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Abstract

Computational investigations into four metal-cedtpglymerisation catalysts are
presented. The work investigates how and why theysis behave as they do,
focusing on specific interactions within the casalgtructure itself and also on the
transition states involved in the polymerisatioaateons. Density functional theory
has been used to examine the effect of the mbtalale of the ligand and the
interplay between the two. Each study addrességplar mechanistic and structural
questions that have been raised during experimagmastigations and that are

difficult to answer experimentally.

Chapter one provides a general overview of compunat techniques used in
chemical modelling. The specific methods used iswork are presented as well as a

brief review of modern trends.

Chapter two investigates an unusual pair of megdrdgen interactions in a tin
bis(triazenide) complex. We have termed this dotbld interaction “bifurcated”

and compared other systems in which this interaggresent (and often
unidentified). A variety of computational technigure used to analyse the nature of
the interactions both in qualitative and quantiaterms.

The third chapter investigates the mechanism ofl &lansfer in a magnesium
bis(imino)pyridine complex. A number of mechanigiethways are explored to
explain the original report of non-electrophilikghtion at a pyridine nitrogen. We
consider in particular how the solvent and the aflether species in the reaction

mixture may influence the mechanism.

Chapter four describes the inversion of configeraticcurring in a pseudo-C3-
symmetric zirconium tris(phenolate) complex. Valeatemperature NMR spectra and
simulations complement DFT calculations to explbemechanism of inversion. We

question the long-held assumption that the invarpr@cess is concerted.

In chapter five, the polymerisation of rac-lactlean aluminium salen-type system
Is investigated in detail through characterisabbthe transition state structures.
Specifically, we have aimed to explain the différeehaviour of two structurally

similar catalytic species’ which produce polymeddferent tacticity.



Application of a variety of additional computatidm@chniques in a number of these
studies supplements the density functional calmriat They provide insight into
specific interactions in both starting materiald &ransition states and detailed
information about the reaction mechanisms.



Abbreviations

HF Hartree-Fock
DFT Density Functional Theory
TS Transition State
CPCM COSMO in the PCM (polarisable conductor continuum
model) framework.
IRC Intrinsic Reaction Coordinate
NBO Natural Bond Orbital
AIM Atoms-in-Molecules
BCP Bond Ciritical Point
N 2 Laplacian of the electron density
ELF Electron Localisation Function
LA Lactic acid
PLA Poly lactic(acid)
BDI Deprotonated 2-(2,6-diisopropyl-phenylamino)-4-(2,6-
diisopropylphenyl-imino)-2-pentene=HC[CMeN-2,6-'Pr,C¢Hs]»
ROP Ring opening polymerisation
THF Tetrahydrofuran
Ar Aryl
R Alkyl group
Et Ethyl
Me Methyl
iPr Isopropyl
Bz Benzyl
DIPP Diisopropylphenyl
Dielectric constant
SET Single electron transfer
EPR Electron paramagnetic resonance
D Debye
OTf Triflate, OSO,CF3
M Metal
S Entropy
G Free energy
H Enthalpy
K Equilibrium constant
k Rate constant
kB Boltzman constant
h Planck’s constant
T Temperature
r2 Square of the correlation coefficient
tBu Tertiary butyl
J NMR coupling constant
Hz Hertz
ppm Parts per million
R Gas constant
Tc Coalescence temperature
NMR Nuclear magnetic resonance
GIAO method Gauge-including atomic orbitals
Salen Ethylenediamine-N,N’-bis(salicylaldimine)
Pyca 2-pyridinecarboxaldimine
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Chapter |

Methods in Computational Chemistry

1. Methods in Computational Chemistry

1.1 Introduction

This chapter presents a brief overview of the masghaurrently available for

generating molecular wavefunctions. The procedanesprograms used in this work
are described in section 1.3. Section 1.4 introsltice additional techniques used here

for analysing wavefunctions.

1.2 Generating Molecular Wavefunctions

1.2.1 Computational Methods

The early 1920s saw the introduction of the waesii of matter and the associated
guantum mechanics. Heisenberg formulated matrixhangcs later that decade. Thus,
theoretically, the solution to the non-relativisBchrédinger equation (also published
at that time) was within reach. However, althoughas possible to solve the
equation for the hydrogen atom, producing resultsgreement with experimental
data (when relativistic corrections by Dirac wereluded), it was not possible to
solve it for any other system. Subsequent work gioned to develop approximate

methods for solving the Schrddinger equation.

To be useful to chemists, any approximate theaketnethod must necessarily help in

the interpretation of chemical observations, anceh@edictive power.

A potential model must be an approximate but wefireed mathematical procedure.
Essential features of any model include: adequaeipon; generality (i.e.
applicability to all (or at least a wide variety)ahemical systems); and reasonable
cost (in terms of computational time and resourdesferable models have been
extensively tested (so that any failings are atleaown and perhaps can also be
quantified). This requires a large amount of highaldy test and experimental data.
The model also should have good predictive powdeast for the type of system

under investigation.

The Hartree-Fock (HF) method employs the self-iasi field procedure to solve
the Schrddinger equation. If the wavefunctionjs taken to be a Slater determinant,

the molecular orbitals; are varied to minimise the energy:

12
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=)™ 1) 1) 2 )l

The molecular orbitals are orthonormal anand denote spin functions. The

energy, E, is the expectation value of the HamiéonH:
E=< |[H >,
and by the variational principle, is an upper botordhe true energy of the system.

The use of a Slater Determinant imposes the symymequirement of the Pauli
Principle (that the wavefunction is antisymmetrithwespect to the interchange of

any two electrons). The HF method is thus a sidgterminant method.

The introduction by Roothaan and Hall (around 1951he use of a linear
combination of (non-orthogonal) 1-electron functido represent molecular orbitals

enabled solution of the HF equations.

N
i = Ci

nrl

The energy, E, is then varied with respect to theffeients,c ;.

At this time the bottleneck in solution of the Huations was the time and
computational cost of integration. A more importprablem though, is that the mean
field approximation employed in the HF method metiias the effects of electron

correlation are not accounted for.

The earliest semi-empirical models aimed primanlyeduce the time required for
solving the HF equations (but include some con@te¢ffects through
parameterisation). Conversely, ab initio post-HRhods are designed to include the
‘missing’ correlation by describing the electronretation more accurately (and are

thus computationally more expensive).

The time constraints imposed by solving the HF &qoa prompted the development
of semi-empirical models such as “complete negdedifferential overlap” (CNDO),
“intermediate neglect of differential overlap” (INE) and “neglect of diatomic
differential overlap” (NDDO) formalisms and varianif these. These models
estimate numerical values for some of the integratee HF calculation. The number
of integrals that must actually be calculated wlith CNDO model is reduced front' N

to N (where N is the number of atoms). Semi-empiricathrads account for electron

13
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correlation implicitly through the inclusion of empal parameters. For example,
electron correlation is manifested particularly heats of formation: if these values
are used in the construction of the method, (aasedmount of) electron correlation
will be included. Additionally, early semi-empiricaethods suffered from the use of
small basis sets. More recent methods have addeluitdls to aid description of
systems such as hypervalent sulphur and transitals. One example of this is
MNDO/d which is an extension of the NDDO formali$Referencé describes the
general state of semi-empirical methods in 2000aambre recent paper lists the
developments in this area up to 23aFis clear that although work is progressing in
the area, data for calculating transition meta¢éssmverely lacking for the vast
majority of semi-empirical methods. The Parameitathod 6 (PM6) method has
been parameterised for 70 elements, including itiansnetals® However, the
method has not yet been widely tested. Additionallyere errors do occur, it is not

always clear how they have arisen, and thus howtbediminate them.

The Post-Hartree-Fock methods (Configuration Imtgoa (Cl); Coupled Cluster
(CC); and Quadratic configuration interaction (Q@tclude electron correlation by
employing more than one determinant to describevéingefunction. They are thus

termed multi-determinant methods.

Configuration Interaction (CI) involves constructiof a linear combination of
determinants. The first is usually the HF grouradestvavefunction and the others are
determinants in which 2 (Cl doubles, (CID)), 3, 4,etc electrons have been excited
into virtual HF orbitals. Including determinants @k more than two electrons have
been excited usually becomes prohibitively expenshhe Cl method does suffer
from a lack of size consistency: the result of agadhe energies of two molecular (or
atomic) fragments calculated separately does naldébje energy calculated for the
total system where the fragments are separated@méhteracting. This is because
double excitations in the single fragments corresigo quadruple excitations in the
non-interacting total system (so they are not cedimt the latter case). Quadratic
configuration interaction (QCI), is an extensionGifand is size consistent.

Coupled Cluster (CC) theory takes the fact thafalieCl wavefunction can be

described as:

Y:eTYHF

14
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whereT is the cluster operator. is a summation of the operators which generate all
the excited determinants and is truncated at saim. (@ he formulation means that
CC is size-consistent (although non-variationahsenergy is no longer an upper
bound). Including single and double excitationgrief CCSD and when triples are
included, the procedure is termed CCSDT. Howev&SDT scales asNThere

have been modifications which approximate the nespensive parts of CCSDT
calculations, the most commonly used being CCSBDEOSD(T) is probably the

most sophisticated correlation method used cugrentl

An alternative method developed to include corietais termed perturbation theory.
This theory uses a power series expansion of timeilkdaian operator (for which the
exact solution is known) to include the effectanbther, weakly perturbing operator.
Moeller-Plesset perturbation theory, devised in18é0s, (termed MPn where n=1, 2,
3 etc) is the formulation most commonly employed®3Mncludes contributions from
double excitations and MP4 recovers correlationtditbe most important triples and
some quadruples. However, MP4 scales a&bmpared with HF which scales as
N%. Perturbation theory’s main drawbacks are thesising complexity of the
algebra as n increases and its cost. In practi€g} g the highest level that can be

achieved.

The General Energy models focus specifically omagpcing chemical energies to
within the accuracy measured by experiment. Thet neeent of these is G3, in which
a geometry optimisation is performed at the higpesttical level (MP2/6-31g(d))
followed by single point energy calculations athi@glevel methods and with larger
basis sets. Corrections for zero-point vibratiaargy are made using HF
frequencies multiplied by a scaling factor (to aguofor the fact that HF frequencies
are systematically too large). Other (small) cdiogrs to account for the inadequacies

of the basis sets are also added.

In Density Functional Theory (DFT) the energy degseanly on the electron density.
Thus it depends on only three coordinates, indepanaf the number of electrons.
This is its greatest advantage over wavefunctiothaus, since wavefunction
methods depend on four coordinates (if spin isuidet) for each electron. Although
the theory was first proposed in the 1920s (by Té®and Fermi) it was not until the
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1960s that Hohenburg and Kohn published the fopr@df that the electron density

is sufficient to provide the ground state energies electronic propertiés.

In 2000, Perdew proposed a Jacob’s ladder of defsittionals (Figure 1),
stretching from the local density approximation @)t the bottom (Earth) to fully
non-local functionals at the top (Heaven). In faetent developments in the field
have led to double hybrid functionals which shqguidbably sit on the fifth rung,
below fully non-local functionals (which have natypeen achieved).

Fully [Non-Local

Double Hybrid

Hybrid Meta GGA
Hybrid GGA

Meta GGA

GGA

LDA

Figure 1, Modified 'Jacob's Ladder' originally proposed by Perdew.

The simplest class of functionals are those thatleyrthe local density
approximation (LDA)’ In these functionals the energy depends only eretéctron
density. An improvement on LDA functionals resuftshe generalized gradient
approximation (GGA) functionals. In these functilsnthe energy depends not only
on the density but also on its gradient. On thelthing are the meta-GGA
functionals. These depend also on the Laplacidaheoflensity and/or the orbital
kinetic energy. Addition of a portion of HF exchangjves the hybrid density
functionals which sit on the fourth rung. The besluated of these is B3LYR

which has been found to produce (surprisingly) eateuresults for transition metal
containing systems. This functional is one of thestrpopular functionals for
calculations on inorganic systems. Hybrid functisreae general purpose functionals
which, although not always performing better théimeofunctionals for specific
properties, usually present useful results fommeaof properties. Work is ongoing to

develop hybrid functionals that predict propertiesre accurately while retaining the
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generality that this formulation seems to providee such recent example is the local
hybrid functionaf:® ** These functionals include a portion of exact ergea which
varies with position. Another recently developealssl of functional is the double
hybrid functionaf****1t builds on the BLYP functional by adding a pebative
second-order correlation part (PT2) as well asra@oof HF exchange. These
functionals, named B2-PLYP and mPW2-PLYP are clditoebe the best general
purpose density functionals for molecules. The augtistate that good results are
obtained for transition state barriers and that improved accuracy does not come at
the expense of other equilibrium properties (adtisn the case for the established
functionals). It is suggested that the double ld/functional will also perform well in
evaluating bond lengths and harmonic vibrationed@iencies for transition metal
complexes. Thus this type of functional appeatset@a promising method for

transition metal calculations in the future.

In general, accuracy of the functionals and the@ated computational cost increases
ascending the ladder. However, results vary fronctional to functional.
Improvement is not uniform and depends on the fanat and on the system under

investigation.

1.2.2 Basis Sets
The set of functions chosen to construct the wanatfon are termed basis sets.

Each orbital is represented by one or more funstiasually centred at the nuclei.
Slater-type orbitals (STOs) (which resemble hydrogemic orbitals) may be used
but some of the integrals required in the HF praceadannot be solved analytically.
To reduce computational complexity, gaussian fmstiare often used. Linear
combinations of primitive gaussians can be usdteetb mimic STOs or optimised to
lower the energy. A linear combination of gaussianay be optimised to represent a
particular orbital and then the coefficients of genitive gaussians within the set
frozen. These sets are then treated as a singkefbastion within a calculation
thereby reducing the number of basis functionsetoffitimised. The set of functions is

described as contracted.
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Minimal basis sets use only enough orbitals to @iordll the electrons and are known
as singlez. As the number of basis functions describing edomic orbital is

increased to two and three, the basis sets beconi®ad or triplez quality.

The valence electrons are of greatest interestemcstry while the core electrons
often play little part in chemical transformatiod® minimise computational cost the
valence electrons may be assigned a greater nurhbasis functions than the core
electrons. Basis sets that employ this technigeeeamed split-valence. Examples are
the Pople; Dunning-Huzinaga; and MINI, MIDI and MAKasis sets.

Extra sets of functions may be added to improvedtseription of the wavefunction.
These functions are termed polarisation and diffusetions and are essential for

producing a good description of anions and molecotataining polar bonds.

The Pople basis sets are split-valence basis se&xgly labelled I-JKG. | denotes
the number of primitive Gaussians used to consthesingle core function and J and
K describe the contraction pattern of the primittvaussians used to describe the
inner and outer valence electrons. The simplestrgéi?ople basis set, STO-3G, was
developed in the late 1960s, closely followed lrgéa variations such as 4-31G and
6-31G. The Pople basis sets have been extensigetyin the literature and their
shortcomings are well known. (E.g. a tendency wotda geometries of high

symmetry and an overestimation of dipole momefitisgse inadequacies are mainly
due to lone pairs of electrons being constraingute p orbitals. The addition of
higher order functions to the basis set (polasa#ind diffuse functions) helps to

alleviate this failing.

In correlation consistent basis sets, sets of galton functions are defined, grouped
according to the amount of correlation energy ¢&hparticular function recovers:
functions that lower the energy by a similar amaanetcollected together in the same
set, those which recover the most correlation gnieegng incorporated first. The cc-
pCV D/T/Q Z (correlation consistent polarised Canel Valence
Double/Triple/Quadruple etc Zeta) basis sets dgegldy Dunning and co-workérs
are of this type.

Basis sets that have been developed more recentih @s the correlation consistent
sets described above) are often constructed assérhe double/triple/quadruple etc.
correlation consistent basis sets were developeduccently and therefore they
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systematically converge towards the complete tsetimit. This is generally
preferable so that the overall accuracy of a catauh can be assessed. Older basis

sets (e.g. the 6-31G(d) described above) havea®st beveloped in this manner.

1.2.2.1 Effective Core Potentials (ECPs)

ECPs (or pseudo potentials) can (and, arguablyldhbe used when describing
elements in the lower half of the periodic tableeTuse of ECPs resolves, to a
significant extent, the two main problems thatemnsen considering these elements.
First, the necessity of very large numbers of basistions to describe the core
electrons (which are not usually chemically sigrfit): if the core electrons are not
described accurately enough, the description ofétence electrons will suffer
because electron-electron repulsions are not fldscribed. Secondly, ECPs can
include part of the relativistic effect experiendsdcore electrons in these atoms. The
ECP is a single function that describes the careteins. Only the remaining

(valence) electrons are treated explicitly.

1.3 Methods and Basis Sets Used in this Work

1.3.1 DFT for Transition Metals

The systems described here are too large to belodeddy post-HF methods. Thus
the only practical computational methods that migghused are semi-empirical
methods or DFT.

The use of semi-empirical methods for calculationslving transition metals is a
relatively new technique. Work on transition metadgan in the 1990s. Even the
recently developed PM6 has focussed only on manmelement parameterisation.
There exist so far only a modest number of stueleploying these techniques for
transition metal systems. In addition, paramet&asdor transition metals has
commenced with the investigation of specific pheana) rather than general
implementation for a range of metdi$hus, it is not always possible to use semi-

empirical methods in investigations into metal-@mig systems.

In contrast, DFT (especially particular functiondias been widely used for both
metal-containing and purely organic systems for @avdecade. It is less expensive

than comparative methods of similar accuracy anhlides electron correlation at
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much lower cost than post-Hartree Fock method$iodiggh semi-empirical methods
may prove to be a good choice for the investigabibextended biological systems,
the systems investigated in this work are smalughdhat DFT is a viable option.
The properties examined here (relative energigsarfucts and transition states;
molecular geometries; electronic structure etay) aageneral, be well described by
DFT. Even where DFT does not provide the best nreasfithese properties, its
failings are well documented.The fact that DFT besn widely used is another
incentive for its use in this work: there exist m@omparative studies comparing its
performance for different classes of molecule afative to other methods (s&eand

references therein).

1.3.2 The B3LYP Functional

The B3LYP functional is one of the most widely uskhsity functionals, popular for
its general applicability to a wide variety of @&fént chemical systems. B3LYP is a
hybrid functional of the form devised by Becke 93’ The non-local correlation is
provided by the LYP correlation functional of L&&ng, and Pafr and VWN

functional Ill for local correlatiofi.

Although in recent years new functionals have bisreloped that have been shown
to give more accurate results (see for examplereates®*9 for many molecular
properties, B3LYP was, for a long time, considdete the most appropriate

functional for transition metal systertfs?®-24

A recent, thorough review of density functiortlisdicates that B3LYP accounts for
around 80% of the DFT functionals used in the ditere from 1996-2006. Other
popular functionals are BLYP (5%), BAPW91 (4%), BR8%), B3P86 (2%). The
authors of the review conclude that B3LYP is a goldice of functional for the
“average” chemical problem and it is an efficiaimdtional for geometry
optimisation. The review shows that some of theewecently developed functionals
do show better performance for barrier heightsh\BBLYP tending to underestimate
these. Nevertheless, it has been the researchmisecof functional for the last ten
years or so and thus is a reasonable choice foydgm where the calculation of
many properties may be required or when it is moivkn exactly in what direction an

investigation may proceed. At the very least it yibvide a good general idea of
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what might be expected when calculations are paddrwith a more specific
functional. The extensive use of B3LYP in the Biieire has meant that its limitations
are well documented. For example, it does not descorrect long-range
behaviouf> ?® and cannot consistently predict relative stabaiof metal complexes
of different spin states (referentes a recent investigation of iron systems). B3LYP
tends also to underestimate barrier heights fdaereactions (see for example

reference$?, 2° and references withitf).

1.3.3 Other Functionals
However, as mentioned previously, work is progrmggsin the improvement of DFT

functionals for describing transition metal systéfn&> 3

It is likely that the failings of the B3LYP and atéd functionals for inorganic systems
are partly due to the fact that the test set oletues (i.e. the systems with which the
functional has been parameterised) did not comteatal atoms.

The MOS5 functional devised by Zhao, Schultz andhlart* has been constructed

especially for transition metals. The group sths it has

“a broad accuracy across floer properties ... nonmetallic and metallic
thermochemistry of molecules, chemiazdction barriers, and noncovalent interaction

energies”.

It is recommended for use for systems involvingsraon metal bonding. Where we
have wished to validate the results obtained fr@dh\8° calculations in this work,

we have used the MO5 functional for the reasomsdiabove. Also, we hope to add
the MO5 results presented here to the growing lmbayork employing this functional

in order that its strengths and any weaknessestakented.

1.3.4 Restricted and Unrestricted DFT

Therestrictedformalism constrains the two electrons in eachtalrbo occupy
identical spatial orbitals. For closed shell systdhis is a sensible and physically
realistic constraint. However, for open shell systetherestricted open-shell
formalism does not account properly for spin pslation. Thus thenrestricted
formulation may be used. However, the unrestrigtadefunction is not an

eigenfunction of th&? operator. When employing thmrestrictedformalism it is
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necessary to verify that the spin contaminatioroshiced is not too large (>5% of the
expected value is usually considered too larg@yéwent the wavefunction containing
higher spin states. Inclusion of higher spin statdisskew expectation values by
differences between the property for the desirattsind those for contaminating
states.

All calculations on singlet molecules presentethis work have employed the
restricted formulation of the relevant density ftimgal (almost exclusively RB3LYP
but also others where described). This is the dieffataussian03. Where triplet
states have been calculated (see chapter lll)strioted-B3LYP (UB3LYP) was used
(rather than restricted-open shell-B3LYP (ROB3LYH)is was because the
investigation required calculation of transitioatststructures (which in turn require
the calculation of vibrational frequencies). In Gsian03, analytic vibrational
frequencies cannot be calculated with ROB3LYP (hedsize of the systems
prohibits frequency calculation by numerical metsjodh all cases the spin
contamination arising from the use of the unretgddunctional was verified to be

less than is commonly considered problematic (18> > 2.1).

1.3.5 Basis Sets Used in This Work
The quality of a basis set can dramatically affeetaccuracy of electronic structure
calculations. However, of course, there is a badade struck between accuracy and

computational expense.

The majority of the work presented in this repossvperformed with the 6-31G(d)
basis set on the carbon and hydrogen portionseainiblecules. The core orbitals are
described by a single contracted gaussian (6 gasssontracted to one basis
function in 6-31G) and the valence shells by twis ¢ gaussians (a set of 3
contracted gaussians and a single outer primitaesgjan in 6-31G). The 6-31G(d)
basis set is arguably one of the most popular Is&$ss It is a basis set that is practical
for evaluating many transition metal catalysts #radr reactions with reasonable
accuracy at reasonable expense. The elements fon @81G(d) is available include
the first two rows of the periodic table, K, Ca dahd first row of the transition metals
and it is thus available for most atom types regpiinother advantage of the 6-

31G(d) basis set is that since it is so widely usdtie literature (in combination with
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the B3LYP functional), calculations are often dilpcomparable to those of other
authors. The smaller split valence basis setseffample STO-3G and 3-21G give
limited accuracy. They are generally useful forfgening preliminary calculations.
They are also useful for describing bulky alkyl amgl substituents in large systems.
This approach is sensible (or necessary) for reduobmputational cost in systems
where substituents play primarily a steric roleu3im chapter 1V, the STO-3G basis

set was used for non-interacting substituents.

The cc-PVDZ and cc-PV5Z basis sets (with ECPssseton 1.2.2.1) have been used
throughout this work for metal atoms (their usetfa entire system would be
prohibitively expensive). It is crucial that the taleatom is well described in a metal
catalyst since it is at the metal centre that mb#te chemistry takes place. The cc-
PVDZ and 5Z basis sets are available for all secomdmetals and the metals in
groups 13-17 (including germanium). For the systemhich the effect of varying
the metal centre was measured (see chapterwgstimportant to have consistency
in the basis set over all the metals consideredsThat the ccPVxZ basis sets are
available for many metals was important. As welthas, the ECPs associated with
these basis sets are of the small core type. Atorvislecules (AIM) and the

Electron Localisation Function (ELF) analyses (seetions 1.4.5 and 1.4.6) have not
been specifically formulated for use with ECPsthetuse of small cores helps to

eliminate errors associated with this.

The basis sets and ECPs described here and uges work can be obtained from
the Environmental Molecular Sciences Laboratory @ Basis Set Library

accessed at http://gnode2.pnl.gov/bse/portal.

1.4 Computational Techniques Used in this Work
Gaussian0% was used for all ground state and transition stptinisations; IRC
calculations; CPCM calculations; and NBO analyseg pelow).

Ground state structures were characterised by la#imo of the Hessian, which

contains no negative roots.

The input file for a typical geometry optimisatisnshown below. The first three lines
relate to the storage of internal data; memorycation; and numbers of processors

required. The line commencing # contains the kegaoin this case, the keyword
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specified isopt . The geometry is specified (in this example) irtesian coordinates
with a line above it listing the charge and muitiy of the system (in this case

charge® and multiplicity=1 (i.e. the molecule is a singlet)).

%chk=jobname.chk
%mem=5800MB
%nprocshared=4

# rb3lyp/6-31G(d) opt

title

01

C -2.40279590 -2.71341762 0.0 0119900
C -1.00763590 -2.71341762 0.0 0119900
C -0.31009790 -1.50566662 0.0 0119900
C -1.00775190 -0.29715762 0.0 0000000
C -2.40257690 -0.29723562 -0.0 0047900
C -3.10017790 -1.50544162 0.0 0051700
H -2.95255490 -3.66573462 0.0 0164900
H -0.45812790 -3.66593062 0.0 0251400
H -0.45755190 0.65498538 -0.0 0005900
H -2.95269890 0.65504538 -0.0 0143200
H -4,19978190 -1.50525862 0.0 0033700
N 1.15990185 -1.50555968 0.0 0204650
H 1.49279825 -1.97658948 0.8 1893751
H 1.49373977 -1.97729022 -0.8 1405554

Figure 2, Example Gaussian03 input file for geomeyr optimisation.

The energy of the resulting optimised structureeapg in the output file as (for
example):

SCF Done: E(RB+HF-LYP) = -75.3197099428 A.U. after 5 cycles
Wherefreq is specified in addition topt , the vibrational frequencies are calculated
(analytically for all calculations reported herk) this case the energy (free energy) is

reported as (for example):

Sum of electronic and thermal Free Energies=-527.46 3147

1.4.1 Transition State Optimisation

A transition state is defined as a first-order $aghint on the potential energy
surface (PES). It is the highest energy point almgaction pathway. The energy
difference between a transition state and the aeact thus a crucial factor in

predicting how likely a particular reaction is tocor.

The keywords used in this work to perform a traosistate optimisation are
opt=(ts,noeigentest,calcfc) . The items in parentheses qualify the preciseraeatu

of the optimisation. The program is commanded ¢k limr a saddle point on the
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potential energy surface. Before it can do thigyust be provided with the force
constants (a Hessian). In this caséfc  instructs the program to calculate this in
the first stepNoeigentest  prevents the calculation from aborting if the apgmate
second derivative matrix (calculated at each stepeotransition state optimisation)

has the wrong number of negative eigenvalues (& foainsition state).

Transition states were identified from the forntlo# single negative root in the

Hessian matrix.

1.4.2 Intrinsic Reaction Coordinate (IRC)

An IRC calculation is used to follow a reactionipfifom the transition state. In cases
where the product is not easily recognisable frospéction of the transition state the
program is instructed to follow the imaginary vitboaal mode “downhill”. The
product can then be identified. This technique as=ecially useful in chapter Il
where it was not clear whether a particular tramsistate led to formation of the-C

or Ggi-alkylated products.

The keywords for an IRC calculation are:

IRC=(forward,readcartesianFC,StepSize=20,MaxPoints= 40)
geom=checkpoint guess=read
iop(1/8=30)

geom=checkpoint ~ andguess=read instruct the program to use the output from a
previous calculation for the geometry and orbitatshe current calculation. The
keywordforward instructs the program to follow only the forwaiidedtion of the
imaginary frequency. (A separate calculation with keywordeverse is then
performed to follow it in the opposite directionot directions may be computed at
the same time but problems with convergence sedya tninimised by performing
the two calculations separately). The program meguorce constants to proceed: in
this caseréadcartesianfc ) these are provided from the output (checkpoitd) f
from the (previously computed) transition stateroation. Alternatively they can
be calculated using the keywarglcfc . The 10p (Internal Option), and keywords
stepsize andmaxpoints were set at values that were found to improve eoyence

and ensure the calculation reached completion.
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1.4.3 Continuum Solvent Model

The model used was the CPCM polarisable condueloulation modéf. This is an
implementation of COSM® in the PCM?® framework. This model, like other
continuum solvation methods, evaluates the moledrda energy in solution by
calculating the electrostatic interactions betwi#enmolecule and a solvent.

The keywordsCRF=(CPCM,solvent=toluene) specifies a CPCM calculation in
toluene solvent. It is important to note that etlesugh Gaussian03 allows the user to
modify some parameters relating to the specificatibsolvents (as well as the
specification of solvents that are not default @ps), the program contains a number
of internal parameters. All these extra parametarst be specified if the user wishes
to modify any part of the solvent calculation. Masfythe default parameters used
seem to be “values that work” and there is litibeuimentation available defining
them or to aid the user who wishes to modify th&hus the default values were used

throughout this work.

1.4.4 Natural Bond Order (NBO) Analysis

Natural Bond Order analyses give quantitative imfation about bonding. The
analysis is used to define localised bonds withimadecule. From an NBO
calculation, therefore, the relative strengthsaids can be determined. The

keywordspop=(nbo,savenbos)  were used.

1.4.5 Atoms in Molecules (AIM) “°

An AIM analysis is an analysis of the topology loé telectron density. Stationary
points, where the gradient of the electron dernisi@; are classified according to the
signs of the eigenvalues of the electron densitysk® matrix. At a maximum all
three matrix eigenvalues are negative and the jiabelled (3,-3). These points are
termed attractors or nuclear critical points (N@RYl essentially coincide with the
nuclei. A (3,-1) stationary point occurs where twidhe eigenvalues are negative.
This is a saddle point in the electron density iartdrmed a bond critical point (BCP).
Crucially, these points correspond to an accunmaradil electron density between the

two nuclei. When one eigenvalue is negative ((3,4#hg point is a ring critical point
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(RCP). A point at which all eigenvalues are posittorresponds to a cage critical
point (CCP) and is labelled (3,+3).

The Poincaré-Hopf rule states that the numbersitiéal points located for a system
are related by the formula: NCP - BCP + RCP - CCP =

The Laplacian of the electron density? , describes where the electron density is
locally concentrated or depleted. A positive vaifidN ? indicates depletion of

charge density and a negative value a concentrafitre density.

The Atoms-in-Molecules analysis has been usedmnaber of the investigations
presented in this work. It has proved useful feniifying and classifying bonding
interactions in a tin bis(triazenide) complex aadiflentifying stabilising interactions
between lactide monomers and aluminium catalystisarpolymerisation of lactide
by aluminium salen-type ligand complexes. Calcalaiwere performed using the
AIM2000*" program and the AimAif program.

1.4.6 The Electron Localisation Function (ELF)  “%*°

The ELF is a measure of the Pauli repulsion betvweerelectrons. It is a function of
the conditional same-spin pair probability denslilis is the probability that, given
an electron at position another electron of like spin is located’atThe lower the
probability of finding this second electron at gainthe more localized is the first
electron. This original definition of ELF has besgcessarily reformulated for DFT
due to the fact that in DFT the conditional samiergir probability density is not
defined. Thus in DFT the ELF is calculated using Bauli kinetic energy density.

The ELF provides information relating to localizeldctron pairs and therefore gives
a direct insight into chemical bonding. The conssgpe of the Pauli principle is that
the probability of finding two electrons of opp@sgpin in the same region of space is
increased. This leads to greater coulomb repulsatween these two electrons. This
results in a larger kinetic energy (than if the IPpinciple had been ignored). It is

this excess electronic kinetic energy value, redatd a homogeneous electron gas (of
the same density) that defines the ELF in DFT. EhE is formulated to take values
between 0 and 1. The greater the excess kinetrggi@nd therefore the greater the

Pauli repulsion and the greater the likelihoodindiing pairs of electrons of opposite
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spin), the closer the ELF is to 1. An ELF valuéd indicates that effect of Pauli

repulsion is equal to that of a uniform electros ghthe same density.

A volume of space enclosed by a particular ELFusase (the contour on which the
value of ELF is constant) is termed a localizatimmain. These localization domains
may be attractors (denoting nuclei) or basins. iBasiay be either; core (labelled
C(X), containing a single nucleus (except H, whichlways incorporated into a
valence basin); valence bonding (labelled V(X,X..hHere X denotes the atom types,
found between two or more core basins); or non ingnd/alence basins may be
disynaptic (located between two atoms) or trisyafdcated between three atoms).

Non-bonding basins are necessarily monosynaptsoeested with only one nucleus).

Electronic populations of basins can be calculatethtegrating the electron density

over the ELF basins.

A localization domain reduction tree (LDRT}® describes the evolution of
localization domains as ELF is varied from O td the thresholds at which a bonding
ELF basin appears (bifurcates) and then vanisteeasaful indications of the nature
of the chemical bonding there. The order in whidjaeent ELF basins bifurcate may
reveal weak interactions that do not result inecgj valence bonding basin.

In this work ELF analyses have been performed tim bis(triazenide) complex and

related systems.

ELF calculations were performed with the TopM§Bnd DGrid® programs.
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2. Exploring the interactions in a Tin

Bis(triazenide) Complex

2.1 Introduction

Amongst the ways of modifying polymer properti¢gttof controlling polymer
tacticity (the distribution/homogeneity of chirardres within the polymer chain) is
an area of intense interest. The greater the segelarity, the better adjacent
polymer chains can approach and the greater taemotecular forces between
chains. Polymers are commonly classified as atasttactic or syndiotactic. Atactic
indicates that a polymer has its stereocentresorahyddistributed along the chain;
isotactic polymers have the same absolute confasmat each stereogenic centre,
and are formed by polymerisation of either entif@y or entirely R)-monomers;
and syndiotactic polymers are characterised bynshe@ontaining alternatindrf and

(S stereocentres.

There are a variety of ways in which control otizEty can be achieved. Chiral
catalysts are frequently used in order to introdauparticular tacticity to a polymer
chain. These catalysts are often expensive and laatgn to synthesise.
Consequently there is much interest in achirallgstimthat can produce polymers of
controlled tacticity. Where the substrate itsek iixture of sterecisomers, addition
of the first monomer can create an asymmetric adite. One stereoisomer might
then be accepted preferentially over another. iBhise basis on which the (BDI)M
(BDI=ethylenediamine-N,N’-bis(salicylaldimine)=HCM&eN-2,6'Pr,C¢Hs]>)

catalysts can produce heterotactic polyfier

Polylactide [poly(lactic acid), (PLA)] is a non-tex biocompatible, biodegradable
polymer made from renewable resources. IntereBtik has increased in recent
years due to its potential as a biorenewable repi@at for petrochemical-derived
products. In the PLA-forming process, lactic adié\) (Figure 3) is first produced by
biological fermentation. This is then convertedatctide which is used as the

monomer in a ring-opening polymerisation (ROP) pesc
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Figure 3, Lactic acid
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Figure 4, Racemic- and meso-lactide

Since lactic acid is a chiral carboxylic acid, themer formed when two molecules
combine can be one of three sterecisomers (seeeMjuDepending on the particular
monomer or combination of monomers used, a diftgpety(lactide) may be formed.
Whenrac-lactide units are linked alternately, the polyroentains stereocentres in
the sequenceq,R, [S,3, [R,R, [S,9 etc. This pattern results from incorporation of
two stereocentres of the same absolute configurtoon each lactide unit (Figure 5).

