set!?3
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corrected density functional theory.!% Nonrelativistic calculations showed signif-
icant discrepancies from experimental data, while the quasirelativistic results were
found to be in good agreement with experimental bond length values, even for the
open shell gadolinium molecules with high spin multiplicity. The quasirelativistic
bond lengths obtained for the gadolinium molecules are also in excellent agreement

105 al-

with recent fully relativistic density functional calculations on Gd diatomics,
though the agreement was not as good for binding energies (calculated to be some-
what lower than the fully relativistic values).

The effect of relativity on the lanthanide and actinide contraction has also been
investigated.'!":1071%8 A comparison between fully relativistic Dirac-Fock (DF), and
non relativistic Hartree- Fock (HF) calculations on a series of lanthanide and actinide
hydrides and fluorides has shown an increase in the calculated contraction of 10-30%
for the lanthanides and 40-50% for the actinides, when relativity is included.0?

With the implementation of fast computing resources, the study of real systems
is becoming ever more accessible and there are already many examples in which a
theoretical investigation successfully predicted and/or helped to understand the na-
ture of the metal-ligand bonding in lanthanide and actinide complexes. For example
an ab initio self consistent field (SCF) plus configuration interaction study has been
carried out for the ground state and low lying excited states of cerocene, Ce(CgHyg)s,
and thorocene, Th(CgHg),. Theoretical results suggested that in such complexes,
while the thorium ion can be represented as Th(IV), the cerium ion should be best
regarded as Ce(III).12 This surprising prediction was later confirmed experimentally
by X-ray absorption measurements.'

Another successful example is given by a series of ab initio calculations on the

bis-n%-benzene complexes of zerovalent lanthanide and actinides.®!'®12 Despite
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the generally small overlap of lanthanide f orbitals with the ligand orbitals, the
nature of the metal-benzene bonding was shown to be significantly covalent and these
molecules have therefore an unexpected thermodynamic stability. Not only did the
quantum mechanical analysis reproduce the stability of the lanthanide complexes,
but it predicted that the analogous actinide complexes would be stable.!'® Moreover
it traced the metal-ligand interaction to a promotion of an electron from the metal
4f to 5d orbital and a consequently strong metal to ligand back donation through
the occupied metal d orbital.

Quantum mechanical calculations are therefore a powerful tool in the investiga-

tion of the geometric and electronic structure of heavy metal systems.
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Chapter 3

Computational Investigation of an
unsupported Pt-T1 bond.
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3.1 Introduction

The first compound containing a direct covalent Pt-T1 bond was synthesised by Nagle
and Balch and consisted of a square pyramidal [Pt(CN)4]?~ unit with two T1* ions
occupying the axial positions of an octahedron.!!3 Other compounds containing a
Pt-T1 bond were later synthesised, but they were always prepared in the solid state
and were not stable in solution.!!4-1!6

Recently Glaser at al. reported the synthesis in aqueous solution of a series
of cyanide species containing a strong unsupported Pt-Tl bond. The complexes,
[(CN)sPt-T1(CN),]* (with n = 0, 1, 2, 3 for complexes I, II, III, and IV, respec-
tively) differ from one another by the number of thallium coordinated cyanide ligands
and the charge, and were characterised by multinuclear NMR (13C, %Pt and 2°T1)
and Raman spectroscopy.''”1'® The Pt-T1 distances in the series of complexes have
subsequently been determined by the same team using EXAFS spectroscopy.!1%120
The structures proposed by Glaser et al.!'” for complexes I-I'V are shown in Fig. 3.1.

Quantum mechanical calculations on an analogous platinum cyanide compound,
[Pt(CN),]2,!?! have shown that the HOMO in this molecule has a strong contri-
bution (~91%) of Pt orbitals, in particular d,». Hence the metal-metal bonding in
the Pt-Tl cyanide complexes has been interpreted!!” as a donor-acceptor interaction
with a donation from the filled Pt d,2 orbital to the formally empty TI'™! 65 orbital.

One interesting aspect related to these complexes is the extremely high value of
the Pt-TI coupling constants, 71 kHz for complex I decreasing steadily to 38 kHz
for complex IV. These values are in fact among the highest measured between two

nuclei, being also much higher than previously reported Pt-T1 coupling constants

in complexes containing TI(I), which are around 3 kHz.!'%'22 The high values of
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Figure 3.1: Proposed structures for complexes I-IV. These structures were used as starting
points in our geometry optimisations.

Jpt—m1 have been explained in term of participation of the thallium 6s electrons in
the Pt-T1 bond. Because of relativistic effects the thallium 6s orbital is stabilised
and contracted; this results in an increased electron density at the nucleus.which
contributes to the Fermi contact term for spin-spin coupling.!?3 When changing the
oxidation state of the thallium from +1 to +3, the participation of 6s electrons in
the bond results in a large amplification of the coupling.!?*

It is interesting that the Raman and NMR data of Glaser et al. are apparently
inconsistent as regards the position of cyanide CN 4. The values of the C-N stretching
bands in the Raman spectra are consistent with terminal cyanides and rule out the
possibility of bridging ligands. The NMR. data however suggest a strong interaction
between C4 and the thallium atom therefore supporting the idea that CN 4 occupies
a bridging position between the two metals (or even that it is fully bound to the

thallium). Although the chemical shift of C4 and the Pt-C4 coupling constant are
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consistent with platinum bound carbon, the assignement of CN4 as Pt axial does
not explain the high values of the T1-C4 coupling constant.

In this chapter the computational investigation of complexes I-IV is reported.
It is my aim to establish if the proposed structures in Fig 3.1 are supported com-
putationally, via a comparison of the experimentally determined spectroscopic data

with theoretical results.
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3.2 Computational Details

All calculations were performed on a DEC 433au workstation using Amsterdam den-
sity functional (ADF) program suite (version 2.3).1212 The basis sets employed are
valence-only Slater type orbitals of double zeta quality plus one polarisation func-
tion (ADF type III) for H, C, N and O, and triple zeta without polarisation function
(ADF type IV) for Pt and T1. Quasi relativistic'?” scalar corrections, Darwin and
mass-velocity, were included via the Pauli formalism, in which the first order scalar
relativistic Pauli Hamiltonian is diagonalised in the space of non relativistic basis
sets. The frozen core approximation was employed, and quasi-relativistic frozen
1s and 4f cores (calculated by the ADF auxiliary program ‘DIRAC’) were used,
respectively for light (C, N, and O) and heavy (Pt and TI) elements. The local
density parametrisation of Vosko, Wilk and Nusair®? was employed in conjunction
with Becke’s gradient correction® to the exchange part of the potential and the

correlation correction due to Perdew.?”
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3.3 Results and discussion
3.3.1 Unsolvated Complexes

Geometry optimisations have been performed on complexes [-I1V, and the resulting
minimum structures have been characterised by harmonic vibrational analysis. The
optimised complexes [-IV are presented in Fig 3.2, and selected experimental”

and calculated bond lengths and vibrational wavenumbers are collected in tables 3.1

and 3.2 respectively.

I1

ITI v

Figure 3.2: Calculated structures for complexes I-IV

The agreement between the experimental and calculated vibrational wavenum-
bers in the ON stretching region is excellent. Good agreement is also found between

theory and experiment for the Pt-T1 stretching, with the exception of complex I for
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Table 3.1: Selected bond lengths in optimised complexes I-IV and comparison with experimental
P+-T1 distance.

I 11 III v
Calculational symmetry Cay Cuv Cay Cs
Pt-Tleyp (A)119:120 2.63 2.60 2.62 2.64
Pt-Tleare (A) 3.10 2.60 2.63 2.70
Pt-Ca catc (A) 1.94 1.98 2.02 2.08
Pt-Cc calc (A) 2.01 2.03 2.03 2.03
TI-Cg catc (A) — 2.24 2.30 2.34

which the calculated value is much lower than the experimental. The calculated and
experimental Pt-T1 distances are also consistent with this result, i.e. the agreement
is excellent for complexes II-IV while the calculated Pt-T1 bond length is overes-
timated by almost 0.5 A. These data suggest that while the proposed structures
of complexes II-IV might be plausible the structure proposed for complex I is not
supported by our calculations.

Further evidence for the difference between proposed and calculated geometries
of complex I comes from the analysis of its electronic structure. As mentioned above,
the high Pt-T1 coupling constant experimentally observed implies the participation
of the thallium 6s electrons in the bond, and therefore an oxidation state of +3 for

128 of the electronic structures

the thallium ion in complexes I-IV. Mulliken analyses
of complexes I-IV at their optimised geometries showed that for complexes II-
IV the MO with Pt-T1 bonding character has a significant contribution from the
thallium 6s orbital (i.e. the oxidation state on thallium is best described as +3),

while for complex I the thallium 6s orbital is essentially localised on thallium, and
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Table 3.2: Selected experimental and calculated vibrational wavenumbers for complexes I-IV.

Wavenumbers I II 111 v
Pt-Tleyp (cm™)117 160 161 157 157
Pt-Tleaic (cm™!) 73 138 146 139
C-Nexp (cm™1)7  CNj4 not obs. 2210¢cN, 2210¢N, 2210¢N,
2200cN¢ 2175¢Ng 2162¢Ng 2161¢ong
2199-2188¢nN, 2191-2179¢cN, 2191-2179¢cN,
C-N.alc (cm_l ) 2205(;]\1A 22 1OCNA 22020NA 2].56(;1\1A
2167¢cNg 2179¢cNg 2164cNg 2152¢Ng
2195-2188cn,  2184-2179cn,  2191-2174cng

the thallium is therefore in a formal oxidation state of +1. The different oxidation
state observed for complex I explains the higher Pt-Tl distance compared to the
other complexes, Pt-TI(I) bond lengths being typically in the range'?? of 2.9-3.1 A.
Thus the optimised geometry obtained for complex I is not only at odds with the
EXAFS and Raman data of Glaser et al., but it is also inconsitent with their NMR
results.

In order to find a more plausible structure for complex I, additional geometry
optimisations were carried out with no symmetry constraints, tighter gradient and
structural convergence criteria, and differing initial Pt-T1 distances. However, the
calculations converged in all cases to geometries with metric parameters and elec-

tronic structures very similar to those found previously.
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3.3.2 Solvated complexes

One possible reason for the discrepancy observed between computational and ex-
perimental data is the presence of the solvent. The experimental data on which
our comparison is based were obtained in aqueous solution, and in such conditions
it is very unlikely that the complexes exist as isolated molecules. Co-ordination of
the thallium by one or more water molecules will certainly occur and this might
strongly affect the properties of the complexes. I have therefore conducted a series
of geometry optimisations on the corresponding hydrated complexes, where only

the first coordination sphere of water molecules has been considered. The number

Ih I1h

Illh

Figure 3.3: Calculated structures for solvated complexes [h-I1Th

and position of coordinated water molecules were chosen according to literature in-
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Table 3.3: Selected bond lengths for optimised complexes Th-IITh and vibrational wavenumbers
for complex Th.

Th ITh ITTh
Calculational symmetry Cay Civ Cay
Pt-Tlearc (A) 2.60 2.62 2.65
Pt-Ca calc (A) 2.00 2.05 2.07
Pt-C¢ calc (A) 2.02 2.02 2.02
TI-CB catc (A) — 2.17 2.26
Wavenumbers
Pt-Tleare (cm™1) 156 not calculated not calculated
C-Neale (cm™?) 22050N, not calculated not calculated
21780,

formation'? and preliminary quantum mechanical calculations, and the optimised
hydrated complexes Ih-ITTh are shown in Fig. 3.3. Owing to the high number of
cyanides on the thallium atom in complex IV and its pseudo tetrahedral environ-
ment, no first shell co-ordination by water molecules has been considered to occur
for this complex.

Key bond lengths and vibrational wavenumbers for the optimised solvated mole-
cules are summarised in Table 3.3. Comparison of the data in Table 3.3 with those
in Tables 3.1 and 3.2 shows that the effect of co-ordinating water molecules in
complexes II and IIT is not large. By contrast, a very significant shortening of
the Pt-T1 distance is observed on co-ordination of water to complex I. Indeed, the
agreement between the experimental and calculated Pt-T1 bond length and v(Pt-TI)

for complex Ih is extremely good.
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Examination of the optimised geometries (Fig 3.3) for the solvated molecules
shows a crucial point, as intramolecular hydrogen bonds are formed between the
hydrogen of the coordinated water molecules and the nitrogen atoms of the platinum
equatorial cyanides (CNg). In all three complexes, Ih-IITh, the HN distance is
approximately 2.2 A, but while in complexes IT and III the Pt-T1 distance is already
sufficiently short to allow the hydrogen bonding to occur with minimum distortion
of the complexes, the Pt-T1 distance in complex I is too large to allow efficient
hydrogen bonding on coordination of water, and a significant reduction of the Pt-T1
bond length occurs.

Mulliken analysis of complex Ih reveals a significant participation of the thallium
6s atomic orbital in Pt-T1 bonding. Hence the coordination by water molecules re-
sults in a shortening of the Pt-T1 bond and a modification of the electronic structure
of complex I which becomes consistent with a thallium oxidation state of +3, and
therefore in agreement with the observed NMR data.!'” It is worth noting that for
complexes II-IV the presence of thallium coordinated cyanide ligands requires the
thallium 6s electrons to participate in bonding, thereby shortening the Pt-Tl dis-
tance. In complex I, however, it is energetically more favourable for the thallium 6s
electrons to remain as an inert pair. This energetic preference for TI(I) is overcome
in complex Ih by coordination of water molecules.

To separate the effects of water coordination and intramolecular hydrogen bond-
ing on the Pt-TI distance, a calculation was performed in which the hydrogen atoms
on the coordinating equatorial water molecules were constrained to point away from
the platinum axial cyanides so that hydrogen bonding is “turned off”. In this case
the calculated Pt-T1 distance was significantly larger compared to complex Ih, with

a value of 2.84 A. I therefore suggest that the large decrease in the Pt-T1 bond length
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observed for complex I upon solvation is mainly driven by intramolecular hydrogen

bond formation.

3.3.3 Other Factors affecting the Pt-T1 Bond Length

Calculations on the solvated complexes, Th-ITTh, have shown that coordination by
water molecules significantly affects the Pt-T1 bond length for complex I. Since the
observed Pt-T1 bond length of complex I has been measured by EXAFS experi-

120 it might be that coordination by neighbour atoms in the

ments in the solid state,
crystal lattice is responsible for a shortening of the Pt-TI bond length. I was there-
fore interested in analysing the effect of intermolecular interactions (due to nearest
neighbours in the solid state) on the Pt-T! distance in complex I.

Since no structural characterisation is at present available for complex I, the
packing of the complex in the solid state is taken to be similar to that observed for
T1,Pt(CN),,''3 where the nearest neighbours of each thallium atom are five cyanides
in approximately D4y symmetry. The effect of neighboring cyanide ligands in the
crystal lattice has been modelled by five HCN molecules positioned so as to mimic
the arrangement of cyanide ligands around the thallium atom in the solid (i.e. four
in the equatorial plane and one in the axial position). The geometry and calculated
metric parameters for this optimised complex, Is, are shown in Fig. 3.4 and Ta-
ble 3.4 respectively. Previously reported calculations on the Tl,Pt(CN)4 complex,
containing TI(I), suggested that solid state coordination by cyanide ligands (which
were modelled by five point charges and kept at a fixed distance of 3 A) results
in lengthening of the Pt-TI bond length compared to the isolated molecule.!®® In
the system under study however, the effect of coordination by HCN molecules is

a marked decrease of the Pt-Tl distance compared to the isolated molecule. Cal-
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Is

Figure 3.4: Calculated structures for complexes Is

culations with only one HCN molecule in the axial position suggest that the effect
of the axial ligand is comparable to the equatorial ones, with a Pt-TI distance of

2.87 A compared to 2.74 A whith five HCN molecules.

Table 3.4: Selected bond lengths in optimised complex Is and comparison with experimental
Pt-T1 distance.

Is
Calculational symmetry CsV
Pt-Tlexp (A)120 2.63
Pt-Tlcale (A) 2.74
Pt-CA caic (A) 1.97
Pt-Cc cale (A) 2.02
TI-Nax caic (A) 2.57
TI-Neq calc (A) 2.66

Mulliken analysis of the electronic strucure for the optimised complex Is showed,
similarly to what was observed for water coordination, that the effect of HCN co-

ordinating to the thallium atom is an increased participation of the thallium s
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electrons in the Pt-T1 bond, with a consequent shortening of the Pt-TI1 distance.

3.3.4 Position of CN,

The good agreement obtained between experiment and calculations for the solvated
complexes suggests that the assignment on the cyanide sites proposed by Glaser et
al. is correct. However, as mentioned in section 3.1, the NMR and Raman data are
apparently not in full agreement as to the position of CNs. Although the chemical
shift of Ca is in all four complexes closer to the chemical shift of C¢ (the carbon
atom bound equatorially to the platinum), the high values of the TI-C, coupling
constants in all the complexes (higher than those for TI-Cg), and the fact that Ca
couples with Cg while no coupling has been detected with C¢, argue against CN4
being purely platinum terminal.

I therefore decided to investigate alternative sites for CN4 in complex I (chosen
as it is the smallest, and therefore computationally the least consuming, of the four
complexes). Since the Raman spectra preclude the possibility of bridging cyanides,
I considered only a modified geometry in which CN occupies the thallium axial
position. Geometry optimisations were performed for this modified complex I’ and
the corresponding solvated molecule Ih’. In the latter complex I assume that four
water molecules coordinate to the thallium in the equatorial position and a fifth
water molecule coordinates the platinum axially (see Fig. 3.5 for a schematic repre-
sentation of complexes I’ and Ih’) . The total molecular bonding energies and Pt-T1
bond lengths in the four complexes I, I’, Th and Ih’ are collected in Table 3.5.

Although complex I is significantly more stable than complex I’ (by approxi-
mately 100kJ mol~!), coordination by five water molecules results in relative stabil-

isation of the modified complex, so that the solvated complex Ih is less than 20 kJ
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Figure 3.5: Schematic representation of complexes I’ and Th’.

mol~! more stable than the solvated modified complex Ih’. Furthermore, while the
Pt-T1 bond lengths in I and I’ are very different from one another (and significantly
different from experiment), the Pt-T1 bond lengths in the two solvated complexes
Ih and Ih’ are very similar both to each other and to experiment.