Heterotactic PLA is produced.

Single-site metal catalysts have proved extremiéctve for the polymerisation of
lactide to give PLA. Amongst these, complexes ahboagnesiurfi® and ziné” >

with the BDI ligand have proven to be highly acti@ucially, they give good control
in the polymerisation afac-lactide (a racemic mixture of(SS andd (RR)

lactides), forming heterotactic polylactide (Figie
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Ar = 2,6-iPI’2C6H3
o]
rac-LA Heterotactic PLA

Figure 5, Polymerisation of rac-lactide to give hedrotactic polylactide
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Marshallet aP®, in their investigation into single-site cataly&isthe polymerisation
of lactones (lactide specifically), have reportatuanber of active tin compounds.
These were -diketiminate, salicylaldiminate and amidinate aliies and amides of
tin. They found that the size of the ligand wasitcal feature in the production of
the catalysts. The ligand, (L), must not be sodag to hinder monomer approach. If
the ligand is too small, disproportionation occwith loss of the OR or NRgroups.

The inactive bis(chelate)&n is formed.

The complexes [tBUC(NA$)SNOR, [tBUC(NAr}SnNR, (Ar:2,6-iPr2C6H3) and
(BDI)Mg(OMe)(THF) can be prepared with no interfiece from the formation of
bis(chelate)s. However, in reactions targeting sawith L=[MeC(NAr)] or
L=[N(NAr) 2], only the bis(chelate)s are formed. These ligaardsshown in Figure 6.

@

Ar Ar

Me
| Ar Ar
\N’/’C\\\N/ \N’/’N‘\*N/

Figure 6, (a): Ligands with which alkoxide and ami& metal catalysts can be formed and (b):
ligands with which only the inactive bis(chelatesare formed

These findings highlight the importance of explgrand quantifying any interactions,
however small, which might be present in a catadystem. Accordingly, on noticing
some unusual structural features in the tin(ll)dhef{ate) [N(NAr}].Sn (Ar=2,6-

'Pr,CsHs) (1), we decided that further investigation was wotiHe:
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L

i 'Pr iPI’

? \\/ \ ,/ Pr?

The crystal structure of [N(NA#LSN (Ar=2,6'Pr,CgH3) (Figure 7) showed that the
methine hydrogens on each of the aryl groups weeetéd towards the tin atom. The

SnH distances were unusually short.

H(19)

NS Snit

DiPP\ DiPP pipP PP
/IN///,' R —F\l' -Sn. :\
N Sh N 3¢ BN
\ Q "// Yy N N
/N N /
DiPP DiPP DiPP DiPP

Figure 7, Crystal structure and schematic diagramsf the tin bis(triazenide) complex showing
the short Sn"H distances
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The sum of the van der Waals radir tin and hydrogen is 3.47A (2.36+1.1%)
The distances measured in the crystal structurbetreeen 2.75 and 3.17A. This
suggested that there could be interactions betwesme hydrogens and the metal. The

precise nature of these interactions remains tshablished.

2.2 Aims

The calculations presented here describe thelimtrastigations into the nature of
the SnH interactions in the tin bis(triazenide) systersalded above. The first goal
was to classify the nature of the interactions. file most likely possibilities are
hydrogen bonding or agostic interactions (see @e@i3 for a full description and
discussion of these interactions). This would aonfihat they were indeed attractive
interactions and not simply the result of sterimpoession. It ought then to be
possible to control them, constructing systemshicivthey are strengthened or
weakened. Finally this would enable us to quarhgyinteractions occurring in the
real system. We could then predict to what exteey imay control the structure and
catalytic properties (or lack of them). The objeetin this research is to address these
guestions using a variety of computational techesqu

Section 2.3 introduces the key features of thesetypes of interaction and presents
examples of SrH interactions in the literature. Section 2.3.3raddes the
phenomenon of double simultaneous hydrogen bor(dingrse bifurcation). Our
results are presented in section 2.5.

Small changes to a system’s substituents can gronfdrmation on the precise role
of an atom (or group of atoms) in a system. Congpas with the original structure
will highlight the specific effect of that substmt. Thus section 2.5.1 describes the
result of reducing the size of the aryl groupstisec2.5.2 the effect of varying the

central metal atom; and section 2.5.3 the effechadifying the aryl substituents.

" The use of van der Waals radii to assess bondgtrés controversial. Section 2.3 includes a more
detailed discussion on this.

T Other authors tend to use the Van der Waals regirted by A. Bondi,J Phys. Chem1964,68,
441). However, this source does not report a Vislu&e and so was not useful for present purposes
(see later).
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The strength of a bond can also be assessed byacimgphe total energy of the
molecule with the same system in which that borabient. In the system discussed
here, this type of comparison is made possibleotstion of the aryl substituents by
180°. This prevents any metal/hydrogen interacfidre results of the strategy are
discussed within section 2.5.3.

The second part of this investigation (Sectiond).focuses on the analysis of a
number of model systems. The models were consttuotey to eliminate the
competing effects observed within the full bis@eaide) complex. These simplified
systems have provided fundamental insights intarttezactions in the full system.

Natural Bond Order (NBO) analyses give quantitainfermation about bonding and
are a key tool in this investigation. The analysigsed to define localised bonds
within a molecule. From an NBO calculation, therefdhe relative strengths of
bonds can be determined. NBO analyses have befmrped on the majority of the

structures presented here.

Four additional techniques for assessing the bapalia introduced:*>"NMR
(section 2.5.6.1); Vibrational Frequencies (secBdn6.2); Atoms-in-Molecules
analysis (section 2.5.6.3); and the Electron Laedilbn Function (section 2.5.6.4).

2.3 Metal Hydrogen Interactions

2.3.1 Weak Bonds: Hydrogen Bonding and Agostic Bond ing

In a typical hydrogen bond, the hydrogen accepioihfs case, the metal), donates
electron density into the empty X-H orbital. In an agostic bond, electron density is
donated by the filled X-H orbital into an empty orbital on the hydrogen gtoe

atom (see Figure 8).
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Figure 8, (a): hydrogen bonding and (b): agostic iteraction

Hydrogen bonding was originally thought to occulyomhen :A was an
electronegative atom. However it is now accepted ilgdrogen bonding can take

place even when :A is as electropositive as c&ffan

Desirajuet af* outlined the main features and differences betv@eh..M hydrogen
bonds and agostic bonds in intermolecular syst@imsy stressed, as have Yetoal®,
that weak C-H...M interactions are not always easyategorise. Nonetheless they
have set out some basic criteria to aid assignmiémise criteria are based on past

literature dating from the 1960s to the presentalayare summarised in Table 1.

Hydrogen Bonds Agostic Bonds

Hyperconjugative delocalisation of C-M over metal-
3 centre, 4 electron o
alkyl fragment (rather than 3 centre, 2 electron)

Electropositive H is a bridge between two electronegative . m o
. H is hydridic (electron deficient)
centres

d(M...H) < d(M-C) d(M...H) d(M-C)

M...H-C > 100° M...H-C < 100°

M has an empty orbital

d(C-H) = 1.1-1.2A

Table 1, Criteria for hydrogen and agostic bonds fom the literature.

Given these criteria, identification of C-H...M iné&tions should be much
simplified. However, the focus of both Yat als and Desirajiet als papers is on
intermolecular interactions: in an intramoleculateraction, it is possible that certain
of the above requirements could be unfulfilled tlusteric constraints on the system.

Classification then becomes more difficult. In fatts also necessary in the
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intramolecular case to determine whether therg@aneiine attractive interactions
between the two atoms. It may be simply that theaximity is the most favourable
arrangement given steric constraints. It is coradair that there might in fact be

repulsion between the two atoms but that othereforverride these repulsions.

Hydrogen bond strengths are often assessed by nreatwe ‘bond’ distance
between the hydrogen and acceptor atom: this ire¢bmpared with the sum of the
van der Waals radii for the two atoms. Consideratibthese values, in this case,
however, has caused us to question the validithisftechnique. Most authors now
recognise that this is not a particularly ratiomaly of identifying hydrogen bonds.
Steinef’ notes that the definition of a hydrogen bond &®atact with a bond
distance shorter than the sum of the van der Wasdls is simply a historical
tradition with no real experimental proof or thei@ral evidence to support it. Dunitz
claims that the van der Waals radius is a rathéefined quantity. Our research has
in fact failed to identify any one set of valuespbwhich everyone agrees. Most
authors reference Boridibut we have been forced to consult other souees (
Chauvin® or Rowland®) since Bondi’s data are incomplete. Steiner reissgnthat
hydrogen bonds can in fact be longer than the duimeosan der Waals radii. He
suggests, in fact, that no cut-off value shouldibed (see referenféand references
therein). Meanwhile, it has been suggested thaesatoms should rather be
considered ellipsoidal than sphericaf? thus further complicating the problem.
Having considered these arguments, we consider Alglyses to be a more robust
way of assessing hydrogen and agostic bonds. &p@trwill place a greater weight
on the results of NBO analyses than atom-atommtis&for bonding implications.

Although there appear to be no existing examplés-bf...Sn interactions in the

literature, 1zocet al’®

recently reported a B-H...Sn agostic interactioa in
dialkylstannylene. The two compounds they repowetke diastereoisomers. One had
a single Sn...H-B distance of 2.03A and the othehwito slightly longer Sn...H-B
distances of 2.31 and 2.37A (well within the sunthef van der Waals radii for H and
Sn no matter which values are used). The IR, NMé&RW@i/visible spectra for their
complexes all displayed features consistent wighpitesence of Sn...H interactions.
An NBO analysis confirmed that the interactionsevagostic: donation of electron
density from the B-H bond into the 5p orbital on Sn was observed. thteamh, a

Mulliken population analysis on the calculated opgied structures showed increased
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negative charge on the Sn...H hydrogen atoms. Tha ®8¥is case is electron poor.
Izod et al suggest that the extra electron density gaineitiéynetal through these
unusual interactions is a key feature of theiritgbAn especially interesting feature
of this work was that one of the compounds desdrgt®wed two simultaneous
H...M interactions (see section 2.3.2).

There are currently 28 structures listed in the Rrashge Structural Database which
show Sn...H(-B) distances of between 2.0 and 2.5Al{©®ne* shows a distance
comparable to those in Ized afs paper and the tin atom in this species is 4-
coordinate. Thus it may not even be the same tfpgeraction.) This phenomenon

may have already been found, although is, as petxplored.

2.3.2 X-H...E...H-X: Double E...H Interactions

In the tin bis(triazenide) complex, the tin ceraoeeptdwo hydrogen atoms
simultaneously. Hydrogen bonds and agostic intemastetween single acceptors
and single hydrogens are widely dicussed in teeditire. This is not the case for
interactions involving two hydrogens. It seems tigither double hydrogen bonding
nor double agostic bonding have been extensivedynaxed (or even identified).

2.3.3 Double Hydrogen Bonds: Inverse Bifurcation

Bifurcation is a term found frequently in the |at¢ure to describe double hydrogen
bonding. It refers to the case where one hydrogeshared between two acceptors

(see Figure 9).

(@) (b)

Figure 9, (a): bifurcation and (b): inverse bifurcaion

In the present case, one accepter atom acceptsytivogen atoms in the double
hydrogen bond. It seems appropriate, then, talllinteractiorinverse bifurcation
(defined as the bonding of two hydrogen atoms drbgen bonding-type
interactions, to a single electronegative centne/lpair).
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A crystal structure search for the motif X-H...E...Hwhere X=N,O and E=group
14, V, Vl or VII" gave a number of examples where inverse bifuncatiight be
occurring. No examples of inverse bifurcation tougr 14 elements could be found.
The search results did produce a wide varietyrotsires where the acceptor atom
was N or O and a single example where X=CI. (NBtlerstructures identified, the
interaction occurring is more likely to be hydrogemnding than agostic due to the
relative electronegativities of the atoms involVéthere the electronegativity of the
atom, E, is significantly less than that of the foggen-donating atom, X, agostic
interactions could also be envisaged. For grouplédhents (with a lone pair of
electrons) it is not immediately obvious whethex ifiteraction will be agostic or
hydrogen bonded.) Structures in which inverse bétion was unlikely or impossible
were removed from the hitlist. For example, whéeetivo hydrogens were on
opposite sides of E, it would not be possible e both to be interacting with a
single lone pair of electrons. These, of coursghtibe examples of double agostic
bonding. In many cases the two short contact distebetween the acceptor atoms
and hydrogen atoms were noted by the authors. Weeg often even identified as
hydrogen bonds, although no author chose to iryestithe phenomenon further.

For intramolecular examples it could be argued ithabme cases the ‘interactions’
might be driven by (or be unavoidable due to) sgefHowever, there exist examples
for nitrogen where the interaction is intermolecuthus demonstrating that a
H...N...H interaction is possible. Two examples arevain Figure 16° and Figure
11"® below.

" Group (I1l) elements do not have the required Ipai of electrons to act as an acceptor atom in
inverse bifurcation. However, there are a numbegrutfished species which exhibit inverse bifuraatio
to a hydride bound to a group (l1l) element. Thi# mot be discussed here.
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C(O)Ph

Ph(0)C

Figure 10, Short H-N-H contacts are intermolecularbetween the nitrogen atoms from the
phenylcyanamido ligands, and water ligands in neighouring complexes. Each nitrogen forms a
hydrogen bond to two hydrogens.

/
O\ O
N

Figure 11, Short H-N-H intermolecular contacts crete the crystal lattice in 9-aminoacridine
hemihydrate. Hydrogen bonding occurs between the adine nitrogens and hydrogen atoms
donated by two other 9-aminoacridine molecules. Theetramers thus formed are then linked by
more, water-bridged, 'double' hydrogen bonds. Onedtramer is shown.

For oxygen, many examples of systems exhibitingris& bifurcation have been
identified, especially in biological systems. Howewvhen oxygen is the acceptor
atom there are two lone pairs of electrons avasl&dnl interactions with hydrogen
atoms. This means that the geometry of the hydsogath respect to the oxygen lone
pairs is critical: if both hydrogens are directedards the same lone pair on the
oxygen, the interaction could be considered inverigecation. If, however, each
hydrogen is directed at a separate lone pair thieng clearly the more usual, well-
defined hydrogen bond: one electron-rich centreptscone positive hydrogen. In the
majority of the oxygen cases, it is almost certhat both hydrogens are interacting

with a different lone pair of electrons on the ogggEven after this has been taken
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into account, unambiguous examples are difficuftrtd: in both the examples
identified, the systems included intramoleculaeiattions and the interactions were
confirmed by nothing more than the O...H proximityoriétheless, it is not possible
to rule out the possibility of inverse bifurcatitmoxygen. One of the examples found
is shown in Figure 12.

Figure 12, Short H-O-H contacts are intramolecular,connecting the G(anti).O8A(syn) base pairs.
Each pair of hydrogens (donated by two nitrogen atms) are directed at a single lone pair on the
carbonyl oxygen. The other lone pair is availabledr hydrogen bonding to solvent molecules.

Although the (only) example of a group VII elemeatticipating in inverse
bifurcation displays an intramolecular interactitme complex was designed with this
interaction in min&® (see Figure 13). In this case, théi6h must use two lone pairs
each to hydrogen bond with two H-N groups.

Figure 13, One of the NH groups on each urea servas a hydrogen bond donor to the central Cl
atom. Each lone pair of electrons on the Cl is in‘eed in a bifurcated hydrogen bond.

2.3.4 Double Agostic Bonds

Despite the proliferation of articles regarding stgpbonding, there has been

relatively little discussion in the literature olitiple agostic bonding. Reports of
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multiple agostic interactions with metal centrepeqr as early as 1986. The examples
discovered report multiple agostic bonding to tiéms metals (T1* % Nb*, Mo® &
and R{*®9, actinides (TH) and lanthanides (N Sn?®). A number of authors have
claimed to report the ‘first’ set of multiple agmsbonds. None, though, analyse the
interaction further (in terms of, for example, thbitals involved or the incidence of
these interactions generally). No reports of midtggostic bonding to main group
metals have been found. The role of the interadtiderms of the properties of the
metal complex has not been addressed by any altbiher is there any
comprehensive review collating the isolated instanc

2.4 Computational Approach for Investigation of Sn "H

Interactions

B3LYP®?is one of the most popular functionals for caltioles on inorganic systems

and was chosen to evaluate this molecule.

Afive correlation consistent basis ¥atonstructed recently along with the
appropriate pseudo-potential was used to desdnidedntral tin atom. Other metals
are also described using cc-pV5Z-PP basis%éth non-metal atoms were described
with a 6-31G(d) basis set. In the model systemsrdex] in section 2.5.4, a 6-
311G(d) basis set was used in order that no pspatimtial was required for
calculations involving bromine and iodine. (It wiasught that the use of all-electron

basis sets throughout would make the calculatiomermomparable.)

2.5 Results and Discussion

2.5.1 Assessing the Contribution of Steric Compress ion: Reducing

the Size of the Aryl Groups

The method and basis set chosen for the calcutateproduced the crystal structure
well: the optimised tin bis(triazenide) structusenibited two distances of 2.87A and
two of 3.11A.
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Figure 14, superposition of tin bis(triazenide) (1)crystal structure and calculated optimised
structure (B3LYP, cc-pV5Z-PP) showing good overlafpetween the two geometries.

To determine whether the short H-Sn distances giarply a result of steric
compression, calculations were performed on adtsgally hindered tin
bis(triazenide)Z, Ri=Me). The bulky isopropyl groups (R) were simplplexed by a
methyl group.

Me

The less bulky system also exhibited shorttbdistances. However, the structure
became less symmetric: the two shortert$distances lengthened slightly to 3.07A
(from 2.87A) and the two longer ones lengthenedeanior 3.31A (from 3.11A). The
two shorter contacts are thus still significantipger than the sum of the van der
Waals radii for tin and hydrogen (3.47A). This sagpd the hypothesis that at least
two of the close contacts were not driven purelpteyic compression. WhéRr
groups are reintroduced in only the two relevardifoans (R closest to the tin), the
two close SnH distances are shortened to 2.91A. This againesigghat the short
SnH distances are not caused by steric crowding aBaged on these observations,

further calculations concentrated on investigatimgtwo shortest interactions, and
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the ‘reduced bulk’ structur@) was used in most of the following structural afions

to save time and comuputational cost.

2.5.2 Effect of Lone Pair

If the interaction is (at least predominantly)yaiogen bonding-type interaction, the
lone pair of electrons on the tin atom must pl&gwrole. If, on the other hand, the
interaction is agostic, the lone pair of electrowsst likely takes no part in the
bonding. Thus, determination of the extent of irreahent of the lone pair of
electrons in the interaction will indicate whigipé of interaction is present.

2.5.2.1 Comparisons with Group 14

In the first set of structures the central atomi(&h) was varied from Si to Pb. This
was to determine the role of the lone pair of etett on the metal. Due to relativistic
effects, the lone pair orbital on lead is lowene@mnergy. It ought not, therefore, to be
of the correct energy to interact with the relev@ritl * orbital. The interactions in
analogous complexes going down group 14 shouldrbesweaker as the lone pair of
electrons becomes less ‘available’. This will imdewhether or not the lone pair of
electrons on the metal plays any significant roléhe M...H interactions. In all
complexes, the M...H distance was significantlyniisen 0.4 and 0.7A) shorter than
the sum of the van der Waals radii for the two @eta (see Table 2).

Contraction with respect to Sum
Central Atom in 1 Average M..H ; Distance (A) of van der Waals Radii for M and
H (A)
Si 2.75 -0.40
Ge 2.73 -0.55
Sn 2.87 -0.60
Pb 2.93 -0.70
Sn Crystal Structure 2.83 -0.65

Table 2, M...H distances in group 14 bis(triazenids.

However, thecontractionof E...H distances with respect to the sum ofvidue der

Waals radii actually increases going down the gr@ugure 15).
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Contraction of M-H Distance in Optimised Structures With Respect to Sum of Van der
Waals Radii

0.0 +

0.1 - ESi

-0.2
OGe

-0.3 A

-0.4 - OSn

(Angstroms)

-0.5
OPb

-0.6 A

-0.7

M-H Distance-Sum of Van der Waals Radii

M-H Short Contact

Figure 15, Contraction of M...H distance in optimigd structures of 1 (with the central metal
varied) with respect to sum of van der Vdals radii.

This suggests that the bonding becomes strongeenéisg the group. Since this was
unexpected, an NBO analysis was performed on thepgt4 optimised structures.
These showed a decrease in donation of electrasitgdrom the lone pair to the

relevant C-H bonds as the group is descended (gaecFL6).
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NBO energy of Lone Pair Donation into C-H Bonds

NBO Energy (kcal)

Si Ge Sn Pb
Group 14 Element

Figure 16, NBO energy of lone pair donation into CH bonds in optimised structures of 1 with the
central metal varied.

Thus the NBO analysis is consistent with the imgtadion that M...H ‘bonding’

weakens descending the group.

The Sn'H distances suggest that the lone pair is not waelIn the SnH interactions
whereas the NBO analyses indicate that it doesalaje. Further investigation was

thus deemed necessary.

2.5.2.2 Comparisons with Group 12

The structures of the analogous complexes contagrioup 12 elements were also
calculated and optimised. The group 12 elemente ttea’same number of electrons
but lack the lone pair of electrons. Consequeiatty, effect involving this lone pair
should disappear. The group 12 optimised geometrgee strikingly different from
those of group 14: the central metal is tetrahedthler than square
pyramidal/distorted square planar. The crystalcstmes of these complexes also

display this geometry (Figure 17).
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Figure 17, Diagrams and 3D optimised geometries @ne group 12 (Cd) and one group 14 (Sn)
bis(triazenide) complex showing the difference ingpmetries.

The geometries of the zinc and cadmium complexesgjaalitatively similar, the
metal having a near tetrahedral geometry. The twoptexes each exhibit four
shorter M...H distances and four longer M...H dists. However, even these ‘short’
M...H distances are not shorter than the sum o¥éimeder Waals radii for the two
atoms (see Table 3).

Contraction with respect to Sum
Central Atom in 1 Average ‘short’ M..H Distance (A) of van der Waals Radii for M and
H (&)
zn 3.16 +0.66
Cd 3.21 +0.52
Sn Crystal Structure 2.83 -0.65

Table 3, Contraction of M...H distance with respectto the van der Waals radii in metal
bis(triazenide)s as the metal is varied.

No M...H interactions are present in the group d@glexes. This suggests that the

lone pair of electrons on the meiginvolved in the interactions.
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However, it is possible that the lone pair mightda role simply in terms of
controlling the general structure of the complexthleir study of a tin-diketiminate
complex, Gibsoret aP® found that although the tin lone pair was notdtiseinvolved
in the polymerisation mechanism it did have a digaint impact on the
stereoselectivity of the reaction. Repulsion betwie lone pair on the tin and lone
pairs elsewhere in the molecule was responsiblthfotransition state geometry and
likely therefore had a strong influence on theestselectivity of the polymerisation.
Thus, in the case of the tin bis(triazenide), tagipular geometry (which is
determined by the presence of the lone pair) majbtwv/promote the observed 31
interactions. In the group 12 species, the ladkeflone pair causes the complex to
adopt a significantly different geometry. In thisusture the SrH interactions might

be disfavoured or simply impossible.

It is not possible to tell, on the evidence sopi@sented, whether or not the lone pair
of electrons is directly, indirectly or completelg-involved with the short metal-H

distances.

2.5.3 Varying the Aryl Group, R1: Controlling/Modif  ying the M...H

Interactions

The third approach to investigating the naturéheftin/hydrogen interactions was to
construct complexes with modified substituents. W@ methyl groups of the iPr
groups which showed the short H-Sn distances vegrlaced with other groups {i
2). Electron-withdrawing cyano, fluoro and hydroxygps would be expected to
withdraw electron density from the C-H bond. THisusld strengthen any hydrogen
bond-type interactions by lowering the energy ef @H * orbital. Electron
donating amino groups should donate electron deiméd the C-H bond. This should
encourage donation into empty Sn orbitals and foerestrengthen any agostic

interactions present.

The optimised geometries of hydroxy-, fluoro-, aydno-substituted structures also
displayed significant hydrogen-metal ‘bond’ lengtintractions (see Table 4).
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Contraction with respect to Sum of van der

Structure Average Sn “H; Distance (A) .
Waals Radii for Sn and H (3.47A)
1
2.87 -0.60
(optimised)
1
2.83 -0.65

(crystal structure)

2, R;="Pr 2.91 -0.56

2, Ry=HC(CN), 2.94 -0.53
2, R;=HC(OH), 3.02 -0.45
2, Ri=HCF, 3.11 -0.37

Table 4, Contraction of SnmH distance with respect to the van der Waals radiiin tin
bis(triazenide)s as the substituent Ris varied.

The newly functionalised groups were then rotated&0° to face away from the
central tin atom and the energy recalculated. Tleetewas that the energy of the
whole system was lowered by between 0.4 and 6.I0nket (see Table 5). This
revealed that despite the observed contractiobsmal length, the electron-
withdrawing substituents were destabilising theeysrather than strengthening the
SnH interactions. Rotating the relevant groups orftitlestructure {) and the
reduced bulk structur@) increased the total energy of the molecule. Tioeeehe
short Sn'H distances did appear to be stabilising the sy¢peoving again that they

are more than just a steric effect).
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Difference in Energy when R ; is Rotated
Structure 1
180°(kcal mol )
1
-11.4
(optimised)
2, Ri="Pr 7.9
2, Ri=HC(CN), 0.5
2, Ri=HC(OH), 5.9
2, R1=HCF2 3.5

Table 5, Energy differences between bis(triazenidegystems in which the functional groups at R
(in 2) have been rotated 180°.

Conversely, when theiRyroups were replaced by (H)C(Mkligroups, the resulting
optimised structure displayed extremely short §idflagen interactions (2.66A). The
average SrH distances are shown in Table 6. (In this caseag not possible to
compare the energies of this system and that ictwiie (H)C(NH). groups were
rotated by 180°: the amino groups became involaexther competing interactions

within the molecule.)

Contraction with respect to Sum
Structure Average Sn “'H; Distance (A) of van der Waals Radii for Sn and
H (3.47A)
2, Ri=HC(NH,), 2.66 -0.81
2, R;:=HBH; 2.65 -0.82
2, R,;=HBMe 2.61 -0.86
2, R;=HBMe;’ 2.53 -0.94

Table 6, Contraction of Sn'H distance with respect to the van der Waals radiiin tin
bis(triazenide)s as the substituuent Ris varied.

This implies the presence of agostic-type intecadtiwhere the C-H bond is
donating electron density into an empty metal atbithe presence of amino groups
serves to raise the energy of the C-Hrbital: it is now of a comparable energy to an
empty orbital on the metal thereby enhancing the-Snteractions. Further to

investigate this possibility, the;Rroups in2 were replaced with [B(H)M#'; [BH3];
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and then with B(H)Me. The B-H bond is more electrmh than the C-H bond (and
the C-H bond in the (H)C(NpPL system). Therefore, if the interaction is donatdn
electron density from the C-Hbond to an empty tin orbital, the Sthdistances in
the B-substituted system should be shorter. Thizdised what was observed. The
(B)H...Sn distances are significantly shorter (2.53t&n the (C)H...Sn distances in
2, Ri="Pr (2.91 A). They are also shorter than thoseérathino-substituted system
(2, Ri=HC(NH,),) (2.66 A) see Table 6.

2.5.4 Model Systems

2.5.4.1 Model A: A Single M...H Interaction

To explore further what was happening in the systeseries of smaller model
systems consisting of $&n...H-XH;] (Z=H, X=C or B) was constructed.
Preliminary calculations were performed on the nhaegistem where X=Bbecause

the interactions were stronger and therefore etsidistinguish than for X=C.

Figure 18, Model A

An NBO analysis of this less complex system shoasdnificant donation of
electron density from the bonding X-H orbital irzio anti-bonding orbital (labelled
LP* in the NBO analysis output) on Sn. This orbitain fact almost entirely ‘p’ in

character (see Figure 19, below).
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Figure 19, The p orbital on Sn that accepts electrodensity from the X-H bond

This clear picture of the bonding in the model sgsiallowed us to identify the
analogous interaction in the NBO analyses of tllesfistems. Indeed, there is a
donation of electron density from the relevant C-blonding orbitals into a p orbital

on the central metal atom.

The X-H to M p donation is extremely strong compiai@ other interactions within
the model system (For example, the Sn/B-H intepadtias a value of 103.59 kcal
mol* and no other interaction within that system isaggethan 5.32 kcal mdl)
Figure 20 shows the absolute NBO bond energy vahles illustrated is the
variation in donation from X-H to the metal p oddiais the central group 14 atom is
varied. The metal/hydrogen bond strength cleartyekeses descending the group.
This can be attributed to the raising of the en@ifgiyhe relevant p orbital on the
central atom going down the group (due to relaiivisontraction). The energy
difference between the X-Hand metal p orbital increases, reducing the exdent

interaction.
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NBO Energy of M...H Interaction (Model A)
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NBO Energy of M...H Interaction (kcal/mol)

Figure 20, NBO energy of M...H interaction (Model A.

However, in the real bis(triazenide) system thermttion is extremely small (relative
to other interactions), explaining why it is less to identify than in the simpler
systems. In fact, in the full system, the predomirgionation into this p orbital is
actually from the nitrogen atoms of the triazerligands. Key NBO interactions are

shown in Table 7.

M NBO donation from C-H Bond NBO donation from N Lo ne Pair
Si S -

Ge 2.17 34.51

Sn 1.98 16.31

Pb 1.60 11.53

Table 7, NBO donations from bonding orbitals into he relevant empty p orbital on M

" In the silicon system, the atoms were partitioimedin unexpected way (the interaction between the
relevant hydrogen atoms and the silicon atom waslefned). For this reason it was not possible to
make comparisons with the other complexes.
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The N lone pair donations are huge in comparisahédC-H donations. Table 7 also
shows how donations into the particular p orbitatlee metal from both the C-H
bond and N lone pair decrease going down the grbhig.once more confirms that
the energy gap between the p orbitals on the raaththe donating orbitals on the
ligand is increasing.

This suggested that perhaps competition for theopads on tin was the reason the
SnH interactions were significantly weaker in thel ®gstem compared with the
model. To evaluate this and to investigate whetiremmodel system was reproducing
this interaction, atom Z (Figure 18) was variedrirbl to I, Br, Cl and then F
(increasing electron donating power). As the etectionating power of Z (which
represents the triazenide nitrogens in the origggatem) increases, the p orbital on
Sn accepts more electron density from Z. It becdessable to accept electron
density from the BH hydrogens. Any SrH interactions are thus weakened. This is
indeed what is observed: the energy of thetSimteraction is reduced as the ligand
on Sn becomes a better electron donor (see Figord Be SnH distance also

increases, further indicating a weakening bond.
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B-H Bond Donation into Sn(p) Decreases as Electron Don  ating Power of Z (in SnZ ;)
Increases
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Figure 21, B-H bond donation into Sn(p) decreases as electron dating power of Z (in Snz)
increases.

In the model system, donation of electron densaynfthe halogen is, for the most
part, into the same p orbital involved in the SB{Hnteraction. Thus, the halogens
in the model system do seem to replicate the effgfcthe nitrogens in the full system
even though the geometry in the full system is trairsed by the sterically

demanding triazenide ligands.

The analogous halogen-substituted Si, Ge and Piplesss were also constructed.
We expected to see a trend descending the graupuédble to the greater energy gap
between the C-H and M p orbitals (caused by relativistic contrag}i In general,

the NBO energy of M-Z interactions does decreasealaling the group (see Figure
22). Likewise, as the electron-donating power aficeases, the M...H interactions

are weakened.

" In some of the model systems, the atoms weretipagi in an unexpected way. In these cases, no
meaningful results could be extracted. We haveébren able to interpret meaningful results where the
system was fragmented in any other way than itz a fragment and a XlHfragment (as shown in
Figure 18).
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B-H Bond Donation into M(p) Increases as Electron Dona  ting Power of Z (in MZ ;)
Decreases
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Figure 22, B-H bond donation into M(p) increases as electron dotiag power of Z (in MZ,)
decreases.

The results in this section suggest that the iotemas are predominantly agostic-type
interactions and that the lone pair of electronshenmetal plays little or no part. This

is consistent with the results presented earlisention 2.5.2.

2.5.4.2 Model B: A Double M...H Interaction

Model A mimicked well the agostic bonding betwelka €-H bond and the tin
atom. The important difference is that the full(tsiazenide) system shows two of
these interactions simultaneously. To try to mahisl in a simpler way, an extra BH
ion was added to model A. The new model is showFigare 23. (Again, Bkl was
used in preference to GHhe M...H interactions would be stronger aadier to
analyse than those in the analogousiH.Me, models.) Optimising the geometry of

the complex produced a symmetrical species exhgptivo agostic bonds.

- 4 2-
H ,H H ,H
B sn__ B
A WA
H H > 5 H H

Figure 23, model B
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An NBO analysis confirms that each Bldpecies donates electron density into the
same p orbital on the metal atom. As was the cas®iel A, the bond M...H
strength decreases descending the group. Thieisodihe increasing energy of the

metal p orbital. The trend in bond strengths isxghon Table 8.

Central Average NBO Average M...H-C
. Average M...H Average C-H
Group 4 Ligand z Energy of MH Bond Angle
.. | Bond length (&) | Bond length (&)
Element Bond (kcal mol ™) (degrees)
Si 2(BH4) H 37.58 2.09 1.27 176.6
Ge 2(BH4) H 31.30 2.21 1.27 172.2
Sn 2(BH4) H 25.93 2.37 1.26 167.8
Pb 2(BH4) H 23.56 2.43 1.26 159.6

Table 8, NBO analyses of model B as the central grp 4 atom is varied.

However, this species was found to be a transgtate. A vibrational analysis
revealed a negative frequency corresponding tamdiason of the second BH

moiety. All attempts to isolate a minimum optimisgebmetry resulted in dissociation
of one of the B ions. The model was therefore abandoned. Thi®desy

confirmed that the bifurcating agostic interactiovexe a result of a combination of

effects and that steric compression within the ek does have an important part to

play.

2.5.4.3 Model C: A More Realistic Picture

Models A and B appeared to be representing thergelbending picture within the

tin bis(triazenide) system. However a third modetem was designed to try to
mimic the full system more accurately. Model C ain@ introduce some of the other
more realistic features while still retaining rélatease of interpretation. The three
nitrogen atoms, which have an important role indbeding picture, are introduced.
The steric bulk of the aryl groups is removed. Bl /CH4 motif is simply tethered

directly to the triazenide portion (see Figure 2% (a
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\ \\v .,,/ Y Y= BH4 y Me
N N X = -BHy, -C(H)(Me),

‘ )

(b)

Interestingly, while model B displayed strong C-H p interactions, optimisation of

the structure shown in Figure 24 (a) resulted endissociation of the two Y groups.

Thus structure (b) was constructed, where the Xigs@re tethered to the nitrogen

framework. The optimised structures show Sn...H dista far longer than those

found in the real or other model systems (see T@hle

) Average M...H Bond | Average C-H Bond Average M...H-C Bond
Metal Ligand R1
length (A) length (A) Angle (degrees)
Sn Pr H 3.10 1.10 150.6
Sn 'Pr Me 3.11 1.10 149.3
Sn BH4 H 3.32 1.23 134.7
Sn BH, Me 3.27 1.23 135.7

Table 9, Bond lengths in model C.