This suggests that there might be an equilibrium between the two species Ih and
Ih’ in solution. If the rate of exchange of the axial cyanide between the platinum
and the thallium is fast on the NMR time scale, then the resulting signal would
be an average of the two different positions, in agreement with the experimental
observation that the chemical shift of C, is intermediate between that of carbon
bonded to platinum and carbon bonded to thallium. This would also explain the high

values of T1-C, coupling constants. That the intermediate with a bridging cyanide is

Ta&b{%,3.5: Calculated bond lengths and total molecular bonding energies for complexes I, Ih, I’
an )

I r Ih I’
Calculational symmetry Cav Cay Cay Cay
Pt-Tleaic (A) 3.10 2.47 2.60 2.63
Molecular bonding energy (kJ mol~!) -8254.6 -8157.4 -15369.7 -15351.3
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not detectable by Raman spectlcoscopy may well be due to low concentration and/or
a short lifetime compared with the experimental time scale, properties which are not
atypical of intermediate species. On the basis of these findings it is thus not possible
to exclude that fast intramolecular rearrangements involving the axial cyanide can
take place in solution, resulting in equilibrium between the two different isomers ITh

and Ih’.
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3.4 Conclusions

Geometry optimisations have been performed using the density functional approach
on the four complexes I-IV [(CN)sPtT1(CN),]*~ (with n = 0-3) using the previ-
ously proposed structures’'” shown in Fig. 3.1 as starting points. Good agreement
between the experimental EXAFS and Raman data and the computational results is
obtained for complexes II-IV, but calculation significantly overestimates the Pt-T1
bond length and underestimates v(Pt-T1) for complex I.

The addition of coordinating water molecules to the thallium atom in complexes
I-ITI (to form Ih-IITh, Fig. 3.3) has little effect on complexes IT and III, but signif-
icantly shortens the Pt-Tl bond in complex I, bringing it into excellent agreement
with experiment. The bond length shortening is traced down to intramolecular hy-
drogen bonding. A similar effect on the Pt-T1 distance was also obtained for complex
I upon coordination by five HCN molecules (to form Is). The decrease in the Pt-Tl
bond length, although not as pronounced as for Ih, suggests that coordination by
the nearest cyanide ligands in the crystal lattice can also affect the structure of
complex 1.

The total molecular bonding energies of Ih and an alternative isomer Ih’ (in
which the axial ligands on the thallium and platinum atoms are interchanged) are
found to be very similar to one another. This leads us to suggest that complex I
might exist in solution as a mixture of two isomers (Ih and Ih’), a conclusion that
furnishes a rationalisation of the 2°T1 NMR data obtained for this complex.

Part of the work described in this chapter has been published in:

Russo, M. R.; Kaltsoyannis, N. Inorg. Chim. Acta 2001, 812, 221.
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Chapter 4

Bonding and Bending in
Lanthanide Chalcogenolate
Complexes.
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4.1 Introduction

Molecular lanthanide chemistry presents a series of synthetic challenges due to the
unusual combination of high charge-to-radius ratio, large size, and lability of the
metal ions. Hence the isolation of well-defined compounds depends in many cases
on careful choice of ligands and in particular their donor atoms.>’ A key paradigm
underlying this choice is Pearson’s Hard-Soft principle,'3! the lanthanides behaving
as fairly typical hard Lewis acids. Thus the isolation of complexes containing oxy-
gen and nitrogen donor ligands has traditionally been fairly routine. By contrast,
although a number of complexes containing, for example, neutral phosphine donors
have been prepared,3-36 the ligands tend to be labile and significant dissociation
occurs.

A key conclusion from the above observations, together with the absence of ge-
ometrical preferences and extremely small ligand field effects, is that by contrast to
the majority of the d-block transition elements, complexes of the lanthanides can
be regarded as essentially ionic. However, a number of observations have pointed
towards a limited degree of covalency influencing the behaviour of rare earth ion
complexes.5®112 It has, for example, long been known that certain ff transitions
show an enhanced sensitivity to the ligand environment, and it is common in the
literature to encounter estimates of the percentage covalency in such complexes.
Furthermore, the anomalous Mdssbauer shift in a trivalent europium cyclopentadi-
enyl complex has been interpreted as implying a substantial f orbital contribution
to the bonding.'32 Nugent et al.'®® concluded that the bonding in [Ln(n°-CsHs)s]
(Ln = Pr, Nd, Er) consists of ~3% or less covalent character, based on a study of

solid-state UV-visible spectra. Subsequently Hazin ef al. used luminescence spec-
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troscopy on a range of Ce compounds to suggest that the bonding in [Ce(n®-CsHs);]
is approximately 10% covalent and is due largely to the 5d orbitals.!34

Computationally, the degree of covalency in lanthanide complexes has been inves-
tigated by many groups. For example, in their seminal contribution on the electronic
structure of cerocene, [Ce(n®-CgHs)z], Dolg et al.'?> concluded that the metal-ring
bonding is largely ionic, with small covalent contributions arising mainly from the
metal 5d orbitals. Kaltsoyannis and Bursten!3® found an average of 12% metal char-
acter in the Ce-ring bonding MOs of [Ce(n°-CsHs)s), in good agreement with the
experimental results of Hazin et al.,'3* coming from both the 5d and the 4f levels.
Li!%* has concluded that the metal 5d AOs are the most important in the limited
covalent bonding in lanthanide trihalides, with negligible 4f participation. Eisen-
stein'3” has recently shown that the 4felectrons do not participate in the lanthanide
ligand bonding in [Ln(NRj)3]. The consensus from these, and other, studies, is
clearly that there is at most limited covalency in lanthanide complexes, and that
this arises primarily from the Ln 5d AOs.

In recent years it has become increasingly common for synthetic chemists to
prepare complexes which are mismatched in Pearson terms. The use of anionic soft
donors has grown rapidly,'3® and a large number of complexes containing silyls,'3%140
germyls,"41142 phosphides,?'~36 thiolates, selenolates and tellurolates3”*" have been
prepared. Brennan in particular has been instrumental in developing the chemistry
of discrete chalcogenolates.*'**> In the course of this work he and his colleagues have
observed subtle differences in metal-ligand bond lengths which they attribute to
trans influences analogous to, but an order of magnitude smaller than, those seen in

the d-block.42%* These observations may also point to covalency playing some role

in these complexes, and it has been suggested that the vacant 5d orbitals might act
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as acceptor orbitals serving to stabilize the metal-ligand interactions/* Such donor-
acceptor interactions have been invoked many times to account for the behaviour
of the neighbouring group 4 metals with, for example, alkoxide and imido ligands
and, given the spectroscopic and computational results described above, are not an
implausible source of covalent effects in lanthanide systems.

A key part of any investigation of these systems requires a direct comparison of
the behaviour of a hard donor ligand (such as an alkoxide) with a more polarizable
analogue (such as a thiolate). Numerous mixed ligand chalcogenolates have been
prepared using cyclopentadienyl ancillaries in particular, which have provided a use-
ful database of structuralparameters.In addition. Sella et al have recently
prepared a series of 7-coordinate complexes containing pyrazolylborate ligands as
ancillaries (see Fig. 4.1) which contain only terminal chalcogenolates and therefore

form a directly comparable series.Comparison ofthese complexes as a function

E=0,S, Se, Te
R=Me. H

Sella et al., Inorg. Chem., 2000

Figure 4.1: Schematic representation of the bis-trispyrazolylborate-lanthanide-chalcogenolate
complexes (ref 39).

of chalcogen donor atom reveals some striking differences (all of which have been
noted previously for d-block metals""""'**). The Ln-O-C angle in the alkoxides is
essentially linear (150-180®), while the heavier group 16 analogues all display a more

acute angle at the donor atom (100-120®). Such behaviour has been discussed in

56



143 who pointed

some detail in the case of analogous zirconium complexes by Parkin
out that the bending in the compounds of the heavier group 16 elements mirrors the
behaviour of the hydrides, HoE, for which the angle decreases down the group. The
alkoxides are, however, striking in their deviation from that model. The linearity
for transition metal alkoxo systems has previously been attributed to = donation

148 an overlap which is less likely

from the oxygen lone pairs to empty metal orbitals,
to occur for the heavier elements of group 16 because of their rather more diffuse p
orbitals. On the basis of simple comparisons Parkin argued that the M-O-R angle
was controlled by an extremely soft potential and therefore strongly subject to steric
influences from the other ligands in the coordination sphere of the metal.

A second key issue, the M-O bond distance, has also been the subject of much
debate. In both the transition metal and lanthanide cases the M-O distance is signifi-
cantly shorter than would be expected on the basis of ionic radii. Although multiple
bond character due to 7 overlap has been invoked, the electrostatic contribution
arising from the enhanced polarization in the bond can be expected to shorten the
distance considerably. This is in line with the predictions of the Shomaker-Stevenson
equation which is based on electronegativity considerations.!4®

Since 7 overlap would be expected to have geometrical consequences while elec-
trostatics should not, Parkin'®> and Rothwell'®!4" have plotted the bond angle at
oxygen against M-O distance with a view to finding a correlation. No obvious rela-
tionship was found for either group 4 or group 5 metals. An analogous plot based on
the structures of samarium alkoxides®® has, similarly, failed to show any connection
between the two parameters suggesting that in these systems also, 7 interactions
are probably of negligible importance.

In this chapter I report the results of density functional theory studies of model
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complexes of the type [LnCp.ER] (Cp = Ln = La, Lu; E = O, S, Se,
Te; R = H, Me, Ph; see Fig. 4.2). The general aim is to address the nature of
the lanthanide-chalcogen bond in order to assess the relative extent of ionicity and
covalency and hence to faciliate comparison with previous rationalisations of the Ln-
E interaction. A more specific goal is an explanation for the apparently anomalous

structural behaviour of the alkoxides.

Figure 4.2: Schematic representation of the bis-cyclopentadienyl-lanthanide-chalcogenolate com-
plexes. a is the Cp ring centroid-lanthanide-ring centroid angle; (3 is the angle subtended by the
lanthanide, the chalcogen and the carbon atom bound to the chalcogen (or the hydrogen atom
bound to the chalcogen for the model compounds with terminal EH). Potential energy curves were
calculated for vertical (v) and horizontal (h) bending of the R group in the x-z and x-y planes
respectively.
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4.2 Computational Details

All calculations were performed on a DEC 433au workstation using the Amsterdam
Density Functional (ADF) program suite (versions 2.3 and 2000).126:150-152 The ba-
sis sets employed are uncontracted, valence-only, Slater type functions of triple zeta
quality. Two polarisation functions (one d and one f) are included for carbon, oxy-
gen, sulfur and selenium (ADF basis type V); one p function is added for H (ADF
basis type IV). Due to the lack of experience in the use of polarisation functions
for heavy elements, no polarisation functions are included in the ADF release for
lanthanum, lutetium and tellurium (ADF basis type IV was used for these atoms).*
Quasi-relativistic scalar corrections — Darwin and mass-velocity — were included via
the Pauli formalism, in which the first-order scalar relativistic Pauli Hamiltonian
is diagonalised in the space of non-relativistic basis sets.!?” The frozen core ap-
proximation was employed, and quasi-relativistic frozen 1s (C, O), 2p (S), 3d (Se)
and 4d (Te, La, Lu) cores were calculated by the ADF auxiliary program ‘Dirac’.
The local density parametrisation of Vosko, Wilk, and Nusair®? was employed in
conjunction with Becke’s gradient correction®” to the exchange part of the potential
and the correlation correction due to Perdew.]” The convergence criteria in the
calculation of the equilibrium structures were as follows: change in total bonding
energy < 10~* Hartrees; change in energy gradient < 10~2 Hartrees/Angstrom. The
ADF default values for these criteria (10~% and 1072 respectively) were employed in
the calculation of the bending potential curves.

Mulliken analysis'?® was used for the investigation of the Ln—E bonding character

and for the assignment of atomic charges. Other charge analysis methods available

*The choice of chalcogen basis set was driven primarily by the desire to ensure triple-zeta quality
for all four atoms. The difference in the number of polarisation functions follows automatically
from this choice, i.e. from the constraints of the ADF basis sets.
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in ADF were also used for comparison. The Hirshfeld'®® analysis produces a charge
value per atom, computed as the integral of the SCF charge density over space, in
each point weighted by the relative fraction of the initial density of that atom in
the total initial density of the molecule. The Voronoi'®* charge analysis assigns the
charge density at a point in space to the nearest atom. However it has been noted
that this partitioning of space, using mid-way separation planes, is inappropriate to
produce useful absolute numbers when neighbouring atoms have very different sizes.

Molecular orbital plots were generated using the program MOLDEN.!%S The
ADF output files (TAPE21) were converted to MOLDEN format using the programs

ADFrom and ADFrom99 written by F. Mariotti.t

1" For details of MOLDEN, ADFrom and ADFrom99 programs, see the following URL’s:
http://www.cmbi.kun.nl/~schaft /molden/molden.html
http://www-chem.unifr.ch/ac/phd /fmariotti/ADFrom.html
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4.3 Results and Discussion

The experimentally characterised complexes referred to in this study have been
synthesised using bulky ancillary ligands (pentamethylcyclopentadienyl or trispyra-
zolylborates) which sterically stabilise the metal centre. In the present calculations,
however, the less computationally demanding cyclopentadienyl ligands have been
used. Analogously the R group bound to the chalcogen is usually a bulky sub-
stituted phenyl group, while I have used an unsubstituted phenyl group, and also
methyl or hydrogen for comparison.

I have considered two metals, lanthanum and lutetium, respectively at the begin-
ning and the end of the lanthanide series, in order to represent the general behaviour
of lanthanides. They also offer the advantage of being closed shell ions in the triva-
lent state. Preliminary calculations on the target systems of the present work as well
as calculations on related lanthanide complexes!®® showed that the gradient correc-
tions of Becke and Perdew give better results than the local density approximation,
and such corrections have therefore been used in the present calculations.

I have carried out geometry optimisations on a series of [LnCp,ER| complexes,
and have investigated the resulting equilibrium structures by means of MO and
Mulliken analysis. In order to find an explanation for the anomalous linear structure
of the alkoxo complexes I also calculated the potential energy curves for the bending
of the Ln—E-R angle, and have analysed the factors which are most likely to affect

the preferred angle 3 (Fig. 4.2).

4.3.1 The equilibrium structures

Geometry optimisations were carried out in C; symmetry for [LaCp,ER] (E = O,

S, Se, Te and R = Me; E = O, S and R = Ph) and [LuCp2ER] (E = O, S; R = Me,
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Table 4.1: Optimised geometric parameters for the calculated equilibrium structures. See Fig. 4.2
for definition of @ and 3. d is the metal-Cp ring centroid distance.

Complez a (°) d(4) Ln-E (A) E-C (4) B8 )
LaCp,OMe 130.3 2.60 2.15 1.42 179.4
LaCpsSMe  136.8 2.57 2.73 1.85 119.5
LaCp,;SeMe 136.2 2.57 2.90 2.02 1104
LaCpyTeMe 138.1 2.55 3.14 2.23 108.3
LuCp:OMe 133.9 2.32 1.99 141 165.1
LuCp,SMe  136.8 2.29 2.54 1.84 118.1
LaCp,OPh 1314 2.58 2.19 1.35 179.9
LaCp2SPh 134.2 2.56 2.78 1.79 110.6
LuCp,OPh  135.7 2.30 2.01 1.34 179.8
LuCp,SPh 1370 2.27 2.56 | 1.79 114.0

Ph) and selected optimised bond lengths and angles are shown in Table 4.1. The
optimised structures of the alkoxo complexes all feature essentially linear Ln—-O-C
angles. By contrast, the complexes of the heavier chalcogens show a bent Ln-E-C
angle. For [LaCp,EMe] the La-E-C angle 3 decreases going down group 16, as is ob-
served experimentally for a series of tris-pyrazolylborate lanthanide chalcogenolates
which differ only in the coordinating chalcogen atom.%

Experimental values for selected complexes taken from the Cambridge Crystal-
lographic Database are shown in Table 4.2. The choice of samarium and ytterbium
chalcogenolates in this table arises from the lack of experimental data on relevant
lanthanum and lutetium complexes. Comparison of the data in Tables 4.1 and 4.2

shows that there is acceptable agreement between theory and experiment, particu-
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Table 4.2: Experimental bond lengths and angles for some selected bis-cyclopentadienyl-
lanthanide-chalcogenolate complexes.

Complex a(°) d(4) In-E (A) E-C(A) B ()
SmCp*,0(Mey-CeH;-2,3,5,6)*3 133 2.42 2.13 1.295 172
YbCp*,S(CeHs)(NH;3)4” 133 2.37 2.68 1.79 114
SmCp*;Se(*Buz-CgHa-2,4,6) (thf)37 129 2.48 2.92 1.90 126
YbCp*2Te(CeHs)(NH;)%8 131 2.37 3.04 2.12 113

larly given the different metals in the experimental and computational systems. The
replacement of Cp* by Cp and substituted phenyl by either phenyl or methyl are
also expected to contribute to the differences between the data in Tables 4.1 and
4.2. The values of « and the Ln—-E bond length are closely matched between theory
and experiment. d is found computationally to be larger for lanthanum and smaller
for lutetium than the experimental values for samarium and ytterbium, reflecting
the lanthanide contraction.” The E-C distances for the E-Me systems are calcu-
lated to be around 0.1A longer than experimental values, possibly due to both sp?
hybridization of the carbon atom and partial E-C 7 interaction in the experimental
E-Ph systems. Crucially, and as noted above, the experimental g value for the Sm-
O complex is between 50 and 60° larger than for the sulfur, selenium and tellurium
systems, and this is well reproduced by the present calculations. Indeed this sug-
gests not only that the experimental structures are mainly a result of intramolecular
effects, but also that the electronic and steric influence of the substituents on the
Cp’s and on the phenyl group are not a major factor in determining the geomet-
ric properties of the complexes. This provides further justification of the (largely

computationally-driven) choice of unsubstituted ligands.
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Table 4.3: Calculated Mulliken charges on the lanthanide and chalcogen atom, and Mulliken
overlap populations for the Ln—E bond.

Complez QLn QFE Ln-E(e)
LaCp;OMe 1.59 -0.77 0.41
LaCp,SMe  1.39 -0.38 0.63
LaCpsSeMe 1.46 -0.56 0.45
LaCp;TeMe 1.24 -0.12 0.51
LuCp;OMe 1.53 -0.85 0.63
LuCp,SMe  1.12 -0.33 0.92
LaCp,OPh  1.58 -0.82 0.34
LaCp,SPh  1.38 -0.40 0.60
LuCp,OPh 1.54 -0.90 0.60
LuCp,SPh  1.08 -0.35 0.91

Having established that it is possible to satisfactorily reproduce the experimental
geometric data, I turn now to examination of the Ln-E bond via Mulliken analysis
of the electronic structure at the optimised geometries. The results are summarised
in Table 4.3, which shows the Mulliken charges for the lanthanide and chalcogen
atoms and Mulliken overlap populations of the Ln-E bond.! It is evident that
all the complexes have a significant degree of ionicity with a positively charged
lanthanide and a negatively charged chalcogen. The Ln—E charge difference, which
may be taken as a measure of the ionic character of the bond, is larger for the alkoxo

complexes than for the heavier chalcogen complexes, as would be expected given the

41t should be noted that the differences in the polarisation functions available in ADF for oxygen,
sulphur, selenium and tellurium (see Computational Details) will inevitably affect the Mulliken
analyses to a greater extent than they affect the equilibrium geometries. Thus the fine details of
comparison between the data for different chalcogens in Table 4.3 may be open to question, but
the key points (e.g. greater ionicity in the oxo-complexes) are more reliable.
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Figure 4.3: Valence molecular orbital energy level diagram for [LaCp. EMe| (E =0, S).

greater electronegativity of oxygen. The overlap population of the Ln E bond is in
general not large, consistent with the expected ionicity in the complexes; however it
is slightly larger for the heavier chalcogenolate complexes, confirming the view of a
somewhat higher degree of covalency for these elements.

Valence molecular orbital energy level diagrams are presented in Fig. 4.3 for
[LaCp: EMe] (E = O, S) at their optimised geometries. The molecules have each been
broken down into LaCp: and EMe fragments. In order to simplify the diagrams, only
those MOs of the full molecules which contain at least 5% contribution from both the
LaCp: and EMe fragments have been included. It should be noted that the extent
of mixing of the fragment orbitals is generally small and, with few exceptions, the

MOs on Fig. 4.3 are typically made up of approximately 10%-90% mix of fragment
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orbitals. The assignment of orbitals as ¢ or 7, bonding (b) or non bonding (nb)
comes from detailed visual inspection of three dimensional pictures of each MO (not
shown), and refers to the character of each MO with respect to the La—E bond.

Figure 4.3 shows that in both cases there is a small La-E o-bonding interaction.
For the alkoxo complex the main interaction is found in the 24’ and 5a’ MOs which
have oxygen s and p, character with some La p, (axis system shown in Fig. 4.2),
while the highest occupied o orbitals are non bonding. For the thiolate complex the
lower lying orbitals (44’ and 64’} remain non bonding, while a o-bonding interaction
is found in the 224’ MO arising from a mixing of an SMe orbital with sulfur p;-p,
character with La dzz_j.

By contrast to the molecular orbitals of ¢ symmetry with respect to the Ln-
E vector, those of 7 symmetry (244, 13a”, 224/, 114" for the alkoxo complex and
134" for the thiolate complex) are entirely non bonding.! To confirm this additional
calculations on [LaCp,OPh] were performed in which the OPh fragment was rotated
around the La-O axis in 10° steps. Figure 4.4 indicates that the potential energy
curve for this rotation is essentially flat, providing further evidence against La-O 7
bonding.

Therefore although a small La-E ¢ interaction has been found, the bonding
between the lanthanum and the chalcogen is indeed mainly ionic and that there is no
evidence for La-E (E = O, S) 7 interactions. Hence I suggest that the experimentally
observed difference between the geometry of the alkoxo complexes and those of the

heavier chalcogens is not due to Ln-O 7 bonding and arises from other factors.

$The reason why there are seemingly fewer 7 orbitals in the thio-complex is because of the
different equilibrium structures of the complexes. With a bent structure, the sulphur p;-p, orbitals
are mixed and are of o symmetry with respect to the La—S bond and the only 7 orbital is the
sulphur p,. For the linear oxygen complex both p, and p, have m symmetry with respect to the

La—-O bond.
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Figure 4.4: Total molecular bonding energy for [LaCp2OPh] as a function of the torsional angle
, corresponding to rotation of the OPh fragment around the La~O axis. Energy curve is scaled
to an arbitrary value of 0 kJ/mol at 0°.

4.3.2 Analysis of bending at the chalcogen atom in [LaCp;ER]
(E = 0, S; R = H, Me, Ph)
I now address the effect of varying the Ln-E-R angle 8 on the energy and electronic
structure of the complexes. The analysis of this bending process was carried out
by “linear transit” calculations. These consist of a series of constrained geometry
optimisations in which the angle 8 was varied from 180° to 100° in steps of 20° and
the rest of the molecule was optimised at each value of 8 in C, symmetry. This
method allows the evaluation of the potential energy curve for the bending of the R
group either in the plane between the two Cp rings (horizontal bending), or towards
one of the Cp rings (vertical bending). Analysis of the X-ray crystallographic data

shows that vertical bending is most commonly observed for these complexes, and
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Figure 4.5: Total molecular bonding energy as a function of the La-E—-C(H) angle g for
[LaCp2ER] (E = O, S; R = H, Me, Ph). Energy curves are scaled to an arbitrary value of 0
kJ/mol at 180°.

preliminary calculations showed that for all the complexes vertical distortion was
energetically more facile than horizontal distortion. Therefore only vertical distor-
tions (i.e. with the R group moving in the xz plane in Fig. 4.2) will be discussed
here. Because it was found that the sulfur, selenium and tellurium complexes of
lanthanum all behave similarly to one another upon vertical distortion, in this sec-
tion I will compare only the alkoxo and thiolate complexes. The effects of bending
in the lutetium complexes are discussed in section 4.3.3.

The calculated potential energy curves for the vertical bending process are given
in Fig. 4.5, where bonding energies are normalised to an arbitrary value of 0 kJ/mol
at 8 = 180°. The plot shows that the alkoxo complexes exhibit an almost flat region

between 180 and 160°, with, if anything, a slight destabilization. This becomes
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more pronounced at angles smaller than 140°. This is in excellent agreement with
experimental findings, as the flat potential region can easily account for the range of
angles (180-150°) observed for the alkoxo complexes. On the other hand the thiolate
complexes show a small but significant stabilisation as the angle is decreased, with
a minimum energy around 120°. This reinforces the conclusion in section 4.3.1 that
the bent structure is indeed the most stable for the thiolate complexes.

What, then, is the cause of the energetic changes with alterations in 4?7 Initially
I examined the effect of changing S5 upon the energies of the valence MOs of the
alkoxo and thiolate complexes (i.e. by constructed Walsh diagrams) but it was found
that none of the valence MOs experienced any significant energy change. This is
perhaps unsurprising, in view of the mainly ionic nature of the bonding in these
systems. Given that there are no significant orbital factors which influence g8 I

therefore turned to alternative explanations, and these are now discussed.

Steric aspects of the bending process

An obvious structural difference between the alkoxo and thiolate complexes is that
the La—E and E-C bond lengths are smaller in the case of oxygen than sulfur. This
implies that if the values of & and S are the same for the two complexes, the Cp~R
distance in the alkoxo complexes will be smaller than in the corresponding thiolate
complex. It is therefore possible that the linear structure of the alkoxo complexes
is due to steric repulsion between the Cp and the R group, an effect which is much
reduced in the thiolate complexes because of the larger La-E and E-C distances.
Analysis of the calculated geometric structures showed that there is no signifi-
cant variation of the bond distances during the bending process, and that the only

structural parameter (apart, of course, from 3) which undergoes significant variation
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Table 4.4: Values of the Cp-La~Cp angle o at § = 180 and 120°, in [LaCp;ER] (E = O, S;
R = H, Me, Ph)

Complex o (6=180°) «a (B=120°)

LaCp,OH 137.5 134.0
LaCp,SH 128.8 133.8
LaCp,OMe 137.7 127.8
LaCpsSMe  129.0 135.9
LaCp,OPh 135.9 128.5
LaCp,SPh  134.8 136.5

is the Cp—La—Cp angle («). The values of o at # = 180° and g = 120° are given in
Table 4.4. At first glance, the data in Table 4.4 suggest that there may be merit in
the steric argument, for not only does o decrease in the alkoxo complexes between
B = 180° and B = 120°, but it is also significantly smaller in the 120° alkoxo complex
with R = Me and Ph than in the thiolate analogues. Could the destabilisation of
the alkoxo complex with decreasing B be due, therefore, to reduction in o caused
by CpR steric repulsions?

In order to test this suggestion I calculated the energetic consequences of reducing
a in [LaCp,EPh] (E = O, S). In both cases I took the complexes with g = 180°
and, keeping all of the other geometric parameters fixed, performed single point
calculations for « varying in 2° steps from ~136° to ~126° (i.e. the range of a seen
in Table 4.4). These calculations reveal that the potential curve for varying o is
very flat. For the alkoxo complex the total bonding energy changes by less than 1
kJ/mol as a reduces, while for the thiolate system the analogous energy change is

~3 kJ/mol.
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It is therefore concluded that the energy changes shown in Fig. 4.5 are not due to
steric interactions between the Cp and R groups as 3 decreases. Furthermore, given
the very flat potential energy curve associated with alterations in « in the 126-136°
range, I suggest that there is little to be gained by attempting to rationalise the
« values given in Table 4.4; it is clear that within the observed range o can adopt

essentially any value at little or no energetic cost.

Electrostatic aspects of the bending process

The linear structure is observed for virtually all of the experimental lanthanide
phenolate complexes, regardless of the nature of the different ancillary ligands, the
coordination number of the lanthanide, and the substituents on the phenyl group.
This suggests that the key difference between the alkoxo and thiolate complexes
must be an intrinsic property of the Ln—E—C fragment, and should be common to
all types of lanthanide chalcogenolate complexes.

I now address the cause of the linearity of the alkoxo systems. The changes in
the Mulliken overlap populations for the La-E-C moiety during the bending process
are in general very small. The values for [LaCp:ER] (E = O, S; R = H, Me, Ph) are
given in Table 4.5 for § = 180° and 8 = 120°. In all cases there is a small reduction on
bending, but as these reductions are typically less than 0.05¢~, I conclude that there
is very little change in the La—E covalent interaction as 8 decreases. The Mulliken
charges (Table 4.6) are also very little affected by the bending process. However the
charges in Table 4.6 indicate a significant difference between the alkoxo and thiolate
systems. Oxygen is more electronegative than sulfur resulting in a higher La-O
and O-C (or O-H when R = H) bond polarisation. This in turn leads to a higher

positive charge on the lanthanum and carbon (hydrogen) atoms than is calculated
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Table 4.5: Values of the Mulliken overlap population (e) of the La—E bond at 8 = 180 and 120°.

Complez B=180° B=120°
LaCp,OH  0.35 0.27
LaCp,;SH 0.54 0.53
LaCp,OMe 0.42 0.37
LaCpsSMe 0.65 0.62
LaCp,OPh 0.17 0.13
LaCp,SPh  0.31 0.30

Table 4.6: Values of Mulliken charges of the lanthanum, chalcogen and carbon (hydrogen) atom
bound to the chalcogen, at § = 180 and 120°

Comples B(°) QLa QE QC(H)
LaCp,OH 180 1.58 -0.86 0.34
120 1.58 -0.89 0.36
LaCp,;SH 180 1.38 -0.43 -0.05
120 1.40 -0.42 -0.04
LaCp,OMe 180 1.61 0.77 0.55
120 1.59 -0.78 0.57
LaCp2SMe 180 1.35. -0.36 0.12
120 1.38 -0.39 0.11
LaCp,OPh 180 1.60 -0.81 0.44
120 1.58 -0.80 0.45
LaCp2SPh 180 1.39 -0.40 0.07
120 1.38 -0.40 0.01
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for the thiolate systems. Indeed the carbon (hydrogen) atom bound to the sulfur in
all three thiolate complexes is calculated to have a charge close to zero, while in the
alkoxo systems it is significantly more positive. This is important because as the
angle f is decreased, the carbon (hydrogen) bound to the chalcogen moves closer to
the lanthanum, and this will result in an increased electrostatic repulsion between
the two positively charged atoms. Furthermore, the LaC distance is significantly
smaller in the alkoxo complexes due to the smaller La—O and O-C bond lengths,
and hence the alkoxo complexes should be more electrostatically destabilised than
the thiolate in the bending process. This difference between the alkoxo and thiolate
systems may be sufficient to influence the equilibrium value of 5.

In order to gain an at least semi-quantitative measure of the lanthanum-carbon
(or lanthanum-hydrogen) repulsion, I have calculated the energy of the La—C(H)
electrostatic interaction for the different complexes as a function of the angle j,
using Coulomb’s law (Equation 4.1), in which €, is the vacuum permittivity, Qr,
and Q¢ are the average of the Mulliken atomic charges at 8 = 180° and 8 = 120°
(Table 4.6), and r is the La~~C(H) distance evaluated at 8 = 180, 160, 140, 120 and
100° from the calculated structures. This approach is perhaps rather simplistic, but

should give a feel for the magnitude of electrostatic factors.

1 QLaQC (41)

By = — =€
4dTe, T

It is assumed that the charges on the lanthanum, chalcogen, and carbon (hydrogen)
atoms remain constant during the bending process (which is reasonable given the
data in Table 6) and that the La-E and E-C distances do not vary.

The resulting electrostatic energy curves (expressed in kJ/mol and normalised

to an arbitrary value of 0 kJ/mol at 180°) are plotted in Fig. 4.6, and clearly indi-
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Figure 4.6: La—C(H) electrostatic interaction energy as a function of the La-E-C(H) angle 8
for [LaCp2ER] (E = O, S; R = H, Me, Ph). Energy curves are scaled to an arbitrary value of 0
kJ/mol at 180°.

cate a significant destabilisation in the alkoxo complexes on going from the linear
to the bent structure, while for the thiolate complexes the electrostatic La—C(H)
interaction is essentially constant and close to zero throughout the bending process.
Furthermore, the ordering of the electrostatic repulsion curves for the different R
groups (Me>Ph>H) is the same as that observed for the total bonding energy (see
Fig. 4.5), suggesting that the different trends observed for different R groups can
also be rationalised in terms of La—C(H) electrostatic repulsion, and are mainly due
to the decrease in the carbon (hydrogen) atomic charge in the order Me>Ph>H (see
Table 4.6). Both the trends of the curves and the value of the electrostatic energy

destabilisation for the alkoxo complexes therefore suggest that this may be a major
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factor in determining their linear structure. Also, because of its generality, the same
explanation can be extended to all lanthanide and transition metal chalcogenolate
complexes, irrespective of differences in ancillary ligands and coordination number.

Mulliken charges are known to be influenced by the basis sets used. I therefore
performed a series of single point calculations on [LaCp,ER] (E = O, S; R = Me, Ph),
in which ADF basis set IV (the only one available for lanthanides except II) was used
for La, and either ADF basis set type III (double zeta basis sets with one polarisation
function) or IV (triple zeta basis sets with one polarisation function) were used for
carbon, oxygen, and sulfur (instead of V used in the calculations to this point). The
Mulliken charges obtained for calculations with basis set IV are very similar to those
previously calculated with basis set V (Q differences less than 0.1), i.e. the removal of
the f polarization function for carbon, oxygen and sulfur makes very little difference
to the calculated charges. On the other hand the charges obtained with basis set
III show a significant discrepancy (~0.4) from previous values. Figure 4.7 shows
the electrostatic energy curves for calculations with basis set type II1I. Comparison
of Fig. 4.6 with Fig. 4.7 shows that the alkoxo complexes in Fig. 4.7 are slightly
less destabilised at bent angles than those in Fig. 4.6, while the thiolate complexes
are much more stabilised. Hence changing from triple-zeta to double-zeta basis sets
emphasises the difference between the alkoxo complexes and the thiolate species,
with electrostatic repulsion opposing bending for the alkoxo complexes but not for
the thiolate complexes (indeed, a La-S attraction is calculated if using basis set III).

Other charge analysis schemes are also available in ADF (see Computational
Details) and were applied to [LaCp,EPh] (E = O, S) with basis set type V for the

O, S and C atoms, in order to probe the generality or otherwise of the electrostatic

Yi.e. because it relies solely on the properties of the metal, chalcogen and ipso carbon (hydrogen)
atom.
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Figure 4.7: La—C(H) electrostatic interaction energy as a function of the La—E—-C(H) angle 3 for
[LaCp2ER] (E = O, S; R = Me, Ph), where all atoms have basis set III except La which has basis
set IV. Energy curves are scaled to an arbitrary value of 0 kJ/mol at 180°.

argument. Hirshfeld analysis produced charges for La (~0.6), E (~-0.3) and C (~0)
which I believe to be too small considering the strongly ionic character of the La-E
bond (a suggestion supported by a recent paper in which metal charges calculated
for similarly ionic lanthanide systems using natural bond order analysis were found
to be in the range + 1.5-1.81%7). On the other hand Voronoi analysis generally pro-
duced charges which were slightly higher than those obtained by Mulliken analysis,
with the only exception of the carbon atom bound to the chalcogen, which had a
lower charge. Figure 4.8 illustrates the electrostatic energy curves calculated with
Hirshfeld and Voronoi charges. While the Voronoi analysis shows a quantitative
electrostatic destabilisation of the alkoxo complex and stabilisation of the thiolate

complex with bending, the Hirshfeld analysis shows only small energy changes with
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bending, although the qualitative difference between the alkoxo and thiolate systems

is still evident.
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Figure 4.8: La—~C(H) electrostatic interaction energy as a function of the La—E-C(H) angle 3
for [LaCp;ER] (E = O, S; R = Ph), where atomic charges have been evaluated via Hirshfeld and
Voronoi analysis. Energy curves are scaled to an arbitrary value of 0 kJ/mol at 180°.

1
100 120

It is therefore concluded that the method employed to calculate the atomic
charges used as input to Equation 4.1 does not affect the principal conclusion, i.e.
decreasing § is electrostatically destabilising for the alkoxo complexes but neutral
(or even stabilising) in the thiolate systems. I also suggest that this electrostatic

interaction is the driving force for the linearity observed in the alkoxo systems.
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4.3.3 Analysis of bending at the chalcogen atom in [LuCp,EPh]
(E = 0, S).