It appears that the C-HM p dominant interactions in models A and B ara@dt

completely suppressed in the more realistic mode).T his is consistent with the

findings in section 2.5.4.2, that steric compresgitays a role in the bifurcating

interactions. Since these structures were not giagiuseful insight into the full

system, the model approach was not investigatedeur
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2.5.5 Similar Species from the Literature

2.5.5.1 1zod et al’s Dialkylstannylene
As has been mentioned previously, few examples.08h short contacts have been

reported and only a single example of a H...Ebmotif can be found in the literature.

|73

This was reported by Izagt al’®. This is a tin dialkylstannylene with two short B-

H...Sn distances of 2.31 and 2.37A. The strucsighown in Figure 25.

Figure 25, 3 which exhibits two short B-H...Sn distnces of 2.31 and 2.37A reported by 1z3d
This compound was prepared as a 1:1 mixture with & meso counterpart (illustrated in Figure
26).

Pr

Pr—P

Megsi

Figure 26, 4 which exhibits a single short B-H...Sdistance of 2.03A reported by Izo?

The 1zod group analysed these unusual short interscby comparison of: proton
vibrational frequencies; bond distances; UV/visigpectra**Sn NMR; and NBO
analyses. They identified donations from the B-Hd®minto an empty p orbital on the
metal, exactly analogous with our tin bis(triaze)idomplex. However, i and4

these interactions are much stronger, partly becatithe fact that the electron
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donation is provided by a B-H rather than a C-Hdand also probably because the
sterics of the system are less restrict8/and4 are attractive examples of this type of
bonding not simply because of the strength of tiberactions but also because the
species are significantly smaller than the tintbetenide). This makes data analysis

much more tractable.

The crystal structures were used as starting ptondptimise the geometries &fand
4 with the same basis sets as had been used foystenss. In this way we hoped to
obtain more data with which our results could bepared and which could perhaps
help us to construct a quantitative measure toribesthese SrH interactions.

4 4
3 3
Bond (crystal (B3LYP/6-31g(d)/cc-
(crystal structure) (B3LYP/6-31g(d)/cc-PV52)

structure) PV52)
Sn"H; 2.31(2) 2.317 2.03(5) 2.141
Sn"H 2.37(2) 2.328
B1-H; 1.12(2) 1.240 1.27(5) 1.255
B.-H: 1.12(2) 1.240

Table 10, Comparison of Selected Bond Lengths (Apff 3 and 3 (optimised) and for 4 and 4
(optimised).

Our calculated geometries reproduced the shorHMstances and the corresponding
B-H bond lengthening exhibited by the crystal stnoes and expected for agostic

interactions.

Izod et alreported that the NBO analysis of the DFT optimiigeometries 08 and4
defined donations from the B-H bonding orbital®iah empty p orbital on tin of 40
(2x20) and 30 kcal mdirespectively. This confirmed the increased stiendgthe

interactions compared to the tin bis(triazenide).

In an effort to test how strong these interactiomsld get, we constructed a modified
version of 3 and 4 (5 and 6 respectively). The ottyelrogens on the boron were

replaced by electron donating OMe groups.
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MeO OMe
e \/
N B
PI‘/P ||-| SiMe3
ST,
sn
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MesSi ! r
) H\B/ \Pr
/\
MeO OMe
5
MeO OMe
S \B/ pr
NS N\
Pr—FP. i P—FPr
N,
eV
Mes3Si SiMe3
6

As expected, the increased electron density obdhen caused stronger donation
from the B-H bond into the empty p orbital on thetad. This was evidenced by even
shorter H...Sn distances and increased NBO dorsatiom the remaining B-H bond

into the empty p orbital on tin (see Table 11).

. Average NBO Energy of MH Bond
Species Average Sn...H Bond length (A)
(kcal/mol)
5 2.272 24.56
6 2.028 48.98

Table 11, Sn'H bond lengths and NBO energies in 5 and 6.

In fact, the NBO donations are extremely strongytare, in both cases, the strongest

donations in the molecule. The next largest donatare 13.94 ib and 14.85 ir6.

2.5.5.2 Other Systems Exhibiting Short M...H Distan  ces

As described previously, a search of the Cambr&tgectural Database did reveal
some other examples of M H motifs where the XH distances were shorter than
the sum of the van der Waals radii. Any schemeadhms to quantify and ultimately
classify a particular interaction must be ablegtinim negative results where
appropriate. Thus a number of small (for ease ofpdation and analysis of results)
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molecules were identified which, we predicted, aepibited the short XH
interactions as a result of steric restrictiong -the short HX“H distances might not
contribute to any energetic stabilisation; ratttee, molecule might have no
alternative conformation. These molecules are de=stibelow and are included in
the analysis in the following sections. Each watsnoiged using the same
combinations of basis sets as for the tin bis(gméde) (except LEBCAWH which

was small enough that a larger basis set couldéd)u

LEBCAWH (7)

The original crystal structure (LEBCAW) was slighthodified to simplify and

reduce the size of the molecule (LEBCAWH isgymmetric). The molecule was of a
size where a cc-PVTZ basis set on all atoms waslfiea The N'H distances are
2.376, 2.423 and 2.376A and 2.377, 2.379 and 2.3i74#e crystal structure and

optimised geometry respectively.

LEBCAWH
LEBCAW (LEBCAW modified)

NAYHIE (8)
The SnH distances are 2.687 and 2.670A and 2.788 an®A.it8the crystal

structure and optimised geometry respectively.

NAYHIE

8
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HEBXOB (9)

The SnH distances are 2.697 and 2.501A and 2.589 and & Bi’the crystal

structure and optimised geometry respectively.

HEBXOB

9

POJGIE (10)

The SnH distances are 2.637 and 2.649A and 2.609 an®@A&.80the crystal
structure and optimised geometry respectively.

POJGIE

10

A structure suggested by Izetlal as one that does not contain anyl$nteractions
is
(M93S|)2HC
Sn
(ME3S|)2HC

11

This molecule was also optimised using as a stapgoint the structure RAGZII from
the Cambridge Structural Database (with some dubstis deleted). Izoet al claim
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that this species does not contain anyHsimteractions on the basis of tH€Sn NMR

spectrum (see later).

Izod et alalso point out that the complex:

M63Si SiMe3

Megsi SiMe3

12

probably does not contain any “$hinteractions, again on the basis of tfisn

NMR spectrum.

Izod et alidentified a third complex exhibiting’a’sn NMR spectrum consistent with
no accumulation of negative charge at tin (i.e. heis unlikely that there are any

SnH agostic interactions).

SiMe3

Me, SiMes
Si

Mez SiM93
SiM93

13

Some of the structures listed above were usedstdhe methods of analysis
presented in the following sections further. Swgipgly, some of the data were
consistent with certain of the molecules having ednd of Sn'H interactions.
Where this was the case, those molecules were @arfoym the test set since in

subsequent analyses they were not useful for catipampurposes.

2.5.6 Further Analysis

At this point in the investigation it was becomitigar that none of the methods used
to assess the SH interactions was completely satisfactory. Onehoétof analysis
might produce results which made chemical andtineisense for one measurement
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but could also produce unexplainable sets of datariother parameter. Although this
produced interesting problems, it was with a vieviully understanding the SHi

interactions in the system that we decided to tormther methods of analysis.

2.5.6.1 "°Sn NMR

Izod et al reported that th&°Sn NMR chemical shifts could be diagnostic for the
presence of StH agostic interactions. They compared the valuégs8@fand 787ppm
(relative to M@Sn) measured f@ and4 (respectively) to shifts measured for similar
complexes where no agostic bonding is presentshtits for the non-agostically
bonded specied {, 12 and13) are all significantly higher than those and4. The
third and fourth species listed in Table 12 showsel(although not as close as in our
tin bis(triazenide)) contacts between two C-H boad the tin centre and two
fluorine atoms and the tin centre respectively. Ffign shifts for these species are of
the order of3 and4. Thus Izodet al proposed that the shift was highly dependent on
the electron density at the metal centre and coeldsed as further evidence that

there was significant B-H electron density donatmihe metal centre.

Species Experimental °Sn NMR shift Reference
(ppm)

3 587 73
4 787 73
{2,6-(2,4,6-Me3CeH,),CeHs}.Sn 635 91
{2,4,6-(CF3)3CeH2}.Sn 723 92

11 2315 93-95

12 2323 96, 97
13 2299 97

Table 12,*°Sn NMR chemical shifts of some tin complexes.

Thus we calculated tHé°Sn NMR spectra of the tin bis(triazenide) and thecges
{(Me3Si);HC},Sn (first optimised with the same method and bseis), since it was
the smallest of the tin species to shoW®8n chemical shift that Izoet al attributed

to non-bonding Sn/H. Chemical shifts were calculatdative to SnMg(optimised at
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the same level) since this was the reference ustttiexperiments'®Sn NMR
spectra have not been widely calculated with DFThedfunctional and basis set
combination chosen for the NMR calculation was thate usually employed for the
calculation of*C NMR spectra The mPW1PW91 functional combined with the 6-
31G(d,p) basis set (on all atoms except tin, foictvithis basis set is not available).
The same basis set as used in the optimisatiorB\(BZ-PP) was used for the tin
atom. The GIAO-method (the default in Gaussian0a3 wsed.

Calculated '*°Sn NMR shift

Species
(ppm) (relative to SnMe 4)
3 -22 (gas phase)
4 -18 (gas phase)

17 (in toluene)
11

17 (gas phase)

Table 13, Calculated"**Sn NMR chemical shifts of selected species.

The calculated spectra do not reflect the experiatepectra. This is likely due to the
fact that the functional and basis set combinatiave not been optimised fo'Sn
NMR. There are currently no functionals/basis Hed$ have been used extensively
for this purpose and it is not the focus of thigkvim identify any. We therefore
turned our attention to other methods by whichShé&H interactions in the tin

bis(triazenide) complex could be described.

2.5.6.2 Vibrational Frequencies

In the assessment of weak agostic bonds, C-H vantstretching frequencies can
give an indication of the extent of interactionvbe¢n a metal and a X-H bond.
Solans-Montforet al have used this method successfully in the evalnaif weak
agostic interactions in metal alkylidene complé%€8 The stretching frequency of
the C-H bond decreases if the bond is involvecdhiagostic interaction (the more
electron density that resides in a bond, the moeegy is required to deform it). The

NMR J._; coupling constants are also altered, being reduteste the C-H bond is

" This strategy was first proposed by Bilfulebal (Magnetic Resonance in Chemistdp04,42, S26)
but has recently been re-evaluated by Rzepa aritiBck (J. Nat. Prod, 2008,71, 728).
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agostict®®1%%(|t is theJ.,, values that can be directly compared with expemie

The systems for which the technique has previoosgn used are, however,
significantly smaller than the one presented hEney contain only a small number
of C-H bonds. Given the much greater number of BeHds in the tin bis(triazenide)
complex, we were forced to use a slightly differapproach. This made use of
isotopic shifts: the relevant hydrogens were regdlday tritium. (Preliminary
calculations suggested that if deuterium is udegtetis still mixing with other
vibrational modes. Tritium, however, gives risemell isolated frequencies with
almost no coupling to the other modes.) Comparefdhe C-H stretching frequencies

gives an indication of the relative strengths of agostic interactions.

The difference in frequency has been calculatesiuyracting the vibrational
frequency of the hydrogen that is ‘bound’ to theeatom from that of a hydrogen
directed away from it i.e. one that is definitelyt mteracting with the metal.

Therefore a positive difference in frequency shonigly agostic-type interactions.

Species Sn “H distance (A) Difference in Frequency (cm ™)
1 2.872 24.3
2, Ri=Pr 2.907 -37.6
2, Ri=HC(CN), 2.935 16.5
2, R;=HBMe 2.609 27.3
3 2.317 262.0
4 2.141 343.1
5 2.272 306.9
6 2.028 567.8
LEBCAWH (7) 2.377 -5.5
NAYHIE (8) 2.788 -21.2
HEBXOB (9) 2.577 16.7
POJGIE (10) 2.609 35.7

Table 14, Frequency diffrerences and SrH distances for selected species.
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In the species where a St interaction has been shown to exist by other pusle.g.
3 and4, the magnitude of the frequency difference isdaagd also varies with the
interatomic distance. However, this variation doesextend throughout the test
molecules. (This confirms our earlier assertiort tha bond length is not necessarily
a good descriptor of the SH interaction.) Also, in the species with well aefd

SnH interactions, the frequency differences are |dodgehe order of hundreds of
wavenumbers) whereas in the more ambiguous casgsahge from -37.6 to 35.7
cm’. The work of Solans-Montfoet af® and Poateet af® describes differences of
about 200 cnl suggesting that either the interactions hereigrefisantly weaker
than in the metal alkylidenes that they studiethat there is in fact no interaction at

all.

The only complexes that show a negative frequeifégrence (corresponding to no
agostic interaction) ar& (R;=Me); LEBCAWH (7); and NAYHIE @). These three
species exhibit StH distances of 2.907, 2.377 and 2.788A respectividiys they

fall right across the range of distances measWsdhad expected that LEBCAWH
(7), NAYHIE (8), HEBXOB Q) and POJGIEX0) might not contain any Sii
interactions and that the proximity of the two asowould be driven by sterics alone.
Thus we had expected that they would all show atinegydifference in vibrational

frequency. As Table 14 shows, this was not the.case

For 2 (R:='Pr), which, according to the 3H distances, has weaker $hbonds than
the full tin bis(triazenide)1) but should show some interaction, the negative
difference in frequencies was again unexpectedv@sely,2 (Ri=HC(CN)), which
ought not to show any agostic interactions (siheectyano groups should draw
electron density away from the C-H bond makingssl available for donation to Sn)
displays a positive frequency difference. This wdoundicate that the C-H bond has a

higher electron density where it is ‘bound’ to thre suggestive of agostic bonding.

The tin bis(triazenide) result alone does suggesirya small SnH interaction due to
the small positive difference in C-H stretchingguency between the ‘bound and
‘unbound’ hydrogens. However, since the resultg lgsplay no obvious trend it is
not possible to draw firm conclusions. It is pldlsithat where the interaction is very
weak, vibrational frequency analysis is simply semsitive enough to identify the

bond. Thus, further analysis was required.
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2.5.6.3 Atoms in Molecules (AIM)

An AIM analysis is an analysis of the topology loé telectron density. Stationary
points, where the gradient of the electron dernisi@; are classified according to the
signs of the eigenvalues of the electron densitysk® matrix. At a maximum all
three matrix eigenvalues are negative and the iabelled (3,-3). These points are
termed attractors or nuclear critical points (N@RYl essentially coincide with the
nuclei. A (3,-1) stationary point occurs where twidhe eigenvalues are negative.
This is a saddle point in the electron density iartdrmed a bond critical point (BCP).
Crucially, these points correspond to an accunmaradil electron density between the
two nuclei. The Laplacian of the electron denshiy, , describes where the electron
density is locally concentrated or depleted. A fhosivalue ofN? indicates

depletion of charge density and a negative valcenaentration of the density.

The pioneer of the AIM analysis, R.W.F Bader claihmt the presence of a BCP

between two atoms is:

“necessary and sufficient for the two atoms to teded to one another in the usual

chemical sense of the word?®

This definition includes weak bonds such as Vanwlaals bonds, hydrogen bonds

and the bonds in molecular crystals.

However Russet al'®* point out that a bond path does not necessaripyira bond

in the conventional sense. It has been noted hgoAiM BCPs are found between
atoms which have been previously described as gixigiimonbonded repulsive
interactions (e.g. see CioslowSKi %Y. The satisfaction of the Poincaré-Hopf
condition imposes constraints on the existenceittal points. For example, a BCP

is found between two noble gas atoms at any irgeratdistance.

Nevertheless, BCPs can be further classified bite of the Laplacian of the
electron densityl ? ). This secondary classification appears to diB@#s into
what chemists more usually think of as attractisading interactions and
nonbonding/repulsive interactions. A negative vaififl* corresponds to

concentration of charge in the bonding region. Gawsand polar interactions in
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which electrons are shared between the two attsiad into this category In the
case of a nonbonding/repulsive BCP, the valuBl 6f is positive and the electron
density at the BCP is I0W’. A positive value of\? indicates depletion of charge
away from the interatomic surface and occurs fordoclosed shell, van der Waals

and hydrogen bonding interactions.

It is important to note that the AIM theory candescribe a 3-centre-2-electron bond
because by construction a BCP links only two atitrac Nevertheless, the presence of
a BCP does indicate that the atoms in questioresdrainteratomic surface and are in
contact. Conversely, if no BCP is found, thereascantact (repulsive or attractive)
between the two atoms and there is therefore moaation. Where a BCP does exist,
evaluation of the values of the electron density it Laplacian may clarify the type

of interaction.

Both the characterisation of agostic and hydrogerdb using the AIM theory have
been addressed previously. A limited investigaiida the characterisation of agostic
bonds was carried out by Popelkraf'®’ in which they listed five AIM criteria that
characterise an agostic bond. These are reprodudeable 15. They note that with
the exception of point 1, these criteria are ifdation of the required AIM parameters

recorded for hydrogen bonds (see column 2 in Tab)e

" This is usually, but not always the case. E.ghitred in | exhibits a positive value di 2 (Cremer
and KrakaAngew. Chem. - Int. Edit. EnglL984,23, 627).
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AIM parameters characterising agostic bonds AIM pa  rameters characterising hydrogen bonds
Topological pattern indicating the presence of a Topological pattern indicating the presence of a
1 bond: a BCP, IAS (Interatomic Surface) and BP bond: a BCP, IAS (Interatomic Surface) and BP
(Bond Path) for H...M (Bond Path) for H...M
) The electron density at the bond critical point: 0.04-|  The electron density at the bond critical point:
0.05 a.u. 0.002-0.035 a.u.'®
3 The Laplacian of the charge density at the bond The Laplacian of the charge density at the bond
critical point: range 0.15-0.25 a.u. critical point: range 0.024-0.139 a.u.'®
4 Increased electron population (slightly negative net
charge)
. o Energetic destabilisation (higher energy than
5 | Energetic stabilisation (lower energy than normal) 108
normal)
6 Increase of dipolar polarisation Decrease of dipolar polarisation'®
7 Slight increase in atomic volume Often exhibits a decrease in volume™®

Table 15, Summary of features of an agostic bond dnan agostic hydrogen atom (reproduced
from reference lO7)

Conversely, Mosqueret al'® performed a study on intramolecular hydrogen bonds
and found BCP densities between 0.0008 and 0.0057 hese are rather lower than
those discussed by Popeletral and even overlap with the criteria for agostic
interactions that that group define. Thus it appélaat even within the AIM analysis,
there remains no completely definitive criteriavamich to classify agostic bonds.
Nonetheless we thought it instructive to compaeerdsults obtained here with the

‘rules’ laid out by Popelieet al

BCPs between the tin and hydrogen atoms were ldboatall species except the full
tin bis(triazenide). The density and the Lapla@athe density at these BCPs are

recorded in Table 16.
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-4 * Laplacian of Electron

) Electron Density () at Sn...H AIM Bond . B
Species i ) Density ( N )atSn...H AIM
Critical Point (a.u.)

Bond Critical Point (a.u.) ’

1 No Sn...H BCP No Sn...H BCP
2, R;="Pr 0.0070 0.0170
2, R;=HC(NHy), 0.0122 0.0318
2, R;=HBMe 0.0157 0.0352
Model A
0.0082 0.0245

(M=Sn, Z=H, X=C)

Model A
0.0495 0.1352
(M=Sn, Z=H, X=B)
3 0.0258 0.0555
4 0.0345 0.0807
5 0.0295 0.0597
6 0.0457 0.0979
LEBCAWH (7) 0.0154 0.0630
NAYHIE (8) 0.0110 0.0287
{(Me3Si),HC},Sn (11) No Sn...H BCP No Sn...H BCP

Table 16, Electron density values at SrH AIM bond critical points for selected species.

The 1zod group’s moleculésand4 display the largest electron densities at the bond
critical points (BCPs). This is as expected siteelionds in those complexes are well
defined with very short St distances. Unsurprisingly, the values of 0.034& a
0.0258 a.u. are significantly smaller than thogeeeted for conventional SH

bonds. For example, the value o&t the BCP between the tin and hydrogen atoms

within the SnH moiety of model A (Z=H, X=C) is two to three timgeeater at

" The values of\l 2 produced by the AIM2000 program are multiplied-8y25 (for conceptual
reasons). Thus here they have been convertedtedbascompatible with Popeliet als analysis.
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0.0789 a.u.. This is approximately eleven timegdathan the density at the relevant

BCP in the reduced bulk tin bis(triazenide) complex

Some representative AIM results are shown in Fi@ireBCPs are shown in red.

R=2,6-dimethylpheny|

Figure 27, AIM analyses showing BCPs in (a) model ;A(b) 4; and (c) the reduced bulk tin
bis(triazenide).
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The densities at the BCPs in the calculated moéscainge from 0.0070 to 0.0457
a.u.. Thus only the strongest measured &ris @ctually within the range suggested
by Popelieret alto denote agostic bord$(0.04-0.05 a.u.). In fact they almost all fall
into the range that Popelier and Kbrlass as typical of hydrogen bonds (0.002-
0.035 a.u.).

In all cases the Laplacian of the density is pesitiThis fulfils Popelieet als AIM
criteria for N2 for agostic bonds, indicating a depletion of clesirgthe bonding
region. However, the values range from 0.017 t@TR0and are therefore
significantly lower than those obtained by Popedieal for agostic interactions.
Again, they (almost all) fall within the range foydrogen bonds (0.024-0.139 a.u.).

Nevertheless, the ‘evidence’ presented in this vetrtngly suggests that the
interactions in the tin bis(triazenide) are muchrenely agostic interactions than
hydrogen bonds. That the values ait the BCPs are lower than expected for strong,
conventional agostic interactions simply serveshtow that these interactions are
weaker than any previously examined. The obsenvdkiat the Laplacian of the
density displays the expected sign serves to stifp@theory that the interactions are

of the same general type as those described byi€ogieal

Nevertheless, as has been stated previously, adB€®indicate the meeting of two
interatomic surfaces. Thus it could be arguedahanteraction (albeit a very weak
one) is present in all species listed here extgpind the full tin bis(triazenide). This
hypothesis is supported by the observation thastietures of and the bonding
interactions irB and4 are very similar to those ®(which, even by Popeliat als
criteria displays an agostic interaction). Moreovbe only one of these species for
which any experimental evidence has so far beesepted suggesting that there are
no Sn'H interactions id 1 (see section 2.5.5.2). This species exhibits nd BCP,
thus supporting the experimental evidence. Thisaeiag suggests that all species in
Table 16 contain StH interactions excepdtl and our tin bis(triazenide).

Contrary to the suggestion of the vibrational frexgey data (section 2.5.6.2), the three
specie® (R;='Pr); LEBCAWH (7); and NAYHIE @) all exhibit SmH BCPs. In

terms of the AIM analysis (and Popeletrals definition of agostic bonds), the full

tin bis(triazenide) complex does not contain amdikof Sn'H interaction. This is also

in contrast to the vibrational frequency data. Ttieseveidence is still not conclusive,
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although, as has been noted previously, it is now if the vibrational frequency

data is sensitive enough to identify these intévast

2.5.6.4 The Electron Localisation Function (ELF)

The ELF provides information relating to localisaddctron pairs and therefore gives
a direct insight into chemical bonding. The ELFasmulated to take values between
0 and 1. The greater the likelihood of finding paif electrons of opposite spin, the
closer the ELF is to 1. Electronic populations a$ins can be calculated by
integrating the electron density over the ELF basjimhe theory of ELF has been

discussed in more depth in chapter 1.)

Thus an ELF analysis should provide a quantitatieasure of the bonding in the tin
bis(triazenide) complex. Unfortunately the majonfithe molecules described here
are larger than can be handled by the programsewtio calculate the ELF
populations. The two programs considered were Tapfand Dgrid°. Gaussian03
.fchk files are used as input for Dgrid. TopMod sigewfn file as input: this file is
created using the usual optimisation output andaos the molecular orbital
wavefunction in a suitable format. That the craatbthis file is possible as a

separate step in the procedure is important ($eg.la

The analysis is performed in a number of stepsEilkfe basins are calculated first and
the populations of those basins are calculatedsubaequent separate step. The
population analysis is the most time-consuminguaton. Thus, only the basins for
some of the molecules could be found. The presenabsence of a Shl ELF basin
can at least be used as complementary evidented@xistence of Sid

interactions. The results are presented in Tahle 17
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Species ELF result ELF Population (e )
2, R="Pr No Sn...H basin’ Too large
Model A

No Sn...H basin -
(M=Sn, Z=H, X=C)

Model A
V(H,Sn,B) trisynaptic basin 1.83
(M=Sn, Z=H, X=B)
2, R1=HC(NH,), No Sn...H basin* -
7 No N...H basin -
3 Two V(H,Sn,B) trisynaptic basins Too large
4 V(H,Sn,B) trisynaptic basin 1.87
6 V(H,Sn,B) trisynaptic basin Too large
{(Me3Si);HC},Sn (11) No Sn...H basin* -

Table 17, results of ELF analyses on selected moldes

Some of the smaller systems do show well definethisawith populations just under
2 electrons. Figure 28 shows the ELF basins in mdd®=Sn, Z=H, X=B). In these
cases the analysis works well and is in line whih theories and other evidence
presented elsewhere in this work. Ideally, the jatpmns of basins could be

compared to quantify the strength of the bonds.

" The TopMod ELF output identified a very large nembf basins, many of which were labelled with
odd or unexpected synapticities. Moreover the laigebf basins was not symmetric. It is difficudt t
tell how much weight should be placed on this eisuthe absence of further investigation.
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C(Sn) (lone pair) V(H,B)

C(Sn)u N < V(H,B)

V(H,Saf"~
H’, H
N 4
SN.__ B
i
H

Figure 28, ELF basins for Model A: H,Sn"HBH . The trisynaptic V(Sn,H,C) valence basin is
clearly visible.

For most of the molecules under consideration hbeeELF results are rather
unsatisfactory. For the larger systems, the aralganore complex: many basins
were located and the labelling was neither chenyigatuitive nor symmetric across
symmetric systems. Even in structures where thgrtaiptic basins were clearly
defined and correctly labelled, some anomalousisAabels were present. Shown
below is the location of the ELF basins3dnThe trisynaptic SrH -B valence basins

are labelled as well as the unexpected basins.(1-4)
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Figure 29, the structure of 3 and the positions oELF basins (shown as points). The trisynaptic
V(B,H,Sn) valence basins are clearly visible. Labgl1-4 indicate anomalies in the ELF analysis.
Tin core basins are shown in dark grey; silicon car basins in mid grey; carbon core basins in
light grey; phosphorous core basins in orange; boro core basins in pink; and hydrogens in
white. Disynaptic valence basins are shown in purpland trisynaptic in yellow.

Basin 1 is labelled as a core H ELF basilthough it would be more intuitively
labelled as a valence B-H basin. Basin 2 is sugppsedisynaptic basin between
boron and phosphorous. Basin 3 is labelled asyntaptic C-H-C basin but would be
more intuitively labelled as a C-H valence basiasiB 4 appears as a trisynaptic B-C-

C basin.

A possible reason for these discrepancies (anthtve numerous and serious
discrepancies in the larger species) are that gshrmased was too coarse. A 0.2 mesh
was used, which is the coarsest recommended grds prohibitively expensive to

use a finer grid on the larger systems.

" This type of basin is not even defined within Eier framework.
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It is also possible that the the use of a pseudenpal on the tin atom may be causing
some of the strange behaviour. Gaussian03 caniiet win files which include a
pseudo-potential. Thus the .wfn files were produegidg an all-electron basis set on
tin (on the optimised geometries using the cc-P\VlERZ basis). However, if these are
the reasons for the unexpected results, it is leat evhy the smaller systems (which

were treated in the same way) produced sensibfibut

The symmetry option in TopMod was not used in ainhe calculations. This option

does not appear to be compulsory but might be sacgsn larger systems.

The TopMod documentation available is limited. Rartanalysis/investigation into

some of the strange results would necessitate ciontth the authors.

In an effort to try to obtain the ELF for some bétlarger systems we tested an
approach in which the size of the molecules wasaed but the electronic properties
of the original system were preserved. All partshef molecules that were probably
not taking any part in the SH interactions were deleted from the original ojsieal
geometry. The resulting structures were not reroigd (as re-optimisation would
cause complete deformation of the geometry anchpfSaH interactions). However,
the .wfn input file (as described earlier) was teglated using the smaller molecule,
thus reducing the size of the ELF calculation. Elolalysis was performed on this
reduced species. This approach did not produceébdemsitput. This is confirmed by

comparison of the full ELF result f@and the reduced form 8f(14).

H Hy
N B
y—h K SiH3
ST,
Sn
| Re—_
|
HsSi e /\ H
B H
Hy
14

78



Chapter ||

Exploring the interactions in a Tin Bis(triazenid&mplex

) Jd

Figure 30, positions of ELF basins in 14. Tin cordasins are shown in dark grey; silicon core
basins in mid grey; carbon core basins in light grg; phosphorous core basins in orange; boron
core basins in pink; and hydrogens in white. Disyngtic valence basins are shown in purple and
trisynaptic in yellow. Shown in red is a basin labkked as asynaptic.

Comparison of the ELF analysis ®Bnd14 reveals significant differences. This is
perhaps not surprising sincelid many atoms to which certain basins are attributed
3 have been deleted. However the electron densityeise areas has not been
removed. Thus the correct labelling of basins it synapticities becomes
impossible. Nevertheless, the two trisynapticl$3rRB basins i remain inl4. They
are now labelled simply as H valence basins, inmglyhat the electron density in
them is associated only with the hydrogen and batoms, and no longer with the tin
atom. The populations of these V(B,H) basins dagh#y higher than for the adjacent
B-H bonding basins (0.67 electrons and 0.55 elastrespectively). Their volumes
are also slightly smaller. However, it is not ohusdow these observations should be
interpreted.

Since the reduced and full systems produced sufdreaht results we decided not to
pursue this strategy further. It is not known hoeamingful the results from the
reduced systems might be. Thus we were not algatteer conclusive ELF results
from most of the molecules investigated in this kvétowever, familiarisation with
the ELF analysis has persuaded us that it shousthbeportant tool for studying

interactions such as those presented here.
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2.5.7 The Effect of DFT Functional

The work of McGradet al**® has shown that the B3LYP functional is not aciutie
best functional for the description of this typebohd. They suggest instead the use of
a functional that obeys the uniform electron gastjie.g. the PBE1PBE' functional.

Of course, at the outset of this project it waskmwn that the observed interactions
were agostic. The B3LYP functional was adopted gsaal, all-purpose functional

for describing metal systems. This work shows thatinteractions under

investigation are agostic. We therefore re-optichiselected species to evaluate how
the PBE1PBE functional described theset$mteractions. The SiH distances in

the re-optimised structures are shown in Tableld8gawith the values obtained for

the B3LYP optimised geometries. Also shown for cangon are the same St

. . 41
distances calculated with the newly developed MO&fional.
) ) ) Difference in Sn “H
) SnH distance (A) |Sn~H distance (A) | SnH distance (&) |
Species distance (B3LYP-
B3LYP MO5 PBE1PBE
PBE1PBE)
1 2.83 2.84" 2.82 0.01
2, Ri="Pr 2.91 2.94 2.87 0.04
2, Ri=HC(NH,), 2.66 z 2.60 0.06
2, Ri=HBMe 2.61 2.67 251 0.10
3 2.33 2.36 2.28 0.04/0.10
{(SiMe3);HC},Sn (11) 3.12 3.13 3.08 0.04

Table 18, the effect of density functional on ther8H distances in selected species.

Indeed, the SrH distances in the PBE1PBE optimised geometriestaoger than for
either B3LYP or the MO5 functional. Moreover thifference is greater for the

" It was not possible to complete the calculatiomibfational frequencies in this case. Nevertheiess
is extremely likely that the optimisation resuliada true minimum on the potential energy surface
given that the starting geometry was probably woge to the minimum (it was the minimum with
B3LYP).

T Optimisation with RMO5 resulted in deformationtbé structure. The NHgroups rotated until they
were donating their lone pairs of electrons in® ¢impty Sn orbital. This type of deformation hadrbe
experienced in other systems (see section 2.5.3).
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systems which would be expected to have stronged Smteractions. Thus we can
conclude that where the B3LYP optimised geomegidsbit Sn'H interactions,

these interactions are probably, in reality, slgbktronger.

The MO5 functional in fact predicts rather longer8 distances even than B3LYP.
We propose that the MO5 is probably not a sensibbéce of functional for

evaluating agostic interactions.

2.6 Conclusions

The results presented here have so far shown hptlat inverse bifurcation between
tin and hydrogen is possible but that it takesfoinm of a three-centre, two electron
bond. The X-H bond donates electron density into an empty pitalrbn the metal

in an agostic bond. This type of interaction inwogvtin has, up until now, been
observed only oncéy see previously). In the tin bis(triazenide) (Fig#) a complex
combination of effects serves to significantly wealkhe interactions. These include
electron donation by the nitrogen ligand and geoymainstraints imposed by the

large DIPP groups.

The particular STH -C interaction observed here may in fact onlyurdn the few
molecules in which particular geometry constraarsimposed. The interactions are

so weak that they will not usually impart signifitatabilisation to the molecule.

Four methods of analysis have been employed tofgtia observed interactions:
119%5n NMR; vibrational frequencies; AIM; and ELF.

We show that although Izod has identified tH&n NMR is a useful experimental
tool for detecting these interactions, current ragthof calculating**Sn NMR

spectra are not yet accurate enough for this perpos

The differences in vibrational frequencies for theund” hydrogens compared with
those of equivalent “unbound” hydrogens in the roole predicts that most of the
molecules calculated do exhibit some weakkbagostic interactions. However it
must be noted that in most of the cases wherentkeaction has not yet been proven,
the differences in frequencies are extremely sritali.possible that this method of

analysis is not sensitive enough to identify thieseractions.
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The ELF has been investigated as a tool for quangfweak SnH interactions. The

size of the systems in this work prevents its vsarfost of the species in this work.

Nevertheless, we suggest that in smaller systeidfs ré&sults will be of fundamental

importance in quantifying this type of bond througgiculation of the populations of
ELF basins.

Results of AIM analyses are in line with chemicdlition, despite not falling within
the limits set out in the literature defining ago$tonds. An increase in electron
density in the bonding region proves that the adBons identified by the BCPs are
of the same type as those described in the literaliuis possible that the interactions
described here are simply much weaker than anyqursly reported. We suggest that
this is indeed the case and that although thesiriazenide) under investigation here
does not exhibit any Sn...H interactions, we haeatified a number of other systems
that do.
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3. A Magnesium Bis(imino)pyridine Complex: Unusual
Reactions of a Non-Innocent Ligand

3.1 Introduction

8
i e,
________ I

Ar/ Rz/ \Rl \Ar

15, R=alkyl group, Ar=aryl group

That the iron and cobalt complexes of the bis(igpyadine ligand 15) are

extremely active polymerisation catalysts was disced by Gibson and Brookhardt
in the late nineties. Since these first reportsgmeffort has been invested in trying to
describe and understand this non-innocent ligaddtarbehaviour/role in catalytic
reactions. Not only can its metal complexes catadysiide variety of processes
including polymerisation and hydrogenation, butliand itself undergoes some
unusual transformations. Many researchers haveif@ehproducts resulting from
alkyl addition/migration to all positions of theéind (seé'?for a recent review).