In order to investigate possible differences between systems at either end of the 4f
block, I have performed linear transit calculations on [LuCp,EPh] as described for
[LaCp,ER] at the start of section 4.3.2. The plots of the bonding energy vs S (not
shown) reveal the same qualitative trends as for [LaCp,EPh] (i.e. the alkoxo com-
plex is destabilised on bending while the thiolate complex is stabilised). However,
while the lutetium alkoxo system is destabilised by about the same amount as the
lanthanum alkoxo species, the [CpoLuSPh] complex is 30 kJ/mol more stabilised
than the lanthanum one at f = 120°. Given that M—C electrostatic effects play
such an important role in the La complexes, it was first thought that the difference
in the depth of the 8 = 120° potential energy minimum between [LuCp,SPh] and
[LaCp2SPh] results from a difference in electrostatic energies. However, the plot of
Lu-C electrostatic energy in the thiolate complex (not shown) is almost superim-
posable on the analogous lanthanum one shown in Fig. 4.6. Further analysis reveals
that this is due to two self-cancelling effects. Analysis of the calculated electronic
and geometric structures at 8 = 120° shows that the charge on the lutetium atom in
[LuCp,SPh] is smaller than its lanthanum equivalent, see Table 4.3, but the Lu—ipso
C distance is ~0.3A less than the La—ipso C distance (reflecting the shorter Lu-S
distance compared to La-S). The net result of these two differences between the
lanthanum and lutetium systems is an almost identical metal-carbon electrostatic
interaction.

Given that the Lu-S system is much more stabilised on bending than the lan-
thanum analogue, and that this is not due to differences in electrostatic effects, I

turned to an examination of the valence MO structures of the two systems. In gen-
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eral, the Lu—S complex has molecular orbitals which are even more localised than
in the lanthanum species, and there is virtually no mixing between the fragment
orbitals. This is not surprising given that the valence AOs of lutetium are expected
to be more contracted than those of lanthanum, an effect emphasised by the for-
mal charge of +3 on the metal. Comparison of orbital energies as a function of
B, however, shows that the HOMO of the [LuCp,SPh] system is significantly sta-
bilized by bending (A;gp_1200 = 50kJ/mol), more than any other MO and also an
order of magnitude more than the HOMO of the analogous lanthanum system (in-
deed, as noted earlier, in the La—S system none of the valence MOs experiences any
significant energy change on reduction in £). This orbital is in both complexes =
antibonding between the sulfur and the e, p, orbital of the phenyl ring, with much
smaller contributions from the Cp rings and the metal atom.

What, then, is the reason for the significant stabilisation of the Lu-S HOMO
on decreasing $?7 In both molecules the character of the HOMO does not appear
to change, at least on visual inspection, between § = 180° and 120°. In order to
probe this further the AO composition of this orbital was examined in both systems
at 180° and 120°. This analysis supports the visual one in that the composition of
the HOMOs is very similar in both molecules at both angles. The only significant
difference is that there is a small (~3%) contribution from the Lu 65 AO at 8 = 120°,
which is not present at 180° or in the lanthanum molecule at either angle. Given
that at 180° the HOMO of [LuCp,SPh]| has an energy of -4.60 eV and that the Lu
6s AO in the lutetium atomic fragment used in the molecular calculation has an
energy of -4.84 eV, I suggest that small admixture of 6s character as  decreases is
sufficient to cause the stabilization of the [LuCp,SPh] HOMO.

By contrast, in [LaCpSPh] at § = 180° the HOMO has an energy of -4.89 eV
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while the La 6s AO in the atomic fragment has an energy of -3.84 e¢V. Hence, while
in the lutetium system the metal 6s AO is more stable than the HOMO at 8 = 180°,
for the lanthanum complex the metal 6s AO is over 1 eV less stable than the HOMO.
It may well be this energy mismatch that prevents the La 6s AO mixing into the

HOMO as B decreases.
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4.4 Conclusions

The work presented here has produced a number of significant results, some well-
precedented and some unexpected. In the first place, DFT calculations successfully
reproduce the structures of a series of lanthanide complexes and, crucially, con-
firm that the difference between the geometries of the alkoxo systems and those of
complexes containing the heavier members of group 16 are intramolecular in origin.
Detailed examination of the electronic structures at these optimized geometries in-
dicates that the forces binding these complexes together are primarily electrostatic
in origin. The shortness of the Ln—O bond may therefore be attributed simply to the
additional polarity arising from the enhanced electronegativity difference compared
with the elements lower in the group. This is in line with predictions based on the
Shomaker-Stephenson equation.'4?

At the same time, the present calculations effectively rule out 7 donation from
the oxygen to the vacant 5d orbitals of the metal in these systems. Such interactions
have long been claimed for the early transition metals in high oxidation states, and
have always been assumed to be present for the lanthanides also. My calculations
rule this out for the lanthanides at least.

A second key point concerns the origin of the linearity at oxygen in the alkox-
ides. This has often been interpreted, again, as resulting from a 7 overlap of the
kind excluded above. The present work shows that a much simpler and more obvi-
ous effect, the electrostatic repulsion between the metal centre and the ipso carbon
of the phenoxide group, accounts for the increase of this angle compared with, for
example, water and alcohols. Thus a second-order electrostatic effect contributes

significantly to the arrangement of the ligands around the metal centre. The in-
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triguing possibility therefore exists, that for highly electronegative donor atoms,
such as oxygen or nitrogen, bound to high oxidation state metal centres, a simple
electrostatic reason underlies the observed geometries. Thus the disagreements in
the literature over the electron count of linear vs. bent imido groups as being 1-
or 3- electron donors, may need to be reevaluated. While 7 donation may be a
factor in such systems, the electrostatic repulsion between the metal centre and the
nitrogen-bound carbon may also play a role in determining the geometry. It may
also be the case that electrostatics can account for the bent geometry of the sulfur,
selenium and tellurium compounds. I have shown that the energetic preference of
[LaCp2SMe] and [LaCp,SPh] for the bent structure is not large (~5 and 10 kJ/mol
respectively). Given the lack of any clearly identifiable orbital reason for the bent
structure, it is possible that an attractive electrostatic force between the metal and
the ipso carbon atom drives the molecules away from 180°. My calculations are much
less clear cut on this issue than for the alkoxo systems, the La—ipso C electrostatic
energy being very basis set dependent. Nevertheless, the possibility exists that the
differing geometries of both the alkoxo and thiolate systems are driven exclusively
by electrostatics.

How then to test these conclusions experimentally? It would be an intriguing
experiment to attempt to correlate data from the Cambridge Database with calcu-
lated M-C electrostatic interaction energy. The large amount of data available in
the database may be sufficient to negate the complications of packing forces etc. At
the same time, it should be possible to prepare a set of identical compounds of the
type [TpsLnOR] (Tp* = dimethyl-trispyrazolylborate, R = CgH4-4-X) such that the
X can be varied to modulate the charge buildup at the ipso carbon. It may then

be possible to observe subtle changes in structure by X-ray crystallography. Con-
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versely, it is intriguing to speculate on the possibility of “straightening” the sulfur
in thiolate complexes by increasing the positive charge on the appropriate carbon
atom. Unfortunately recent experiments by Brennan and coworkers'®® give little
comfort in this direction since the structures of lanthanide pentafluorophenyl thio-
lates are stabilized by Ln—F-C interactions involving the ortho-fluoro substituents.
Nevertheless it may be possible to construct systems in which the ortho interactions
are suppressed.
Part of this work has been communicated in:

Russo, M. R.; Kaltsoyannis, N.; Sella, A. Chem. Commun., “in press”.
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Chapter 5

Exploratory studies on the
synthesis of functionalizable
trivalent lanthanide complexes

with calix[4]arene ligands
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5.1 Introduction
5.1.1 The Calixarenes

In recent years the growing interest in supramolecular and host-guest chemistry
has drawn attention to a new class of easy to synthesise and versatile macrocycles,
the calixarenes. These interesting beaker-shaped molecules are obtained by conden-
sation of p-alkylphenols with formaldehyde in alkaline conditions (Fig 5.1). The
number of phenolic units in the ring can be varied depending on the reaction con-
ditions, which in the case of p-tert-butylphenol have been optimized by the work of
Gutsche.'®® However, the mechanisms which lead to the formation of the different
oligomers are not fully understood, though it seems clear that calix[4]arene (n = 4)

is the thermodynamically most stable product.

OH i T
CH,”|
OH" - 2
n + nCHO ——» + nH0
R | R J.

Figure 5.1: One pot synthesis of calixarenes (n = 4-8).

Due to the relatively low barrier for rotation about the ¢ bonds of the methylene
groups, calixarenes also exhibit an intriguing conformational flexibility. The cone
conformation of the t-butylcalix[4]arene (all oxygens on the same side of the molecu-
lar plane defined by the methylene groups) is shown in Fig 5.2. This is the preferred
conformation for many calix[4]arenes and calix[5]arenes, being also stabilised by
159-161

intramolecular hydrogen bonding between the hydroxyl groups.

The strong affinity of the phenolic oxygens for Lewis acids and their preordered
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HO OHOH OH

Figure 5.2: Cone conformation of t-butylcalix[4]arene (R = *Bu). The phenolic oxygens consti-
tute the lower rim of the cone, while the *Bu groups are at the upper rim.

arrangement within the calixarene macrocycle has led these molecules to be used
as metal binding ligands in coordination chemistry, and they have proved to bind
efficiently both main group'?-1%4 and transition metals.!%%:166 The facility of func-
tionalizing both phenolic groups (lower rim) and substituents on the aromatic ring
(upper rim) offers the advantage of tailoring the binding properties and solubility of
the calixarenes as needed, and has recently given these molecules an ever increasing
importance in technological applications. It has also been noted that the calixarenes
have the ability to bind aromatic molecules and metal cations within their cavity.
This characteristic has opened up a series of possibilities in host-guest chemistry
and molecular recognition processes.'®”

In lanthanide chemistry, the search for selective complexing agents for the treat-
ment of nuclear waste has often pointed to the use of macrocyclic, chelating lig-
ands.!6816% Another research area in which the use of effective macrocyclic complex-
ing agents for lanthanide metals has been explored is the study and technological
development of optical devises based on the electronic properties of the rare earth
metals.! 71"l Being bulky, polydentate, hard ligands the calixarenes can satisfy the
electronic and steric requirement of the large, and rather hard lanthanide cations.

The binding capacity of calixarene derivatives towards lanthanide ions has been

86



widely investigated, and their use in lanthanide chemistry seems promising.7%-176

5.1.2 Coordination chemistry of the calixarenes

Reports on the first metallo-calixarene complexes appeared about ten years ago,
when Harrowfield!””1”® and Floriani!™180 respectively presented the first lanthanide
and transition metal complexes with calixarene ligands. In 1990 Florianil™ re-
ported the synthesis and structural characterization of a molybdenum complex with
the t-Bu-calix[4]arene tetraanion, L*~. The calixarene retains its cone conforma-
tion resulting in an almost planar array of the four oxygens which coordinate an
oxomolybdenum unit (M=O0). Similar mononuclear complexes have been obtained
with the same ligand and differently functionalized molybdenum!8! and tungsten!®?
moieties.

The t-Bu-calix[4]arene tetraanion also proved to be capable of coordinating
bimetallic units, and interesting complexes supporting doubly and triply bonded
tungsten®!# and di-molybdenum units'®3185 have been synthesised. However the
formation of more complicated polynuclear complexes with bridging calixarenes has
also been reported, especially when the metal atom is in a low oxidation state (such
as group 12, 13 and fgroup metals) or with calixarene ligands containing 6 or more
phenolic rings.!63,164,180,186-188

Comparing both the unsubstituted t-Bu-calix[4]arene (H4L) and the 1,3-dimethy]l
t-Bu-calix[4]arene ether (H,LM®), Raston et al. noticed that the mononuclear Al(III)
complex was readily accessible using the partially alkylated ligand,'®® while a bin-
uclear complex was obtained with the unsubstituted ligand. This alkylated cal-
ixarene also leaves more possibility for functionalization at the metal centre, so that

the 1,3 methylated ligand (H,LM¢), has recently been used to synthesize calixarene
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supported zirconium alkyls and to explore the insertion of CO and CN~ on the
metal carbon bond.!8” Because of the almost planar array of the phenolic oxygens,
calix[4]arene metal complexes have also been used as a model to study the reactivity
of metals bound to oxo-surfaces.!8%-191

Another characteristic feature of the calixarenes is their capacity to bind neutral
molecules and metal ions inside their cavity leading to an even richer chemistry.!6”
Because of their propensity to host aromatic molecules, one can for example achieve
self-assembly of metallo-calixarenes in organized supramolecular structures by ap-

182 Calix[4]arene has also shown a

propriate functionalization of the metal atom.
remarkable affinity for metal cations, which are bound into the cavity through =«
interactions with the aromatic rings and coordination by some of the phenolic oxy-
gens. 160,192,193

Based on this property, a calix[4]tube (i.e. two calix[4]arene molecules intercon-
nected at the lower rim through ethylene linkages) has been synthesized and used
as a model for the study of selective protein transport of potassium through cell
membranes, a biological process in which 7 bonding is believed to play a significant
role.!%

Further studies were carried out on the inclusion of cationic species inside the
calixarene cavity, and it was shown that the presence of alkali metal ions inside the
cavity can influence the coordination of transition metals at the phenoxo binding
sites,'® and vice versa (i. e. the presence of coordinated transition metals affects
the 7 basicity of the calixarene cavity).'®®

With regard to the lanthanides there exist a relatively small number of complexes

with calixarene ligands. The first report dates back to 1987 when Harrowfield et

al. synthesized a bimetallic lanthanide calixarene complex, with two Eu(III) coor-
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dinated by the t-butylcalix[8]arene hexa-anion.'”” Soon after, the analogous lan-
thanide complex with a triply deprotonated t-butylcalix[4]arene anion, HL3~, was
synthesized. The complex, [Eua(u-n*n?-HL)2(dmf)4] 7(dmf), was shown to be a
dimer with the calix[4]arene ligands bridging between the two trivalent europium

ions.1™®

/‘O /O
= -0 . OH
Ho------"a//E“\ Eu
%o |
Harrowfield et al., Inorg. Chem., 1987 Harrowfield et al., Dalton, 1989

Figure 5.3: Schematic representation of the first reported lanthanide calixarene complexes, ref 177
and 178 (the drawing is simplified by omitting coordinating solvent molecules and the phenolic
units of the ligand).

Thanks to the work of Biinzli, it was soon understood that calixarenes could
enhance the luminescence of coordinated lanthanide ions by acting as an absorption
unit and transferring energy to the metal.!”>1% In fact a great deal of attention has
been devoted to the synthesis of lanthanide luminescent probes using calixarenes and
calixarene derivatives as ligands.172174196-202 Eyrthermore it was shown that upper
rim functionalization of the calixarene ligands affects the photophysical properties of
the resulting lanthanide complex and therefore offers a way of tuning the properties
of the encapsulated metal.!” As a result an attempt has recently been made to
introduce lanthanide-binding units (such as different pyridine-2,6-dicarboxylates)
into the calix[4]arene skeleton by lower rim substitution. This was done in the hope

of providing highly luminescent lanthanide complexes and devise a mechanism for
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luminescence control in such complexes. However, as shown in Fig 5.4, the binding

properties of these neutral pendant arms proved relatively poor.2°2

Z=CONEt,
dmf=dimethylformamide

Harrowfield et al., Inorg. Chem., 2000

Figure 5.4: Schematic representation of a lower rim substituted calix[4]arene bimetallic complex
(ref 202). Note that the pendant tridentate groups are rejected by the metal in favour of bridging
phenoxide and solvent o-donors. (The drawing is simplified by omitting the phenolic units of the

ligand.)

More generally, lower-rim substitution of calixarenes, particularly with functional

199,200,203,204 176,197,198,201

groups containing coordinating atoms such as oxygen, nitrogen
and phosphorus,' 717525 has proved highly effective as a strategy to increase the
binding and selectivity of the ligand towards lanthanide ions. The binding prop-
erties of the calixarenes towards the f-elements were also shown to be significantly
influenced by the presence of alkali metals. The inclusion of different alkaline metal
ions in the cavity of calixarene carboxylate derivatives does affect the extraction se-
lectivity of lanthanide ions from aqueous solution.?** Similarly the binding capacity
of calix[6]arene towards uranyl ion was shown to be influenced by the presence of
Cs* inside the calixarene cavity.2%

Despite the consistent number of reports on lanthanide complexes with cal-

ixarenes and calixarene derivatives, these molecules are mostly isolated as dimeric

species with bridging ligands, or as 2:1 bimetallic complexes when the calixarene is
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Me,HSIO O/Y\ Y

Anwander et al., Inorg. Chem., 2000

0SiHMe,

Figure 5.5: Typical lanthanide bimetallic complex with bridging calixarene ligands (ref 190).
(The drawing is simplified by omitting the phenolic units of the ligand.)

made by more than 6 phenolic units (see Fig 5.3, Fig 5.4, Fig 5.5 for typical exam-
ples). This is partly due to the ionic nature of the rare earth metals and also to
the high number (usually 4 or more) of binding sites in the ligands. A monomeric
1:1 complex has recently been synthesised (although not structurally characterized)
using a lower rim substituted calix[4]arene with strongly coordinating phosphoryl
pendant arms, so as to completely encapsulate the metal ion and prevent it from
interaction with anything else in the solution.}” Similar 1:1 complexes have been ob-
tained using the 1,3-bis(diethylamide)-substituted calix[4]arene, with the lanthanide
ion being further coordinated by a picrate trianion to a total coordination number
of 8.2 Although these 1:1 complexes (see Fig 5.6) can prove useful for certain
purposes where complete shielding of the lanthanide ion is required (such as selec-
tive extraction of lanthanide ions or exploitation of their luminescence properties),
the synthesis of more reactive mononuclear lanthanide complexes with calixarene
ancillaries might offer a better chance to explore the reactivity at the coordinated

lanthanide metal center.
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O- pi- O=picrate anion

P=PMe,
Ln=Sm, Yb, In

Bunzli et al., Dalton, 1999 Beer et al., Inorg. Chem., 1996

Figure 5.6: Schematic representation of mononuclear lanthanide calixarene complexes (ref 174
and 203) (the drawing is simplified by omitting the phenolic units of the ligand).