Work by the Gibson group aimed to investigate tisérnino)pyridine ligand with a
view to understanding better its capacity for dtsibig metal centres of low oxidation
state. Their particular interest was in an iror{ibigo)pyridine which was found to
be a highly active ethene polymerisation catal{sthey found that, depending on
the metal used and the aryl substituents, thedig@elf could undergo a number of
transformations. Of surprise to both them and toegled by Gambarrottd was

that the reaction of MeLi and the bis(imino)pyrieiligand produced a product
alkylated at nitrogen' Subsequent work aimed to explore further this
(unprecedented) nonelectrophilic alkylation at egoge nitrogen (shown in Figure
31).
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16

Figure 31, Alkyl transfer from the magnesium centreto the pyridine nitrogen of the ligand.

The transformation occurred for a variety of diffet R and Ar substituents. When
R=ethyl (Et) or isopropyl'Pr), migration of R to the pyridine nitrogen wasetved
but when Ar was very bulky, further rearrangemertiusred to give the product
alkylated at G. An interesting feature of the reaction was the@ppnsity of the
diisopropyl/ethyl substituted species (Ar=2,6-dasapylphenyl (DIPP), R=Et) to
perform the N to gmigration in contrast to the R=Me species in whitd remained
at the N-alkylated position.

Detection by Electron Paramagnetic Resonance (Ep&dtroscopy of a
paramagnetic species suggested the presence afafutifeed amounts of) a radical
intermediate. On the basis of this (and of othengformations involving nitrogen
heterocycles as ligands), Blackmeteal'® proposed a single electron transfer (SET)
mechanism involving formation of a triplet biradigatermediate 17). (A SET

process has been suggested to explain the mechahakyl addition to -diimine

and Pyca (2-pyridinecarboxaldimine) systeris 19120 121
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A review by Knijnenburgt af*? suggests a number of other possible mechanisms for
alkyl transfer from the metal to the bis(imino)mjrie ligand in an aluminium system.
Alkyl transfer from metal to nitrogen or other ripgsitions is discounted as unlikely
due to steric constraints. They also argue agatepivise migration around the ligand
backbone. The remaining possibilities, then, age fadical transfer reactions and
mechanisms in which the MRpecies is not yet-coordinated to the ligand

(presumably to avoid steric crowding).

3.2 Aims

This project aims to investigate the mechanismi{ghe@alkylation reactions occurring
in the magnesium bis(imino)pyridine species: whg haw is the N-alkylated product
formed; why when Ar=DIPP, does migration from NGgoccur when R=Et, but not

when R=Me?

Secondly, the experiments detailed here aim toigorihe identity of the
paramagnetic intermediate observed by EPR.

Questions arising from the results of the aboveutations are also addressed.
Products resulting from further migration round ligand system are evaluated and

mechanisms for their formation explored.

3.3 Computational Approach for Investigation of Alk yl
Transfer Mechanisms

A transition state is defined as a first-order $aghint on the potential energy
surface. It is the highest energy point along atrea pathway. The energy difference
between a transition state and the reactant isalongcial factor in predicting how
likely a particular reaction is to occur.

DFT was used to calculate the relative stabilitiepossible reactants and products as
well as the relevant transition states. Both diameéig and paramagnetic pathways

have been considered. Single molecules having tyaited electrons will hereafter

" Curiously, in their previous work on the bis(imjpgridine aluminium system the group suggested a
mechanism involving an ion pair. They proposed thatalkyl group was transferred from an

[AIEt5CI] counter-anion to the cationic metal bis(imino)pymél In our case the counter-ion
mechanism is of course impossible as there is lwinok present.
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be referred to as “triplets” in contrast to paif$rmlecules each having one unpaired

electron (which will be described as “separatedotiets”).

As discussed previously (see chapter 1), the defsiictional chosen was B3LYP.
Comparison of the B3LYP results were made withwaareless extensively tested
functional, MO5 (see section 3.4.4.3) and fountdasimilar.

The ligand was considered to be equally importaritha metal centre in this study
and so the basis set chosen for the entire systs16v31g(d) (see chapter I). This
was deemed to provide sufficient accuracy whiles@néing calculation times

escalating. Comparison was made with the more tigcgeveloped cc-pVDZ basis

set® 1?2 12%3nd again, results did not differ significantly.

The calculations on the initial migration of th&ylgroup from magnesium to
nitrogen showed that the reactant had a dipole mobuoiese to 8D. As the migration
proceeded to transition state and then N-alkylpteduct, the dipole moment
decreased to ~5D and ~4D respectively. This sugddbat the polarity of the solvent
might have an important effect on the reactionebd even a relatively non-polar
solvent such as toluene can significantly altergbiential energy surface when the
species in question have dipole moments as lar§® a€onsequently most
calculations in this project have been correctedgédvent effects using a continuum
solvent model. The model used was the CPCM polagsaonductor calculation
modef?. This is an implementation of COSMQn the PCM® framework. This

model, like other continuum solvation methods, eatds the molecular free energy in
solution by calculating the electrostatic interact between the molecule and a
solvent. Preliminary calculations demonstrated thaiptimising structures with a
solvent correction was costly and resulted in Vigtlg change in geometry. A
comparison of the result of a solvent-correctedlsipoint energy calculation on the
gas-phase optimised structure with that of the/ftdloptimised structure in test cases
persuaded us that re-optimisation was not necesdaryever, since the structures
were not re-optimised in toluene, the vibratiomafiencies (and thus the total free
energy) of each species could not be re-evaluakéast of the processes considered

" Vibrational frequencies should only be calculaaédninimum on the potential energy surface. The
structures calculated in toluene will be close ubrot actually at the true minimum.
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here are unimolecular reactions. Thus contributafrentropy to the free energy are
not significant. However, in cases where the readtivolves the addition of two
molecules to a single molecule (see later), theopgtcontribution is no longer
negligible. Therefore an “entropy correction” h&eb added to account for this. A
previous study by Rzef ***comparing reactions in which one molecule is
converted into two calculated that the entropy dgesfior that process was
approximately +12 kcal mdl Test calculations (calculation of entropy charigethe
gas phase for certain of the reactions in whichmabecules become one) in this case
indicated that this was probably a conservativenssge.

3.4 Results and Discussion

3.4.1 Analysis of the Starting Materials: the Effec  tof R

3.4.1.1 Singlet Species
On optimising the structures of the di-alkyl magosesstarting materialslg, R=Me,

R=Et), striking differences in their geometries &@e apparent.

Importantly, and in all cases, the &oup is orientated upwards, the Mg-tnd

being perpendicular to the plane of the ligand. Rhgroup however, is positioned so
that the Mg- R bond is approximately in the plane of the ligahkus the R
substituent is situated between the benzyl ringb@firyl groups. However the

orientation of the aryl groups is altered signifitg as R is varied.

/
N /
DIPP/ R/ \ %@,C(m
/

Figure 32, Dihedral angle Gi-N-C5-Cy).

87



Chapter Ill

A Magnesium Bis(imino)pyridine Complex: Unusual Réans of a Non-Innocent Ligand
In the methyl species (shown in Figure 33), the®¢Poups are orientated at 84.2°
from the plane of the ligand (dihedral anglg-8-C,-C, (as shown in Figure 32)).

Figure 33, A magnesium dimethyl bis(imino)pyridine.The Ar groups are angled symmetrically
with respect to the plane of the ligand. Hydrogentams not shown for clarity.

In the ethyl species (Figure 34), one is at 92&#t and side) and the other at 107.3°
(right hand side).

5,

Figure 34, A magnesium diethyl bis(imino)pyridine.The Ar groups are angled unsymmetrically
with respect to the plane of the ligand. Hydrogentams not shown for clarity.

The angle of 107.3° may occur for a number of reas®he upper (in the above
picture) ethyl group points towards this aryl sithsnt, so the extra twist may be in
order to reduce steric hindrance between Et andper isopropyl group on the right

hand side (as shown).

The theoretical structure of the complex in whictbBnzyl (Bz) and R¥Pr were also
calculated to evaluate this theory. However, irs¢hgystems, this twist (which ought,
by the above reasoning, to have increased) actdetyeases, with this group now
angled at 87.3° (R=Bz) and 98.5° (IR¥) to the plane of the ligand. This might be
because Ris now also larger, and further twisting would sathe upper isopropyl

group on the ligand to come too close to theskbstituent.
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Figure 35, A magnesium dibenzyl bis(imino)pyridineThe Ar groups are angled symmetrically
with respect to the plane of the ligand. Hydrogentams not shown for clarity.

o ° {':3
) J
9 f‘
Figure 36, A magnesium di-isopropyl! bis(imino)pyridne. Hydrogen atoms not shown for clarity.

An AIM (Atoms-in-Molecules) analysis (see chaptewhs performed on the ethyl-,
methyl- and benzyl-substituted molecules. This idied many weak interactions
between the R groups and the aryl substituenteoAlih each of these is very small

( =ca. 0.005), it seems that they may add up to &l &uiasignificant value,

conferring extra stabilisation to the structureeduild be supposed that the twist of the

aryl rings maximises these interactions.

It is clear from the above observations that theuBstituents have an important effect
on the geometry of the complexes. Gibsbal noted that significant changes to the
ligand backbone had a severe effect on catalysiustivity.'° In contrast to the
majority of the DFT calculations performed by Kmjiburget af*® on the analogous
aluminium system, all the calculations presentee ireclude the aryl group in full.

We believe, given the above observations, thastion-negligible effects.

3.4.1.2 Triplet Species

The bis(imino)pyridine ligand can accept (up teetjrelectrons from a coordinated
metal with ease (see referertéeand references therein). Consequently we decided
that it was worthwhile also investigating the teipbiradical form of the complex.
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There are dramatic differences between the siggteind state geometries and the
triplet biradical geometries. The Mg» Bond increases in length as R is varied (see

Table 19). In fact, in all species except R=Me,Ragroup is essentially dissociated.

Starting Material
Variation in Mg- R , Bond Length with R (A)
R Singlet Triplet
Me 2.19 2.29
Et 2.27 4.40
'Pr 2.29 4.83
Bz 2.27 4.74

Table 19, Variation in Mg- R, bond length in 15 as Ris varied.

Further confirmation of this comes from inspectadrthe geometries of the
complexes: the Ckportion of the R substituent is almost completely planar
(suggesting splike hybridisation). This can be seen in Figureadifl Figure 38. Also
shown are the two singly occupied molecular orbitdlthe ethylated species: one
electron is in an orbital located entirely on thegrtion of the molecule (Figure 37)

and the other is located on the ligand (Figure 38).

H CH
e ¢
~
| S~
//////,,“ J\‘ .n\‘““\
N M N
DIPP?™ 'N ~Nppp

Et

Figure 37, Singly occupied molecular orbital, locad on the ethyl group, in triplet magnesium
bis(imino)pyridine (R=Et).
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///////,,,

DIPPP

Figure 38, Two views of the singly occupied moleau orbital, located on the ligand, in triplet
magnesium bis(imino)pyridine (R=Et).

This is a reflection of the greater stability ogtéthyl, isopropyl and benzyl radicals
over methyl. The instability of the triplet biradids partially compensated for when

R is a more stable radical: the Mg, Bond becomes much longer and the molecule is
intermediate between the bound species and theadegaloublet pair. Therefore the
singlet-triplet energy gap is reduced as R is gafiem Me to Et tdPr. Relative
stabilities of the singlet and triplet moleculeghe gas phase are shown in Figure 39.
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Relative Stabilities of Separated Radical Pairs and  Triplet Biradicals as R is
Varied
Gas Phase, relative to Starting Material

20
15
10
3
E 5
©
=3
5 O T T
L%’ Singlet Triplet Biradical Separat blet Radigals
g 5 O Me
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10 W Et
aiPr
-15
OBz
-20

Figure 39, Relative stabilities of separated radidgairs and triplet biradicals as R is varied. Gas
phase.

Also shown in Figure 39 are the relative stab#itod the RMg[bis(imino)pyridine]
radical with a dissociated R radical. In the sanag as for the triplets, the stabilities
of the separated radical pairs vary with the sitglof R. The free energies of the
separated doublet species (1.4 kcal hiogher than the starting material for R=Me,
9.3 kcal mof' lower than the starting material for R=Et, 16.4lkmol* lower than the
starting material for R®r and 9.1 kcal mdllower than the starting material for

R=Bz (all in the gas phase)) are such that them#&dion certainly seems possible.

When the system is solvated in toluene, these $rpatsist (see Figure 40). The
separated radical pairare more stable than the equivalent triplet baaigi (which

are all less stable than the singlet starting rmesr

" The sum of the free energies for the two radibasbeen further corrected by -12 kcal Todis
previously described, this is an estimate for the £nergy gained due to the increase in entrojmggo
from one molecule to two.
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Relative Stabilities of Separated Radical Pairs and  Triplet Biradicals as R is
Varied
In Toluene, relative to Starting Material

20
OMe
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Figure 40, Relative stabilities of separated radidgairs and triplet biradicals as R is varied. In
toluene.

As would be expected, the more stablenBieties lead to more stable separated pairs

of radicals.

For the experimentally examined species (R=Me, RtHetlowest energy species is
the singlet molecule (as Figure 40 suggests). Jtnisgly suggests that even if some
(separated or caged) radicals are formed, the prie@mt species in toluene solution

is the singlet.

If complete dissociation of Ro give two separated biradicals was the main
mechanism of rearrangement, R-R species resuliimy €oupling of the R radicals
ought to have been detected. Coupling products &tRyugh formed in the reactions

&£-119.1273re not observed for reactionsidt*®® It therefore seems

of related specié
unlikely that significant quantities of the dissateid, doublet species are formed in
this case. Moreover, as will be shown later, theeexnentally detected product is not
the most thermally stable molecule. If a separbteatlical mechanism was in
operation, some of the most thermodynamically faedyroducts (see section 3.4.3)

ought to have been formed. Only thgdlkylated product was detected
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experimentally. Accordingly, it seems unlikely thlaé separated radical pairs play a

significant role in the reactions under consideratiere.

It is not possible using the computational methaetscribed here to calculate the
barriers to singlet-doublet or singlet-triplet cension. One must assume though, that
the barriers to formation of the separated rageais are large given the evidence
above. For these reasons, the separated radicalgrainot discussed in detail

hereafter.

3.4.2 Migration of R from Mg to N: a simple 1,2-shi  ft

The simplest possible mechanism for formation efifkalkylated product is a 1,2-
shift. The results presented here suggest thathgha methyl could easily migrate
from the magnesium to the pyridine nitrogen ondimglet pathway. The analogous
transformation on a triplet pathway is shown tdhlgher in energy and therefore less
likely to occur. Thus the triplet species obseregggderimentally is unlikely to be a
paramagnetic transition state. In fact, we showe et it is more likely to be excited

starting material.

3.4.2.1 Singlet Pathway

The N-alkylated singlet products for R=Et and Me significantly more stable than
the di-alkyl magnesium starting materials desgiteloss of aromaticity that
accompanies this transformation. Figure 41 andrEig2 show the free energies of
the N-alkylated products relative to the startinatenial for R=Me, R=Et, RPr and

R=Bz. Also shown are the relative free energy kaheights for this transformation.
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Mg-N Migration via a 1,2-shift as R is Varied

Gas Phase
16
14 - -
12 - -= R=Me
~ 10 7 -+ R=Et
é 8 1 | - R=Bz
= 6| - raipr
o 4 -
Y4
> 2
> 0 -
L%’ -421 | Starting Material Transition State -alkylated Product
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Figure 41, Mg-N migration via a 1,2-shift as R is aried. Gas phase. (No transition state could be
located for R=Pr.)

When R is an alkyl group, the N-alkylated prodsciower in free energy than the
starting material. Thus the N-alkylated producterehR=Me, Et olPr are

thermodynamically favourable.

When Ar is very bulky, the molecule undergoes ferttearrangement to the-C
alkylated product. This observation could be atiigiol to destabilisation of the
starting material as the size of Ar increasessthac congestion should be
comparatively less in the corresponding N-alkylgiemtuct. This is supported by the
calculated relative stabilities of the alkyl-suhgid N-products (which are

increasingly more stable than the starting speasase size of R increases).

However, in the case where R= Bz, the starting dexnig lower in free energy by
1.7kcal mot'. The Bz substituent could be considered to beaatlas bulky as &Rr
group. Thus, following the above reasoning, onehtngxpect the benzyl N-
substituted system to be at least as low in fregggnrelative to its starting material as
the'Pr-substituted system. For the benzyl substitugstem it may be that specific
stabilising interactions in the starting matergalc¢h agp-HC(CHs), close contacts)

are lost in the N-product. Thus, rather than thezilesubstituted N product being less
stable than the correspondingaNeylatedspecies, it is that the benzyl substituted
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starting material is much more stable than theesponding Me, Et dPr substituted
starting materials. The driving force for react{on lack of it) is controlled now by
electronic effects rather than simple stericshdf teaction was carried out with R=Bz,

calculation predicts that the N-alkylation might macur at all.

The gas-phase calculated barrier heights for faonaitf the N-products for R=Me, Et
and Bz are all below 15 kcal mib{see Figure 41). This indicates that the

transformation could easily occur at room tempeegafas found experimentally).

Adding a solvent correction to the system modiffesbarrier heights for R=Me and
R=Bz. When R=Me, the barrier is raised from 14.36a8 kcal mof and when R=Bz
from 14.3 to 18.2 kcal mdl(see Figure 42). In the case where R=Et the baifi@.4
kcal mol'is barely changed at 9.2 kcal ifolThus solvation enhances the differences
between the ethyl-substituted system and the of{heftecting the experimental
results).

3.4.2.1.1 Effect of Continuum Solvent

Mg-N Migration via a 1,2-shift as R is Varied
In Toluene

16 41 | = R=Me
12 | | = R=Et
10 1 | «R=Bz
= R=iPr

9] ' <

-4 1 Starting Material Transition State -alkylated Product

Free Energy (kcal/mol)

Figure 42, Mg-N migration via a 1,2-shift, in toluee. (No transition state could be located for
R='Pr.)

As mentioned previously, the dipole moments ofdtagting material and N-alkylated

products are significantly different. For R=Me, gtarting material has a dipole
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moment of 8.4D. This drops to 4.7D in the transitstate and finally to close to 4D in
the product. Increasing the polarity of the solwentlld be expected to stabilise the
reactants, destabilise the products and therefovetke reaction. Figure 43 and
Figure 44 show how the reaction pathway changdiseasolvent is varied from
toluene (=2.38) to tetrahydrofuran (THF=7.58).

Me Migration Mg to N: Effect of Solvent

20

i N

10

5
0 /
Starting Material Transition State Nkak\ylated Product

N

Free Energy (kcal)

Toluene
—=—THF

-10

-15

Reaction Pathway

Figure 43, Effect of continuum solvent on migratiorof Me from Mg to N.

" Where is the dielectric constant. The greater the value the greater the polarity of the solvent.
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Et Migration Mg-N: Effect of Solvent
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Figure 44, Effect of continuum solvent on migratiorof Et from Mg to N.

Increasing the polarity of the solvent increaseshtarrier to migration by 3.0 (Me)

and 3.8 kcal mal (Et). This brings the absolute barrier height8olland 14.2 kcal
mol™* respectively (from 16.8 and 12.5 kcal MplThis arises due to stabilisation of
the polar reactant and/or destabilisation of tlss f[golar transition states and products.
That the experimentalists could only achieve claaikylation reactions in toluene
(and not in THF) is consistent with the above clattons: the more polar solvent

destabilises the product and increases the baorrargration.

3.4.2.2 Paramagnetic Pathway

Formation of the N-alkylated species occurs for yn@mbinations of R and Ar.
Blackmoreet al suggested a single electron transfer mechanismdount for this
transformation and for the detection of a paramagm#ermediate. Although the 1,2
alkyl shift singlet mechanism has been shown ta plusible mechanism for the
Mg-N transition (see above), we calculated the\egjant transition states for this

migration for the triplet biradical starting matdrio test the SET hypothesis. The free

" In the case of the analogous lithium complex, ceting reactions dominated.
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energy barriers for Mg-N transfer for R=Me and Rak shown in Figure 45 and
Figure 46.

Triplet Biradical Mg-N Transformation (Relative to Singlet starting Material)
(Gas Phase)

S~
) / / \\:

<

Free Energy (kcal/mol)

Reactant Transition State N-Product

-12

-22

Reaction Pathway

Figure 45, Triplet biradical Mg-N transformation (r elative to singlet starting material). Gas
phase.

In the gas phase, the main difference between tiMeRand R=Et results is the
stability of the triplet starting material. In tbase of R=Me, the triplet biradical is
13.5 kcal mot less stable than its singlet counterpart. WhentRa@vever, the
triplet starting material is more stable than timglet by 0.6 kcal mét. Thus one
might expect to find a higher concentration of tityglet species when R=Et than
when R=Me. If the migration reaction pathway inves\the triplet species this could
have important effects on the reaction speed amdftmome. It is not possible, using

this set of calculations to comment on the bathreghts for singlet-triplet conversion.

When the calculation is performed with solvent eotion the important difference
(see Figure 46 compared with Figure 45) is thasthbility of the ethyl-substituted

starting material is greatly reduced relative ® $inglet starting material.
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Triplet Biradical Mg-N Transformation (Relative to Singlet starting Material)
(In Toluene)
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Figure 46, Triplet biradical Mg-N transformation (r elative to singlet starting material). In
toluene.

This confirms that the singlet species is in faet ground state (as would be
expected) but that at 14.3 kcal Mdligher in energy, the triplet state is accessibie
could account for the presence of paramagnetidepebserved. The paramagnetic
species observed are more likely to be the magmeditalkyls given that they are

lower in energy than the biradical N-alkylated prots.

Although Blackmoreet al postulated a SET mechanism proceeding througtrigiet
biradical starting material for the Mg-N ethyl tedier, the triplet transition state is
extremely high in energy (34.8 kcal rifaklative to the singlet starting material, see
Figure 46). Therefore while the triplet startingteral is of a low enough energy to
form (and be detected by EPR), a triplet reactiathyway seems unlikely.

The N-alkylated triplet biradical products are hegin free energy than the singlet or
triplet starting materials suggesting that the pssas not thermodynamically
favourable (although this in itself is not surpmigi the product detected

experimentally is diamagnetic so we would expeetdimglet product to be lower in
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free energy than the triplet. If the triplet weoerhed, it must then somehow decay to
the more stable singlet prodyct

The triplet biradical transition states are botbwa25 kcal met in the gas phase and
above 30 kcal mdiwhen recalculated in toluene. This suggests th@plat biradical

pathway is unlikely to proceed at room temperature.

3.4.2.2.1 Effect of adding substituents to the back  bone: can the triplet
pathway be enhanced?

Assuming that the magnesium di-alkyl is preserd amglet speciesnda triplet
biradical, adding substituents to the pyridyl bamhkd may affect the speed of the
reaction. The presence of electron withdrawing gsowould be expected to favour
the triplet biradical state, reducing the concditreof singlets and inhibiting any
pathway that proceeds through the singlet. Inrastitelectron donating groups on
the ligand backbone should destabilise the tripietdical and accelerate any singlet
reaction pathway occurring. Figure 47 shows thatined stabilities of some
theoretical species which have had substituentschtidthe ligand backbone. Three
sets of electron withdrawing substituents wereetdri-cyano; mono-para-cyano and
mono-para-Ck A tri-amino system was also constructed and dpachat both spin
states to demonstrate the effect of adding eledomating substituents. In the
original system, the energy difference betweertripet and singlet magnesium di-
alkyls was 13.5 kcal mdl(for R=Me). As predicted, the energy gap widensad

kcal mol* when the electron donating Migroups are added and shrinks to as low as

0.7 kcal mof* when three cyano groups are present.

" As has already been noted, this triplet-singkmsformation cannot be modelled with the methods
used here.
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Substituent Effects on Stabilities of Singlet Magne sium Dialkyls and Triplet
Biradicals

20

@ Tri-cyano
15 B Mono-cyano
0O-CF3
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Figure 47, Substituent effects on stabilities of sglet magnesium dialkyls and triplet biradicals.

Unsurprisingly, the presence of electron donatiregigs destabilises the doublet
radical pair while separated radicals are prefemedructures bearing electron

withdrawing groups.

The other possibility of course, is that the reattiakes place on the triplet surface
and then relaxes back to the singlet product afigration has taken place. This
avenue remains to be explored (although the baaismgration from Mg to N for
R=Et has been calculated to be 34.8 kcal'nsiliggesting that other triplet pathways
are also likely to be high in energy). Synthesisargubstituted species could give an
indication of which pathway is occurring. Addingy example, electron donating
substituents to the ligand backbone ought to preraatinglet pathway and increased
rates would be observed. If rates decreased, iigdandicate that the reaction might
be proceeding by a triplet pathway. Likewise, iisRRhosen to be a more stable
radical, the triplet biradical species (and sepatatoublet species) will in turn be
more stable (see section 3.4.1 previously). Thsiaglet pathway should be inhibited

and a triplet pathway enhanced.

We have assumed throughout this project that tigdedibiradical would be similar in

energy to the triplet biradical and therefore rterapt has been made to calculate
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singlet biradicals since all the triplet specielsalated are higher in energy than the

singlet closed shell species.

3.4.3 Migration to C , and Beyond
On standing at room temperature, the ethyl-sultetti-alkylated species was
gradually transformed into a product alkylatedhat adjacent carbon £C This

transformation did not occur for the methyl-suhgéat species.

Preliminary calculations of possible transitiontasabetween the magnesium and C
positions produced a transition state for the ntignsof Me from G; to G, (Figure
31). This caused us to consider the possibilitynaftiple migrations around the rings
(as opposed necessarily to direct transfer froma ). Hence we attempted to
calculate as many 1,2 and 1,3 migrations as caellehlvisaged so that the barrier
heights could be compared and the possibility oftipla migrations be evaluated.
The free energies of all possible products arifiog these migrations were also

determined.

As already mentioned, the review by Knijnenbat@l considers unlikely a stepwise
transfer of the alkyl group round the ligand skatetHowever, it is clear that there are
important differences between the magnesium syatahthe aluminium system on
which that group have concentrated. Moreover, gleutations in section 3.4.2.1
support a mechanism in which the alkyl group megatirectly from magnesium to
the pyridine nitrogen. Therefore we consideredatttwvhile to investigate a stepwise
migration of the alkyl group around the ligand baahe forl5.

Both the gas phase and toluene-solvated resultbddyig-N transformation indicate
that the (bound and separated) radicals are higtieze energy than the singlet
starting material (see section3.4.2.2). Also, sexggeriment detects no products
formed from radical coupling processes it is urllikbat the transformations occur
via a radical mechanism. Nonetheless, calculatdiise certain triplet products and

transition states have been performed for compésten

3.4.3.1 Simple 1,2- and 1,3-shifts

3.4.3.1.1 Singlet Pathways
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Figure 48 shows the free energies (relative taltredkyl magnesium starting

materials) of the products arising from migratidrRo(R=Me, Et) to different

positions on the ligand backbone.

Thermal Stabilities of Singlet Migration Products i n R,Mgbis(imino)pyridine (R=Me,Et)
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Figure 48, Thermal stabilities of singlet migrationproducts in R,Mgbis(imino)pyridine (R=Me,
Et). Gas Phase.

Thermal Stabilities of Singlet Migration Products i n R,Mgbis(imino)pyridine in
Toluene (R=Me,Et)
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Figure 49, Thermal stabilities of singlet migrationproducts in R,Mgbis(imino)pyridine (R=Me,
Et). In toluene.
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Given the high dipole moments of the starting makeiand transition states in the
Mg-N alkyl migration, we thought it important tolcalate the thermal stabilities of
all products including a solvent correction. Theules are shown in Figure 49. These

can be compared with the gas phase results shofiguine 48.

The trend in product stability for R=Me is followéal R=Et except that the Et
substituted species are consistently more stablettie corresponding Me substituted

species.

As has already been discussed, the N-alkylateduptedre more stable than the
starting material. This remains the case when tieegges are recalculated in the
presence of toluene solvent. Conversely thalkylated product is marginally less
stable than the N-alkylated product. For the mesiojdstituted system this result
corroborates experiment since thepgfoduct is not observed. For the ethyl-
substituted system however, it is somewhat sungithat the N-alkylated product is
1.5 kcal mot lower in energy (than the,(roduct) since it is known to convert to the

C,-alkylated product on standing.

It is important to reiterate here that althouglhi@ non-solvated systems the energetic
comparisons have been made with free energy vatrescted for entropy using
vibrational frequencies, the solvent corrected @slare derived with no vibrational
contributions. A difference of 1.5 kcal niois small enough to be attributed to errors
introduced by this difference in calculation meth®Hus it seems likely that the
reactionis kinetically controlled, and that the barrier te flormation of the &

product is higher than that for the N product.

The other singlet products are also more thernsadlple than the singlet starting
materials. The &- and G-substituted singlet products are the most staeliag 20.2
and 19.1 kcal mdl more stable (respectively) when R=Me, and 26.4258 kcal
mol™* more stable than the singlet starting materiaRieEt. That neither of these
products have been observed experimentally foeeR*Et or R=Me, is consistent
with the assumption that the reaction is kineticabintrolled, and that migration
onwards from the £position must be prevented by large barrierskgl @atansfer.

The barrier heights for the transition states ledah the gas phase and in toluene are

shown in Figure 50 and Figure 51.
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Figure 50, Kinetic barriers for 1,2- and 1,3-migratons relative to LMgR,. Gas Phase. (ret) and
(inv) denote migration with retention and inversionof stereochemistry at R respectively.
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Figure 51, Kinetic barriers for 1,2- and 1,3-migraions relative to LMgR.,. In toluene. (ret) and
(inv) denote migration with retention and inversionof stereochemistry at R respectively.

The relative barriers to each transformation ateattered on solvation in toluene.

However the actual free energies of the transsiates are systematically raised.
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Barriers are higher where R=Me. The discussionfadus on the calculations

performed with solvent correction for reasons pmesz earlier.

As discussed previously, the barrier to migratiamt Mg to N is one of the lowest at
16.8 and 9.2 kcal mdlfor R=Me and R=Et respectively. This was expeatedew
of the fact that the first product observed is thibéere the migrating R group occupies

the N position.

The transition state for migration from Mg te 8 higher than that for the Mg to,N
migration, as the experimental findings suggeserastingly, we were unable to
locate transition states for migration of ethyhoethyl directly from N to &
Nonetheless the data above do suggest that migrfation Mg to G might be

possible for R=Et (where the barrier is 24.3 kcal h For R=Me however, the Mg-
C, barrier is greater than 30 kcal itpiaking this migration unlikely at room
temperature. The possibility of a two-step proaeisere the methyl group migrates
from Mg to G; and then on to Js slightly lower, however the rate limiting step
(Mg- Cs)) has a barrier of 29.0 kcal miolThis would also be too high for the reaction

to proceed at room temperature.

These figures give a clear explanation of why ntigrefurther than the N-alkylated
product is not observed for the methyl-substitiggstem even though other products
are all thermodynamically favoured. All transitistates are significantly more than
25 kcal mof* (except the migration of Me from Mg to N which raims accessible at
16.8 kcal mat).

For the ethyl system however, all barriers (extleat for Mg to N migration) are of a
similar height to that for the formation of thg-@roduct. This is somewhat surprising
given that the &-, C3p- and G-products are all thermodynamically favoured
compared to this species and yet are not obserystimmentally. Large kinetic
barriers to formation had been expected to explerabsence of these species.
Figure 51 suggests though, that formation of theeducts is as likely as formation
of the G-product. Hence, if formation of the-product is possible (which,
experimentally, it has been shown to be) then foionaof the Gi-, Czp- and G-
products ought also to occur. What can be infefn@a this plot is that the barriers to
the G;, G3p and G-products are too high to lead to their formatiamd that, since the
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barrier to formation of the &oroduct is similar, it is unlikely that the;@roduct is

formed by this mechanism.

3.4.3.1.1.1 Geometry of the Transition States
Some of the transition states located for the msignebis(imino)pyridine were

rather unusual. Those leading to the &d Gi-products appear, on visual inspection,
to be very similar. In fact, the minimum reachediparticular optimisation was
highly dependent on the starting geometry. Cletdypotential energy surface in the
region between the Mg,,@nd G; atoms is very complex. It is also extremely
sensitive to changes elsewhere in the system gsere Where only one of either the

Mg- C; or the Mg- G; transition states exists, depending on the sulestitR).

In the case of R=Et, two transition states forMwe C, transformation were found. In
the first, the alkyl group performs the 1,3-shifthwretention of stereochemistry. In
the second, inversion of the migrating alkyl gramggurs. (For R=Me, the only
transition state found for migration t@ @as for Mg-G transfer.) Figure 52 shows
examples of the Mg- Qetention (shown for R-Et) and inversion (shownNte)

transition states.

(b)

Figure 52, (a) Transition state for ethyl transferfrom Mg to C, with retention of stereochemistry
at Et; (b) Transition state for methyl transfer from Mg to C, with inversion of stereochemistry at
Me.

In fact it should not be surprising that the 1,Btstan proceed with inversion of the
alkyl group. A suprafacial 1,3 shift is synmmetryldmden (so the transition state
(with retention of stereochemistry) might be expddb be high in energy).
Conversely, even though an antarafacial 1,3 shgymmetry allowed, the necessary

geometry is rather strained. This should causénthesion transition state to be
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relatively high in energy also. It seems that theféects cause the two transition states
to be of similar relative free energies (at leaghie case where R=Et and both

transition states were located).

The transition states leading to the ethylatgd énd G-products (one of which is
shown in Figure 53) also have rather unusual geeseil he ethyl group distorts to
an almost ethene-like geometry with the distortéts Group positioned 3A above the
pyridine ring. The C-C bond in the migrating etlgybup is unusually short for an®p
carbon (1.46 A). One of the C-H bonds on the otlagbon in the ethyl moiety is
longer than expected at 1.14A. It hovers over #tightly positively charged) £ Cs;

positions. The structure is suggestive of agosteractions.

Figure 53, Transition state for ethyl transfer fromN to C,. The ethyl group adopts an almost
ethene-like geometry with the distorted CH group.

3.4.3.1.2 Triplet Pathways

Blackmoreet alhad suggested the presence of a triplet birathcal of the starting
material to explain the EPR spectrum they had oesefThe relative energies of the
singlet and triplet starting materials, the N-a#itgd products and the transition states
leading to these products have already been disdysse section 3.4.2.2). Despite
the findings presented earlier suggesting thaMbeN triplet transition state is
extremely high in free energy (much higher thatadhalogous singlet transition state),
a search for selected triplet transition state®tber transformations was also
attempted.

The relative free energies of all triplet biradipabducts are shown in Figure 54 and

Figure 55.
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Thermal Stabilities of Triplet Migration Products i n R,Mgbis(imino)pyridine (R=Me,Et)
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Position of Migrating R Group

Figure 54, Thermal stabilities of triplet migration products in R,Mgbis(imino)pyridine, relative
to singlet starting material. Gas phase.

In the gas phase the N- angt€Libstituted triplet products are thermodynamickabs
favourable than the equivalent singlet speciesdiperimentally observed final
products) (see Figure 48 and Figure 49). Figurshstvs that all triplet species
(except the g-product) are higher in free energy than the sirgjlerting material.
This agrees with experiment in that the final prdwof the reaction are diamagnetic.
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Thermal Stabilities of Triplet Migration Products i n R,Mgbis(imino)pyridine in
Toluene (R=Me,Et)
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Figure 55, Thermal stabilities of triplet migration products in R,Mgbis(imino)pyridine, relative
to singlet starting material. In toluene.