A few years ago Bochkarev et al. reported the synthesis of an interesting mononu-
clear complex of trivalent thulium with the partially alkylated 1,3-dimethoxy t-Bu-
calix[4]arene, [Tm(L"®)I(» Et.)]. This molecule, illustrated in Fig. 5.7, is the first
reported example of a mononuclear, lanthanide calix[4]arene complex, with the io-
dide leaving scope for further functionalization at the metal centre. The reaction
used for its synthesis however, was rather costly as it involved reduction of the

phenolic groups to phenoxide by two equivalents of divalent thulium iodide:*
+ :Tml [Tl’l’l(L“')I(o Et. )] + Twls + (5])

Furthermore this route seems to be viable only with the strongly reducing Tml. and
does not proceed with the less reducing Sml..

The coordination of lanthanide on to a calixarene ligand has very recently been
achieved by reaction of a lanthanide triflate, Ln{o s SCF; }s, with calix[s Jarene (HgL)

using pyridine as solvent.

HgL -f, Ln{o s SCF; 13 4 - Spyrldlne — >[Ln{(03 SCF; )(pyridine)4 }z H: L] (52)
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MeO "~ OMe

Bochkarev et al., Z. Naturforsch. (B), 1999

Figure 5.7: Schematic representation of the first mononuclear functionalizable lanthanide
cali[4]xarene complex, ref 207 (the drawing is simplified by omitting the phenolic units of the
ligand).

The resulting lanthanum, and samarium complexes (see Fig 5.8) were isolated and
structurally characterized. These complexes would also lend themselves to func-
tionalization at the lanthanide metal through loss of the triflate ion, however they
decompose completely (within a few hours) when isolated as solids, even if kept

under argon or nitrogen, and in the absence of light.208

CF;S0; —Ln py=pyridine

Ln=La, Sm

Py pY

Leverd et al.,, Eur. J. Inorg. Chem., 2001

Figure 5.8: Schematic representation of a 2:1 functionalizable lanthanide calix[6]arene complex,
ref 208 (the drawing is simplified by omitting the phenolic units of the ligand).

A more satisfactory synthetic route to functionalizable lanthanide calixarene
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complexes is therefore needed. In this chapter we describe the synthesis of a se-
ries of trivalent functionalizable lanthanide complexes using differently substituted

calix[4]arene as ancillary ligands.

5.1.3 Aspects of the coordination and organometallic chem-
istry of lanthanides

Due to their physical and chemical properties the synthesis of monomeric, homolep-
tic lanthanide complexes is rather challenging and there are few such complexes
reported in the literature, especially when compared to analogous transition metal
complexes. In order for the lanthanide metal to attain steric saturation, the forma-
tion of oligomers, adducts with solvent, and/or lanthanide -ate complexes is often
encountered, the particular type depending on the size of the metal, the nature of
the ligand, the type of solvent, and the presence of suitable counter-ions.

Our project aims at the synthesis of functionalizable calixarene complexes of
trivalent lanthanides, and for this task homoleptic lanthanide amides and organometal-
lic complexes would be ideal starting materials in protonolysis reactions with the
calixarene (see Fig 5.10). A brief description of known lanthanide amides and
organometallic complexes and their synthetic routes is therefore provided in the
next two sections.

Lanthanide amides

The synthesis of lanthanide amides involves the reaction of an anhydrous lanthanide

halide with the alkali metal salt of the amine:
LnX3 + 3MNR; — Ln{NR»}; + 3MX (M =Lij, Na, K; X =Cl, I) (5.3)

Although the synthetic route described above is quite simple, it often leads to the

formation of undesired products. Reaction of lanthanide trichloride with dimethyl-
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and diethyl- lithium amides results in fact in the formation of insoluble products
probably due to the aggregation in polymeric chains.?%°

By reaction of lanthanide trichloride with 3 equivalents of the slightly bulkier
di-isopropyl lithium amide, a mixture of the thf adduct of the tris amide and the

tetrakis lanthanide -ate complex are formed.?2
LnCl; + 3LiN‘Pr; — [Ln{N'Pr;}3(thf)] + [(thf)Li(u—N'Prz):Ln(N‘Prz)z] (5.4)

The proportion of the tetrakis amide is usually very small but difficult to sepa-
rate, however the reaction of lanthanide trichloride with 2.5 equivalents of isopropyl
amide, was reported to give the pure thf adducts of the tris-amide.?? Similarly Gam-
barotta et al.2 reported the synthesis of the thf adduct of the cyclohexyl amide,
Sm{NCys}3(thf), by reaction of SmCls with 2.85 equivalent of the lithium cyclo-
hexyl amide.

In order to increase the steric shielding, and therefore the stability of the central
metal atom bulkier amides have been used. With lithium diphenylamide the tetrakis

complex [Li(thf)][Ln{NPhy}4] (Ln=Er?!? and Yb?'!) were reported.
LnCly + 3LiNPh, + thf — [Li(thf)][Lo{NPhy}] (5.5)

The tetrakis Sm{NPhy}4[Na(TMEDA)]; and the thf adduct Sm{NPhy},(thf), were
also obtained?? by reaction of divalent samarium iodide with sodium and potassium

diphenylamide respectively, in the presence of TMEDA /thf.
Smly(TMEDA), + 4NaNPh; — Sm{NPh;}4[Na(TMEDA)], (5.6)

The synthesis of lanthanide complexes with other aromatic amides have been de-

scribed by Evans.2* Starting from the potassium salt of aniline, 2,6-dimethylaniline,
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and 2,6-diisopropylaniline a whole series of lanthanide arylamido complexes includ-
ing dimers, thf adduct, and -ate complexes were reported. By reaction of LnCl;
(Ln = Y, Nd, Yb) with 3 equivalent of potassium diisopropyl arylamide, the thf

adduct of the tris amide was isolated in good yields.
LnCl;; + 3KNHCGH3 iPl‘g S LD{NH06H3 iPr2}3(thf)n (58)

The number of coordinating thf molecules in the above adduct was found to vary
with the metal (n = 2 for Y, Yb; 3 for Nd).

By use of the even bulkier bis-trimethylsilyl-amide, -N(TMS)3,2! and the pentafluoro-
phenyl-trimethylsilyl-amide, -N(CgFs)(TMS),?'2 where TMS = Si(CHj)3, the corre-
sponding tris homoleptic lanthanide complexes have been obtained without contam-
ination by other products. These complexes where also shown to be stabilised by

agostic interactions through the Me groups in the TMS, and by Ln—F interactions.?!2
Lanthanide organometallics

The first reported molecules containing carbon-lanthanide bonds were the cyclopen-
tadienyl complexes,?!3 and for many years the complexes with cyclopentadienyl and
substituted cyclopentadienyl ligands have been the most used and most studied
lanthanide organometallics.?* Their synthesis involves the reaction of a divalent or
trivalent lanthanide halide with NaCp (Cp = CsHs), with the Cp coordinating the

metal in n° fashion.
LnCl; + 3NaCp — LnCp; + 3NaCl (5.9)

Lnl, + 2NaCp —» EnCpj + 2Nal (5.10)

These molecules exist as monomeric thf adducts in solution. In the solid state

they attain steric saturation by bridging Cp ligands, the number of which and the
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particular mode of bonding, depend on the size of the metal.3

Despite initial attempts at the synthesis of ¢ bonded methyl*'* and ethyl?!5 lan-
thanides, simple monomeric complexes with these ligands have not unambiguously
been characterized. However in the presence of excess MeLi the [LnMeg][Li(dme)]s

-ate complex was isolated (Ln = Y, Ce, Nd, Sm, Gd, Tb, Dy, Er, Lu).?1¢
LnCl; + 6MeLi + 3dme — [LnMeg|[Li(dme)]3 4 3LiCl (5.11)

By reaction of a lanthanide chloride with t-butyl lithium the corresponding lan-
thanide tetrakis salt was isolated (Ln = Tb, Er, Yb, Lu).?!"?!8 By the same reaction
route, the tetrakis ¢ bonded aryls Li[LnPhy] (Ln = La, Pr) were isolated but not
structurally characterized.?’* Using the bulkier xylyl (2,6-dimethylphenyl) group
however, the corresponding tetrakis salt was obtained and structurally character-

ized, showing a tetrahedral environment of the lanthanide ion.?®

LUCI3 + 3Ll(2, 6—06H3—M62) + thf — [Ll(thf)4] [LD{2, 6—CGH3—M82}4] (512)

Despite the high steric hindrance of the t-butyl, phenyl and xylyl groups, the
corresponding complexes were obtained as tetrakis salts. This problem, which often
arises when metathesis reactions are involved, can be avoided by using alternative
reaction routes. Transmetallation reactions proved to be successful. Reaction of
europium and ytterbium metals with bis(pentafluorophenyl) mercury lead to the

corresponding bis homoleptic aryls:
Ln + Hg{C¢Fs}» — Ln{C¢Fs}, + Hg (Ln = Eu, YD) (5.13)

Structural analysis proved that these molecules are stabilized by intramolecular
metal-fluorine interactions, explaining why decreasing the number of fluorine on the

ring resulted in significant destabilization of the complexes.?!%-22
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In an exciting development Bochkarev?® has reported the synthesis of tris phenyl

lanthanides, using catalytic amounts of Lnl; to activate the metal.
2Ln + 3HgPhy + thf + Lnl; — 2LnPhs(thf); + Hg (Ln = Er, Tm) (5.14)

These molecules are stabilized by the formation of adducts with thf and were isolated
as highly air sensitive crystals.
The first structurally characterized lanthanide neutral homoleptic alkyl was re-

ported by Lappert by use of the bulky bis(trimethylsilyl)methyl ligand, -CH(TMS),.3¢
Ln{OAr}; + 3LiCH(TMS), —3 Lo{CH(TMS)2}3 + 3LiOAr (5.15)

With the same ligand the corresponding divalent lanthanide alkyl was isolated as

adduct with diethyl ether:222
Ybl; + 2NaCH(TMS)2 + Et,0 — [Yb{CH(TMS)z}z(EtzO)Q] + 2Nal (516)

while using the even bulkier tris(trimethylsilyl)methyl, -C(TMS)3, the bis homolep-

tic alkyl was obtained.??

YbI, + 2KC(TMS)3Et,0 —s Yb{C(TMS)3}, + 2KI (5.17)

The metal centre in these molecules was shown to be stabilised by agostic interac-
tions with the TMS groups. A recent comparison of the Si-C and C-H bond lengths
obtained by neutron diffraction analysis, has proved that the main interaction with

the metal is by the 8 (Si-C) bond rather than the v (C-H) bonds.*?
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5.2 Results and Discussion

Since our ultimate aim was to develop the reactivity of the metal centre in the lan-
thanide calixarene complexes, the unsubstituted *Bu-calix[4]arene (H4L) with four
acidic phenolic groups would be an unsuitable starting material for the synthesis
of trivalent, functionalizable lanthanide complexes. Protonolysis reactions of HysL
with a basic lanthanide compound, LnX3;, (X = amide, alkyl) would result in triple
deprotonation of the calixarene and formation of a complex with strong, inert metal-
oxygen bonds which would then be difficult to replace, leaving little scope for further
functionalization at the metal. Furthermore the presence of four acidic hydrogens
on the calixarene is likely to result in formation of dimers or oligomers with bridg-
ing calixarene ligands through deprotonation by a second lanthanide-based starting
material, 164178,180,186

A good strategy to avoid formation of oligomers and allow for further function-
alization at the metal centre is to substitute two phenolic protons with alkyl groups,
giving a 1,3-dialkyl-tBu-calix[4]arene ether, H,LR.163:187:207 The 1 3 calixarene di-
ethers also offer the possibility to control the steric saturation at the metal centre
by altering the steric hindrance of the alkyl substituent on the ether oxygen atoms.
Therefore in our syntheses, only the 1,3-dialkyl substituted -tBu-calix[4]arenes were
used as ligands.

The synthesis of lanthanide complexes is usually achieved by a limited number
of synthetic routes, namely metathesis, protonolysis and transmetallation reactions
(see Table 1.2). Although transmetallation has been previously used for the syn-
thesis of lanthanide alkoxo- and aryloxo-complexes,??#2%6 it is not a viable route

for the synthesis of functionalizable lanthanide calixarene complexes. Transmetal-
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Figure 5.9: Metathesis reaction of an alkaline metal salt of the calix[4]arene ether with a lan-
thanide halide (M = Na, K; X = CI, Br, I).

Figure 5.10: Protonolysis reaction of protonated calix[4]arene ether with lanthanide complex
(L' = amide, alkyl, aryl).

lation reaction of lanthanide metal with the divalent dialkyl substituted calixarene
H,LE, would in fact result in complexes with a 2:3 metal to ligand ratio, LnyL®s,
leaving little scope for further functionalization at the metal centre. Metathesis
and protonolysis reactions are therefore better alternatives (at least in principle)
for the synthesis of 1:1 lanthanide calixarene complexes. The two possible reaction
pathways are illustrated in Fig 5.9 and 5.10 One problem which could arise when
attempting metathesis reactions of the type described in Figure 5.9 is given by the
propensity of calix[4]arenes to host alkali metal ions in their cavity. In fact, it has
been recently reported that the sodium salt of H,LM® has a rather more compli-
cated structure than depicted in Fig 5.9, as it was shown to be a dimeric species,
NayL}®, with one sodium ion inside the cavity of each calixarene and the remaining

two placed in between the two calixarenes.!9? It is therefore possible that the pres-
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ence of the alkali metal inside the calixarene cavity might vary the reactivity of the

sodium ligand with a lanthanide halide, as will be discussed in section 5.2.3.

5.2.1 Synthesis of tBu-calix[4]arene and calix[4]arene deriva-
tives

The synthesis of tBu-calix[4]arene from tBu-phenol and formaldehyde is a simple
condensation reaction which leads to the desired product in quite high yields (see
Fig 5.11).22" The specific formation of the cyclic tetramer is accomplished via the
templating effect on the sodium ion, so that in the presence of Na* the calix[4]arene
is the thermodynamically most stable product. In order to achieve thermodynamic
control, high temperatures are needed (~250 °C). The tBu-calix[4]arene was pre-
pared on a big scale reaction and isolated in ~60% yield as a dirty white solid, and

was characterized by 'H NMR spectroscopy.

OH

NaOH
4 + 4CHYO0

Figure 5.11: Synthesis of tBu-calix[4]arene.

The synthesis of such calix[4]arene ethers is described in Fig 5.12 and is achieved
by nucleophylic attack of the calixarene phenoxide on the desired alkyl iodide. Fol-
lowing this procedure the dimethyl and diisopropyl ethers of calix[4]arene have been
isolated as yellowish solids in good yields (89 and 82% respectively), and character-

ized by 'H NMR spectroscopy and elemental analysis.
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base

Figure 5.12: Synthesis of 1,3-dialkyl-tBu-calix[4]arene ether (R = Me, !Pr).

5.2.2 Synthesis of lanthanide starting materials
Synthesis of Lanthanide Amides

Several attempts were made to prepare new homoleptic lanthanide amides. In par-
ticular we sought amides easy to prepare from low cost starting materials, sterically
saturated (so as to prevent the formation of adducts and -ate complexes) and basic
enough to react readily with the protonated calixarene ligand.

The general reaction scheme for their preparation involved refluxing the selected
amine with sodium hydride and adding the resulting sodium amide to a suspension

of lanthanide chloride in thf:
HNRR' + NaH — NaNRR' + H, (5.18)

3NaNRR’ + LnCl; — Ln{NRR'}; + 3NaCl (5.19)

Synthesis of Lanthanide tris bis-trimethylsilyl Amides

The yttrium and samarium homoleptic bis-trimethylsilyl amides were prepared in
thf from the corresponding sodium amide. To reduce contamination by sodium
amide and sodium chloride, the yttrium amide was purified by sublimation, while
the samarium amide was recrystallized twice from 40-60° petrol. The products were

isolated as colorless and pale yellow needle crystals respectively in 26 and 45% yields,
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and were characterized by 'H NMR spectroscopy.

LnCls + 3NaN(TMS); — Lo{N(TMS),}; + 3NaCl (5.20)

Synthesis of Yttrium tris diphenylamide

Despite previous reports showing that the reaction of erbium and ytterbium chlo-
rides with lithium diphenylamide gave the corresponding tetrakis lanthanide-ate
salt, 219211 we decided nevertheless to attempt the synthesis of the tris homoleptic
diphenylamide. With two relatively bulky phenyl groups on the nitrogen and being
fairly cheap, diphenylamine is an ideal starting material for the synthesis of lan-
thanide amides. Diphenylamine (HNPh,) was refluxed with sodium hydride in thf,

and the correponding sodium amide was isolated as a white solid in 95% yield.
HNPh,; + NaH — NaNPh; + H, (5.21)

A solution of the sodium amide in thf was then added to a suspension of yttrium
chloride in thf, and after work-up, the tris homoleptic yttrium diphenylamide was

isolated as colorless cubic crystals in 35% yield.

The product, which proved highly air sensitive both in the solid state and in solution,
was characterized by 'H NMR spectroscopy and elemental analysis.

The 'H NMR spectrum of Y{NPh,}3; showed a set of 8 closely spaced multiplets
(ratio 1:2:1:2:1:1:1:1) in the region typical of aromatic protons, and two additional
signals which could be assigned to thf. On the basis of 'H NMR evidence it seems
a complex of the type Y{NPhy};(thf); is formed. However, elemental analysis is

consistent with a base free complex (see Table 5.1) suggesting that thf should not
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Table 5.1: Elemental microanalysis found and calculated for Y{NPh;}3, Y{NPh,};(thf); and
Y{NPhg };(thf)s.

Found C 72.49; H 5.31; N 7.09
Y{NPh;}s C 72.85; H 5.09; N 7.08
Y{NPh,};(thf); C 71.63; H 6.28; N 5.70

Y{NPh,};(thf)s C 71.19; H 6.72; N 5.19

be too tightly bound to the metal and is easily removed by pumping under vacuum.

By comparison of the trivalent ionic radii of yttrium (0.901 A) with those of er-
bium (0.890 A) and ytterbium (0.868 A) (see Table 1.1), it is clear that the tetrakis
coordination previously observed for erbium and ytterbium is not due simply to their
sizes, which is in fact comparable (or even smaller) than that of yttrium. A possible
reason for the isolation of the tris homoleptic yttrium diphenylamide, may be due
to use of sodium, instead of lithium diphenylamide as starting material. Lithium
has become notorious in lanthanide chemistry for the formation of complex anions
such as [Ln{NRg}4)~. The use of the larger sodium ion results in the formation of
the rather less soluble sodium chloride, an effect in large measure associated with
the reduced polarizing power of lithium which results in a much reduced enthalpy of
solvation. The successful synthesis of [Ln{NR,}3] is significant in view of the sim-
plicity of the procedure and the cheapness of the reagents, making this a particularly
valuable starting material for further chemistry.