The results corrected for solvation in toluene ssgighat the &, Csi-, Gap- and G-
products should be accessible for the species idhWR=Et. However, although these
species are more stable (or as stable) as theesstgtting material, comparison with
the thermal stabilities of the singlet productgy(Fe 49) again reveals that the singlet
species should be favoured (as all are lower thain triplet counterparts). For R=Me
the singlet species are also all lower in free gyner

No further triplet transition states for alkyl magion were located: all attempts to

locate them resulted in dissociation of the alkgugp during the optimisation.

These results are consistent with the hypotheaisttie paramagnetic species
observed is the triplet starting material. Thifuigher supported by the experimental
observation that the strongest EPR signal is dedefor N-alkylated species in which
the N-alkylation has been shown to be reversiblMRB). For species in which N-
alkylation is irreversible, no EPR signal is obsetvin the case of R=Et, it is also
plausible that the paramagnetic species is thietrip-product as it is even lower in

free energy than the singlet starting material.

The triplet starting material is more stable thas N-alkylated triplet product and the
only triplet transition state found (for the Mg-Ngration) is extremely high in free
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energy (relative to the singlet starting materiéhe calculations presented here

strongly suggest that the Mg-N transfer does ria fdace on the triplet pathway.

3.4.4 Other Considerations

3.4.4.1 Comparison of Calculated *H NMR Spectra with Experimental
Spectra

The results presented in the previous section stigigat the -, Csp- or Cy-products
ought to have been detected in the experimental MistR. Instead, Blackmogt al
claimed only to have observed thg&kylated product. Since NMR was the only
analysis performed on the ethylated;@2oduct we decided to verify the NMR
assignment by calculating the NMR spectra of tieiofunobserved) products. In this
way we hoped to confirm that it was indeed theptduct that had been formed.

In fact, no NMR data for the £&thylated product has been reported. The
identification of the Gethylated product was made by comparison to daimi
molecule in which Ar=2,6-ethyl-phenyl and=RR,='Pr. Thus the corresponding-C
Csi-, C3p- and G-products were optimised at the mPW1PW91 level wif31G(d,p)
basis set That each point was a minimum on the potentiatgnsurface was
confirmed by calculation of the vibrational freqo@s. The deviations of the
optimised G-, Cs-, C3p- and G-products from the experimentdC NMR shifts for
the G-alkylated product are shown in Figure 56.

" This combination of basis set and functional heesnbshown to provid€C NMR shift values to
within 2.5ppm of experimentl( Nat. Prod, 2008,71, 728). Here, the key carbon atoms are located
relatively far away from the Mg atom so this progegishould, therefore, also be expected to predict
%C NMR shifts to good accuracy.

112



Chapter Ill

A Magnesium Bis(imino)pyridine Complex: Unusual R&éans of a Non-Innocent Ligand

Deviation of Calculated **C NMR shifts for C2-, C3i- C3p and C4-alkylated Pro  ducts From Experimental
3C NMR shifts for C2-alkylated Product

O Calcuated C2
 Calcuated C3p
O Calcuated C3i
O Calcuated C4

Calcuated C4
Calcuated C2

Figure 56, Deviation of calculated*C NMR shifts for C2-, C3i - C3p and C4-alkylated poducts
from experimental *C NMR shifts for C2-alkylated product.

The G;, Csp and G carbons are carbons 1, 17 and 19 respectivelyadD&l8 is the

Csp carbon on the opposite side of the ligand towtach is alkylated. Inspection of
the shift values of these carbons reveal signifid#iferences. The £calculated

values deviate no more than +4.8 ppm from the éxygertal values. The other
products all show significant differences at thg karbon atoms (§ Cs,, opposite

Csp and G). This confirms that it is indeed the-Broduct that is observed, rather than
the G-, Gsp- or Gy-products.

3.4.4.2 Effect of basis set

It is possible that a larger basis set could haveeseffect on the energies of the
transition states. The correlation consistent \@@quolarisation basis set cc-pvVDZ
was chosen for a comparative study to ensure thgves product stabilities were
being accurately determined. Results are showmgr& 57. Shown for comparison

are the results using the 6-31G(d) basis set pregearlier.
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Thermal Stabilities of Substituted Me  ,Mgbis(imino)pyridine System
Basis Set Comparison
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Figure 57, Thermal stabilities of migration products: basis set comparison: (a) R=Me; (b) R=Et.

Re-optimisation of the geometries obtained withGH&lg(d) basis set with the cc-
pVDZ basis set results in little change. The strtes are very similar and the relative

free energies of the complexes are preserved.sliggests that the 6-31g(d) basis set

114



Chapter Ill
A Magnesium Bis(imino)pyridine Complex: Unusual Réans of a Non-Innocent Ligand
provides an adequate description of the systenttaidhe unexpected stabilities of
the G-, Gsp- and G-products is not an artefact of the basis set.

3.4.4.3 Effect of method

The newly developed MO5 functiori&lwas chosen to evaluate the effect of changing
the method (see chapter | for a discussion ongagans for this choice). The basis set
used was 6-31G(d). There are no significant diffees (in the either phase) in the
relative free energies of the products on chantiiegunctional from B3LYP to MO5.
This is true for both R=Me and R=Et. Results a@shin Figure 58 and Figure 59.

Thermal Stabilities of Substituted Me  ,Mgbis(imino)pyridine System
Comparison of Functional
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Figure 58, Thermal stabilities of substituted MgMghis(imino)pyridine: comparison of functional.
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Thermal Stabilities of Substituted MgEt  ,/bis(imino)pyridine System
Comparison of Functional
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Figure 59, Thermal stabilities of substituted EfMgbis(imino)pyridine: comparison of functional.

Thus the B3LYP functional is probably describing #ystem as well as any other
density functional (and is certainly far more exiesly tested).

A key feature of this work is the energy differestetween singlet and triplet
species. Thus it is important to verify that thesén method, BALYP/UB3LYP (or
RMO05/UMO05), is accurately reproducing the energy.d& previous work using the
restricted Hartree-Fock (RHF) method the energyagdgulated was so inaccurate
that quartet and hextet energies could not be coedparhe accuracy of the method
was tested using small molecules for which thelstrand triplet energy difference is
known very accurately. It is known that triplet imgene (:CH) is about 9 kcal md
higher in free energy than singlet methyléf%eB3LYP predicts a singlet/triplet
energy gap of 13.6 kcal mitibr methylene while M05 predicts 12.4 kcal MoThese
are respectively 4.6 and 3.4 kcal fhaligher than the true value. Thus B3LYP and
MO5 calculations probably overestimate the enerfjgrénce between equivalent
molecules in the two states. However the calcutatigresented here predict such
large differences in free energy between the siragid triplet molecules that an error
of 3-5 kcal mof* will not change the conclusions reached. Forrégson the results

have not been corrected for this error.
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3.4.4.4 Effect of continuum solvent method
As has already been mentioned, consideration ddiffede moments of the various
migration products revealed that they differed gigantly. The dipole moments of
singlet products are shown in Figure 60.

12
Dipole Moments of Substituted MgEt  ,/bis(imino)pyridine Alkylated

Products
10

B Me

O Et

Dipole Moment (D)
(o]

Mg N C2 C3i C3p C4
Product

Figure 60, Dipole moments of singlet magnesium bisfino)pyridine products.

It could be supposed that (even in a relatively-polar solvent such as toluene),
species with a high dipole moment will be stabdise a greater degree by solvation
than those with a lower dipole moment. Thus sobvasihould stabilise the starting
material and the £products most; the N- andGproducts significantly less, and the

Co- and Gy-products least. However, this did not prove tdHsecase.

It is difficult to identify any particular trend ogoing from gas phase to toluene results
(Figure 48 and Figure 49). Theiproduct is indeed stabilised most. Thg-@Gnd G-
products (which all exhibit similar dipole momengs systematically destabilised on
solvation. However the methylated N product is lyacbanged in energy while the
ethylated N-product (which has a similar dipole neom) is stabilised substantially.

Alternative solvation methods were investigatetrydo understand why the results
did not follow our predictions. However, all soliat methods in the Gaussian

program are based on the same methodology. Thasmparisons could be made.
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Changing the internal parameters of the model Wssiavestigated but there is little
information available describing what the paransetee and how they are chosen.
The investigation was abandoned due to time cansdrdt is possible that a useful

comparison could be made with the newly developd8 sodet*°

(Solvation Model
8) from the Truhlar group (which appears to diffeapproach from the PCM models

in Gaussian). This has not been investigated.

3.4.5 Addition via a Second Magnesium Species

A mechanism involving separated radicals has ajréaeén discounted (see section
3.4.2.2). The experiment is carried out in toluemiéh added dioxane and a small
amount of diethyl ether (in which the original Gragd reagent was dissolved). The
experimental details list the Grignard reagentasrig been in slight excess. The
magnesium is introduced as RMgCl and addition okaine precipitates out Mg£l
Thus the Schlenk equilibrium:

2 R-Mg-Cl R-Mg-R + MgCl,

Equation 1, The Schlenk Equilibrium

is shifted to the right and it can be supposedttiaform of any excess magnesium in
the system will be MgR This MgR is likely to be solvated by the diethyl ether et
mixture. Therefore we considered it possible the¢@nd, solvated MgRpecies
might take part in the reaction. This second magnespecies could directly attack
the pyridine ring of the MgL species. Simultaneous loss of one of the Rggou
from the metal would give the ligand-alkylated pnod The process is shown in
Figure 61.
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Figure 61, Alkylation of the magnesium bis(imino)pyidine by a second magnesium species.

We decided that an appropriate model would be edoardinate magnesium di-alkyl

explicitly solvated with two molecules of di-methather.

In the same way as the previous analysis, transstiates leading to possible
migration products were located\n unexpected “bridging” transition state was also
found. The (MgO),MgR; species is stabilised by interactions with theréug bound
to the magnesium inJdRIgL. Thus the ‘new’ R group is delivered to thealigl whilst

R: is simultaneously extracted.
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Figure 62, Alkylation of the magnesium bis(imino)pyidine by a second magnesium species via a
“bridging” transition state.

Most interestingly, the bridging transition statdsere R=Me and where R=Et were

significantly different. Visual inspection cannastihguish whether the new alkyl

" Reactants and products will have the saafative free energies as previously (see Figure 48 and
Figure 49), with the addition of the free energpne molecule of (Mg),MgR,. Consequently they
are not discussed again here.
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group is being delivered to the 6r G;; positions. Intrinsic Reaction Coordinate
(IRC) calculations (see chapter I) show that indagse of R=Me, delivery to the;C
position occurs but that when R=Et, the ligandkylated at G. The other bridging
transition states could not be located in eitheecdlustrating the sensitivity of the
potential energy surface to small changes to teteny.

O o
N1/CZ>C3i/ lecg‘\cﬁ/
| | e | | F

N—Mg—M'mN N Mg———N
/ / \M,Ie \Ar / / \E{/ MgLs\Ar

Ar Mé Ar

Figure 63, Bridging transition states for R=Me andR=Et.

The relative free energies of all transition stdbested are shown (in the gas phase
and in toluene) in Figure 64 and Figure 65. Aslieen stated previously, in the
toluene solvated systems, the enthalpies obtaiaee been corrected by +12 kcal

mol ™ to account for the loss in entropy when the twactant molecules are combined
in the transition state. This correction increabesbarrier heights for all
transformations to over 30 kcal rffolThus none of these reactions should be possible

at room temperature.
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Figure 64, Barrier heights for addition of Me by (Me,O),MgMe, at different positions of the
ligand.
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Figure 65, Barrier heights for addition of Et by (Me,O),MgEt, at different positions of the ligand.

It is worth noting, however, the relative differeisan the barriers involved in this
mechanism. All species are significantly stabilisadsolvation. There are also
significant differences between the case where RaiMeR=Et. When R=Me the
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barriers are much higher than the correspondingtRaksformations, especially for
the formation of the gproduct (which is only formed when R=Et). For Rthk#
bridging transition state for delivery of Et te {S considerably lower than for any
other transformation. In fact, if the extra entraqmyrection is ignored, this transition
state has a free energy of only 17.0 kcal nelative to the starting material. A
barrier of less than 20 kcal mfolvould certainly be accessible under the reaction
conditions. All other transformations would, ingtiase, be above 22 kcal maind

much less likely to occur.

3.4.6 Explicit Solvent

As stated previously, the reaction mixture contdiaenumber of other species
including diethyl ether and dioxane. We thus alsmght it possible that one of the
dioxane molecules could bind to the chelated magnesltering the potential
energy surface. To model this, a molecule of kgtaofuran (THF) was added to the
starting material, transition states and productkall species were re-optimised.

Only the R=Et species were considered.

Multiple geometries of each species were calculatedesponding to different
orientations of the THF molecule. The THF can henfbeither on the opposite side
of the ligand with respect to the new ethyl grodpwn), in the plane of the ligand
(forward) or on the same side of the ligand thlyletion has occurred (up). The

three possible structures are illustrated in Figitdéor the G-ethylated product.

Up position
‘I\\\\\\\\

ArN Mg NAr
‘Forward position

Down position

Figure 66, Possible positions that R and THF can aqbt in the magnesium bis(imino)pyridine.
Alkyl substituents on the ligand are on the side leelled "up".
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Figure 67, 3D images of possible positions of THFatecule when bound to G-product: up;
forwards; and down.

The thermal stabilities of the alkylated produetative to the sum of the free
energies of the starting material and a moleculeHf are shown below (Figure 68
and Figure 69). As described previously (secti@),3n the toluene solvated results, a

correction of +12 kcal mdlhas been included to account for entropy.

Themal Stabilitities of Ethylated Products with One Explicit THF Relative to Starting
Material + THF (separated)

Gas Phase
40
30 r O R=Et, separated MgLR2+THF ||
B R=Et, THF up
20 0O R=Et, THF down —
S 0O R=Et, THF forwards
£ 10
©
[S]
=
S 0
20 =
g [ L [
L
-20 J
-30
-40
Product

Figure 68, Free energies of ethylated products refi@e to LMgEt, + THF. Gas Phase.
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Themal Stabilitities of Ethylated Products with One Explicit THF Relative to Starting
Material + THF (separated)
In Toluene
20

5 O R=Et, separated MgLR2+THF

B R=Et, THF up
10 —
OR=Et, THF down

5 O R=Et, THF forwards 1

Mg

-10 1

Free Energy (kcal/mol)
(8]

.15 S

-20

25 S

-30
Product

Figure 69, Free energies of ethylated products refi@e to LMgEt2 + THF. In Toluene. Corrected
by +12 kcal mol* to account for entropy.

The starting material itself is less thermally &alshen bound to a molecule of THF.
Although the ethylated products are all more stéida the starting material and a
separate molecule of THF, the species without @hia@xTHF molecule are still
lowest in free energy. However, even if the THFvat#d products are not the final
products of the reaction (since the non-THF-solvg@ducts are more stable), they
could be intermediates in the reaction pathwayy(dre more stable than the starting
material with or without the THF). Thus the barteights for their formation must
be examined also. Again, the relative orientatibthe THF to the rest of the
molecule has an effect on the free energy so allipte orientations were computed.
The lowest energy conformations are shown in Figlre
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Kinetic Barriers to Ethylated Products with One Exp licit THF
Relative to Starting Material + THF (separated)
In Toluene

40

35

30
25
20
15
10
5
0 \ \ \

Mg - N (THF down, N-C2 (inversion, N-C2 (retention, C2 - C3p (THF up, Mg - C3i (THF
Et forward) THF forward, Et up)  THF down, Et Et forward) down, Et forward)
forward)

TS

Free Energy (kcal/mol)

Figure 70, Kinetic barriers (relative to starting material + THF (separated)) to ethylated
products with explicit THF. In Toluene.

Some interesting effects were observed. Firsttyamsition state for the migration of
Et directly from N to G was located, both with retention of the stereodkgnof the
ethyl group and with inversion (shown in Figure {d9 discussed previously, see
section 3.4.3.1.1.1). This transformation bearsesogsemblance to the Stevens
rearrangemeht which describes the transfer of a group, R, froquaternary

ammonium nitrogen to the adjacent carbon, produairgarranged tertiary amine.

Rs3 R3
v o NaNH; W
z—c—T—R2 — Z—C—N—~R,
Ry Ry

Equation 2, The Stevens rearrangement®. Z is an electron withdrawing group.

The main difference here is that the carbon atota which R (the ethyl group)
migrates, is quaternary and there is thereforecithahydrogen to be extracted. Also,
Z (in Equation 2) corresponds to either the pyedimg or the imino arm of the
ligand. These could be considered to be “electrithdrawing” given the propensity
of the ligand to accept electrons from the metatree(mentioned earlier). However,

since there is no acidic hydrogen to remove, tloessty of Z being electron
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withdrawing could be debated. There remains sorbatdeover the precise
mechanism of the Stevens rearrangement, with fadicac and 1,2-shift
mechanisms all having been suggested &ead references therein). The 1,2 shift is
discounted for a typical Stevens rearrangemenedime orbital symmetry principle
requires that it should take place with inversibthe stereochemistry;RThe
reaction is known to proceed with retention of skereochemistry at;RNo such
assumption can be made in the case of the magnéssfimino)pyridine (since the
necessary experiments have not been performed)orbital symmetry for the 1,2-
shift suggests that the transition state for red@nghould be high in energy and that
inversion should be allowed. Presumably the reéisemversion transition state is
higher in free energy (than that for retentiomekated to the steric strain involved in

this three-membered transition state.

(b)

Figure 71, N- G Transition state (a) with retention of configuration at Et; and (b) with inversion
of configuration at Et.

When the barrier heights are compared to the fneegy ofl plus a free molecule of
THF, most are above 30 kcal rifgmore barriers than shown in Figure 70 were
located). This is much higher than would be expktte a reaction that proceeds at
room temperature. Thus these findings are in ageaémith the mechanistic
assumption for the Stevens rearrangement: thaetwion does not proceed via a
1,2-shift. The Mg-N transition ought to be accelgsii 17.9 kcal mal. The only
other one of these transformations that might Ipeeted to occur is the,CCsp,

which is 23.0 kcal mdl. This barrier is lower than the barrier for thenfation of the
C,-product. Thus, even if the,@vas formed, it would be expected to convert to the

Csg-product which is more thermally stable (Figure.69)
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No transition state linking the starting materiaihathe G-product could be found.
All attempts to find a Mg- gtransition state deformed into MgyCAgain the
potential energy surface around the Mg a@d G; positions is demonstrated to be

extremely sensitive to any change to the system.

3.4.6.1 Paramagnetic Pathways
A selection of alkylation products with explicit FHvere re-optimised as triplet

molecules (shown in Figure 72). All paramagnetiecsgs (except thegzproduct)
were higher in free energy than the starting malt@tus a separate molecule of THF
(both in the gas phase and with solvent correctiGopsequently no transition states
for formation of these products were calculatedesithey must necessarily be even

higher in free energy.

Thermal Stabilities of Ethylated Triplet Products with Bound THF
(Relative to Starting Material + THF (separated))
Gas Phase and in Toluene

35

O Gas Phase

30
B In Toluene

25

20

15

|

10

Free Energy (kcal/mol)

C4-THF
(down)

(up)

al o
Mg-THF
(down)

N-THF |(up)
C2-THF (up
Me forwards)

C3i-THF
(forward)
C3p-T H

Product

Figure 72, Thermal stabilities of ethylated tripletbiradical products with explicit THF (relative
to starting material + THF (separated)). Gas phasand in toluene.

3.4.7 Extension of the Bridging Transition State Mo  del

None of the pathways examined had provided a campkscription of the processes
occurring in the magnesium bis(imino)pyridine systén terms of the relative
heights of the barriers to formation of the differeroducts, the bridging transition
states in which an alkyl group is delivered by eos®l magnesium species was the

most attractive. For this mechanism, there weraradferences between the cases
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where R=Me and R=Et and the barrier to formatiothefG-product for R=Et was

lower than for other transformations.

3.4.7.1 Combining Bridging Transition States and Ex  plicit Solvent

Another possibility not yet considered is the comaliion of the bridging transition
state with explicit THF solvation. The starting el is taken to be the THF

solvated molecule and a (M®2),MgR, molecule delivers R to the ligand. The process

Is shown in Figure 73.

N/ |
N Mg—i—N,
A’/ Et/ \E(,MQLa \A’
+12.7
—
Et
\ Ca
M‘g/OEtz 0.0 ey,
— \
o oet ‘ /(‘32/ =
Q,\ N \Ca‘/
o e | |
\ N======-- g-------- N,
| Nl/cz\cg./ W (L e
"""" % ‘g<-""-N\ \ / Yo

Figure 73, mechanism involving coordinated THF andhe bridging transition state. Relative free
energies in kcal mot.

During the transformation the THF is extruded (tlusteric constraints) and there are
therefore two separate molecules throughout thegss There is thus no need to add
the entropy correction and the “low” barrier to tihvéging transition state remains
accessible at room temperature (+12.7 kcal'indlo calculate the barrier, the only
extra calculations needed were those of a single idlecule in toluene and the

(Mex0),MgR; species in toluene.

This process is plausible because the bridgingitian state is not able to coordinate
the THF molecule. The aryl groups are angled imsuway that there is no longer
room for it. It must therefore dissociate from thansition state. Visual inspection of
the starting material and transition state molesuatenfirms this. In the starting

material with THF coordinated, one of the aryl greus angled quite sharply
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(compared with the same molecule without the TH¥e (grevious discussion in
3.4.1)). This is necessary to make room for theaaxiolecule (see Figure 74).

o Pr

Figure 74, Three views of the magnesium bis(iminoypidine with THF coordinated. The upper
Et group directs most of its steric bulk to the ridit and the THF directs most of its steric bulk to
the left. Thus the G-N-C,-C¢,) angle is -113.2° on the left hand side compared €3.7° on the
right hand side and the THF molecule can be accommated.

In the transition state the (IM@),MgEt, group occupies the top face of the molecule
and the two ethyl substituents are forced out betwike two aryl groups. It is not
possible for either of the aryl groups to twistmdwand make room for the THF to

coordinate (Figure 75).
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Me,0, OMe,

N/ /a

P' I Cl/qjé‘ w\  Pri
C
(b)ﬂ
F C(a(

“u, /_ )
", /\'Pr

Figure 75, Three views of the magnesium bis(iminoypidine bridging transition state for Et
transfer to C,. Both Et groups are directed out between the arygroups. Neither aryl group is
able to twist to allow coordination of THF (the G; -N-C(a)-C(b) angles are -91.3° and 97.3°).

As was asserted previously (section 3.4.1), thgelaryl groups are essential in this
process. The same conclusions may not have beemeck# they had been modelled

with smaller moieties (as other authors have done).

However, although the necessity of adding a largeopy correction is removed
(because there are now two molecules at eachrstép reaction process), there must
still be an entropy factor for extracting a THF emile from the bulk solvent. This
might be less than the +12 kcal Malorrection used for binding two of the solute
molecules but still must be considered. In addjtibhas already been shown (see
Figure 69) that the starting material with coordémsTHF is 4.3 kcal mdlhigher in

free energy than the two separated molecules @@efatropy is taken into account).
Thus the process illustrated in Figure 73 will hameoverall free energy barrier of

greater than 17.0 kcal mbIThe overall process is shown in Figure 76.
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Figure 76, Overall reaction barrier for addition of Et to the THF adduct

The extra quantity to be added is not known exdthigt of extracting THF from the
bulk solvent) but if it is greater than 7 or 8 koabl™* this may take the barrier to

above what would be expected to occur at room tesyne.

It is plausible that the mechanism in operationdi@yl transfer is that shown in

Figure 76. The total free energy barrier cannotddeulated exactly.

3.4.7.2 Bridging Transition States with Loss of OMe 2

Closer inspection of the bridging transition staeealed that of the bonds from the
second magnesium to the “solvent” (the QMeups), one was much longer than the
other. Thus the possibility that one of these gsoagtually dissociates during the
transition state was considered. If dissociatiothefsecond OMegroup did occur,

the barrier to the transformation would be sigmifity lowered because it would no
longer be necessary to include the +12 kcal'neoitropy correction. There would
again be two molecules in the starting materiahgition state and product (shown in
Figure 77).
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R,MgL +R,Mg(OMey), —= RMgRLRMgR(OMe,) + OMe,—» RMgL(R) + R,Mg(OMe,),
R R

| /OMez | /OMez
ME~ e, MI~owe,
R/ C4%C3 R/
p
¥ ‘ | ¥
Pt
C4§ e Nl/ ;\q:::?g. OMe, —> C4§
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‘ | /N /Mg\ N \’ R ‘ |
C P C
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Figure 77, Alkylation of the magnesium bis(imino)pyidine by a second magnesium species via a
bridging transition state with loss of an OMe moiety.

A new bridging transition state with only a sin@#le, group coordinated to the

magnesium was located (shown in Figure 78).

Figure 78, Bridging transition state for delivery d Et to C, by Mg(OMe,),Et, with loss of OMe.
Selected hydrogens shown only.

In this case there are no other corrections tadoed: the separated singlet starting
material is the lowest energy species (comparell thvé THF adduct or triplet
biradical). When solvated in toluene, the free gpef this transition state (plus that
of a molecule of OMg is 22.9 kcal met compared with the starting material and a
free molecule of Mg(OMg:,Et,. Thus this process should be possible at room
temperature. Moreover, it has been shown thattidgihg Mg- G transition state
does not exist where R=Me, consistent with expeamntaldindings. Neither can it exist
for delivery of R to other positions on the ligaeaplaining why none of those

products are observed.
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3.5 Conclusions

The alkyl transfer from the magnesium to the pyrednitrogen most likely proceeds
via a simple 1,2-shift. The free energy barriethis process is 9.2 and 16.8 kcal thol
when the alkyl group is ethyl and methyl respedyiv€his should be accessible
under the reaction conditions. The analogous psogegshe triplet biradical pathway
Is much higher in free energy. Thus it is unlikédgt Mg-N alkyl transfer proceeds
via a paramagnetic intermediate. Calculation suggest the most likely identity of
the paramagnetic species detected experimentadiyhier excited starting material,

or, in the case of R=ethyl, excited-€thylated product.

Three general mechanisms were proposed: a sintpler],3 shift; delivery of the
alkyl group via a second magnesium moiety; andxatiat solvent model with a
THF molecule coordinated to the metal. The feasyif these mechanisms
occurring on the triplet pathway was also evaluatedact, the processes shown to
have the lowest barriers to formation of thepoduct were those which combined
elements of the above mechanisms. Where an extraig Ebordinated to the metal,
the transition state for the process is not defmeattly but is shown to be between
17 kcal mot* and ca. 29 kcal mdl If, during the reaction, the second magnesium
species dissociates one of its explicit solventatulles and forms a “bridging”
transition state, the barrier to alkylation is 228 mol'. These processes are
plausible models for the reaction: not only do tpesdict barriers that could be
overcome at room temperature (i.e. under the i@aconditions), but the process is
shown only to occur when R=Et (and not when R=M#& other mechanisms
explored are not consistent with these two critegither the barriers to alkylation
were much higher than would be possible at roonpeature; or other processes
were shown to have lower barriers and would theeetompete, resulting in other
(experimentally unobserved) products.

All the calculations presented here include theldig(imino)pyridine ligand
including the bulky aryl groups. This is an apptoaot used by other authors (who
have generally modelled them with smaller substitsi¢assuming that they are not
crucial to the reactions under investigation). Wevs that not only is their inclusion
necessary, but that their presence is key to utadetimg the reaction mechanisms

proposed.
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This work also demonstrates the importance of etalg the effect of solvent. A
solvent correction (even for a non-polar solvemsas toluene) has a dramatic effect
on the relative free energies of potential prodacis barriers to alkylation. Moreover,
inclusion of explicit solvent has been shown tahical in a correct description of
the reaction. The results presented here consatbrthese approaches and the
calculated lowest energy mechanism includes bagphi@ixsolvent and continuum

solvent effects.
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4. Zirconium Amine Tris(phenolate) Complexes for
Lactide Polymerisation: Dynamic Processes of the
Ligands

4.1 Introduction
4.1.1 Unsubstituted Amine Tris(phenolate) Complexes

Amine tris(phenolate) ligand4§) can be complexed with a wide variety of metal and

non-metal centregproducing well-defined monomeric species (see f€ig®).

R

R

O
R
Ry
\
M R
|
R V\

(o] (o]

R R

Figure 79, Amine tris(phenolate) ligand complexedaund a metal, M.

" A search of the Cambridge Structural Databaseatexammplexes of aluminium, bismuth, iron,
germanium, indium, molybdenum, phosphorus, antimsitigon, tantalum, titanium, vanadium,
tungsten and zirconium.
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Complexes of the ligand in which BBu have been synthesised with zirconium,
tungsten, titanium, vanadium, bismuth, antimony tamtdalum. Most of these are
monomeric although some dimers have also beenaikased. Some examples are

shown in Figure 80.

Figure 80, Examples of metal amino tris(phenolatehonomers ((a)) and dimers ((b) and (c)).
Structures taken from the Cambridge Crystal Structure Databasé™ (a) PEMREF, (b) ISOFEB
and (c) CIJLIR.

This class of ligand is attractive from a catalgiandpoint not only due to its ease of
synthesis but also for the resistance of manysafémplexes to hydrolysig ™3¢
Complexes of this ligand have been evaluated feragscatalysts in the
polymerisation of lactide’**? formal aza-Diels Alder reactiot®; the epoxidation of

olefins by'BUOOH*% and ethylene polymerisatitii

The amine tris(phenolate) ligand is a tetraderligéend. Although the ligand itself is
achiral, its metal complexes arg-§ymmetric (or pseudo£symmetric where the
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second ligand, Ris present). The chirality results from the benthialigand arm at
the methylene group linking the phenyl rings to ¢katral nitrogen. Viewed from

above, the complex appears as either a left-hafRjentr right-handedNl) propeller.

R
X o\ __o0 o
L\ M

Figure 82, Three representations of the M isomer od metal amine tris(phenolate) complex.

The metal complex thus occurs as a racemic midbiRreand M isomers which may
interconvert at room temperature (depending omtbtal). The temperature at which
interconversion occurs can be determined by NMRtspgcopy. Where th@omplex

is a rigid structure'H NMR analysis shows an AB spin system resultimgnfthe
distinct axial and equatorial protons of the lirkimethylene groups. Raising the
temperature will cause coalescence of these tveoo$gteaks and the coalescence
temperature has been shown to be highly dependethieanetal. For example, where
M=Ge (R=Me, F_{=OiPr), the room temperature spectrum shows a brogtesiwith

the pair of doublets appearing only after coolimg30°C** The spectrum of the
analogous titanium complex, on the other hand (R=R420'Pr), shows the ABH

NMR motif at room temperature. Thus the titaniummpdex is supposed to be a
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‘rigid’ molecule at room temperature and the baneinversion must be higher than

that in the germanium complex.

The discovery by Davidscet af*®that an amine tris(phenolate) complex of
germanium (R=Me, R OPr)*® produced heterotactic poly(lactide) led them to
guestion how this stereospecificity came aboutyTdmnsidered three possible
mechanisms: chain end control; dynamic enantiomorgte control; and enhanced
chain end control. The first of these is a well\knanode of propagation in which the
selectivity of the catalyst is governed by the ality of the growing polymer chain.
This mode is not significantly affected by the ahty of the metal centre and is
responsible for stereospecific reactions catalysedchiral catalysts. Dynamic
enantiomorphic site control can occur when the huetaplex is able to invert its
chirality. Insertion is governed by the chiralitythe metal centre but this is controlled
by the chirality of the growing polymer chain. Ims®n at the metal is slow on the
timescale of insertion so that only a single digsisomer is present at one time. The
third mode, enhanced chain end control is a speas# of dynamic enantiomorphic
site control: this time, inversion at the metal nb@yfast on the insertion timescale.
However, one diastereomer reacts preferentialliz tiié new monomer leading to
overall stereospecificity. The Davidson group stdtet detailed mechanistic studies

would be required to distinguish between the timeehanisms.

The inversion process observed in these complexastispecific to this ligand. Two
non-dissociative racemisation mechanisms (nameeBdiand Ray-Duff*) have
been shown to occur in metal tris chelates. ThéaBaansition state describes the
concerted “flipping” of all three chelate rings \adransition state of 49symmetry,
whereas the Ray-Dutt transition state involvesiisiom of only one of the rings via a
transition state of £ symmetry. A recent study describes these processestal

tris(chelates) with ligands based on acetylace&frat

4.1.2 Substituted Amine Tris(phenolate) Complexes

Until 2007, all catalysts derived from the amins(phenolate) ligands had employed
achiral ligands, generating, as described aboeepma mixtures of products. The

first example of the use of a chiral ligand to f@neppreferentially one enantiomer was

reported by Axet al*” and separately by Bernardinadtiaf“*®. The former group
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suggested that if the catalyst could be prepareahienantiopure form it would have
applications in chiral recognition or asymmetritatysis. They noted that
introduction of three stereocentres to givesss@nmetric ligand (Figure 83,
R>=R3;=Me) would be effective but synthetically challemgi They envisaged that the
introduction of one methyl group was feasible. Thusngle chiral centre was
introduced into the ligand structure (Figure 83:R, Rs=Me).

OH

HO R, OH

R R

Figure 83, A methyl group added to an amine tris(panolate) ligand at R (R,=H) creates a chiral
ligand.

It was supposed that unfavourable steric interastlzetween a pseudo-equatorial
methyl group and the proximal phenyl ring of thgaadnt ligand arm would
disfavour one enantiomer. Indeed, an NOE experirsiemived close proximity of the
methyl group at Rand two inequivalent pseudo-axial benzylic protdrss is

consistent with the formation of thR (M) product (see Figure 84).

Figure 84, Proposed equilibrium between enantiomersf a titanium complex of a chiral amine
tris(phenolate) ligand.

139



Chapter IV

Zirconium Amine Tris(phenolate) Complexes for LdetiPolymerisation: Dynamic Processes of the Ligands

4.2 Aims
The Davidson group had suggested that the polyatensof lactide by racemic
amine tris(phenolate) metal complexes might be gwaby enhanced chain end

controft38 147

(the stereospecificity of the reaction is defitedth by the chirality at
the metal and of the growing polymer chain). Thusiaderstanding of the dynamic
processes occurring within the catalyst itseleguired before the polymerisation
mechanism can be fully described. DFT calculatiwase performed to provide
information to complement the experimental datheip elucidate the processes

occurring and their mechanisms.

It had been assumed that inversion of the liganglavsynchronous process, justified

by the high barrier measured for the titanium cargR=Bu) as 17.8 kcal mdi**®

The first goal then was to confirm the mechanisrmeérsion of these amine

tris(phenolate) metal complexes and justify the snead barrier.

Secondly, we aimed to explore the differences talgac behaviour between the
different group IV metal complexes: the titaniummggex (Figure 79, M=Ti, RBu,
R.= OPr) produces atactic polylactide while the anal@gzitconium and hafnium

complexes give heterotactic polymer.

If the polymerisation of lactide is indeed conteallby an enhanced chain end control
mechanism, the barrier to inversion of the catalysst be accessible under the
reaction conditions. To understand how that baisi@ffected by coordination of a
molecule of lactide; the identity of the Broup; the addition of a methyl group at
position R; and the identity of the metal is crucial in ortieunderstand fully the

reaction mechanism.

Preliminary studies have explored the effect thew@dinated molecule(g.lactide)

can have on the inversion process.