The only limitation associated with the diphenyl amides is the comparatively
low pK, of HNPh, (~23) compared with alkyl amine (36-30), somewhat reducing

the range of protonolysis substrates for which this reagent would be useful. In
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the hopes of preparing a more basic and therefore more useful starting material ,
the analogous reaction was attempted using N-methylaniline (HNMePh), tert-butyl-
amine (HoN*Bu), and cis-2,6-dimethylpiperidine (HN-2,6-Me,-CsHjg)

Attempt to the Synthesis of Yttrium tris methylanilide

Changing one of the phenyl substituent on the nitrogen with a methyl group should
result in a more basic, though less bulky ligand. Using smaller substituents on the
nitrogen however, increases the chance of bridging as opposed to terminal coordina-
tion, thus favouring the formation of polynuclear species. The reaction was carried
out as described for diphenylamine (see Eq. 5.21 and 5.22), however after work-up
only a very small amount of white solid was isolated, possibly due to poor solubility
of the product. The 'H NMR spectrum showed many signals some of which were
broad, suggesting the formation of low symmetry species -possibly oligomers- with

some dynamic behaviour at room temperature.

Attempt to the Synthesis of Yttrium alkyl amides

We attempted to prepare lanthanide homoleptic amides starting from tert-butyl
amine (HzN'Bu), and cis-2,6-dimethylpiperidine (HN-2,6-Me;-CsHg). In the first
case it was noticed that after refluxing with sodium hydride and addition to yttrium
chloride, the latter did not seem to react significantly. Possible reasons are that
either this less acidic amine does not react with the relatively weak H™ and need
a stronger Lewis base to be deprotonated, or the resulting sodium amide is too
insoluble.

In the case of cis-2,6-dimethylpiperidine, "BuLi was used to deprotonate the
amine and although the lithium amide seemed to react with the yttrium chloride,

we could not isolate the resulting product. Mulvey has since crystallized a close
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analogue , sodium tetramethylpiperidide, which he prepared indirectly by lithiation
followed by lithium /sodium exchange using NaO™ Bu. The considerable congestion
around the nitrogen may make this a useful ligand for lanthanide chemistry in
future.?28

Synthesis of Neodymium tris(2,6-diisopropyl-arylamide)

Finally following the procedures described by Evans,?* the neodymium tris(2,6-

diisopropyl-arylamide) was prepared and isolated as a very air sensitive white solid

in 48% yield.
Pr 'Pr
Pr 'Pr
'Pr 'Pr
thf
'Pr Pr 3

Synthesis of lanthanide organometallics

Among the known homoleptic lanthanide organometallic complexes the most favour-
able candidate as a starting material for the reaction with calixarenes would be the
tris alkyl, Ln{CH(TMS),}s. The corresponding calixarene-supported lanthanide
alkyl, being very basic, could be reacted with a variety of other molecules such as
alkynes, amines etc. However, the synthesis of this complex is complicated, involving
several steps and requiring quite expensive starting materials.

A cheaper and easier alternative is represented by the tris cyclopentadienyl com-
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plexes. Being relatively easy to make, the tris cyclopentadienyls should also be basic
enough to react with the protonated calixarene ligand. However, the resulting cy-
clopentadienyl aromatic anion, being less basic than the bis-trimethylsilyl methyl
anion, would not be as effective for protonolysis reactions, therefore reducing the
possibility of further functionalization of the corresponding calixarene supported

lanthanide cyclopentadienyl complex.

Synthesis of Lanthanide tris Cyclopentadienyl Complexes

The yttrium, lanthanum and samarium tris homoleptic cyclopentadienyl complexes
were prepared following a literature procedure.?? They were isolated as white (orange
in the case of samarium) solids, in respectively 68, 28 and 28% yields, and were

characterized by 'H NMR spectroscopy (except for the samarium complex).

Attempt to the Synthesis of Lanthanide organometallic complexes via
transmetallation reactions

In the search for suitable lanthanide organometallics a series of transmetallation
reactions were attempted, aiming to the synthesis of tris phenyl lanthanides. Lan-
thanide aryls are potentially excellent starting materials for protonolysis reactions,
the pK, of benzene being 43, and would be expected to react efficiently with alco-
hols and amines by virtue of the large pK, difference. By analogy with the work
of Bochkarev?® neodymium metal powder was stirred for several days with diphenyl
mercury in dimethoxy ethane (DME), with the addition of catalytic amount of
mercuric iodide. To our surprise no reaction was observed, as evidenced by the
fact that no colour appeared in the solution (the Nd complex is reported to be
the usual pale blue colour) and the surface of the metal remained unchanged. The

supernatant solvent was found to contain unreacted HgPh,. Similar results were ob-
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tained when the solvent was changed to thf. Heating the reaction mixture appeared
to produce some metallic mercury indicating some decomposition of the HgPh,, but
again no lanthanide-containing species were recovered from the supernatant. Sim-
ilar inertness was also observed for yttrium (see Table 5.2 for a summary of the

transmetallation reactions which have been carried out).

Table 5.2: Attempts to transmetallation reactions.

Metal Alkylating agent Solvent Temperature Catalyst

Nd HgPh, DME room temp. Hgl,

Y HgPh, thf room temp. Hgly /Y3
Nd HgPh, thf 60 °C I

Nd BiPh; thf room temp. I

The failure of these experiments is quite surprising since Bochkarev?® provides
detailed descriptions, full analytical data and a crystal structure of these complexes.
It is conceivable that the success of the reaction depends critically on the mesh size
of the metal used in the procedure. In the absence of alternative grades of lanthanide
metal, further experiments were reluctantly abandoned. Nevertheless, the aryls of
the lanthanides remain attractive starting materials and the development of a simple
synthetic route would be a significant advance in organolanthanide chemistry.

5.2.3 Synthesis of Calixarene complexes

Synthesis of Alkali Metal Complexes of Calixarene and attempt to Meta-
thesis Reactions with Lanthanide Halides

The reaction of Ho,L'P* with excess sodium hydride at 80 °C in thf, afforded after

work-up colorless plate crystals which were characterized by 'H NMR spectroscopy
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and single-crystal X-ray diffraction as Na,L'P*.
H,L'®* + NaH(excess) —» Na,L F* + 2H, (5.25)

The 'H NMR spectrum shows, at high fields, two singlets for each pair of *Bu groups
in the upper rim, and a doublet for the methyl groups of the ‘Pr. At lower fields
there are two doublets corresponding to the four methylenic units bridging between
the phenolic rings of the calixarene, and a multiplet for the two C-H of the isopropyl
groups; finally in the region of the aromatic protons we find two singlets for the
hydrogens on the phenolic rings. The spectrum is very similar to that observed for
the free ligand, though all the peaks are slightly shifted and the phenolic hydrogen
signal is missing, indicating deprotonation of the two phenolic groups.

Crystals suitable for X-ray analysis were obtained from 40-60° petrol; the X-ray
structure was collected at low temperature and solved by Dr. Jon Steed of King’s
College. Although the crystal structure (Fig. 5.13) shows that in the solid state the
complex is a dimer with a very low symmetry, the number of peaks in the NMR
is consistent with a more symmetric species, suggesting that either the complex is
a monomer in solution, or more probably, it undergoes a dynamic behaviour which
makes different protons equivalent on the NMR timescale.

The structure consists of two deprotonated calixarene moieties joined at the
lower rim by two bridging sodium cations. Each exo sodium is situated in a distorted
tetrahedral environment, and is coordinated by one ether O-donor and two phenolate
O-donors belonging to one [LiPr]2‘ unit, and one O-phenolate donor belonging to
the second [L'F*]2~ unit. The second pair of sodium cations (endo) are situated
within the calixarene cavity and are bound by two mutually opposite phenolate O-

donors. The short Na-C distances (2.8-3.0 A) observed for the endo sodium ions are
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consistent with a significant metal-Trring interaction.

The two calixarenes exhibit a distorted cone conformation with two opposite
phenolic units twisted outward and almost perpendicular to one another, while the
other two -i.e. those containing the ethers groups- are twisted inward and almost
parallel to one another; this particular conformation probably results in the attempt
to minimise the steric repulsion between the isopropyl groups and spatially adjacent

atoms, and maximise the metal-7r ring interactions.

'Bu 'Bu'Bu 'Bu
RO OR o
Na
Na
RO OR
Na
’Bu 'Bu 'Bu 'Bu
(b)

Figure 5.13: a) X-ray crystal structure and b) schematic representation of [Na: L.

The above structure shows many similarities with an analogous one reported
by Mountford for [Na: L"®] " the main difference being that, with the bulkier ‘Pr
substituent, one ethereal oxygen on each calixarene is not coordinating any metal,
and the exo sodium cations are therefore tetra- rather than pentacoordinate, as
was in fact observed for the methyl substituted calixarene salt. From the difference

between the two structures it is clearly shown that steric effects related to the lower
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rim substituents of calixarene, can affect its mode of bonding, and that O-alkylation

is therefore a useful tool to vary the binding properties of such ligands.

Attempt to Metathesis Reaction of Lanthanide Halides with H,L*

The use of alkali metal salts of calixarene as precursors for the synthesis of lanthanide
calixarene complexes was investigated (see Fig 5.9). A solution of sodium isopropyl-
calixarene salt in thf was prepared as described above and added dropwise to a stirred
suspension of yttrium iodide in thf. The crude product obtained after work-up, was
analysed by 'H NMR spectroscopy and was shown to be a mixture of NapL'P* and
the HoL'P* starting material.

In an attempt to improve the reactivity of the calixarene salt the sodium alkali
metal cation was replaced by potassium ion and the isopropyl substituents on the
ethereal oxygen replaced by methyl groups. The dimethyl-calixarene ether HyLMe
was therefore refluxed in thf with KCg and added dropwise to a suspension of yttrium
iodide in thf. Since continuous and vigorous stirring did not result in dissolution
of the yttrium iodide suspension, the mixture was refluxed for 12 hours. A crude
product was isolated (white powder) but was insoluble in deuterated benzene or in
HCL

Any further attempt to use alkali metal calixarene salt as a starting material for
metathesis reactions with lanthanide halides proved unsuccesful. Possible reasons
for the failure of such reactions can be traced to the formation of stable oligomers
of the calixarene alkali metal salt and the high affinity of the calixarene 7 cavity for

the alkali metal ions, which shifts the equilibrium towards the starting materials.
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Protonolysis Reactions of Calixarene with Lanthanide bis trimethylsilyl
amides

Following the failure of the metathesis reactions using alkali-metal salts of calixarene
as starting materials, an obvious alternative was to attempt protonolysis reactions of
lanthanide amides with the calixarene. By reacting a lanthanide tris amide with one
equivalent of protonated calixarene ether (H,L®) we expected to doubly deprotonate
the ligand and obtain a calixarene supported lanthanide amide (see Fig 5.10).

Lanthanide tris (bis-trimethylsilyl) amides were reacted with the protonated
H,LMe and H2LiPr ligands under different conditions and with different solvents.
Lanthanide bistrimethylsilyl amides have been reported to readily deprotonate alkyl-
substituted phenols, and they have been successfully used in the synthesis of lan-
thanide alkoxo complexes.!® Reaction of calixarene with the lanthanide amides at
room temperature was shown to yield the unreacted starting materials, both in sat-
urated hydrocarbons and toluene. However, refluxing the lanthanide amide with one
equivalent of anhydrous calixarene in a small amount of toluene, and slowly cooling
to room temperature, resulted in the formation of a white microcrystalline product.
This might be explained as a steric effect arising from the extremely crowded nature
of the metal coordination sphere. In addition, the intramolecular hydrogen bonding
between the OH groups of the calixarene may prevent reaction at room temperature.

The protonolysis reaction was carried out with yttrium and samarium bis-tri-
methylsilyl amides and both H,LM® and H,L'P* ligands, in both a 1:1 and a 1:2 ratio.
A summary of these reactions is given in Table 5.3

The LM¢ complexes (i.e. the products of reaction a, b and d) were found to
be insoluble in toluene and deuterated benzene at room temperature. However,

recording the 'H NMR spectra at ~60 °C allowed a suffucient amount of the product
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Table 5.3: Summary of reactions between lanthanide trimethylsilyl amides and calixarene ligands

Reaction Calixarene Amide Ratio
a H,LMe Y{N(TMS);}s 1:1
b H,LMe Y{N(TMS);}s 2:1
c H,L'Pr Y{N(TMS)z}s 11
d H,LMe Sm{N(TMS),}s 2:1
e H,L'Pr Sm{N(TMS)z}s 1:1

to dissolve and NMR peaks to be detected (with the exception of product d, which
was unsoluble even at high temperature). Faced with the high unsolubility of the
LMe complexes we carried out analogous reactions using H,L'P*, and indeed the L'’
complexes (i.e. the products of reaction ¢ and e) were found to be readily soluble
in toluene and deuterated benzene at room temperature.

As already seen for the alkali metal calixarene complexes, no signal corresponding
to the phenolic protons was observed in the 'H NMR spectra of these compounds,
suggesting that deprotonation has taken place. Furthermore the 'H NMR spectra of
the products of reaction a and b are identical, suggesting that the same compound
was obtained in both cases, irrespective of the stoichiometric ratio between the two
starting materials. Since reaction a and b give the same product, and the yield of
reaction b is significantly higher than that of a (0.205g and 0.160g respectively) it
is likely that the compounds isolated have a lanthanide to calixarene ratio smaller
than 1:1.

A comparison of the NMR spectra of the dimethyl calixarene ligand and the

products of reaction a and b is shown in Table 5.4. The signals of the product appear
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Table 5.4: Comparison of 'H NMR spectra of H;LM® and the product obtained from reaction
a=b.

20H 4ringH 4ringH 2CH, 20Me 2CH, 2'Bu 2'Bu

HLMe 864 7.26 6.91 448  3.48 344 145 0.80

a=b — 7.27 6.89 469 3.64 3.36 143 0.96

to be sligthly shifted with respect to those of the uncoordinating ligand. Surprisingly
however, the 'H NMR spectrum of the product shows no additional signals in the
region typical of trimethylsilyl protons (§ ~0 ppm), as it would be expected for
LMe_Y_N(TMS),. In fact, the absence of trimethylsilyl protons is a common feature
to all of the compounds (i.e. a, b, ¢ and €*), suggesting that the course of the
reaction is identical. This evidence suggests that upon reaction with the calixarene,
the lanthanide ion loses all three coordinated trimethylsilyl amide ligands. Such
hypothesis is further supported by elemental analysis carried out on the products
of reaction a and d, for which no nitrogen has been found. The unexpected loss of
all amide ligands can be considered as a consequence of the high steric crowding of
the lanthanide amide starting material. At room temperature the alkyl substituted
calixarene ligands would, in fact, be locked in the cone conformation due to hydrogen
bond formation at the lower rim, leaving little possibility for the bulky amide to
bind the phenolic protons. At high temperature however, it is likely that the above
mentioned hydrogen bond is disrupted and the calixarene becomes more flexible. In
this conditions deprotonation can be achieved but, due to the larger size of the tris

amide, the protonation rate of the last amide ligand is likely to be much greater than

*As pointed out before, the product of reaction d is still mostly unsoluble even at 65 °C and
the NMR spectrum is therefore uninformative.
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Table 5.5: Comparison of YH NMR spectra of H,L ¥, and the products of reactions c and e.

20H 4ringH 4ringH 2CH 2CH (‘Pr) 2CH: 2¢Bu 4CH; ('Pr) 2'Bu
H,L'Pr 8.68 7.28 6.96 4.57 4.11 3.40 1.47 1.28 0.82
c — 726 6.89 4.38 4.24 3.17 1.47 1.39 0.97
e —  8.247.89 759375 4.283.73 4.65-2.98 3.263.17 200193 1.26-2.53 1.421.28

that of the second and first, resulting in preferential loss of all coordinated amides.
If a less bulky amide is used instead of the trimethylsilyl, it would be expected that
the reaction rates of the first, second and third amide ligands be comparable, and
therefore that the desired calixarene supported lanthanide amide could be isolated.

The NMR spectrum of the LT complex with yttrium resembles that of the
uncoordinated ligand, except that no signals are observed for the phenolic hydrogens.
However the NMR spectrum of the analogous complex with samarium is rather
different, as the calixarene signals appear to be split and spread over a broader
range of values. This is not unexpected in view of the paramagnetic properties of
the Sm®* ion. A comparison of the NMR spectra of HgLiP', and the corresponding
yttrium (c) and samarium (e) complexes is given in Table 5.5 The NMR spectrum
of the samarium complex shows 4 singlets of the same intensity (instead of two) for
the *Bu groups and four singlets also for the aromatic hydrogens signals; similarly
there are more than two doublets in the region corresponding to the methylenic
units. Interestingly, there seem to be two very different isopropyl environments:
the signals for one type of isopropyl are in the usual region, i.e. a CH multiplet at
4.47 ppm, and the methyl doublet at 1.26 ppm; the peaks for the other isopropyl are
broader and at much higher fields, with the CH signal at -3.03 ppm and the methyl

signal at -2.53 ppm. This complicated pattern is consistent with the formation of
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Table 5.6: Elemental microanalysis (found and calculated) for the products of reactions a and d
(see Table 5.3)

Reaction Found Calculated for LnHLY Calculated for LnpL{
a C 75.68; H8.34 C 76.67; H 8.10 C 75.25; H 7.96
d C 66.00; H 7.68 C 73.60; H 7.85 C 71.27; H 7.54

an oligomeric complex with lower symmetry compared to the uncoordinated ligand.
The different types of isopropyl environment suggest a stronger interaction of one
type of isopropyl group with the paramagnetic samarium ion.

Table 5.6 shows the elemental analysis results for the products of reactions a and
d. From the evidences obtained for these series of compounds there are two possible
structures which might be associated to the complexes: the 1:2 complex LnH{L%?},
(with a partly protonated calixarene ligand') and the 2:3 complex Ln,LE, which are
schematically represented in Fig. 5.14. The elemental analysis calculated for these
two complexes can also be found in Table 5.6. From the NMR data of the complexes
and the comparison of calculated and obtained elemental analysis in Table 5.6 it is
not possible to assign a structure to these compounds. In particular for complex
d, none of the hypothesized structures seem to fit quite well the elemental analysis
results, suggesting that the molecular structure of the complex might be somewhat
more complicated than those suggested.

It is unfortunate that although crystals apparently suitable for X ray diffraction

had been isolated for the LM¢ complexes of yttrium and samarium, the crystallo-

t Although no NMR signal corresponding to the phenolic proton has been detected, in a complex
of the type LnH{L®}, the phenolic proton could still not be detected due to fast intramolecular
exchange with the rema.inin%dphenoxo sites.

Crystallization of the LM® complexes from hot toluene is relatively easy due to their lower

solubility compared to the L'P* complexes.
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Figure 5.14: Schematic representation of the 1:2 complex LnH{L®}, and the 2:3 complex Ln, L.

graphic data could not be obtained due to instrumental reasons.

Protonolysis Reaction of yttrium tris diphenylamide with dimethyl cal-
ixarene: Synthesis of calixarene supported yttrium diphenylamide

In order to prove that a less sterically crowded lanthanide amide would help achiev-
ing the desired 1:1 product, the less bulky yttrium tris diphenylamide was reacted
with H,LMe in a 1:1 ratio. It would be expected that a more effective contact between
the phenolic protons and the nitrogen of the amide results in easier deprotonation
of the calixarene ligand and comparable reaction rates for the first, second and third
amides. Indeed, immediately after mixing the toluene solutions of the two starting
materials a white solid formed, suggesting that the reaction takes place without need
of heating. The mixture was stirred at room temperature overnight and the product
was isolated as a very air sensitive white powder, which was found to be insoluble

in toluene and deuterated benzene at room temperature and only sparingly soluble
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Figure 5.15: Schematic representation of the 1:1 complex Y{LM®NPh,}.

at ~ 60 °C.
HoLMe + Y{NPh;}3 — YLM®NPh, (5.26)

In the absence of deuterated thf it was not possible to obtain an NMR spectrum
of the complex. The elemental analysis of the white powder was consistent with
the formulation LM®YNPh,. The extreme insolubility and the absence of a crystal
structure prevents us from speculating on the molecularity of the complex since
an oligomeric structure with bridging amides is also possible. Nevertheless the
observation that the reaction proceeds more smoothly in the case of NPhy than
for the more basic N(TMS), is consistent with the view that sterics play a key role
in the protonolysis reactions of these systems.

A schematic rapresentation of a possible structure of the calixarene supported

yttrium diphenylamide is given in Figure 5.15
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Protonolysis Reactions of Calixarene with Lanthanide tris cyclopenta-
dienyl: Synthesis of calixarene supported lanthanide cyclopentadienyl
complex

After the successful isolation of the calixarene supported yttrium amide, a series of
protonolysis reactions was carried out, using both HpLM¢ and H,L'* ligands and
LnCp; (Ln = Y, La) in a 1:1 ratio. The reactions are summarized in table 5.7
With the cyclopentadienyl ligand, the deprotonation of the phenolic protons occurs
through the delocalized 7 electrons of the aromatic ring. As with diphenyl amide we
expect that deprotonation of the calixarene ligand should not be hindered by steric
crowding of the starting material. However, the lanthanide tris cyclopentadienyl
complexes are insoluble in toluene therefore the reaction was carried out at high
temperature to aid dissolution of the starting material. After work up the resulting
products were isolated as white solids. The complex with the LM® ligand was found
to be insoluble even in hot deuterated benzene, confirming that use of LF* might
generally be a better choice.

The 'H NMR spectra of complex b and ¢ show the usual pattern observed for
the L'Pr ligand and an additional peak in the region expected for the cyclopenta-

dienyl ligand. Table 5.8 shows a comparison between H,L'Pr and products b and

Table 5.7: Summary of reactions between lanthanide trimethylsilyl amides and calixarene ligands

Reaction Calixarene LnCps

a H,LMe LaCps
b H,L'Pr LaCps
c H,L'Pr YCps

c. On the basis of the proton NMR evidence, it seems that the desired calixarene
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Table 5.8: Comparison of 'H NMR spectra of H,L'P*, and the products of reactions b and c.

20H 4ringH 4rngH 5HCp 2CH: 2CH (Pr) 2CH; 2'Bu  4CHsz (‘Pr) 2'Bu

HgLiP" 8.68 7.28 6.96 — 4.57 4.11 3.40 1.47 1.28 0.82
b — 7.29 6.75 6.46 4.50 3.99 3.07 1.46 1.28 0.82
c — 7.24 6.82 6.71 4.64 4.27 3.07 1.49 1.19 0.99

Figure 5.16: Schematic representation of the 1:1 complex LnLRCp.

supported lanthanide cyclopentadienyl complexes have been obtained (see Fig 5.16

for a schematic representation of the product).
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5.3 Conclusions

The novel tris homoleptic yttrium amide, Y{NPhy}3; has been synthesized from the
reaction of YCl3 and NaNPh,. The product has been characterized by 'H NMR
spectroscopy and elemental analysis.

Two disubstituted calixarene ethers, HoLM¢ and H,L'F*, in which two of the
phenolic protons are replaced by two Me and Pr groups respectively have been
successfully prepared.

The sodium salt of the H,L'Fr ligand has been isolated and structurally charac-
terized. The compound turned out to be a dimer in the solid state, with a sodium ion
being bound inside the calixarene cavity by 7 interaction with the aromatic rings.
The structure has been compared to a similar one reported in the literature sug-
gesting that a tuning of the steric properties of the alkyl substituent on the phenolic
oxygen should result in a different coordination ability of the calixarene ligand.

Several attempts to metathesis reactions of the sodium and potassium salts of
calixarene with yttrium iodide proved unsuccessful. Possible reasons are the forma-
tion of stable oligomers of the calixarene alkali metal salt starting material, and the
high affinity of the calixarene 7 cavity for the alkali metal ions.

The protonolysis reaction of calixarene ligands, H,LM® and H,L®* with yttrium
and samarium tris bistrimethylsilyl amides has been investigated. No reaction is
observed at room temperature, while carrying out the reaction at higher temper-
ature results in the complete loss of metal-coordinated amide and possibly in the
formation of oligonuclear species. This apparently odd observation is suggested to
be an effect of the steric crowding of the amide starting material, and the consequent

poor ability to deprotonate the phenol at room temperature. Increasing the temper-
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ature, increased flexibility of the calixarene and disruption of the its intramolecular
hydrogen bonds are likely to aid deprotonation. However, as a consequence of steric
crowding, the protonation rate of the first amide ligand is small compared to the
protonation rate of the second and third amide ligands resulting in preferential loss
of all the three metal coordinated amides. This hypothesis is supported by the
successful synthesis of the less sterically hindered, calixarene supported lanthanide
diphenylamide and cyclopentadienyl complexes.

The calixarene supported yttrium diphenylamide complex, YLM®NPh, has been
synthesized from the protonolysis reaction of H,LM® and Y{NPhy};. The product
has been isolated as a very air sensitive solid and it has been characterized by
elemental analysis. As expected for the less sterically crowded diphenylamide, the
reaction took place at room temperature, and since the deprotonation rate of the
first and subsequent amides should be comparable, the stoichiometric ratio of the
starting materials acted as a determining factor in the formation of the preferred
product.

The same reasoning applies to the tris cyclopentadienyl lanthanide complexes.
A series of calixarene supported lanthanide cyclopentadienyl complexes have been
successfully synthesized by reaction of the calixarene ligands H,LM® and H2LiP', with
the lanthanide tris cyclopentadienyl complex. The products were isolated as white

solids and were characterized by 'H NMR.
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5.4 Experimental

5.4.1 Reagents and apparatus

Unless otherwise stated all reactions and manipulations were carried out under an
atmosphere of dry nitrogen, either using standard Schlenck line techniques or in a
Braun Lab Star 50 glove-box. LnCl; was prepared by the NH4Cl method. YI; was
prepared by heating of yttrium metal with Hgl, in a furnace. Reaction solvents
were predried over sodium wire, with exception of CH;Cl; which was predried over
molecular sieves and CH3CN which was not predried. They were then dried by
refluxing under nitrogen over the appropriate drying agent (Na, K, CaH, or 3:1
alloy Na/K), distilled and stored under nitrogen over sodium mirrors or molecular
sieves. 'H-NMR spectra were recorded on a Bruker AC400 spectrometer. Spectra
were referenced to peaks produced by residual non-deuterated molecules present
in the solvent. The following compounds have been prepared according to litera-
ture procedures: ‘Bu-calix[4]arene (H,L),'%® H,LMe and H,L'F*, 227 Ln{N(TMS),}3,2"
Nd{HNCgH3-'Prs-2,6}3,2 LnCp;(thf),.2?

5.4.2 Synthesis of starting materials

Preparation of ‘Bu-calix[4]arene

Para-*Bu-phenol (100 g, 0.665mol), commercial formaldehyde 37% (62.3 ml, 0.83mol),
and NaOH solution (1.2 g, 0.03mol in ~10 ml H,O) were put in a three-necked round-
bottom flask equipped with a mechanical stirrer and a thermometer. The mixture
was slowly heated to 120 °C and kept at this temperature for 2h turning clear,
then orange and finally to a thick yellow paste. After cooling to room temperature
the resulting solid was broken to pieces and 1L of diphenyl ether was added. The

round-bottom flask was equipped with a gas inlet adaptor and nitrogen was bubbled
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through the solution at 120 °C until the mixture stopped foaming and turned clear
(~1h). The round-bottom flask was then equipped with a water condenser and the
solution was refluxed at ~250 °C for 2h turning brown-black. After cooling to room
temperature, 1L ethyl acetate was added to the mixture, stirred for 15’ and allowed
to stand overnight. The white solid formed was filtered, washed with ethyl acetate
and dried. Yield: 61.53g (57%).

IH NMR (CDCls): 6 = 10.32 (s, 4H, OH), 7.03 (s, 8H, ring H), 4.23 (d, 4H,
2CH,), 3.47 (d, 4H, 2CH,2), 1.19 (s, 36H, *Bu).

Preparation of 1,3-di-methyl-*Bu-calix[4]arene: H,LM¢

*Bu-calix[4]arene (11.55 g, 17.80 mmol) and oven-dried K;COj3 (9.5 g, excess) were
put in a round botton flask and added 100 ml acetonitrile and Mel 99% (5.30 g,
36.98 mmol). The white mixture was refluxed in dark at 120°C under nitrogen
for 5 days, turning dirty white. Cooled at room temperature, added ~100 ml
dichloromethane, stirred for 30’, allowed to settle and filtered. The yellow filtrate
was washed twice in a separating funnel with ~75 ml! of HCI 3%, dried over MgSO4
(oven-dried and finely ground), filtered and rotoevaporated. The dirty white powder
was then dried under vacuum at 120 °C for 24h and stored in the dry box. Yield:
10.72g (89%).

'H NMR (CDCl;): § = 7.08 (s, 4H, ring H), 6.78 (s, 4H, ring H), 4.32 (d, 4H,
2CH,), 3.96 (s, 6H, 2CH; Me), 3.34 (d, 4H, 2CH,2), 1.31 (s, 18H, ‘Bu), 0.95 (s,
18H, *Bu).

'H NMR (Cg¢Dg): 6 = 8.64 (s, 2H, OH), 7.26 (s, 4H, ring H), 6.91 (s, 4H, ring
H), 4.48 (d, 4H, 2CH,), 3.48 (s, 6H, 2CH; Me), 3.44 (d, 4H, 2CH,), 1.45 (s, 18H,

*Bu), 0.80 (s, 18H, *Bu).
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Elemental microanalysis calculated for
C46H5004: C 8161, H 893,
found: C 81.79, H 9.07.

Preparation of 1,3-di-isopropyl-‘Bu-calix[4]arene: H,LFr

*Bu-calix[4]arene (13.47 g, 20.76 mmol) and oven-dried K,COj (9.16 g, excess) were
placed in a round botton flask and ~ 100 ml acetonitrile was added followed by
iPrl (7.15 g, 41.64 mmol). The white mixture was refluxed in the dark at 120°C
under nitrogen for 5 days, turning dirty white. After cooling to room temperature,
~ 125 ml dichloromethane were added, stirred for 30 minutes, allowed to settle, and
filtered. The yellow filtrate was washed twice in a separating funnel with ~75 ml of
3% HCL, dried over MgSO,4 (oven-dried and finely ground), filtered and rotoevap-
orated. The white-yellowish powder was then dried under vacuum at 160-180° for
24h and stored in the dry box. Yield: 12.50g (82%).

'H NMR. (CDCl;): 6 = 7.69 (s, 2H, OH), 7.00 (s, 4H, ring H), 6.84 (s, 4H, ring
H), 4.33 (d, 4H, 2CH,), 4.25 (m, 2H, 2CH iPr), 3.27 (d, 4H, 2CH,2), 1.48 (m, 12H
4CHj; 'Pr), 1.25 (s, 18H, *Bu), 1.00 (s, 18H, 'Bu).

1H NMR (C¢Ds): & = 8.68 (s, 2H, OH), 7.28 (s, 4H, ring H), 6.96 (s, 4H, ring
H), 4.57 (d, 4H, 2CH,), 4.11 (m, 2H, 2CH Pr), 3.40 (d, 4H, 2CH,), 1.47 (s, 18H,
*Bu), 1.28 (m, 12H 4CHj; 'Pr), 0.82 (s, 18H, *Bu).

Elemental microanalysis calculated for
CsoHgsO4: C 81.87, H 9.28;

found: C 81.91, H 9.32.
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Preparation of sodium trimethylsilyl-amide: NalN(TMS),

NaH 60% in mineral oil (2.62 g, 65.5 mmol) was placed in a Schlenk, washed twice
with ~15 ml 40-60° petrol, and ~40 ml toluene were added. HN(TMS), 98% (10.00g
60.72 mmol) was placed in a Schlenk, diluted with ~10 ml toluene and added to the
NaH. The mixture was refluxed under nitrogen at 120 °C for 24h. The brown-grey
mixture was cooled at room temperature, allowed to settle and filtered. The yellow

filtrate was pumped-dry to afford a white solid. Yield: 10.3g (93%).

Preparation of sodium cyclopentadienyl: NaCp(thf)

NaH 60% in mineral oil (8 g, 0.33mol) was washed twice with ~30 ml 40-60° petrol,
and diluted with~70 ml thf. Freshly cracked cyclopentadiene (15 g, 0.227mol) was
added dropwise with stirring to the suspension and stirred under a nitrogen flow
for further 2h until effervescence ceased. The excess NaH was filtered off and the

resulting pink solution was pumped dry. Yield: 20.1g (55%).

Preparation of sodium diphenylamide

NaH 60% in mineral oil (4.1 g, excess) was washed twice with ~20 ml 40-60° petrol.
HNPh; (9.5 g, 56.15 mmol) was added and ~100 ml thf. The mixture was refluxed
under nitrogen for ~20h, allowed to cool at room temperature and filtered. The

yellow filtrate was pumped dry giving a creamy white powder. Yield: 10.2g (95%).
Preparation of potassium di isopropyl arylamide: K(HNCsH;-Pr,-2,6)

KH (2.00 g, 0.05mol) was suspended in ~100 ml thf and freshly distilled di-isopropyl
aniline (8.80 g, 0.049mol) was added dropwise with stirring. The mixture was stirred

under a nitrogen flow for further 2h until effervescence disappeared. The excess KH

was filtered off and the extremely air sensitive yellow solution was reduced in volume
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and put in the freezer. The resulting white precipitate was filtered and pumped dry.
Yield: 5.2g (50%).

Preparation of mesityl lithium

"BuLi 2.5M (12 ml, 30 mmol) was added dropwise to a solution of MesBr (5 g,
25 mmol) in ~30 ml 40-60° and refluxed under nitrogen for 3h (bright yellow solution
+ white precipitate). The supernatant was decanted off and the white solid was
washed with 40-60°. Yield: 1.73g (55%).
5.4.3 Synthesis of Lanthanide Amides
Preparation of yttrium tris-bistrimethylsilyl-amide: Y{IN(TMS),};
YCl; (1.71 g, 8.76 mmol) and NaN(TMS), (4.82g 26.27 mmol) were placed in a
Schlenk, diluted with ~40 ml thf and refluxed under nitrogen at 100 °C over the
week-end. The white-grey mixture was cooled at room temperature, allowed to
settle and filtered. The pale yellow solution was pumped dry (dirty-white powder),
extracted into 40-60° petrol, reduced in volume and placed in the freezer. The first
+ second crop collected and sublimed at 160 °C to yield a white powder. Yield:
1.5g (26%).

1H NMR (CgDg): 6 = 0.29 (s, 54H, 6Si-Me3)

Preparation of samarium tris-bistrimethylsilyl-amide: Sm{N(TMS);};

SmCl; (2.95 g, 11.49 mmol) and NaN(TMS), (6.32g 34.50 mmol) were placed in a
Schlenk, diluted with ~50 ml thf (exothermic) and refluxed under nitrogen at 100 °C
for 36h. The dirty-white mixture was cooled at room temperature, allowed to settle
and filtered (adding more thf to extract the product). The pale yellow solution
was pumped dry (white yellow powder), extracted into 40-60° petrol, reduced in

volume and placed in the freezer. First + second crop collected. The obtained
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yellow crystals were extracted in a minimum amount of 40-60° and recrystallised.
Yield: 3.25g (45%).
1I‘I NMR (CGDG): 6 =-1.58 (S, 54H, GSi—M63)

Synthesis of yttrium tris-diphenyl-amide: Y{NPh,};

NaNPh; (1.48 g, 7.74 mmol) was dissolved in thf (lime yellow solution) and added to
a suspension of YCl; (0.51 g, 2.61 mmol) in thf (previously stirred for 3h). The lime-
yellow colour disappeared during the addition, the YCl3 dissolved, and a fine grey-
white powder appeared (NaCl). The mixture was stirred for further 30', pumped
dry and extracted into toluene (~50 ml). The pale yellow solution was reduced
in volume until colorless cubic crystals appeared. The solution was placed in the
frezeer for 24h, supernatant decanted off, and pumped dry. Yield: 0.53g (35%).