The Davidson group had also observed that whe®'fegroup (R) on the titanium
catalyst was replaced by a triflate group (trite@d f=0SQCF;), the catalyst showed
increased activity. It was thought that DFT caltiolas might be used to explain this.

Given the unexpected complexity of the inversioocpss, each of these aspects were
investigated in terms of their effect on the inv@ngprocess. Consideration of their
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effect on intermediates and transition statesenpiblymerisation mechanism itself

has not yet been addressed.

4.3 Computational Approach for Investigation of the
Tris(phenolate) Inversion Mechanism

It was thought necessary to include the 'Bil aryl substituents in the model since the
effect of the steric bulk was not known and couddl therefore be assumed to be

unimportant.

The cc-pVDZ** ®%basis set was used on the metal atoms, with theppate
pseudo-potential on Zr. The largest system to beéiesti had 127 atoms and 990 basis
functions at this basis set level (referred to agee as the full basis set level). Full
optimisations and frequency calculations at thiellevere prohibitively expensive

and we therefore tested a layered model: cc-pVO(Ep31G(d):STO-3G. This basis
set combination employs cc-pVDZ(-pp) on the medeB1G(d) on atoms directly
bonded to the metal or likely to be electronicaflyolved in the transition states; and
STO-3G on: the four carbons of the aryl rings rent pf the main ligand ring; the aryl
group substituents; and the C and H atoms of tRe g@¥oup (see Figure 85 for a
visual description). This combination of basis set®rmed the mixed basis set level.

Figure 85, Visual description of mixed basis setgc-pVDZ atoms shown as ball and stick; 6-
31g(d) atoms shown as tube; and STO-3G atoms shows wireframe.

This combination of basis sets produced resultsdéa@ated by not more than 1.8
kcal mol* from the full basis set calculations for seledtest systems. It was

therefore adopted for the remainder of the projatttere the @r group was replaced

141



Chapter IV

Zirconium Amine Tris(phenolate) Complexes for LdetiPolymerisation: Dynamic Processes of the Ligands

by triflate, the whole triflate group was assigred 6-31G(d) basis. When a
formaldehyde molecule was introduced, the oxygemdinated to the metal was
assigned 6-31G(d) while the C and H atoms wergasdiSTO-3G.

All transition states and optimised minimum geomestivere located and
characterised by the standard procedures desanldthpter I.

4.4 Results and Discussion

4.4.1 Unsubstituted Zirconium, Hafnium and Titanium Amino
Tris(phenolate) Complexes

The zirconium and hafnium amine tris(phenolate) plexes where RBu, Ri=0'Pr
and R=Rs;=H (see Figure 86) show similar catalytic behaviouhe polymerisation
of rac-lactide. Both species show high activity and sispecificity under solvent-
free conditions, producing heterotactic poly(laejitf® Poly(lactide) generated by the
analogous germanium complex has also been foubd keterotactic but the activity
of this complex is lowet*® The equivalent titanium complex displays goodvatsti

but produces only atactic polymer under the samelitions™>* *4°

BU

Figure 86, The unsubstituted amine tris(phenolategomplex used in this work.

Kol et al*® had suggested that the inversion process wagy kigichronous (all three
ligand arms inverting simultaneously), to “accotartthe high barrier to rotations in

these complexes”. They presented no further evelemsupport this claim.

Chandrasekaragt al also hold this view, though their work was basedailicon

complex in which R=Mé&?2® This group further suggests that the height of the
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inversion barrier might be related to the Si-N (¥1bond length. However they

present no experimental evidence to support thethesis.

Kol et al suggested that the high barrier to inversion wasarfunction of the size of
the R groups attached to the aryl ring. If the sizB was reduced from the very
bulky '‘Bu to Me, the barrier for inversion in their Ti cphax was reduced by only 2.1

kcal mof™.

4.4.1.1 Asynchronous Inversion Mechanism

No transition state (i.e, a first order saddle puaiith a single negative force constant
in the Hessian matrix) for a concerted inversioocpss of the zirconium amino
tris(phenolate) complex could be located (see @eeti4.1.2 below). However four
possible transition states corresponding to sepamaersion of each ligand 'arm' were
found (when R=Rs=H). Thus the inversion is shown to be a stepwisegss. TS1

and TS3 are enantiomers, corresponding to inverdiansingle arm with both
‘resting’ arms in the same configuration (eithehi#®or both M). TS2 (where one
arm is inverting and of the other arms one is sRhconfiguration and one is in the M
configuration) is found to be the rate limitingst& he reaction passes through two
intermediates which are also enantiomers. The plesstaction pathways are shown

schematically in Figure 87.

% Sy
/\d QX& = % TS2a ki\ Qﬁj\qi/\
Sy %
1u TS1 2u 3u TS1=TS3 4u=1u

TS2b

Figure 87, Schematic diagram illustrating possiblénversion pathways for complexes of amine
tris(phenolate) ligands. Complexes viewed along thHd-N axis.

" This assertion is supported by the suggestiondsinEret al (Inorg. Chem2005,44, 2803) that the
inversion mechanism for inversion of their titaniBacoordiate amino tris(phenolate) species (see
later) was a stepwise process.
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Two possible TS2s exist (Figure 88 and Figure 8 first being significantly higher

in free energy than the second.

@)

Figure 88, TS2a (Zr complex), hydrogens omitted: (aschematic illustration of negative
vibrational mode (b) side view (c) view from above.

(@) (b)

Figure 89, TS2b (Zr complex), hydrogens omitted: (aschematic illustration of negative
vibrational mode (b) side view (c) view from above.

A reaction profile for the unsubstituted zirconigomplex is shown in Figure 90.
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Full basis set combination
Mixed basis set combination

2u /7T TS2b N N 3u(=2u)

S Tstn N, 86 100 N 88 3S3u TS
/\5 ,/ 11.7 N 6.9 re Y 6.9 ,/ 11.7 \\\
/ 115 /EF\ 115
_ /\{ %/\ \_
Reactant Product (=Reactant)
0.0 0.0

Figure 90, Calculated reaction pathway for asynchroous inversion of the unsubstituted Zr
complex. Free energies (kcal md) are shown at the full and mixed basis set leveler
comparison.

Comparison of the free energies of the zirconiusces along the inversion pathway
reveals that reducing the size of the basis setoore atoms has little overall effect.

There are no significant changes to the relatige &nergies.

4.4.1.2 Synchronous Inversion Mechanism

As previously stated, a transition state for cotezkmversion could not be found.
Instead, a @ order saddle pointl§) was located, for which four roots of the Hessian
matrix were computed as negative. In order to itatd location of this species, these
calculations were performed on thg, Gymmetric molecule in which,ROMe. The
free energy of the molecule was 49.0 kcal msith respect to the corresponding
starting material. Thus it is significantly highierfree energy than the (true) transition

states for the stepwise process.

Figure 91, Species 1s, (a) side view, hydrogens tadl (b) view from above (c) schematic
diagrams illustrating negative vibrational modes.
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The four negative modes correspond to: arsyimmetric synchronous inversion of all
three ligand arms; a degenerate (E) mode corresmpimltwo equivalent modes and
a second Amode. The two degenerate E modes correspond &fdramation into the
two transition state$§S2aor TS2b. The other Amode describes a synchronous
twisting of all three ligand arms.

Characterisation of this high enerd{ drder saddle point clearly eliminates a

synchronous inversion mechanism.

4.4.1.3 Effect of Varying the Metal

4.4.1.3.1 Geometries

Consideration of the geometries of the three corgs@eveals some interesting
differences. All the parameters measured are gifmiahe zirconium and hafnium
species (see Table 20). In the titanium compléXaid lengths are shorter (probably
due to the smaller size of the titanium atom). @inedral angle measuring the extent
to which the 6-membered M-O-C-C-C-N ring is defodhveas measured (shown in
Figure 92). Chandrasekaranaf**® had suggested that the extent of distortion from

planarity of this ring might be related to the faitilty” of ligand inversion.

R Ry

v—"0

SO

o\

P!
R /N>

R

Figure 92, Diagram showing the O-M-N-C dihedral ane used to assess ligand arm distortion.

In this case however, the dihedral angle in tlaiitm complex is not significantly
larger than in the hafnium or zirconium complex@se M-O!Pr angle is larger for

the Ti complex but it is not clear how this woufteat the inversion process (théF®
group is not close enough to the ligand arms tddrimversion). The data in Table 20
suggest that the main reason that the barriev&rsmon in the titanium complex is
higher than in the zirconium or hafnium complexedue to the shorter M-ligand

bonds.
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Metal Zr Ti Zr Hf Ti
Basis set Mixed Mixed Full Full Full
M-O (A) 2.00 1.84 2.01 2.00 1.79
M- O'Pr (A) 1.95 1.79 1.95 1.94 1.85
M-N (&) 2.52 2.44 2.48 2.46 2.38
M-O-iPr (9 178.4 156.8 179.7 173.6 160.5
O-M-N-C (9 24.2 28.9 32.8 32.8 34.0

Table 20, Selected bond lengths and angles for zingium, hafnium and titanium amine
tris(phenolate) complexes.

4.4.1.3.2 Free Energy Barrier to Inversion

Key species on the asynchronous pathway were edéclfor M=Ti and M=Hf. The
two sets of calculations were performed at diffetsasis set combinations and so
should not be compared directly. They can howeeeardmpared with the equivalent
zirconium pathway at equivalent basis sets. Theti@apathway for stepwise
inversion of the titanium complex (with that foetkirconium complex shown for
comparison) is shown in Figure 93. The equivalathyay for the hafnium species is

shown in Figure 94.

M=Zr TS2a
21.9
/_\
— 2u ,’/ ,,’,, TS2b \\\\ \\ 3U( 2U)
S TS 69 L 14.9 \ 3\ 6.9 TS3u( T81U)
/\d / 11.5 \‘—" /r — \\
_/ /\f( Bﬁ/\
Reactant Product( Reactant)

0.0

Figure 93, Reaction pathway for stepwise inversionf zirconium and titanium complexes.
Calculations performed with mixed basis sets, freenergies in kcal mot-.
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TS2a
22.2
22.9
[ — /)/\
/\C\ //l ,_\ \\\
— 2u // ,,’, TS2b \\\ \\ 3u (=2U) —
// TS1u \\\ 8.6 ///,/,’ 1_?(63 \\\\\\\\ 8.6 /T‘S/3u (:T\Sl\u)
1T Nl : ST N

! 12.2 /qf\ 12.2 AN
/\{ %/\ \_

Product (=Reactant)
0.0

Figure 94, Reaction pathway for stepwise inversionf zirconium and hafnium complexes.
Calculations performed with full basis sets, free mergies in kcal mol*.

Figure 93 and Figure 94 demonstrate that chang@egnetal centre has little effect on

the energetics of inversion. This is of particuldaerest because the catalytic

behaviour of the complexes can vary significantithwhe metal: the zirconium and

hafnium complexes produce heterotactic polymereuvie titanium complex

produces atactic PLA. These findings confirm thpdtliesis that catalyst inversion

cannot be the sole factor governing stereospeificithe polymerisation process.

Full thermodynamic results for possible specieth@reaction pathway for the

zirconium, hafnium and titanium complexes are tisteTable 21, Table 22 and Table

23. The rate limiting step is highlighted in red.
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Gt st H
Metal R R1 R2 Species Basis Set
(kcal mol )| (cal mol ™) |(kcal mol )

Zr ‘Bu H o'Pr 1u 0.0 0.0 0.0 Full
Zr ‘Bu H O'Pr TS1u 11.7 5.5 10.1 Full
Zr ‘Bu H O'Pr 2u 8.6 0.5 8.7 Full
Zr ‘Bu H O'Pr TS2a 22.2 -6.3 20.3 Full
Zr ‘Bu H o'Pr TS2b 16.6 -1.3 16.2 Full
Zr ‘Bu H OMe 1s 49.0 -10.1 52.0 Full
Zr ‘Bu H o'Pr 1u 0.0 0.0 0.0 Mixed
Zr ‘Bu H O'Pr TS1u 11.5 -4.1 10.2 Mixed
Zr 'Bu H O'Pr 2u 6.9 -0.9 6.6 Mixed
Zr ‘Bu H o'Pr TS2a 21.9 -6.6 19.9 Mixed
Zr ‘Bu H O'Pr TS2b 14.9 2.7 14.1 Mixed

Table 21, Free energies, entropies and enthalpiegspecies along the reaction path for inversion
of the zirconium amine tris(phenolate). (Pathway lustrated in Figure 90.)

Gt st Hi

Metal R R1 R2 Species Basis Set
(kcal mol )| (cal mol ) |(kcal mol ™)

Ti 'Bu H O'Pr 1u 0.0 0.0 0.0 Mixed/Full
Ti 'Bu H O'Pr TS1u 11.5 -4.4 10.2 Mixed
Ti 'Bu H o'Pr 2u 9.1 2.7 8.3 Mixed
Ti 'Bu H O'Pr TS2a Not calculated Mixed
Ti 'Bu H O'Pr TS2b 15.8 8.1 13.4 Mixed
Ti 'Bu H O'Pr TS2b 18.6 -8.9 16.0 Full

Table 22, Free energies, entropies and enthalpieEspecies along the reaction path for inversion
of the titanium amine tris(phenolate). (Pathway ilustrated in Figure 93.)
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G* s* H¥
Metal R R1 R2 Species Basis Set
(kcal mol )| (cal mol ™) |(kcal mol ™)
Hf 'Bu H o'Pr 1u 0.0 0.0 0.0 Full
Hf ‘Bu H O'Pr TS1u 12.2 7.3 10.0 Full
Hf 'Bu H o'Pr 2u Not calculated Full
Hf ‘Bu H O'Pr TS2a 22.9 -85 20.4 Full
Hf ‘Bu H o'Pr TS2b 17.6 -4.3 16.3 Full

Table 23, Free energies, entropies and enthalpieEspecies along the reaction path for inversion
of the hafnium amine tris(phenolate). (Pathway illstrated in Figure 94.)

A number of reports of such data found for otherilsir complexes are collected in

Table 24. For species in which the ligand at (Rigure 79) is monodentate, the

values of G*range from 9.7 to 17.8 kcal mblThus these previously reported

results are consistent with our predicted barriersases where R1 is a bidentate

ligand (i.e. the metal is 6-coordinate), the basrieported are lower, ranging from

8.6 to 11.5 kcal mdl (see section 4.4.4 for further discussion).

" Given the large number of metal (and non-metaipartris(phenolate)s that have been reported, this

list is not exhaustive.
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G* s* H
Metal R R1 R2 Ref
(kcal mol ™) (calmol ™) | (kcal mol ™)
2,6-di-isopropyl
Ti Me H Propy 14.9 151
phenolate
Ti Me H o'Pr 15.7 148
Ti 'Bu H O'Pr 17.8 at 386K 148
Si Me H Me 10.3 136
Si Me H OMe 10.4 136
Si Me H Ph 9.7 136
zr ‘Bu H ‘Bu 13.0 at 298K 152
\% Me H =0 14.0 at 296K 141
\Y ‘Bu H =0 15.9 at 346K 141
Ti ‘Bu H | tropolonate (bidentate) 8.6(11) 7(3) 10.7(6) 153
) . 8-hydroxyquinoinate
Ti Bu H , 11.5(3) -10.2(8) 8.46(17) 153
(bidentate)
) . salicylaldehyde
Ti Bu H , 10.5(3) -11.3(9) 7.14(18) 153
(bidentate)
) . diformylcresolate
Ti Bu H , 10.1(4) -9.4(12) 7.29(23) 153
(bidentate)
. ) di-p-tolyoylmethane
Ti Bu H _ 10.9(6) -12.4(16) 7.1(3) 153
(bidentate)

Table 24, Free energies, entropies and enthalpiest{ere available) of amine tris(phenolate)
complexes in the literature.

To enable us to identify whether or not there wa®iad in the barrier heights for the
three species with different metal centres, TS2Hhlfe titanium complex was re-
calculated at the full basis set level. The resgltrend in barrier heights is:

Zr (16.6 kcal mof) < Hf (17.6 kcal mot) < Ti (18.6 kcal mof)

These findings are not inconsistent with obsenagdlgtic behaviour. If the inversion
process plays a role in the catalytic processpbssible that in the case of titanium,
the barrier has been raised just above the legeined for the reaction to occur. Thus

151



Chapter IV

Zirconium Amine Tris(phenolate) Complexes for LdetiPolymerisation: Dynamic Processes of the Ligands

the polymerisation might proceed via an alteredlmaatsm, producing polymer of a

different tacticity.

4.4.2 Methylated Zirconium, Hafnium and Titanium Am  ino
Tris(phenolate) Complexes

As previously discussed, it had been assumedtieanbno-methylated amine
tris(phenolate) ligand (Figure 83, R=H) would focomplexes of both enantiomers,
but that one enantiomer would be favoured on stgonands. The two enantiomers
were both calculated and the (R,M) (or (S,P)) isowes found to be 1.3 kcal mbl
higher in free energy than the (S,M) (or R,P). $hecies in which the methyl group

is equatorial is higher in free energy than thakisiomer.

There are six possible unique pathways via whiehstlBpwise inversion can be
envisaged to proceed. It was necessary to calcallatansition states along each
pathway to be sure that the route of overall lovirest energy had been correctly
identified. Twelve unique transition states wereaked: three TS1s; six TS2s and
three TS3s. These are linked by six unique interates, all of which were also

located.

Each structure (intermediates and transition staesach path is labelled in terms of
the order in which the arms invert. (Arms are l&zkh, b or ¢ and the label “TS3ca”
denotes the transition state corresponding torting transition state in a pathway in
which arm c inverted first, followed by arm a (hena TS3ca, arm b is inverting).
The six pathways are shown schematically in Fi§&re
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Figure 95, Schematic showing the six unique pathwayfor stepwise inversion of the methylated
zirconium amine tris(phenolate).
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The lowest energy pathway is found to be that irctvithe order of inversion of the
ligand arms is c, a and finally b. (Path = 1, TSAg, TS2ca, 3ca, TS3ca, 4.) Within
this pathway, the highest energy species is TSua.pathway of lowest energy is
illustrated Figure 96. Shown also for comparisothéeslowest energy pathway for the

unsubstituted complex.

Unsubstituted Zr Complex
Methylated Zr Complex

Me
M
.,\\\\\\\Me = axial Me 'e
/Me = equatorial Me /)/\
AR
2u/2ca /::'_~\\\
8.6 L,/ 1S2b/TS2ca 3u/3ca
— 9.2 ,j:' 16.6 \\\\ 8.6 Me
FSLUTSLC ™3 3 17.3 NNBT - 1
K7 /' 11.7 ~— Me \:— - ‘_\\\ N
Me/ 11.6 ' — TS3u/TS3ca\\\

J/ AN 11.7 N
{ 8.8
— /\( Me Me \—
Reactant ' Product
0.0 0.0
0.0 1.3

Figure 96, Free energy pathway for stepwise inversin of Zr complex: unsubstituted and
methylated. (Full basis set, free energies in kcatol™.)

The most interesting feature of Figure 96 is thatdverall barrier to inversion, that of
TS2, is very little changed on methylation of tlgahd. This confirms that the
detection of only one isomer in the experimentalRIkpectrum is explained not by a
high barrier to inversion but by the energy diffeze between the “equatorial” and
“axial” isomers. A difference in free energy of k&l mol* corresponds to ~90% of

the molecules having the lower energy axial contdrom.

The key species on the reaction path were cal@ifatehe titanium complex also.
The results are shown schematically in Figure 97.
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Unsubstituted Ti Complex
Methylated Ti Complex

/Me = axial Me Me
‘\\\\\\\\Me = equatorial Me /\i\ /)/ ~
/TSZb/TSZC&l .
— 2u/i2c 15.8 . 3ul3ca -
TS1u/TS1c >~ L’ AN ;fSSu/TSSca
’ \ 9.1 . 17.3 N 9.1 ’ \
/o1 ~——  — 115
Me N
= Me \
Me’ B = \\
/\iiv ~ z \\\
/ \ I
_/ \—
Reactant Product
0.0 0.0
0.0 2.4

Figure 97, Free energy pathway for stepwise inversin of Ti complex: unsubstituted and
methylated. (Mixed basis sets, free energies in Kool ™)

As for the zirconium complex, the overall barrienrtversion (assumed to be the
same species as in the zirconium complex) is goifszantly changed by the addition
of a methyl group. The equatorial isomer is 2.4 keal™* higher in free energy than
the axial isomer. It should be noted that althotg$is a greater difference than in
the case for zirconium (above), the titanium specadculations employed the mixed
basis set combination whereas the zirconium speaes calculated at the full basis
set level. Thus it can be assumed that thereles diifference in the inversion
mechanism or barrier on changing the metal frontoZri. This could have important
implications for catalysis. If ligand inversionseown to play a role in the
polymerisation process, it will be crucial that thearier to inversion is not raised
significantly on introduction of the methyl grouphe aim of introducing the methyl
group was to “lock” the configuration of the systerhis aim is achieved in that the
majority of the molecules exist in one conformatiblowever, if inversion can still
occur during the polymerisation process, any meshathat depends on this
inversion will not be inhibited significantly on rtigylation. Thus, that methylation
does not significantly raise the barrier to inversis an interesting and important

result.
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4.4.3 Effect of Varying the O 'Pr Ligand

The complex shown in Figure 79 where M=Ti,'B&, and R=O'Pr, although
displaying high activity in the polymerisation aickide produces only atactic
polymer?3®: 1*0Additionally, the titanium complex in which théR group is replaced
by a triflate group has been shown to be a goaalysdtin formal aza-Diels-Alder
reactions:=>* Analysis of this and the analogous methylated isgdEigure 83:

R.=Me, Rs=H, R;=H) was undertaken to determine how the inversiocgss was
affected by altering the'Br ligand. During the polymerisation reaction, tagalyst

will support a variety of different types of ligamadl this position: the growing polymer
chain; a coordinated lactide molecule; and thenggliates linking the two transition
states. Thus an indication of how the inversiontmecsm changes as the extra ligand
Is altered is essential for a complete descriptiotine lactide polymerisation process.
The calculations were performed on the zirconiuecss with mixed basis sets. The
unsubstituted pathway is shown in Figure 98 antlfthahe methylated system in

Figure 99.

Zr unsubstituted complex

TS2b
14.9

T ﬁh

/TSt 4 AN zTS3u( TSt
4 11.4 - \— 11.4 \\
7
, /qf\
/
/
— _
Reactant Product eactant)
0.0

Figure 98, Pathway for inversion of unsubstituted Z tris(phenolate) complex with R=OTf. The
pathway for inversion with R2= OPr is shown for comparison. Free energies in kcal ai™.

Replacing the isopropyl group with a triflate granghe unsubstituted system has the
effect of raising the free energy of the rate-dateing transition state by 2.4 kcal
mol ™. The overall barrier is now comparable to thattfa methylated system where
R,=O'Pr (17.1kcal met at the same basis set level). This is interedtemause it

implies that the OTf group hinders inversion appmately as much as the methyl
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substituent. However, the reasons for this hindranast be very different since the

two groups are attached at very different positiorthe molecule.

Comparison of the optimised geometries of the TO®r-and TS2b-OTf reveal that
the transition state is barely altered on replatigisopropyl group with triflate.
Thus the increase in energy of the rate determitnangsition state cannot be
explained by a significant structural change. Tiaetisig material also is barely

distorted on variation of the;Rgand.

The geometries of the unsubstituted and the madg/l@Tf substituted TS2s were
compared to try to understand why the barrier @iision in the unsubstituted species
should be greater than in the methylated spectes géometries were found to be
essentially the same. It is not clear why the bashould be higher in the

unsubstituted case.

In the methylated system, the presence of the @ifigin place of the ©r group
barely affects the relative free energies of eitherrate determining step (TS2ca) or
the second intermediate (3ca). The relative freegnof TS1c is slightly lowered
(12.1 compared with 13.6 kcal midland that of the first intermediate 2ca is slightl
raised (10.9 compared with 9.7 kcal MpINonetheless the general topology of the

reaction pathway is not altered.

Methylated Zr Complex

\\\\\\\\Me = axial Me Me
/Me equatorial Me /j/k

an /_\\\
9.7 TS2ca N\
/— AT o 17.1 \ S;CS Me
/- TSlc ~— Me \\\ . —
“Inje 13.6 N —— TS3ca ™,
/7 9.4 N

——
Reactant 've Product
0.0 1.8

Figure 99, Pathway for inversion of methylated Zr tis(phenolate) complex with R=OTf. The
pathway for inversion with R2= OPr is shown for comparison. Free energies in kcal ai’™.
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These calculations demonstrate that the inversioogss is little affected by changes
in the R ligand. Thus, the inversion process is likely éoumaffected as this ligand
changes throughout the polymerisation cycle. Treams that the findings presented
in this work may plausibly be extended to speaeshich the ligand Ris quite
different (i.e. other species in the polymerisatio@chanism).

4.4.4 Effect of Additional Ligands: 6-Coordinate Zi  rconium Amine
Tris(phenolate)s

Although a full investigation into the mechanismaxdtide polymerisation could not
be completed, a study into the first step of tfeetien was undertaken. The first step
in the polymerisation is the coordination of a ncole of lactide to the metal centre.
To reduce calculation time, a model system wasamaswhich the lactide molecule
was represented by a formaldehyde molecule. Theculds were calculated at the
mixed basis set level. The resulting reaction pathis shown in Figure 100.

Zr unsubstituted Complex (mixed basis sets)
Zr unsubstituted Complex with coordinated formaldehyde (mixed basis sets)

H,C=0 HzC:O“
\“ “
T - T
2u 4 3u (=2u)
/. — u(=zu
H2C=Q /'=\\\\ 6.9 R \\ . 6.9 o 0=CH,
\ /" TS1u ‘t\\\ 5.0 ,/// TS2b SN 5.0 .-T83u (=TSly) E
\ ! 11.4 \\\— 7 14.9 \\\\—//' 11.4 \\ '
/, 11.3 ™ — 11.9 N —— 11.3 N
/ ' N
/ HC=Q H,C=0 H2C=0 A
AY

— ! \ ‘\‘ ‘\l \\_
Reactant - \ y Product (=Reactant)
0.0 0.0

Figure 100, Pathway for inversion of Zr amine trisphenolate) complex with a coordinated
molecule of formaldehyde. The pathway for inversiorwith no formaldehyde is shown for
comparison. Free energies in kcal mdl

The most striking feature of the pathway in whidornaldehyde molecule is
coordinated to the zirconium centre is that thatret free energy of TS2 is greatly

reduced. It is now only 0.6 kcal mbhigher in free energy than TS1.

It was noted that the close approach of one thedggahs of the formaldehyde
molecule might be interacting with the oxygen atarhthe ligand.
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(b)

Figure 101, Zr amine tris(phenolate) with formaldetyde coordinated showing possible
interactions between formaldehyde H and the ligand(a) Starting material and (b) TS1 (with
different formaldehyde orientation). Selected hydrgens omitted for clarity.

To prevent this (and determine whether that intevadad any effect, since it would
not occur in the system where the coordinated nitdeeas lactide) the unsubstituted
species were re-computed with coordinated acetatfger than formaldehyde. As

Figure 102 demonstrates, the effect of changingitita ligand to acetone rather than
formaldehyde is negligible.

Zr unsubstituted Complex with coordinated formaldehyde (R=H) (mixed basis sets)
Zr unsubstituted Complex with coordinated acetone (R=Me) (mixed basis sets)

R2C=Q R2C=Q
R.C=0 A 2u P 2 3u(s2u) .
227X / N L7 AN P s 0=CR,
\ AoTstu N, 50 27 TS2b % 5.0 83u (=TSly) :
\ /113 N, 61 11.9 . 610 11.3  \ !
S 116 — 12.8 N 11.6
R,C=0 \

R.C=Q \

— \\ \ ‘\‘ —
Reactant Product (=Reactant)
0.0 0.0

Figure 102, Comparison of changing the sixth ligandtom formaldehyde to acetone.

It can be concluded that any interactions betwbemtethylene protons of the
formaldehyde and the rest of the catalyst strualoraot add significant stabilisation
to the molecule. Any such interactions can theeshw ignored and formaldehyde
used as a suitable model for the coordinating nutdec

Where the molecule is methylated, the free eneagidy to TS2b is again lowered
with respect to the starting material (see Figy®)1This lowering is so pronounced
that TS1 becomes the rate limiting step by 1.1 kuail".
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Zr methylated complex (mixed basis sets)
Zr methylated complex with coordinated formaldehyde (mixed basis sets)

H,c=Q Me
Y HC=0  Me
g \
\
\
/\(\ A HZC:Q
| — + Me
, \ 1
— Intlc el \ “. Y
61 =N Int2ea
H,C=0 , TSle Nso 97 .~ 7 TS2ca ™\ 7.4 | —
2 \ /// 14.6 N e— ,/’ 13.5 \\\\ 73 /,/’ Ts3ca\\
Iy 4 136 N L 171 N .
Me  — Product

AY
H,C=0 HaC=Q e 0.4 R

” \ \
J N Y7t HaC=Q Me
% "Me
Reactant
0.0

Figure 103, Pathway for inversion of the methylatedr amine tris(phenolate) complex with a
coordinated molecule of formaldehyde. The pathwayof inversion with no formaldehyde is
shown for comparison. Free Energies in kcal mdl

This could have important implications for the poBrisation mechanism (at least
with regards to the inversion process). Thus thedition states (and, necessarily the
starting material) of the methylated complex we@mputed with the full basis set
combination. With the full basis set the relativergies of the transition states retain
their original order: the free energy barriersT&1 and TS2b are 12.8 and 13.1 kcal
mol™* respectively (compared with 11.6 and 17.3 kcal'hiot the methylated
complex at the full basis set level with no fornediglde coordinated). Thus the
switching of the relative energies of the transitiates is simply a basis set effect.
However, the higher level calculation does confinait the reaction profile is changed
significantly on coordination of a formaldehyde exile. The free energy of TS2ca
is lowered (by 4.2 kcal md) almost to the same as that of TS1c (which chahges
only 1.2 kcal maf).

These results are in accordance with the findifigganeret a>3 who calculated
rates of inversion for a 6-coordinate titanium céewsimilar to the unsubstituted
complex described here (see Figure 104). They padd variable temperature NMR
lineshape analysis to determine valuesidf, S*and G* from Eyring plots (see
section 4.4.5.1). They noted that the free enesgyniversion was substantially lower
for the 6-coordinate complex than the 5-coordirsgtecies reported in the literature
(referencé*® and previous discussion in this work). The valolesG* for the

complex shown in Figure 104 varied between 8.6¢hH) 11.5(3) kcal mdi (for
different bidentate chelates, shown as 3OYhese are not inconsistent with our
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prediction for the barrier to inversion for theanium-formaldehyde complex of
13.1 kcal mot (bearing in mind that our complex has two sepatatigands

(formaldehyde and '®r) whereas that of Fortnet alhad a bidentate ligand.

'Bu

‘Bu

Figure 104, amine tris(phenolate) complex analyseay Fortner et af*®> The bidentate chelate O-
O was varied.

Fortneret al also suggest a stepwise mechanism on the ba%isNKR spectra in
which they observe intermediate speciés our calculations, the relative free energy
of the intermediate (5.0 kcal mYlindicates that it should be present in such low
concentrations that it should not be observedenNNR spectrum.

The group also propose that steric effects willirelstronger binding between the
sixth ligand and the metal in TS2 than in the sigrnaterial (consider Figure 100,
TS2b and Reactant). In fact, on inspection of {tnased geometries of our 6-
coordinate species, the Zr-OgHistance actually increases from 2.48A in the
reactant to 2.52A in TS1. In the intermediate @xsctly the same as in the reactant
(not shorter, as would have been expected frontstensiderations). The bond
length then again increases in the transition $&8$&) to 2.54A. This suggests that
the binding of the sixth ligand is influenced mabseelectronic than steric factors.

The important differences between the 5- and 64dinate species in this study are
(for both the unsubstituted and methylated systéha)the presence of the sixth
ligand appears to stabilise both the first interiatsdand the rate-determining
transition state (Figure 100 and Figure 103). Alégively its presence could serve to

destabilise the starting material and the firgtgraon state (leading to the same

" A similar analysis of th&H NMR spectra is undertaken here (see sectionb#ifSn our case we
were unable to observe the intermediates.
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alteration of the reaction paths). In fact, théelaexplanation appears more likely:
inspection of the optimised geometries and bongthlenfor2u/Intlc andTS2 reveal
no obvious differences to which a raising in enexgyld be attributed. However, it is
clear even by inspection of the schematic diagranfsgure 100 and Figure 103 that
the presence of this extra species ought to petiigriequilibrium geometry of the
starting material andiS1uWTS1c Thus they will be higher in energy when a sixth
ligand is coordinated. Consequently, the lowereddyato inversion for the 6-
coordinate system is due not to a stabilisatioh®#2 but more a destabilisation of the
reactant. Indeed, comparison of the 5-coordinageisp with a free molecule of
formaldehyde and the 6-coordinate species demadestitaat the bound species
should be disfavoured. The 5-coordinate compleréserred by 5.4 kcal mdlin the
unsubstituted system and 5.7 kcal thivl the methylated system.

Our results also suggest that TS2 remains (by # smaggin) the rate limiting step.
However, if the metal can be forced to coordinasexth ligand, the barrier to
inversion should be reduced. This has importanticagpons for the polymerisation
process. Inversion is likely to be significantlysesa for the 6-coordinate species in the
reaction mixture than for the 5-coordinate compleis thus even more likely that
ligand inversion is happening (and might have seffext on the mechanism) than
has been previously supposed. Crucially, this ajguies to the methylated system:
the axial isomer will be in excess but the bareinversion is still accessible.
Methylation of the ligand will not affect any prasewhich requires ligand inversion.
This is consistent with a polymerisation mechanigmwhich ligand inversion plays a

key role.

4.4.5 Analysis of the Experimental *H NMR Spectra

The prochiral nature of the N(GHmethylene protons means that the experiméhtal
NMR spectrum for the complex shown in Figure 86vghtwo anisochronous peaks:
one for the protons f#H, and H and another for |l Hy and H. At low temperatures
each peak is a doublet due to mutual couplingewther proton attached to the same
carbon. As the temperature is increased, the twbldts merge to give two singlets.
Finally at the coalescence temperaturg {fie two singlets proceed to merge to give
one singlet due to exchange of the three pairsaibps on the NMR timescale. The

NMR spectrum can thus be used to determine whetheot the complex is rigid or
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inverting on the NMR timescale at room temperatlitee anisochronicity is
measured in terms of th® : the difference in chemical shift between the séts
peaks. ThiD is reproduced in GIAO-calculated NMR spectra. The calculated

spectra were also used to confirm the axial an@tegial proton assignments.

GIAO-NMR calculations employed the mPW1PW91 funeéiband the 6-31G(d,p)
basis set on all atoms. This combination of basisisd functional has been shown to
reproduce®*C NMR spectra to high precisibfi As suggestetf* the CPCM?
polarisable conductor calculation modetas used to add a solvent correction
(although in this case the solvent chosen was Imenze match the experimental
data). The geometry used was that calculated igakghase at the mixed basis set
level. Although the calculations performed by Brackland Rzepa* used

geometries optimised at the mPW1PW91/6-31G(d,®lJeve suggest that in this
case, the geometries that had already been cadudathe B3LYP/6-31G(d) level
were adequate. Indeed, the results show thdd thalue is adequately reproduced for
our purposes. The corresponding spectra for tieerimm and hafnium complexes
(not shown) were calculated in the same way. (Algiothe geometries used were the
gas phase geometries at the full basis set levkethencc-pVDZ basis was used on the

metal because there is no available 6-31g(d,pylaszirconium or hafnium.)