'H NMR (CgDe): 6 = 7.18 (s, 3H), 7.16 (s, 6H), 7.08 (d, 3H, J = 8 Hz), 7.07
(s, 6H), 7.05 (s, 3H), 6.84 (d, 3H, J = 8 Hz) 6.80 (d, 3H, J = 8 Hz), 6.78 (d, 3H,
J = 8 Hz), 3.46 (m, 12H, thf), 0.84 (m, 12H, thf).

Elemental microanalysis calculated for
CseH3oN3Y: C 72.86, H 5.06, N 7.08;

found: C 72.49, H 5.31, N 7.09.

Synthesis of neodymium tris diisopropyl-arylamide: Nd{HNC¢H;-'Pr,-
2,6}3

A solution of K(HNCgH3-'Pr,-2,6) (1.00 g, 4.74 mmol) in ~25 ml thf was added
dropwise with stirring to a suspension of NdCl; (0.39 g, 1.58 mmol) in ~25 ml
thf resulting in immediate deep blue (red through torch light) coloration of the
supernatant. The mixture was stirred overnight, pumped dry, and extracted into

40-60° petrol. The deep blue/red solution was reduced in volume and placed in the
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freezer overnight resulting in the formation of green crystals which were isolated and

pumped dry. Yield: 0.68g (48%)

Attempt to the synthesis of yttrium tris N-methylanilide: Y{INNMePh},

NaH 60% in mineral oil (excess) was placed in a Schlenk, washed twice with ~15 ml
40-60° petrol, and HNMePh (0.4 g, 3.73 mmol) was added followed by ~20 ml
thf. The mixture was refluxed under nitrogen at 80°C overnight, cooled at room
temperature, allowed to settle (green-yellow solution) and filtered dropwise into a
suspension of YCl; (0.26 g, 1.33 mmol) in thf. Work up of the resulting solution
resulted in the isolation of very small amount of white powder (0.009g) with a

uninterpretable 'H NMR spectrum.

Attempt to the synthesis of yttrium tris t-butylamide: Y{NH'Bu};

NaH 60% in mineral oil (excess) was placed in a Schlenk, washed twice with ~15 ml
40-60° petrol, and NH,*Bu (0.25 g, 3.42 mmol) was added, followed by ~15 ml thf.
The mixture was refluxed under nitrogen at 80°C overnight, cooled at room temper-
ature, allowed to settle (colorless solution) and filtered dropwise into a suspension
of YCl; (0.24 g, 1.23 mmol) in thf. No visible changes were observed upon the
addition, and work up of the resulting solution did not result in the isolation of any

useful product.

Attempt to the synthesis of yttrium tris piperidine Y{INC;H;s-Me,-2,6};
A 2.5M solution of "BulLi (1.8 ml, 4.5 mmol) was added dropwise at -78°C to a
solution of dimethyl piperidine (0.52 g, 4.61 mmol) in Et,0, stirred at room tem-

perature for 30 minutes. The resulting bright yellow solution was added dropwise to

a suspension of YCl; (0.30 g, 1.54 mmol) in thf and stirred overnight. The mixture
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was filtered and the filtrate pumped dry to obtain a yellow oil, which was found to
be insoluble in thf, toluene, and 40-60° petrol.

5.4.4 Synthesis of Lanthanide Organometallics
Preparation of tris cyclopentadienyl yttrium: YCp;

NaH 60% in mineral oil (1.12 g, excess) was placed in a Schlenk, washed twice with
~15 ml 40-60° petrol, diluted with ~30 ml thf, and cyclopentadiene, CsHg, (1.02 g,
15 mmol) dropwise at room temperature, resulting in ready formation of H,. The
mixture was stirred for 30 minutes, and filtered dropwise into a suspension of YCIj
(1.00 g, 5.12 mmol) in thf (previously stirred for 3h). The pale yellow mixture was
allowed to settle and filtered. The filtrate was pumped-dry (white powder) and
sublimed at 10~2mm Hg and 180°C overnight. The product was isolated as a white
powder. Yield: 0.99g (68%).

'H NMR (Cg¢Dg): § = 6.19 (s, 15H, Cp).

Preparation of tris cyclopentadienyl lanthanum: LaCp;

A solution of NaCp(thf) (1.67 g, 10.3 mmol) in ~30 ml thf was added dropwise with
stirring to a suspension of LaCl; (0.85g 3.5 mmol) in ~40 ml thf, stirred for 24h at
room temperature, and allowed to settle overnight. The resulting pink solution was
pumped dry to a crunchy pink solid and sublimed at 10~?mm Hg and 220°C for 36h
giving a white powder. Yield: 0.325g (28%).

H NMR (C¢Ds): 6 = 5.93 (s, 15H, Cp).
Preparation of tris cyclopentadienyl samarium: SmCp;
A solution of NaCp(thf) (1.90 g, 11.7 mmol) in ~30 ml thf was added dropwise

with stirring to a suspension of SmCl; (1.00g 3.9 mmol) in ~40 ml thf, resulting

in disappearance of the pink colour and appearance of a yellow colour and a jelly
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white ppt. The mixture was stirred for 12h at room temperature, pumped dry,
and extracted twice with ~30 ml toluene/thf mixture (5:1). The resulting yellow
solution was pumped dry to a yellow solid and sublimed at 10~2mm Hg and 200°C

for 48h giving an orange crystalline solid. Yield: 0.380g (28%).

Reaction of mesityl sodium (prepared in situ) with YCl;

Mesityl bromide (0.92 g, 4.61 mmol) was added to a suspension of sodium pieces
(~0.5 g, excess) in ~20 ml toluene and stirred at ~80 °C under nitrogen for 2h. The
resulting mixture was added dropwise to a suspension of YCl3 (0.3 g, 1.54 mmol) in
~30 ml Et,0, stirred overnight and filtered. The filtrate was pumped dry (peach-
pink oil), washed with 40-60° (white crystalline solid) and pumped dry. The solid
was qualitatively tested for yttrium (positive) and sodium (negative). Yield: 0.17g

(25%). Not soluble in CgDg.

Reaction of mesityl lithium with YCIl;

A suspension of 4 equivalent of MesLi (0.22g 1.74 mmol) in ~40 ml Et,O was added
dropwise with stirring to a suspension of YCl; (0.09 g, 0.46 mmol) in ~20 ml Et,;0.
During addition the YCl; dissolves and solution turns canary yellow. Stirred for
further 30 minutes (orange-red solution), filtered and pumped dry. The resulting
orange oil was stirred with ~40 ml 40-60° petrol for 1 day, and the supernatant
(red solution) was decanted off leaving a deep orange crystalline solid. Pumped dry.
Qualitative tests on the orange solid proved positive for both yttrium and lithium.

Yield: 0.08g (30%).
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Attempt to transmetallation reaction of neodymium metal with HgPh,
in DME

Finely divided Nd metal (0.07g 0.5 mmol) was suspended in ~15 ml of DME and
suspended in a solution of HgPh, (0.27 g, 0.76 mmol) in DME. The mixture was
stirred at room temperature for 1 day, then a catalytic amount of Hgl, was added
and the mixture stirred for 10 days. The supernatant solution did not show the

typical lilac colour of Nd3*, suggesting that no reaction took place.

Attempt to transmetallation reaction of neodymium metal with HgPh,
in thf

Finely divided Nd metal (0.32g excess) was suspended in ~25 ml of thf and a
crystal of I, was added (brown supernatant turning yellow/green upon stirring).
The resulting mixture was added HgPh, (0.50 g, 1.41 mmol) and stirred at room
temperature for 6 days. As no colour change occurred the mixture was stirred at
60°C for further 3 days, allowed to settle and the supernatant was decanted off
and pumped dry. Qualitative tests for the presence of neodymium in the resulting

powder proved negative.

Attempt to transmetallation reaction of yttrium metal with HgPh, in thf

Yttrium metal pieces (0.24g 2.70 mmol) and HgPh, (1.43g 4.0 mmol) were mixed in
~25 ml of thf and ~0.05g YI3 and ~0.05g Hgl,. The mixture was stirred at room
temperature for 20 days, filtered and pumped dry. Qualitative tests for the presence

of yttrium in the resulting white powder proved negative.

Attempt to transmetallation reaction of neodymium metal with BiPh; in
thf

Finely divided Nd metal (0.30g excess) and BiPh; (1.56 g, 3.54 mmol) were mixed

in ~25 ml of thf and a crystal of I, was added. The resulting mixture was stirred
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at room T for 5 days (resulting in an increas of black bismuth powder) allowed to
settle and the supernatant was decanted off and pumped dry. Qualitative tests for

the presence of neodymium in the resulting grey powder proved negative.

Attempt to reaction of neodymium metal with pentafluorophenol

Nd metal powder (0.050g 0.35 mmol) and pentafluorophenol (0.163g 0.89 mmol)
were mixed in ~15 ml thf and stirred at room temperature for 24h. As no reaction

took place the mixture was refluxed at 80°C for 36h. Still no sign of reaction.

5.4.5 Synthesis of Calixarene Complexes
Synthesis of (NazLiPr)g

NaH 60% in mineral oil (0.25 g, excess) was placed in a Schlenk, washed twice with
~15 ml 40-60 petrol, and mixed with ~10 ml thf. H,L'®* (0.3 g, 0.41 mmol) were
dissolved in ~20 ml thf and added to the NaH suspension. The mixture was refluxed
under nitrogen at 80°C for 4h, cooled at room temperature, allowed to settle and
filtered. The pale yellow filtrate was pumped-dry, (yellow oil) dissolved in 40-60°
petrol and placed in the freezer. The product was isolated as colorless cubic crystals.
Yield: 0.29g (91%).

'H NMR. (C¢Dsg): § = 7.34 (s, 4H, ring H), 6.88 (s, 4H, ring H), 4.52 (d, 4H,
2CH,), 3.87 (m, 2H, 2CH 'Pr), 3.17 (d, 4H, 2CH,), 1.55 (s, 18H, *Bu), 1.11 (m, 12H

4CHj; 'Pr), 0.99 (s, 18H, *Bu).
Attempt to metathesis reaction of YI; and Na,L'Fr

H,L'P* (0.234 g, 0.32 mmol) was added to a suspension of NaH (excess) in ~ 20 m]
thf and refluxed at 80°C for 4h. The yellow supernatant was filtered dropwise into

a suspension of YI3 (0.150 g, 0.32 mmol) in ~30 ml thf (previously stirred for 12h).
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The mixture was stirred at room temperature overnight, filtered, pumped dry and
extracted into 40-60° petrol. Keeping in the freezer overnight did not result in
the formation of any solid, therefore the yellow solution was pumped dry to afford
a yellow oil. 'H NMR spectroscopy showed it to be a mixture of (NaQLiP‘)g and
HL'Pr.

Attempt to metathesis reaction of YI; and K,LM®

H,LMe (0.260 g, 0.38 mmol) and KCg (0.200g excess) were dissolved in ~ 30 ml thf
and refluxed at 80°C overnight. The yellow supernatant was filtered while hot into
a suspension of YI5 (0.180 g, 0.38 mmol) in ~20 ml thf. The mixture was stirred at
room temperature overnight (still unreacted YI; at the bottom) and then refluxed at
80°C for further 12h. The mixture was filtered and pumped dry. The crude product

is insoluble in hot C¢Dg and concentrated HCI.

Reaction of Y{N(TMS).;}; with H,LMe

Y{N(TMS)z}3 (0.200 g, 0.35 mmol) and HoLM® (0.237 g, 0.35 mmol) were dissolved
in ~20 ml toluene, refluxed at 110°C for 1h, and allowed to cool down slowly (in
hot water bath). The resulting colorless cubic crystals were isolated and pumped
dry. Yield: 0.160g.

'H NMR (Cg¢Ds, T=65°): 6 = 7.27 (s, 4H, ring H), 6.89 (s, 4H, ring H), 4.69 (d,
4H, 2CH,), 3.64 (s, 6H, 2CH3; OMe), 3.36 (d, 4H, 2CH,), 1.43 (s, 18H, *Bu), 0.96
(s, 18H, *Bu).

Elemental microanalysis calculated for
Ci3sH174012Y2 (YoLY€): C 75.25, H 7.96;

Co2H11708Y (YHLY®): C 76.67, H 8.1;
found: C 75.68, H 8.34.
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Reaction of Y{N(TMS),}; with 2 H,LMe

Y{N(TMS),}s (0.200 g, 0.35 mmol) and HoLM¢ (0.480 g, 0.70 mmol) were added
~30 ml toluene, refluxed at 110°C for 1h, and allowed to cool down slowly (in hot
water bath). The resulting colorless cubic crystals were isolated and pumped dry.

Yield: 0.205g. 'H NMR. shows the same peaks as for the 1:1 reaction.
Reaction of Y{N(TMS),}; with H,L

Y{N(TMS),}3 (0.150 g, 0.26 mmol) and H,L* (0.193 g, 0.26 mmol) were dissolved
in ~20 ml toluene, refluxed at 110°C overnight. The resulting yellow solution was
reduced in volume and placed in the freezer. As no solid appeared, the solution
was pumped-dry, and the crude product was isolated as dirty white powder. Yield:
0.125g.

'H NMR (C¢Dg): & = 7.26 (s, 4H, ring H), 6.89 (s, 4H, ring H), 4.38 (d, 4H,
2CH,), 4.24 (m, 2H, 2CH iPr), 3.17 (d, 4H, 2CH,), 1.47 (s, 18H, *Bu), 1.39 (m, 12H

ACH; *Pr), 0.97 (s, 18H, *Bu), 0.50 (s, 18H, 2SiMes).
Reaction of Sm{N(TMS);}; with 2 H,LM¢

Sm{N(TMS),}3 (0.125 g, 0.20 mmol) and H,LM® (0.268 g, 0.40 mmol) were dissolved
in ~10 ml toluene, refluxed at 110°C for 1h, and allowed to cool down slowly (in
hot water bath). The resulting colorless cubic crystals were isolated and pumped
dry. Yield: 0.215g.

'H NMR (C¢Ds, T=75°): § = 7.50 (s, 4H, ring H), 7.38 (s, 4H, ring H), 3.23 (b,
6H, 2CH; OMe), 1.50 (s, 18H, *Bu), 1.39 (s, 18H, *Bu).

Elemental microanalysis calculated for

0133H1740128m2 (szLgIe): C 71.27, H 7.54;
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ngH117Ogsm (SmHL%‘e) C 7360, H 785,
found: C 66.00, H 7.68.

Reaction of Sm{N(TMS),}s with H,LP*

Sm{N(TMS);}; (0.134 g, 0.21 mmol) and H,L* (0.155 g, 0.21 mmol) were placed
in an ampoul, and ~20 ml were added. The solution was refluxed at 110°C for
two days. The resulting yellow solution was pumped-dry, and the crude product
was recrystallised from toluene + few milliliters of 40-60° petrol, affording a white
microcrystalline solid. Yield: 0.05g.

'H NMR (CgDs): 6 = 8.24 (s, 4H, ring H), 7.89 (s, 4H, ring H), 7.59 (s, 4H, ring
H), 4.65 (m, 2H, 2CH 'Pr), 4.28 (d, 4H), 3.75 (s, 4H) 3.73 (d, 4H), 3.26 (d, 4H),
3.17 (d, 4H), 2.00 (s, 18H, *Bu), 1.93 (s, 18H, *Bu), 1.42 (s, 18H, *Bu), 1.28 (s, 18H,

*Bu), 1.26 (m, 12H 4CHj 'Pr), -2.53 (s, 12H), -2.98 (b, 4H).
Reaction of Y{NPh;}; with H,LM¢

Y{NPh;}; (0.110 g, 0.186 mmol) and H,LM® (0.118 g, 0.175 mmol) were dissolved
in ~10 ml toluene and stirred at room temperature overnight. The resulting white
powder was allowed to settle and the pale green supernatant was decanted off. The
white solid was pumped dry. Yield: 0.105g (62%). The product is insoluble C¢Ds
at room temperature. Attempts to record the NMR spectrum at 70 °C resulted in
a complicate pattern of peaks, probably due to fluxional behaviour at such temper-
ature.

Elemental microanalysis calculated for
CsgHesO4N (YLMENPh,): C 74.74, H 7.35, N 1.50;
found: C 73.46, H 7.52, N 1.08.
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Reaction of LaCp; with H,LMe

LaCps (0.080 g, 0.24 mmol) and HoLM® (0.162 g, 0.24 mmol) were mixed with ~20 ml
toluene, refluxed at 110°C for 12h, and allowed to cool down slowly (in hot water
bath) and placed in the freezer. The resulting white solid was isolated and pumped

dry. Yield: 0.115g (54%). The product is insoluble in hot CgDs.
Reaction of LaCp; with H,L'F*

LaCpj; (0.090 g, 0.27 mmol) and HoLMe (0.200 g, 0.27 mmol) were mixed with ~20 ml
toluene, refluxed at 110°C for 12h. The reaction mixture was evaporated and the
white solid was washed with minimum amount of 40-60° petrol and pumped dry.
Yield: 0.093g (37%).

'H NMR (C¢Dg): 6 = 7.29 (s, 4H, ring H), 6.75 (s, 4H, ring H), 6.46 (s, 5H, Cp),
4.50 (d, 4H, 2CHy), 3.99 (m, 2H, 2CH iPr), 3.07 (d, 4H, 2CH,), 1.46 (s, 18H, *Bu),

1.28 (m, 12H, 4CH; 'Pr), 0.82 (s, 18H, *Bu).
Reaction of YCp; with H,L'Fr

YCps (0.214 g, 0.75 mmol) and H,L®* (0.553 g, 0.75 mmol) were mixed with ~20 ml
toluene, refluxed at 110°C for two days (red-orange solution) and pumped-dry. The
mixture (white powder + orange oil) was washed with ~10 ml 40-60° petrol and the
resulting white solid (1% crop) was pumped dry. The orange washing was reduced
in volume and placed in the freezer overnight, resulting in the precipitation of more
white solid (2" crop). Yield: 0.33g (49%).

'H NMR (C¢Dg): 6 = 7.24 (s, 4H, ring H), 6.82 (s, 4H, ring H), 6.71 (s, 5H, Cp),
4.64 (m, 2H, 2CH 'Pr), 4.27 (d, 4H, 2CH,), 3.07 (d, 4H, 2CHy), 1.49 (s, 18H, tBu),
1.19 (m, 12H 4CHj; 'Pr), 0.99 (s, 18H, *Bu).
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