The calculated spectrum for the Ti complex (gDg) is shown in Figure 105. The
relevant experimental results for this complexraported as'H NMR (CsDs), 360
MHz): 4.05 (d, J=13 Hz, 3H, AX system), 2.67 (d, J=13B1, AX system)-** (The
anisochronicity is therefor® =4.05-2.67=1.38 ppm.)

" This is an implementation of COSMO (Klagttal, Journal of the Chemical Society — Perkin
Transactions 21993, 799) in the PCM (Miertwet al, Chemical Physics1981,55, 117) framework.

This model, like other continuum solvation methaglsluates the molecular free energy in solution by
calculating the electrostatic interactions betwd#henmolecule and a solvent.
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SCF GIAO Magnetic shielding
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Figure 105, Calculated NMR spectrum of titanium amie tris(phenolate) in benzene. Equatorial
protons are 7-H, 11-H and 20-H and axial protons & 6-H, 10-H and 19-H.

The calculated spectrum shows the three equafmo&bns at 4.03ppm and the three
axial protons at 2.77pprd. =4.03-2.77=1.26 ppm. For Zr and Hf the values were
1.23 (at 298K in toluene) and 1.20 (at 298K in ¢évle) compared with the
experimental values of 1.27 ppm (in toluene, 400MiH298K) and 1.07 ppm (in
toluene, 400MHz at 298K) respectively.

This provides confirmation of the axial and equiaiqoroton assignments. It also
confirms that calculation can reproduce the prafoemical shifts to within sufficient
accuracy for our analysis. (Calculation of the cluafrshift values for the starting
materials and intermediates along the reactionwymttwas necessary for input into

gNMR, the lineshape fitting program (see followsggtions).)

Many examples of propeller-like amine tris(phen@)athave been synthesised, but
few authors appear to have considered the inveksiatics in great detail. Kadt al
report an inversion barrierG, calculated from the coalescence temperatyred T

handful of other authors have followed suit anddube equatioh™
G* = 4.57 T10.32 — logk/T,)]

Equation 3

to determine the free energy barrier to inversion.
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However, Equation 3 is valid only for simple exchamprocessé®. As mentioned
previously, Kolet af"*® state that they assume a concerted mechanisnr. @itiers
have also assumed this. Since the calculationgpies in this work suggest that the
process is most likely asynchronous, we decidetalfiall lineshape analysis was
necessary. We initially hoped that a complete amsiyight be able to differentiate

between a synchronous and asynchronous process.

4.45.1 Lineshape analysis
The Eyring equation states that:

k= (kgT/h) eC C¥RD
and when rearranged:
In (KT) = (- HYR)*(L/T) + In (e/h) + ( S/R)

By fitting calculated lineshapes to experimentdbds varying temperatures, the
observed ratek, is found at each temperature. A plot of (1/T)rv&/T) gives values

for H* (slope) and S* (intercept). G* can then be calculated using:

G'= H-T§S

4.4.5.1.1 Practical Considerations

Lineshape analysis was performed using the progfdmR*® for the complexes
where M=Zr, Ti and Hf. (The program INMR was alsglered but gave similar
results to gNMR. In later experiments INMR was able to handle the larger spin
system so gNMR was used throughout.) Experimeptdtsa were obtained from the
Davidson group at respectively fifteen (M=Zr), fteen (M=Hf) and seven (M=Ti)
temperatures. The spectra were recorded at a lopeature limit (214K) and at
roughly 10K intervals up to 392, 379 and 298K resipely. The line width, W,
measured at the low temperature limit, was founoet8.6Hz for M=Zr, 1.1 for M=Ti
and 6.5 for M=Hf. These values were adopted fospdictra of each metal complex.
The spectra were converted into a format suitalnlgiNMR by the program gCVT.
All experimental spectra were used as receivednfall number of the spectra, when
expanded, were of too poor a quality to enable ditinlg and were therefore

omitted. It can be seen however that these omissi@ne unlikely to change the
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Eyring plots significantly so no attempt was maaleet-record or manipulate these

spectra in any way.)

At lower temperatures where there are two disfeetks in the spectrum the chemical
shifts of both sets of protons were varied in itten§ procedure. As the peaks
coalesced however, gNMR did not produce sensildleegdor the two shifts.
Inspection of both the experimental data and tiiedj at lower temperature values
revealed that the chemical shift of one of the pd#hkat of the axial protons at
ca2.7ppm) changed significantly (and consisterad/)he temperature was varied.
The other peak (due to the equatorial protons dt@@pm) fluctuated less. The
values of the higher field peak obtained througkshape fitting (where reasonable
results were obtained) were plotted, producingraediplot (f=0.9996). In the cases
where gNMR was unable to optimise both chemicdt shiues, values for the higher
field peak were obtained from this plot and helthét value. It was then possible to
optimise the lineshape varying only the chemicit sifi the high field peak. This

gave sensible results and consistently good fiteg¢experimental data.

4.4.5.1.2 Synchronous Exchange

To model the synchronous exchange process, the éxial hydrogens (51Hy and

Hc) and the three equatorial protons,(Hy and H) were each represented as a single
proton (H1 and H2) within one moleculénput specified exchange between the two
protons and the concentration was set to 1.

" Although a straight line was expected, thealue obtained on fitting a straight line was 038
Additionally, the shift values obtained using tfitdng did not provide good fits to the NMR
lineshapes.

" They could not be described as two sets of thyeévalent protons because the couplings could then
not be properly described.
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Ha=Hp=H. and H,=H,=H,

Figure 106, Schematic diagram showing synchronousversion as modelled in gNMR.

Figure 107 shows three examples of the fitting iolet for the zirconium complex.
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Figure 107, Examples of lineshape fitting in gNMRdr the zirconium amine tris(phenolate).
Experimental spectra are shown in black, fitted lires are shown in red.

Rates obtained from the fitting procedures werel tsgroduce Eyring plots (shown
in Figure 108). Near the low temperature limit @refthe rate begins to vary) some
results have been omitted (as described in sedtibb.1.1).
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Eyring Plot: Zr
T=287-392K

Eyring Plot: Hf

In(k/T)

LT (K-1)

Eyring Plot: Ti

In(k/T)
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Figure 108, Eyring plots produced from gNMR lineshae analysis: rate of inversion of Zr, Hf and
Ti amine tris(phenolate)s in a synchronous process.
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The equations for the lines of best fit are showreach plot. Using the equations
described above, values 08", H*and G*were obtained for each system. These
are recorded in Table 25. The DFT calculated redaitthe rate limiting step (TS2b)

(presented previously in Table 21) are also listeccomparison.

G* (kcal mol ) " . " . _ )
Metal S™ (cal mol 7) H* (kcal mol ™) Calculation Details
(298K)
Zr 141 -21.2 7.9 Eyring Plot
Zr 14.9 -2.7 141 DFT, TS2b, mixed basis sets
Zr 16.6 -1.3 16.2 DFT, TS2b, full basis sets
Zr 146 at T - - k=1060s™" at T.=326K
Hf 13.3 -19.4 7.6 Eyring Plot
Hf 17.6 -4.3 16.3 DFT, TS2b, full basis sets
Hf 13.2at T, - - k=1180s " at T=298K
Ti 16.7 -21.8 10.2 Eyring Plot
. DFT, TS2b, mixed basis sets [full
Ti 15.8 [18.6] -8.1 134 .
basis sets]

Table 25, H¥, S and G results obtained from Eyring plots for synchronousnversion of
group 4 metal amine tris(phenolate)s.

As has been stated previously, some authors hagkthe equation
G = 4.57 T[10.32 — logk/T)]

to calculate G* for the inversion process. For the zirconium aafhium complexes
the experimental spectra gavesb the value of G* was calculated with this method
also. These results are also shown in Table 25 andeageclose to those found with

the full lineshape analysis.

In consideration of G, the VT NMR lineshape analysis and the DFT calbris

agree satisfactorily. For the zirconium complex tié¥ value obtained from the

" The experimental spectra for the titanium spewiee not recorded at the coalescence temperature so
this method could not be used for this complex.
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Eyring plot is similar to that obtained by the ejiainvolving T.. These are also

very close to the value obtained from the DFT dakion with the mixed basis sets.
These differ slightly (by ca. 2 kcal mblfrom the value obtained with the larger basis
set in a DFT calculation. In the case of hafniuendiscrepancy is larger (the
difference is now ca 4 kcal mY| the DFT calculations predicting rather higher
barriers to inversion than experiment. For titanitne DFT values of G* are again

within +2 kcal mof* of the experimentally determined figure.

However, when the Eyring plot results are considenere closely, the values o
(and consequently the values dfi*) are rather surprising. The DFT calculations
predict a change in entropy of close to zero (sd#€el21, Table 22 and Table 23).
This is expected for a unimolecular process. TB&values obtained from the Eyring
plots are all ca -20 kcal nidl This suggests a significant loss of entropyniythe
reaction and would be expected in a process intwdmother molecule is taken up in
the transition state. This seems rather unliketiabiee it would involve either a dimer
being formed in the transition state or a moleaidlsolvent coordinating to the
transition state. It is not immediately clear wlither of these processes might occur
in the transition state but not in the ground sfgieen the similarity of the geometries

of both species).

Thus we decided to repeat the lineshape analysiisannore complex model to see if
the surprising results obtained above were dugptication of an incorrect model
(the correct G* values being simply a coincidence).

4.4.5.1.3 Asynchronous Exchange

Modelling the asynchronous process required somepuiation of the features in
gNMR. Definition of four molecules and exchangewss#n hydrogens on each
resulted in too large a system for the programatedie. By defining two geometries
(one for product/reactant and one for intermediatesrmediate2) and describing
three exchange processes. The second exchangeguoacebe formally described as
an intramolecular exchange because the geomethgedfvo intermediates (between
which TS2 occurs) is the same by symmetry (althdbghposition of the hydrogens
is different). This model therefore has three catestants, two of which are identical

by symmetry (see Figure 109).
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TS1 TS3=TS1

QHHHH, K12 = Kiokay Kas = kagkag
kaa

Kz

1u 2u 3u=2u 4u=1u

Figure 109, Schematic diagram showing asynchronousversion as modelled in gNMR.

Despite reducing the size of the system to a leeripatible with gNMR, the least
squares lineshape fitting algorithm procedure becprohibitively expensive. Thus
the fitting had to be performed by eye. Interedtinglthough TS2 ought to be the rate
limiting step, the very small concentration of theermediates meant that tkealue

obtained was independentleg. The lineshape is entirely dependenkgn(=ks,).

In all three cases, after the fitting of severahpoit became clear that the resulting
values ofk were very similar to those obtained with the sienphodel (see Figure
110). It can therefore be assumed that the two maie the same result and that

NMR cannot be used to distinguish between concemedstepwise inversion.
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Figure 110, Examples of lineshape fitting in gNMR vth a complex, asynchronous mechanism for
the zirconium amine tris(phenolate). Experimental pectra are shown in black, fitted lines are
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shown in red. The same rates as obtained using tBémpler, synchronous mechanism produce
good fits.

4.4.5.2 Kinetic Analysis

The unexpected results fos* prompted us to reconsider the applicability of the
Eyring equation for this reaction. If the processasynchronous and each arm of the
ligand inverts in a stepwise procekss in fact a compound rate constant. The process
as presented in Figure 109 is in equilibrium amslyimmetric (i.eki>=ks3, ko1=k34 and
Ko3=ks»). Thus to obtain meaningful results only half gnecess must be considered
(see Figure 111). Additionally, since calculatitiows the second of these processes

(k23) to be the rate limiting step, the first can basidered as an equilibrium.

st TS2b
K1 = kiolkpy
k12 k23
koy
1lu 2u 3u=2u

Figure 111, Portion of the asynchronous inversion ethanism required for kinetic analysis.

The rate of inversion can then be described as:

ko[ 1u] — kaa[2u] + kog[2U]

and since K=2u]/[ 1u] = kyo/ko1

l.e. [2u] = K[ 1y]

and dBul/dt = kog[2u]

it follows that dBu]/dt = Kopd 1u] wherekops= Kkaz = kiokoa/kas

KopsiS @ product of the rate of transformation oftetg material to intermediate 1 and

of intermediate 1 to intermediate 2.

The Eyring equation becomes

In (Kkog/T) = (- HY/R)*(/T) + In (ke/h) + ( S'/R)

In K + In (ke T) = (- HY/R)*(U/T) + In (ke/h) + ( S/R)
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Instead of using simply the rate obtained fromlitheshape analysis in the Eyring
equation, the equilibrium constant K should alsenoerporated. Although K cannot
be obtained from the experimental data, both Klaadan be calculated from the
DFT calculations to test the theory. There is novexstra term in the equation: InK. It
was assumed that this would cause an increas8'ifbringing its surprisingly
negative value closer to zero). However, since Kalivays be less than 1, InK will
always be a negative number. Thus modificatiorhefEyring equation in this way

will actually cause S*to become more negative.

We are forced to conclude that an Eyring plot asialis not fully consistent with the
results already presented describing the procesweifsion in these tris(phenolate)
complexes. One of two possible conclusions carehehed: either the Eyring plot
method of analysis is not valid in this case armsbsthnot be used:; or the value o

Is in fact genuinely negative and the mechanisnt toeise-evaluated.

The Eyring plot analysis is valid only for simpbechange process&a Thus, if the
inversion process is actually stepwise (as theutation suggests) it might be
expected to fail. In addition, the value o&* obtained is not consistent with
calculation (or intuition) further suggesting thia¢ analysis is simply not applicable
in this case. However, other authors had employeddchnique for these types of
system with success. As shown in section 4.4.heSyalues of G* obtained are
similar with those obtained in this work. Thesehau$ had assumed that the process
was concerted. Even in cases where the authosudigest a stepwise process,
treatment of the results in this way produc& not dissimilar to those calculated

here, and S* values close to zero (or only slightly negative.

Alternatively, the negative value of5* is consistent with a mechanism wherein the
transition state takes up another molecule duhegé¢action. This could involve
extraction of a solvent molecule from the bulk soivor formation of a dimer. The
solvent used in most of the experimental work was-coordinating (toluene). It is
difficult to envisage the starting material beirgjeato effectively coordinate a solvent
molecule of this type and even less easy to see(bowhy) the transition state could
(or would) take up extra solvent. Although dimeasé been reported in some
tris(phenolate) complexes, the species analys#ddrwork have been shown to be

monomeri¢3” 3% 7 Thys this possibility had not hitherto been cdestd by us (or
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indeed any other group). Moreover, it had at firstconsidering a synchronous
pathway with a single transition state) seemedkahfithat the transition state should
exist as a dimer when the reactant (which is offéla geometry) does not dimerize.
However, if the process is in fact asynchronous, fossible to envisage that the
intermediate (rather than starting) species mighedze. This would explain the
negative S value. Unfortunately, due to the large size ofrtiwecules, it is not

possible to investigate these dimers with DFT datans.

To test this theory might however be possible expentally. In order to do this, the
intermediate speciegy in Figure 87) would need to be isolated and aralys see if
it was a monomer or a dimer. Of cougsecannot be isolated because in the system
described here it is too high in energy. Howewveamnight be possible to stabilise the
species by methylation (of appropriate stereocheyiat two (or all three) of the
methylene groups. If two of the ligand arms werehylated to create two chiral
centres of opposite stereochemistry, this wouldddhose two arms to adopt the
positions in2u (assuming the methyl groups to position themsedwéaly). This
structure is illustrated in Figure 112.

But

Figure 112, Doubly methylated 2u intermediate.

Analysis of the structure of this doubly methylaspeécies would indicate the

feasibility of a dimeric mechanism.

" Bernardinelliet al (Dalton Transactions2007, 1573) report a titanium dimer which is shanlike
the equivalent monomer) not to invert. In theirechewever, the aryl substituents (R, Figure 79ewer
phenyl rings. The phenyl substituents have beewslto intercalate. Thus it is plausible that inithe
system, inversion is prevented by this intercatatio
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4.5 Conclusions

The work presented here has identified a numbenpértant features of the

inversion and polymerisation mechanisms of groapohe tris(phenolate)s. We
show that (contrary to previous assumption) theision process occurs in three
steps: the rate-determining step being the secbtigtdhree transition states. The key
transition states have been characterised foritberaum, titanium and hafnium
amine tris(phenolate)s. The trend in free energyidra for the inversion process
suggests that the titanium complex (which prodatastic polymer) has the highest
barrier. This is consistent with a hypothesis inclhinversion of the ligand plays a
key role in the stereospecificity of the polymetisa mechanism.

Mono-methylation of the ligand raises the energgré of the enantiomers such that
the axially methylated complex is in ca 90% exc®sthylation does not affect the
free energy barrier to inversion. Thus any progagsiving ligand inversion is as
“easy” whether or not the complex is methylated:weeild expect the same
mechanism to occur in both cases. We therefordarootiiat the mechanism can be

accurately probed and controlled using the analsgoethylated complexes.

The calculations investigating the ancillary ligandhe 5-coordinate species
demonstrate that the nature of the ligand trartsed\ of the amine tris(phenolate)
does not greatly affect the kinetics of the invengprocess. Thus the findings
regarding those complexes can be reasonably applietther 5-coordinate species in

the polymerisation process.

We confirm in this investigation the observatioattthe barrier to inversion of the 6-
coordinate species is substantially lower thamé3-coordinate species. This has
important implications for the polymerisation megisan since most of the key
species will in fact be 6-coordinate (the aming(pihenolate) complex plus two
lactide units).

A thorough investigation of the applicability oftlyring analysis on variable
temperature NMR spectra has been performed. Wedssessed the validity of the
technique for this system. The results suggestaitiaugh it has been used
successfully in the past, it is not clear thahindd always produce correct results for
this system. Indeed, in the analysis presented trexeesults of the Eyring analyses

have caused us to consider the possibility of aedsyimechanism. Evaluation of this
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mechanism by computational means is, unfortunamelycurrently possible due to
the large size of the dimer. However, it preserfssainating challenge which will

build on the work presented here.
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5. Aluminium Salen-type Complexes for Lactide
Polymerisation

5.1 Introduction

5.1.1 Polylactide

Polylactide (poly(lactic acid), (PLA)) is a non-toxbiocompatible, biodegradable
polymer made from renewable resources (such asaraugar beet®. Interest in
PLA has increased in recent years due to its piateag a biorenewable replacement
for petrochemical-derived products. It is a matdhat can be subjected to practical
processing methods (e.g. injection moulding, féaning and thermoformintff
and its properties (good barrier properties to @®rheat sealability, good oil
resistance) make it useful for a range of diveg@ieations. It has environmental,
biomedical and pharmaceutical applications (sonaegies are described in
references 161-164). These include, for examptegydokaging and commodity
application$®® *°° 1 fihred®” as resorbable medical implants and bone fracture
internal devices in surgery (e.g. references 168:1ahd controlled drug delivery

(e.g. references 173-175).

PLA degradation products (G@nd water, produced from hydrolysis of the ester
bond) are non-toxic and degradation time may be fseveral months to a year at
temperatures below 50°C. The rate of degradatipermf#s on pH; temperature;
composition’® (lactide is often co-polymerised with glycolidernay contain
impurities); molecular weight; polydispersity; tatly; and the identity of the chain

ends (see 176 and references within 177).

The stereochemical microstructure of PLA determitemechanical properties and

biodegradability. Thus different molecular weights used for different applications.

Polylactide can be formed either by condensatidaaifc acid (LA, shown in Figure
3) or by ring-opening polymerisation (ROP) of ldeti(lactide is shown in Figure 4).
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Figure 114, Racemic- and meso-lactide

Since lactic acid is a chiral carboxylic acid, themer formed when two molecules
combine can be one of three sterecisomers (seeeMjuDepending on the particular

dimer or combination of dimers used, a differenlyfdactide) may be formed.

Clearly, control of the polymer architecture caralobieved by polymerising pure L
(S9) or pure D RR) lactide. It is possible to remove meso-lactiadmfra mixture of
the three isomers but separation o§5f and D R R) lactide is more difficult. Thus

catalysts that can stereospecifically polymeréselactide are desirable.

Whenrac-lactide (a racemic mixture of ISG) and D R R) lactides) units are linked
alternately, the polymer contains stereocentréBarsequencey,R, [S,3, [R,R,
[S,3 etc. Heterotactic PLA is produced. Isotactic etdrlock PLA arises when large

sections of the polymer contain only a single ispofeac-lactide (see Figure 5).
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Figure 115, Polymerisation of rac-lactide to give éterotactic polylactide

The ROP process allows for much higher control thencondensation of LA. Also

the condensation process requires the use of cauayients and other additives. Thus
it is ROP that is used industrially.

The widely accepted mechanism (reference 178 dacereces within 179) of ROP is

coordination-insertion and is detailed schematycallFigure 116, below.

L,M=0O LnM (e} Lnl\l/l (e}
o ; '=
1
/ o / 5 \
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n Me — —
O
Me
(@] O
Y
Reactants TS1 Intermediates
LM ci LaM——
1
'-‘\
MLy \ 0, \
\ 0 \ O \
o\ = Me
Pn+1 Me

Products
TS2

Figure 116, Mechanism of ring opening polymerisatio of lactide. M=metal, L,=n ligands
attached to the metal, Pn=n monomers in the growingolymer chain.
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There is necessarily also a transition state thias the two intermediates. It describes
the rotation of the \M fragment (or, equivalently, the polymer chaintwordinate to
the other oxygen on the opening lactide unit. likisly that this transition state is low
in energy in comparison to TS1 and TS2 (simpletiamta such as this are usually
facile).

Many metal catalysts have been identified to catathe ROP of lactide. Probably the
most commonly used (both in research and indulsfriial tin(ll) bis(2-

ethylhexanoate) (tin octanoate). However, in lighthe recent high interest in
poly(lactide) and similar bio- and environmentattympatible plastics, much effort
has been directed toward identification of othetaheatalysts. This is mainly due to
the fact that even after more than 20 years ofarebethe nature of the active species
in the tin octanoate polymerisation mixture is kiwbwn. This means that it is
extremely difficult to make rational improvementsthe system. Additionally, the

rate of reaction of the tin octanoate system isenraslow compared with other metals.
The reaction is further complicated because thalysitalso catalyses

transesterification side reactions.

There are a number of extensive recent reviewsitd@sg catalysts of tin, zinc, iron,
aluminium, yttrium, lithium, calcium, potassium, gmesium, copper, cobalt, nickel,
zirconium, lead, antimony, bismuth, gold, samarigtrpntium, germanium,
scandium, lanthanum, europium, cerium, praseodymplrasphorus and titanium for
ROP*® 181 Much work has focussed on aluminium catalystddotide
polymerisation. In general, aluminium catalystgptiyg high levels of control and
transesterification reactions are minimal. Theylass active than other metals, but
this feature makes them excellent species to usedels because the reactions are
easy to monitor. They produce PLA of varying mitrostures.

5.1.2 Salen-type Ligands for Lactide Polymerisation

The discovery that a number of aluminium salen-tygend systems (variations &9
and20) are able to mediate isoselective polymerisalfi&*has led to much interest
in these species. The ligands are stable and Istiaigyard to synthesise and may be

prepared with systematic structural variations.
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[\

——N N—

OH HO

19
Salen Ligand

20

Aluminium salen-type complex: X=H, R, halogen; Y=0ORR; N-N backbone=chiral/achiral C2-
C4 chain with/without alkyl, aryl substituents.

Both chiral and achiral salen-type ligands havenhesed to polymerisec-lactide.

Investigations into the polymerisation mechanisrearhplexes formed from chiral
ligands have invoked chain end control or exchangehanisms to account for the

observed polymer tacticity (see, for example, 118 and subsequent work by these
groups).

In other cases, no conclusive mechanism governargacontrol has been defined,
even where the ligand is chiral. In one exampléskdimet af®’ note that
polymerisations catalysed by aluminium complexethefchiral ligand®1 cannot be
easily understood in terms of the chirality of #ikkoxide group (Y irR0); the
chirality of the N-N backbone; or helicity of thgand (see section 5.4.1.1).

—N N—
OH HO
Bu* Bu
Bu But
21
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They also noticed that the solvent could have &etheffect on the chirality of the
polymer, with reversal of tacticity on introductioha hydrogen bonding solvent in
some cases. More recent wtflhas confirmed that fd1, the mechanism is most
likely chain transfer. Nevertheless, there is agdeal still to be learned about the
mode of operation of these catalysts.

This investigation focuses on achiral salen-typenahium catalysts which
polymeriserac-lactide in a stereospecific fashion. The mechanisoperation is
likely to be quite different from that at work ine reactions of catalysts with chiral

ligands. Thus chiral ligands and their complexdsmwat be discussed further.

Achiral species are simpler and less costly tolsgise than those formed from chiral
ligands. Thus much work has involved the studyhefrhechanisms by which the
achiral species can exert stereospecifitity®® 184 189-195The mechanism is not well
understood but some general observations haverbada. In many cases,
lengthening of the carbon backbone has causedcagaise in stereoselectivity and
activity. The incorporation of electron withdrawiggoups on the ortho/para phenoxy
positions also leads to increased activity. Stexleasivity can also be enhanced by
adding bulky substituents to the ortho-phenoxy stugntg® 184 191, 194

Although the ligands themselves are not chiral whg the ligand arranges itself
round a metal centre imparts a certain chiralittheocomplex. A full discussion of

possible isomers is given in section 5.4.1.

Davidsonet al*®, in discussing the possible modes of stereocoittralctide
polymerisation describe three possibilities. Tlaitalyst was in fact a germanium
amine tris(phenolate) but (as they themselves mait)t the same reasoning applies

generally to metal complexes that posses dynanmalitia.

Where the ligand is achiral and coordination atrttegal is also not chiral, any
stereospecificity in the polymerisation must beridgc tochain end controlin this
case, the local chirality of the growing polymeaith(i.e. the chirality of the last
monomer added to the chain) is the only factor thataffect the stereospecificity of

insertion.

Where either the ligand itself, its mode of cooadion, or the initiator is chiral, the

chirality of the polymer is a result of any onenoore of these factors. In this case, the
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chirality at the metal is controlled by the growipglymer chain such that only one
diastereomer is present (on the timescale of ilmsgrtFor example, the catalyst might
favour a conformation (see section 5.4.1 for a full exptaorg when the last added
monomer wasR R). (And if the last added monomer we&Sj the catalyst would
adopt the configuration.) Selective insertion of a particutaonomer (e.g. ar§S)
monomer to theR,R)- diastereomer and vice versa) would lead to aquaaii
polymer tacticity (heterotacticity in this exampl#)is the chirality at the metal that
controls polymer structure. This situation has beemeddynamic enantiomorphic
site control Whendynamic enantiomorphic site contisloccurring, one
diastereomer dominates (e.g. ofRR)- or (RR)- is present in the reaction

mixture) and thus the polymerisation can only paeda certain polymer tacticity.

Schrocket af**® **’have termed the intermediate castanced chain end contréh
this mechanism both polymer chain chirality andilyat chirality combine to
determine tacticity. Both diastereome® K)- and RR)- ) exist but one reacts

preferentially with the$S) monomer.
Few other authors have speculated about this typeohanism.

Ma et af*®® found that a related, scandium 4ithia-alkanediyl-bridged
bis(phenolato) (OSSO)-type complex produced hedetiat polylactide. They
proposed a dynamic monomer recognition processenthercomplex converts
between the and conformations depending on the chirality of thetite
monomer that is coordinated. The complex actualiste as a dimer (either ( ) or
( , )) with two catalyst species and two opened laaticiés. The complex is then
best configured to accept a lactide unit of opgositirality. On addition of this
second monomer, the complex switches configurataninimise steric repulsion
and enhance attractive interactions between ligawsdnew monomer. Thus the
process reverses and heterotactic polymer is peatitichis hypothesis was supported
by the observation that ligands with a longer, nfaxeible carbon backbone (which
show high fluxionality in solution) have high het&actic selectivity. Other authors
have also made this observatiGhThe authors have assumed a cissordination of
the ligand.
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Although a vast amount of work has been publishethctide polymerisation with
these aluminium salen-type catalysts and otheesgtact mechanism by which

polymerisation takes place is not well defined.

5.2 Aims
The work of Gibsoret af'®*, identified a group of aluminium catalysts formeith
variants of ligan®2.

22

Interestingly, the tacticity of the polymer proddogried significantly with the
identity of the substituent X. When X=H the catalysoduced isotactic polymer but
when X=CI the polymer was heterotactic. This progms specifically to establish
the molecular basis of why the H-substituted anduistituted Al catalyst2@, X=H
and22, X=Cl) produce polymers of differing tacticitiesvgn the similarity of the two

catalysts.

By understanding in such detail this specific exenwe are hoping to establish more
general principles for understanding the princigiesatalyst stereospecificities.

To do this it was first necessary to clarify thegse mechanism by which the
polymerisation occurs. Assuming that the mechamistailed in Figure 116 operates
here, the polymerisation consists of two transigstates linked by two intermediates.
A study® of the mechanism of lactide polymerisation byragk-site -diketiminate
magnesium complex suggested that TS2 was the eddertining step in that case.
Preliminary calculatiorf§* on an aluminium system with a salen-type liganth ai
two-carbon backbone had suggested that this mightee true for aluminium salen-
type complexes. However, the longer, more flexiidekbone of ligan@2 means that
its complexes will have different steric propertiegshose already examined. It could
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therefore not be assumed that the rate-determtramgition state was necessarily
TS2. In fact, as the project progressed, it becalesr that at least some of the TS2
structures calculated were as low in free energgoase of the TS1s and that therefore

a mechanism in which TS1 was the rate-determintieyg sould not be ruled out.

We hoped to determine how the two catalysts (artr@a pathways) differed and thus
to explain how the two catalysts produce polymaeditierent tacticity. An
understanding of how and why these catalysts bebawdifferently will give an

insight into what features of the catalyst are ssagy for production of polymer of a
particular tacticity. In this way it was hoped tinaw catalysts to produce specific
polymers might be predicted.

5.3 Computational Approach for Modelling Lactide In sertion
Rzepaet al showed that lactide polymerisation could be effety modelled by
studying the addition of two successive lactiddsiat a -diketiminate metal
centré®. Thus the same approach was adopted here.

All calculations were performed with the B3LYP ftional and the 6-31G(d) basis
set. This results in a system with 90 atoms andapately 900 basis functions
(depending on substituents). Although Rzepaf® used a combination of three
different basis sets to describe their 127 atortegysthe computing resources now
available are much increased. Thus it is not necgde use minimal basis sets to
describe bulky substituents. The 6-31G(d) basisssmiequate for describing the
metal (since Al is not a transition metal) and sgnificant improvement in terms of

the description of the bulky ligand.

The strategy adopted was to calculate all possiaitesition states for the
polymerisation process with the H-substituted lgy&2 in which X=H). We
envisaged then using these optimised geometritsgdates for the optimisation of
the Cl-substituted transition stateBinally, it was hoped that comparison of the two
sets of rate-determining transition states migéd l® a better understanding of the

differing stereospecificities of the two catalysts.

" Even where the geometries in the final structditfer, this a commonly used and effective method
for characterising transition states (which caemtbe difficult to locate). (Indeed, even using thi
method transition state geometry optimisationsuegtly failed.)
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5.4 Results and Discussion

5.4.1 Discussion of possible isomers

The ligand system under investigation immediatetyoduces far greater complexity
than the magnesiumdiketiminate system studied previoil8fy This work is likely
the most conformationally complex catalytic sys&todied computationally for this
reaction. Indeed, relatively few computational istigations into the mechanism of

lactide polymerisation exist (in contrast to thetvamount of experimental work).

5.4.1.1 Geometric Isomers: Helicity of the Ligand

The way a multidentate ligand arranges itself adommetal centre may impart an
intrinsic chirality to the metal complex even b&f@symmetric monomers are
introduced. Linear tetradentate ligands may bind toetal centre in a trans, cior

cis- arrangement (see Figure 117).

X A
A—|—=A IA\ —A A< | _/A\ ]A< WX Xy, >A\
SM? >MZ M2 bV N ""MZ
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>|< \A A/ \A A/

D L L D
N\ J J
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trans cisb cisa

Figure 117, Possible geometric isomers for a tetradtate ligand in an octahedral metal complex.

The cis isomers are chiral at the metal centresandgill be one of two isomers: or

. In a catalytic process where the monomers X tteaftirm the polymer chain they
must necessarily occupy sites cis to one anothetefore only the cis-and cis-
conformers need be considered here. When the tgeXies are not the same, there
are further possible isomers corresponding tochizmge of X1 and X2. Complexes
of N>O; type ligands with various metals (and X ligandsydbeen reported with

trans, cis- and cis- geometries.

As shown in Figure 116, the active species passesadh two 5-coordinate
intermediates during the insertion process. Thasems possible that the complex
could change its configuration between TS1 and Fé&nation of the 5-coordinate
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species might allow switching betweerand ~ or between cis-and cis-
conformations. Switching betweenand isomers inverts the chirality of the ligand.

Thus, in this work, this process is referred téigend inversion.

5.4.1.2 Ligand Isomers
The particular salen-type ligand in questi@g, (X=H or X=CI) can also coordinate

round the metal in two different ways in the cissomer. As shown in Figure 118, the

flexibility of the ligand backbone means that twamformations are possible.

Lactide

(N////,,, Al e
N | | gctide

o

cis-b isomer

(a) (b)

Figure 118, Two examples of the cis-Isomer of TS2: (a) conformation “O”; (b) conformation
“N” (lactides shown in wireframe, hydrogens not shan)

There is no reason to assume that either isometdbe more stable than the other

(especially once the lactides are coordinated)réffbee transition states for both

" As in the case of the scandium ithia-alkanediyl-bridged bis(phenolato) (OSSO)dycomplex
synthesised by Mat al (Angewandte Chemie-International Editjd006,45, 7818) (mentioned

previously, see section 5.1.2).
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conformations were considered. Each of these tvgsipiities is chiral and the

enantiomers of each must therefore also be comslder

5.4.1.3 Approach Isomers

A third form of isomerism is introduced into tharsition state with the orientation of
the second lactide unit. (This is unrelated todhieality of either lactide.) The second
lactide may approach the metal with one of two $eaxed can then adopt one of two

conformations. This leads to four possible “appho@omers” shown in Figure 119.

Figure 119, "Approach Isomers" for addition of SS hctide in TS1. There are four possible ways a
second lactide can approach the metal centre whehé first lactide is already bound. 1 and 2
show approach by one face and 3 and 4 show approabi the opposite face.

All four of the approach isomers were calculatedeach transition state. Some of
these (e.g. 2) appear less likely in terms of uindlele steric interactions. However,
when bound to the metal complex stabilising inteoaxs between the lactide(s) and

the ligand mean that relative stabilities are rastyeto predict.

Further complications are introduced by the obg@rahat only certain isomers of
TS2 can follow particular isomers of TS1. With resfpto the possible geometric and
ligand isomerism (above) there is no restrictityve $-coordinate intermediates could
easily allow fluctuation of the ligand. However thygproach isomers 1 and 2 can only
lead to TS2 geometries in which the second ladtaiethe same orientation with
respect to the first. This is caused by the creatica chiral centre within the
intermediates (which is lost during TS2). Likewgggproach isomers 3 and 4 can only
lead to TS2 species containing the two lactide isgen the same relative
orientations. An example showing TS1 and TS2 faraeach isomers 1 and 3 is
shown in Figure 120. The TS2 species generatedarieentical and cannot
interconvert. They may have significantly differérete energies due not least from
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interactions between the growing polymer chain RCand the Me groups in (a) or H

groups in (b).

Y, Y

Al——O0 ~

(a)TSL approach isomer 1  Intermediate, approach isomer 1  TS2, approach isomer 1

N Y Y,

(b) TS1, approachisomer3  Intermediate, approach isomer 3 TS2, approach isomer 3

Figure 120, Example showing how different approacisomers of TS1 lead to different TS2s: the
two TS2s shown are not the same due to the preserafehe (transient) chiral centre labelled "*".

5.4.1.4 Notation

The notation scheme adopted hereafter uses the tmse letters a and b to
differentiate between the two isomers of the cgeometry (in which the lactide units
are interchanged). The upper case letters O andl Hewsed to classify the ligand
isomer and the numbers 1-4 to distinguish betw@gnoach isomers. The identity of
X (in 22) will be described by the symbols H or Cl. Thustearansition state will
have associated with it a combination of letterd mmmbers combined with the four
stereocentres of the two lactide units to whidk dttached. For example OClalSSRR
refers to the transition state where the ligandthasO” conformation (Figure

118(a), above); where X @R is chlorine; where the first lactide has configioatSS
and is bound opposite the nitrogen of the ligarsdrfeFigure 125(a), below); and

where the second lactide (with configuration RRhisonformation 1 (Figure 119).
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5.4.2 Transition States of the Aluminium Complex of 22, X=H

5.4.2.1 O and N Isomers
A result of the complexity of the mechanism is tihad difficult to predict which

transition state is the rate-limiting step. It weesessary to calculate all possible
isomers for both TS1 and TS2 to determine whichkioation controls the
stereospecific insertion. Calculations began wiathbigand isomers. It quickly
became apparent that all the “O” species found wigraficantly higher in free
energy than those with “N” conformations. All th®™isomers calculated are shown
in Table 26 (TS1) and Table 27 (TS2). The equiviaisi isomers are shown (where

calculated) and all the “N” isomers are higherrgefenergy.

TS1, O conformation Equivalent TS1, N conformation
. G (relative . G (relative
. Imaginary . Imaginary
Species 4 | to R1) (keal Species 4. | to R1) (keal
Frequency (cm™) » Frequency (cm™) .
mol™) mol™)
OHa3SSSS -99 45.1 NHa3SSSS -151 26.9
OHa3RRRR -133 45.6 NHa3RRRR -148 20.1
OHb4SSSS -168 54.3 NHb4SSSS -146 31.6
OHb3RRRR -118 54.9 NHb3RRRR -167 30.0
OClalSSSS -145 44.1 Not calculated
OCla4SSRR -158 44.4 Not calculated

Table 26, Comparison of relative energies of "O" ad "N" isomers of TS1 showing that all "O"
isomers are significantly higher in free energy.
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TS2, O conformation Equivalent TS2, N conformation
. . . G (relative
Species Imaginary i G (relative t? Species Imaginary | 10RD) (keal
Frequency (cm™) |[R1) (kcal mol™) Frequency (cm™) o)
OHalSSSS -54 49.5 NHalSSSS -130 31.4
OHa4RRRR -70 50.4 NHa4RRRR -84 32.3
OHb1SSSS -162 59.0 NHb1SSSS -166 28.3
OHb1RRRR -141 58.2 NHb1RRRR -164 34.6
OHalRRSS -60 46.8 NHalRRSS -80 31.6
OHa4SSRR -87 53.0 NHa4SSRR -85 34.3
OClalSsss -69 47.9 NClalSSSS -144 30.3
OClalRRSS -68 44.6 Not calculated
OCla4RRRR -71 50.6 Not calculated
OCla4SSRR -63 53.9 Not calculated
OCIb1SSSS -172 57.3 NCIb1SSSS -164 27.5
OCIb1RRRR -140 55.9 NCIb1RRRR -162 34.0
OClalRRRR -106 53.3 NClalRRRR -99 234

Table 27, Comparison of relative energies of "O" ad "N" isomers of TS2 showing that all "O"
isomers are significantly higher in free energy.

The largest difference was for Hb1SSSS. The twméss are shown in Figure 121.

@)

(b)

Figure 121, Conformers of Hb1SSSS. (a): "O" and (b "N".
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It is likely that the “O” isomer is simply more sigally strained than the “N”
conformation. The “N” isomer allows a larger twiistthe ligand backbone and

reduces steric clashes between H substituentsegohinyl rings.

Consequently, further calculations were performelg @r the “N” conformers.

5.4.2.2 Cis- Transition States

Given the vast number of possible conformations,initial search for transition
states began with consideration of the canformation only. This choice was based
on the fact that the only aluminium salen-type 6+dmmate complexes for which a
crystal structure had been determined exhibiteaihie geometry. A search of the
Cambridge Structural Databd3tresulted in only seven hits. The motif used far th

search is shown in Figure 122.

\ // N /
“----0 O----~

Figure 122, motif used to search the Cambridge Staiural Database to find common
conformations of ligand 22. All bonds are “ANY” bond type.

Three of these are 5-coordinate species and aheasrdinate. The three remaining

molecules all have the ciseonfiguration.

In the list of structures mentioned by Scott andghiti°%in their review on chirality at
octahedral centres with tetradentate ligands tisemajority of cis- complexes

described are cis-

Additionally, previous calculations performed byeRz’* on the chlorine-substituted
aluminium complex of ligan@2 (X=Cl) had located (only) cis-transition statesIn

these, the second lactide was coordinated oppibsitexygen of the ligand.

" These calculations had resulted from a previauysof an aluminium complex of ligari®. That

first study had located structures of TS1 and T@2f-19 and identified TS2 as the rate-determining
step. It had then been assumed that TS2 wouldebrata-determining step for the aluminium
complexes 0P2 (X=Cl) and that the transition state geometrieslddae similar. Geometries of
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Thus it was decided in the current study (at leasally) to calculate the cis-

isomer. However, we decided to expand the seaoch émly isomers in which the
second lactide was coordinated opposite the oxgféme ligand to include those in
which the lactide units were interchanged (lacfide X1 and lactide 2 = X2 in Figure
117).

It was assumed that the cissonformation of the aluminium complexes2#was not
observed and could therefore be ignored (sinceitldvbe too high in energy to take

part in the rate-determining path).

As has already been discussed, we decided to atdahle H-substituted (A2,

X=H) transition states first.

5.4.2.2.1 Cis- H-substituted Ligand

In the first instance transition states for thenahium complex o2, X=H were
calculated. 32 conformations of TS1 and 32 confdiona of TS2 were optimised.
The first 16 of these correspond to the four apgrasomers for each combination of
lactides: SSSS, RRRR, RRSS and SSRR (where théxodetters describe the
stereocentres of the first (open) lactide unit tedfinal two the chirality of the
second lactide). Since the ligand itself is chiralas necessary to calculate both
SSSS and RRRR transition states: likewise for RS and RRSS species. (If the
ligand were not chiral, the RRRR and SSSS tramsgtates would be enantiomers, as
would the RRSS and SSRR transition states.) Thensket6 are accounted for by the
iIsomers corresponding to interchange of the twbdas (Figure 125(a) and (b)). The
relative free energies of all 64 cigransition states are listed in Table 28. As
described in section 5.4.1.3, not all TS2s camvolirom all TS1s: thus the lowest
energy pathway is not necessarily (and not ingage) a combination of the lowest
energy TS1 and the lowest energy TS2.

transition states of A9 had then been used as templates for the transiiides of Al22 (X=CI).
Thus only the transition states that were loweétda energy for the A9 complexes had been
calculated for Al22 (X=CI). These assumptions seemed reasonable andtiygested that the cis-
conformation would likely be the most stable confation.
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TS1 TS2
Imaginary G Imaginary G
Isomer Frequency | (relative to R1) Isomer Frequency | (relative to R1)
(cm-1) (kcal mol™) (cm™) (kcal mol™)

NHa3RRRR -147.7 20.1 NHalSSRR -98.5 20.6
NHa3RRSS -153.0 21.7 NHb1RRSS -173.1 23.8
NHa3SSRR -132.1 23.2 NHalRRRR -79.9 24.9
NHb3SSSS -170.2 23.8 NHa2RRSS -74.6 26.4
NHalRRSS -152.4 25.4 NHb2SSRR -142.7 27.5
NHb3SSRR -182.4 26.5 NHa4SSSS -46.8 28.0
NHa3SSSS -150.7 26.9 NHb1SSSS -166.1 28.3
NHb4RRSS -181.0 26.9 NHa2SSRR -114.2 29.7
NHb4SSRR -184.1 27.4 NHa3SSSS -65.1 30.6
NHalRRRR -170.0 27.6 NHb3RRRR -147.2 31.1
NHa4RRRR -169.2 27.8 NHalSSSS -130.0 31.4
NHb1RRRR -154.6 27.8 NHalRRSS -79.6 31.6
NHa4RRSS -163.6 28.0 NHb1SSRR -162.5 321
NHa4SSRR -152.0 28.1 NHa4RRRR -84.3 32.3
NHalSSSS -130.6 28.7 NHa2SSSS -35.0 324
NHa4SSSS -162.3 29.9 NHb2SSSS -172.7 32.7
NHb3RRRR -166.7 30.0 NHa4RRSS -131.9 329
NHa2RRRR -169.5 30.9 NHb2RRRR -157.0 33.4
NHb3RRSS -28.0 311 NHb4RRRR -160.5 33.7
NHb4SSSS -146.2 31.6 NHa2RRRR -87.1 34.0
NHa2SSRR -118.0 32.9 NHa4SSRR -85.1 34.3
NHa2SSSS -96.0 33.1 NHb1RRRR -163.7 34.6
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NHb1SSRR -189.4 33.6 NHb3SSRR -161.9 35.3
NHb4RRRR -172.3 33.6 NHb3SSSS -176.9 37.5
NHb1RRSS -193.9 33.7 NHb4SSRR -147.9 37.8
NHa2RRSS -120.3 33.8 NHa3SSRR -173.5 38.0
NHalSSRR -182.9 34.4 NHb3RRSS -191.9 38.8
NHb2SSSS -153.1 38.2 NHb2RRSS -144.4 38.8
NHb2SSRR -121.1 38.3 NHb4SSSS -136.9 39.3
NHb2RRSS -134.8 39.4 NHa3RRSS -77.9 40.5
NHb2RRRR -110.3 40.4 NHa3RRRR -175.7 42.0
NHb1SSSS -202.1 40.9 NHb4RRSS -150.7 42.4

Table 28, Computational data for H-substituted cis- transition states. To find pairs of transition
states that could combine to complete the mechanisipathway: RRRR and SSSS can be
combined (since the enantiomer has the same freeezgy). Likewise RRSS and SSRR can be
combined; 1 and 2 can be combined (since they arerdormational isomers and could therefore
interconvert). Likewise 3 and 4 can be combined; #na and b labels can be ignored (since in the
5-coordinate intermediate rotation could occur to tansform a to b and vice versa).

The lowest energy pathway for the insertion of@sd lactide adjacent to a lactide
of opposite stereochemistry (heterotactic insejtisescribed by the sequence of
transition states TS1-NHalRRSS, TS2-NHalSSRR. dtieedetermining step is TS1
with a barrier of 25.4 kcal mdl Note that the change from RRSS to SSRR indicates
that the ligand must invert (i.e. the configuratswitches between and (or and

) between TS1 and TS2). It seems entirely posshalethis inversion could happen
since the complex passes through two 5-coordimé¢enediates during the insertion
process. The sixth “ligand” might re-coordinatehwiite salen ligand in the opposite

configuration in TS2 to that in TS1 (consider the intermediates in Figure 116).

The lowest energy pathway for the insertion of@gd lactide adjacent to a lactide
of the same stereochemistry (isotactic insertismescribed by the sequence of
transition states TS1-NHalRRRR, TS2-NHalRRRR. Agarate-determining step
is TS1; this time with a barrier of 27.6 kcal molMo ligand inversion is necessary in

this process.
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Heterotactic Pathway
Isotactic Pathway

TS1 NHalRRRR

27.6
TS2 NHalRRRR
24.9
| — . |ntermediate 3
TS1/NHalRRSS / S~i_ 216
/ [} ’ - .
1 254 \ ,/ S ~——
/I \\ \\ // /—\\
/ TS2NHalSSRR~~.
K W Intermediate? ,” 206 " ~—
J INtermediate 1 136, Intermediate 3
J W 11.2 o/ -
/ N \— J/
,l — ,/
/ . -
,'l Interrréegmte 1 Intermediate 2
/ ’ 8.8

Reactant
0.0

Figure 123, Reaction pathway for H-substituted ligad Al catalyst. The heterotactic pathway has
a lower barrier, contrary to experimental findings.

In contrast to the experimental findings, these potational results suggest that the
process proceeding by this particular mechanisnmiotagbe heterotactic. At this
stage, we can conclude that either the computdtpyediction is wrong or the
mechanism is. This aspect will be revisited lasexc{ions 5.4.2.3 and 5.4.2.4).

In their analysis of the insertion mechanism fa& thagnesium-diketiminate, Rzepa
et af® note that TS1 adopts a conformation in which mysiélic attack occurs in an
antiperiplanar manner to themethyl of the bound carbonyl of the second lactide
(“thus allowing build-up of charge at the carbonytlman to be delocalised into the
C-Cmethyl * orbital in accordance with the Felkin/Anh/Eisegist modification of

Cram'’s rulg®® 204

) In this analysis that corresponds to approaomer 3 (see Figure
119). Interestingly, it is clear from Table 28 thia¢ most stable cis-TS1
conformations do indeed display this geometryhéf $ame reasoning is applied to
TS2, the -methyl group of the second lactide is antiperiplaio the forming bond
conformations 1 and 4. The lowest energy TS2 spetie also (although to a lesser
extent) mostly either conformation 1 or 4. As hiagaaly been discussed, a TS2 with
conformation 1 cannot follow a TS1 with conformati®. Thus this observation alone

Is not enough to identify either the TS1 or TS2csgxethat will take part in the lowest
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overall pathway. In fact, as will be shown in tleddwing sections, this observation

does not hold for the cisisomers.

5.4.2.2.2 Cis- Cl-substituted Ligand

The aluminium complex of the chlorinated liga2@I(X=Cl) produces heterotactic
polymer. Since the non-chlorinated species prodismactic polymer it might be
supposed that the transition states for insertigghbto be quite different. The
transition states involved in the lowest free epgrgthways for the hydrogen-
substituted specieg2, X=H) were re-optimised with X=CI. Surprisinglfhd relative
barriers and optimised geometries were very simgaown in Table 29 are the four
species which make up the lowest energy heterotantl isotactic pathways shown

in Figure 123. Also listed are the equivalent speevhere X (ir22) is changed to ClI.

Imaginary G Imaginary G
Species Frequency Species Frequency

kcal mol™ kcal mol™

(cm™ ( ) (cm™ ( )
TS1-NHalRRRR 170.0 27.6 TS1-NClalRRRR 168.0 26.3
TS2-NHalRRRR 79.9 24.9 TS2-NClalRRRR 99.1 23.4
TS1-NHalRRSS -152.4 25.4 TS1-NClalRRSS 152.5 243
TS2-NHalSSRR -98.5 20.6 TS2-NClalSSRR 104.9 19.1

Table 29, Computational data for the four H-substitited species which make up the lowest
energy heterotactic and isotactic cis- pathways. Comparison with their Cl-substituted
counterparts.

The relative free energies of the Cl-substituteztags differ by no more than 1.5 kcal
mol™ from their H-substituted counterparts. A selectibthe other Cl-substituted
complexes were calculated. They and the H-substitatjuivalents are listed in Table
30. The relative free energies differ by no mommntti.9 kcal mét. The average
difference in free energy on going from the H-sitbtd to the Cl-substituted species

is -1.1 kcal mot.
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Imaginary G Imaginary G
Species Frequency Species Frequency
) (kcal mol™) ) (kcal mol™)
TS1-NHa3RRRR -148 20.1 TS1-NCla3RRRR -145 18.8
TS1-NHa4SSSS -162 29.9 TS1-NCla4SSSS -158 30.1
TS1-NHa2SSRR -118 329 TS1-NCla2SSRR -137 31.9
TS1-NHa3RRSS -153 21.7 TS1-NCla3RRSS -149 19.8
TS2-NHalSSSS -130 31.4 TS2-NClalSSSS -144 30.3
TS2-NHb1RRRR -164 34.6 TS2-NCIb1RRRR -162 34.0
TS2-NHb1SSSS -166 28.3 TS2-NCIb1SSSS -164 27.5

Table 30, Computational data for selected Cl-substited and H-substituted cis- transition
states.

As stated, the geometries of the H- and Cl-sulistitgpecies were almost identical.
Shown in Figure 124 are the structures of TS1-NaRRRH- and Cl-substituted) and
TS2-NalRRRR (H- and Cl-substituted) overlaid tostrate their similarities.

(@) (b)

Figure 124, Structures of (a): TS1-NalRRRR (H- an€l-substituted) and (b): TS2-NalRRRR
(H- and Cl-substituted) overlaid to illustrate their similarities.

The results above convinced us that there was tiifference between the geometries
and free energies of the Cl-substituted molecubesstlaeir H-substituted equivalents.

The lowest energy combination of TS1 and TS2 fer@hsubstituted cis-geometry
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is the same as for the H-substituted complex: TE1RRSS and TS2-NalSSRR. The
rate-determining step is TS1 with a barrier of 2&8&l mol*. And, as for the H-
substituted complex, the ligand must invert betw&8h and TS2. The relative
energies of H-substituted species predicted a dteieic mechanism (section
5.4.2.2.1), in contrast to the experimental restitsvever, for the Cl-substituted
complexes, which produce heterotactic polymerctileulations support the

experimental findings.

The pathway along which the reaction passes iatgédtby the lowest energy
combinationof compatibleTS1 and TS2 species. The lowest four ciBS1 species

all lead to cis- TS2 species that are high in free energy. Comiogpithe lowest

TS1 species leads to a slightly higher TS1 butgpecies has a conformation more
suited to a lower energy TS2. The resulting TSZigsds then energetically
accessible and the overall barrier is lower (theat there the lowest energy TS1 is
incorporated). The higher (on average) free ensrgji¢he TS2 species force a higher

energy, rate-determining TS1.

Attempts were made to verify that all of the traiosi states found were truly the
lowest energy conformation of each isomer. If adoWwS1 could be found, for
example, the rate-determining step of the reastionld become TS2. This might
alter the selectivity. The lowest energy TS1s werealculated with modified
geometries but no lower energy conformations cbelfound. A search was also
made for a lower energy TS2 of a conformation tioaid follow one of the low
energy TS1s already located. This too would leaa pathway in which TS2 was the
rate-determining step and perhaps alter the seigctihis approach did not result in

any new structures of lower free energy than tlabsady found either.

5.4.2.3 Cis- Transition States

We had originally assumed that the cisenformation would be lower in energy than
any cis- structure. However, the cistransition states did not adequately describe
the mechanism in the case of the H-substituted iailum complexes. Thus we

considered the possibility that the transitionesatould be of the cisgeometry.

To evaluate the relative stabilities of the ciand cis- conformations, the 6-

coordinate aluminium complexes 22, X=H with X1 = formaldehyde and X2 =
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methanol were calculated. (The small molecules wkosen to loosely represent one
opened lactide molecule (bound by a covalent A-{likage) and one associated,

unopened lactide (bound by an Al...O=C interac)ioRijgure 125 shows the three
possible conformations.

0O=CH,
\ ///,, e \ ny,, Al o) MeOuy,, A|I i\ /\:
V ‘OMe NV ~N0=CH, H,C=0"" | v \/z
\_O (@]

cis-b isomer cis-b isomer cis-a isomer

(a) (b) (€)
Figure 125, (a) Cis- conformation (b) cis- conformation (X1 and X2 interchanged) (c) cis-

conformation. The cis- ligand conformation has two possible isomers wheas the cis- ligand
conformation has only one (the two possibilities & enantiomers).

The lowest energy conformer is the cissomer where the OMe group is trans- to the
O of the ligand (Figure 125(b), above). The other dsomer and the cis-isomer

are both 1.7 kcal mdlhigher in free energy. This suggested that the sisecies

might well be of similar energies to take parthe tate-limiting pathway.

Of course neither the particular electronic effexisthe steric requirements of two
lactide units are properly represented here. Thpseies are also minima on the
potential energy surface. The bulk of the projedhifact the location and comparison
of transition states along the reaction pathwaysTihe findings for the minima

might not extend through to transition states. étjeomparison of the relative
stabilities of the two cis-model species with the cistransition states already
presented reveals a significant difference. In mbste full transition states, the
lower energy cis- TS1 is that in which the first lactide (bound bgavalent A-O-C

linkage) is trans- to the O of the ligand. As slaabove, for these model systems, that

204



Chapter V

Aluminium Salen-type Complexes for Lactide Polyraation

isomer is 1.7 kcal mdlhigher in free energy. This observation simplyroborated

the idea that the cisisomers should also be computed.

5.4.2.3.1 Cis- H-substituted Ligand

For the cis- geometry, only half the number of conformationsegompared with
the cis- geometry. This is because switching the two lactidits in one cis-
transition state does not change the molecule. Tteua and b labels are redundant
for the cis- structures. Almost all the possible H-substitutesd TS1s and nine of
the sixteen possible cisTS2s were calculated. The free energies of thassition

states are listed in Table 31.
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TS1 TS2
Imaginary G Imaginary G
Isomer Frequency (relative to R1) Isomer Frequency | (relative to R1)
(cm-1) (kcal mol™) (cm™) (kcalmol™)

NH4SSRR -173.0 25.1 NH4RRRR -147.2 20.4
NH1SSSS -170.5 25.2 NH4SSRR -143.9 22.5
NH1RRSS -181.6 26.0 NH2RRSS -152.0 24.4
NH4RRRR -178.8 26.4 NH2SSSS -151.9 26.1
NH4RRSS -174.4 29.6 NH1RRSS -153.4 27.2
NH1RRRR -174.3 30.1 NH1SSRR -153.8 28.4
NH3SSSS -64.1 30.7 NH4SSSS -114.8 28.7
NH3SSRR -108.1 31.2 NH1SSSS -143.1 29.5
NH1SSRR -184.1 31.7 NH4RRSS -91.8 30.1
NH4SSSS -163.2 31.9 NH3SSSS
NH2RRSS -170.6 33.0 NH1RRRR
NH2SSSS -163.7 33.6 NH3RRRR
NH2RRRR -168.7 36.6 NH2RRRR
NH3RRRR NH3SSRR
NH2SSRR NH2SSRR
NH3RRSS NH3RRSS

Table 31, Relative free energies of H-substitutedsz transition states

The transition states can be combined using the Seutes” as described for the cis-

transition states.

The lowest energy pathway for the insertion of@sd lactide adjacent to a lactide

of opposite stereochemistry (heterotactic insejtismlescribed by the sequence of
transition states TS1-NH4SSRR, TS2-NH4SSRR. Theedatermining step is TS1
with a barrier of 25.1kcalmdl No ligand inversion is necessary in this process.
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The lowest energy pathway for the insertion of@sd lactide adjacent to a lactide
of the same stereochemistry (isotactic insertisrescribed by the sequence of
transition states TS1-NH1SSSS, TS2-NH4RRRR. Adarrate-determining step is
TS1; this time with a barrier of 25.2kcalrifoln this case the ligand must invert
between TS1 and TS2.

Thus the cis- results suggest (as did the cisesults) that the process ought to be

heterotactic whereas experiment shows it to badsiat

5.4.2.3.2 Cis- Cl-substituted Ligand

Preliminary attempts at optimisations of the Clstithted cis- transtion states using
the H-substituted cis-transition states as templates all failed. Thiglies that the H-
substituted and Cl-substituted cigransition states have very different geometries i
the cis- conformation. This is in striking contrast to ttis- transition states (see
section 5.4.2.2.2) where both structures and weldtee energies were almost
identical. Thus, as many as possible of the Cl+#uibsd cis- transition states were

calculated. These are shown in Table 32.

TS1 TS2
Imaginary G Imaginary G
Isomer Frequency (relative to R1) Isomer Frequency  |(relative to R1)

(cm-1) (kcalmol™) (cm™) (kcalmol™)
NCI4SSRR -169 24.8 NCI4RRRR -139 24.5
NCI4RRRR -180 26.2 NCI1IRRSS -149 25.2
NCI3SSSS -67 30.4 NCI4SSRR -135 27.1
NCI4SSSS -162 32.6 NCI3RRSS -144 27.1
NCI2RRRR -171 355 NCI1SSRR -160 28.2
NCI1SSSS -84 29.0
NCI2SSSS -142 29.5
NCI4RRSS -107 29.5

Table 32, Relative free energies of Cl-substitutecis- transition states
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Although not many of the Cl-substituted transitgtates have been calculated, none
are lower in free energy than the rate-determisieg in the cis- pathway. The
barrier for heterotactic insertion via a cigS1 and a cis-TS2 was 24.3 kcal mol
(section 5.4.2.2.2). None of the species listet@iahle 32 have free energies lower
than 24.5 kcal mdl.

5.4.2.4 Combining Cis- and Cis- Transition States

Neither a purely cis-or a purely cis- mechanism predict the observed isotactic
pathway for the aluminium complex of the H-subsétlligand22. However, it is not
unreasonable to assume that the ligand conforma#inrconvert between the two
conformations. A pathway made up of the lowest gnepecies of all the transition
states found is drastically different from thosgcdissed in the previous sections. In
this case, the lowest energy pathway is made tipedbw energy TS1-NHa3RRRR
(cis- ) 20.1 kcal mot) and the rate-determining TS2-NH4RRRR (cjg20.4 kcall
mol ™). Thus the lowest energy pathway predicts isatigtiThe lowest energy
heterotactic combination of transition states islenap of TS1-NHa3RRSS (21.7 kcal
mol ™) and TS2-NH4SSRR (22.5 kcal rifdl Thus the heterotactic pathway is higher
by 2.1 kcal mot. The rate-determining step is again TS2.

TS1 NHa3RRRR TS2 NHARRRR
20.1 20.4
A— | —
I,II \\\\ ,/// \\\
’ d Intermediate 3
/! N - — g
/! ‘-~ Intermediate 2
/ Intermediate 1 13.6
/ 11.2

Reactant
0.0

Figure 126, Lowest energy overall pathway for H-sustituted complex. A cis- TS1 followed by a

cis- TS2 leads to isotactic insertion. Energies arede energies in kcal mal.

The two transition states are shown in Figure I#¥Figure 128.
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Figure 127, TS1-NHa3RRRR: TS1 in the lowest energyverall pathway for H-substituted
complex. Selected hydrogens shown only.

Figure 128, TS2-NH4RRRR: TS2 in the lowest energyverall pathway for H-substituted
complex. Selected hydrogens shown only.

As has already been stated, from the transitidestaalculated for the Cl-substituted
species, the cis-pathway remains the path with the lowest baroensertion. This
pathway, in agreement with experiment, predictetoghctic insertion with a barrier
of 24.3 kcal mof, TS1 being the rate-limiting step. The reactiothpay is shown in
Figure 129 and the two transition states are shawagure 130 and Figure 131.
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Figure 129, Lowest energy overall pathway for Cl-dostituted complex. Cis- transition states
throughout lead to heterotactic insertion.
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Figure 130, TS1-NClalRRSS: TS1 in the lowest energyerall pathway for Cl-substituted
complex. Selected hydrogens shown only.

Figure 131, TS2-NClalSSRR: TS2 in the lowest energyerall pathway for Cl-substituted
complex. Selected hydrogens shown only.
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5.4.2.5 Analysis of the Rate-Determining Transition States

Simple analysis of the rate-limiting transitiontste not particularly useful: it is in
fact the higher energy species in a pair of treorsstates (so understanding the
reasons behinitls stability are of limited value). However, whatinstructive is to
compare the lowest energy polymerisation pathwawythie H-substituted and CI-
substituted complexes. An AIM analysis (see chalpteas performed on the two H-
substituted transition states in the lowest eneagiiway and the corresponding CI-
substituted species. This process was repeatelddawo Cl-substituted transition
states in that lowest energy pathway and the qooreing H-substituted transition

states.

The lowest energy pathway for the Cl-substitutadlgat proceeds through two
transition states of cis-conformation. As has been discussed previoustycid:
structures in which H and Cl substituents are emghd are very similar both in
structure and relative free energies. Thus, thelb$tituted equivalents of the lowest
energy chlorinated transition states are 1.1 aiddal mot® lower in free energy
respectively. This seems to be typical: the retatree energies of the cisH-
substituted transition states were, on averagekcallmol* higher in free energy (see
section 5.4.2.2.2).

In the isotactic pathway (the H-substituted catyJyBS2 is the rate-determining step.
In fact, inspection of the geometries of the Clsditbted species seems to indicate
clearly why the equivalent pathway for the Cl-sithstd complex is not as low in
energy. The first transition state is of a simgapmetry and is 1.3 kcal mblower in
free energy (relative to the corresponding stamiragerial) when the substituent is ClI.
As stated above, this is typical of the chlorinagpdcies for transition states that have
very similar geometries to their H-substituted degparts. Inspection of the two TS2
species however, reveals some differences. IrcHss the difference in relative free
energies is increased to 4.1 kcal thahd the Cl-substituted species is now higher in
free energy than the H-substituted complex. It appéhat stabilising interactions
between the H substituents and the second lactidane lost/weakened in the CI-
substituted complex. Likewise, interactions betwtenother H-substituent and the

first lactide unit appear not to be as strong winensubstituent is CI.
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Surprisingly, on closer inspection, and on consitien of the Atoms in Molecules
(AIM) analysis (see chapter I), this does not séeilve the case. Although the
distances between the H substituents and the ¢agtids with which they are
interacting are slightly lengthened in the Cl-siib&d transition state, the electron
density values at the bond critical points (BCRs)\wery similar. In addition, there do
not appear to be any extra interactions (denoteBi@iys) in either complex.

Overlaying the two structures reveals very littbgiation in the geometries at all.

Figure 132, Overlay of rate-determining TS2 in H-sbstituted catalytic pathway with equivalent
Cl-substituted transition state.

The key differences are a slight altering of positdf the two lactide units, which
have been forced away from the more bulky CI groligeems that this deformation
alone is enough to raise the energy of the Cl-#ubsd transition state (by
approximately 5 kcal md) to force the reaction to proceed by a completéfgrent

path.

Also of interest was the reason that two transisitates that differ only in the chirality
of one lactide unit should be very different in ggye Essentially, the tacticity of the
polymer is governed by the preference of (in treeaaf the H-substituted species) the
catalyst to add a unit of S,S lactide to anothér@frS,S lactide (rather than adding
one of R,R). What is it that makes the SSSS trans#tate lower in energy than the
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SSRR? If the two transition states SSSS (represgigotactic insertion) and RRSS
(representing heterotactic insertion) are compates difference might be assessed.
(Comparison of SSSS and RRSS is made becausdfirenite is clearer where the
lactide that is inverted is the first lactide irtthain. It is further from the metal
centre. This comparison is equivalent to compa88&S and SSRR transition states
except that that would be much more complex bectngseonformation around the
metal is significantly different. Another AIM analig was performed, this time for
TS2-NH4SSRR (the TS2 for heterotactic enchainmequivalent” to the rate-
determining transition state for isotactic insart{d S2-NH4RRRR)).

In this case the AIM analysis identifies extra ratgions occurring in the low energy
species that cannot occur in the less favoured mphe interactions of interest are

shown in Figure 133.
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@)

(b)

Figure 133, AIM analysis of the rate-determining Hsubstituted SSSS TS2 (a) and the equivalent
RRSS species (b) (which is higher in free energy)abels 1-3 indicate BCPs that differentiate the
two transition states.

It has been demonstrated that summing the denaitiesiltiple BCPs can provide a

measure of bond strength for hydrogen bonding andtacking interactiorf&2%"
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However, a build up of electron density between atams may also signify a non-
bonded interaction (see chapter 2). Further breakdsf the topology of the electron
density is required to describe fully relative batengthd®. Nevertheless,
comparison of the numbers of BCPs and the totatrele densities at these points
does help to explain the preference for isotaaseition in this case.

In the SSSS species ((a) in Figure 133) there iataraction between the methyl
group on the first lactide unit and the ligand @diéd 1). In the RRSS species it is one
of the ether oxygens of the first lactide that iates with the same aryl hydrogen of
the ligand. The density at the BCP 1 is 0.0038and.and 0.0057 a.u. for the SSSS
and RRSS transition states respectively. This iespihat the strength of this
interaction in the RRSS species is in fact strorigan in the SSSS species (which is
not surprising given that it is a O...H interactiather than a H...H interaction).
However, this is offset by the presence of BCPes®&that do not exist in the RRSS
species. BCP 2 is an interaction between a metioyipgon the first lactide and the
ligand (with a density of 0.0014 a.u.). The thir@Bhas a density of 0.0084 a.u..
Thus the sum of the densities of the three BCRE.8®& a.u.) is more than twice that
of the single interaction in the higher energy gg2¢0.0057 a.u.). The lower energy
of the SSSS species is explained by the greatebauai weak, non-conventional
interactions. It is tempting to assert that theuawalation of these un-named
interactions might be responsible for conformatigmaferences not only in
polymerisation transition states but also in otagge molecules such proteins and

biological systems.

5.5 Conclusions
The current investigation reveals why the aluminitomplex of22 produces isotactic
PLA when X=H and heterotactic PLA when X=ClI.

When X=CI the insertion mechanism proceeds viattansition states of cis-
conformation, but switches between thand configurations between the two
transition states. The rate-determining step is, Tth a barrier of 24.3 kcal nidl

This reaction path leads to heterotactic insert@ns observed experimentally. Other
pathways are shown to be higher in energy.
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The experimental findings cannot however be ratised in the same way f@2
when X=H. The lowest energy pathway consistingnaf tis- transition states
predicts heterotacticity (which is not what is alveel). However, a pathway
involving a cis- TS1 and a cis-TS2 correctly predicts isotacticity and has a lowe
free energy barrier than the purely cisaechanism. TS2 is, in this case, rate-
determining with a free energy of 20.4 kcal thalith respect to the starting material.
An AIM analysis clearly shows why, in the loweseegy conformation of TS2

(X=H), isotactic insertion is preferred.

The (rate-determining for X=H) cis-TS2 where X=Cl is higher in free energy than
its H-substituted equivalent (relative to the ealewt starting material). However, the
geometries of the two species are very similar.iéattally, an AIM analysis does not
identify any important distinctions between the tstaictures. This result emphasises
the need for computational methods in investigaprggesses such as this: the free
energy values indicate that the Cl-substituted cI$S2 is strongly disfavoured.
Quantum chemical calculations are an invaluablertiggie for dissecting these types

of processes.

This work describes a systematic approach to moddhctide polymerisation
stereospecificity. The polymerisation mechanisshiswn to be highly complex.
Nevertheless, by rigorous analysis of all posditalasition states, experimental
observations are rationalised. The results hetaigty how flexibility of the ligand
backbone and its versatility in coordination geamate essential for the

stereocontrol of the polymerisation process.

The structures of each transition state have besrded. This will make future
investigations into similar systems significangg$ time consuming. We hope that
with the investigation of related catalytic systemk come not only rationalisation of

existing experimental data but also predictiontefenselectivity.
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Exploring the interactions in a Tin Bis(triazenidépmplexWavefunction based
methods have been used to investigate the natuhe short metal-hydrogen
distances in a tin bis(triazenide) complex. We haveed these H-M-H interactions
“bifurcated” and show that although they are weathis particular complex they can
be much stronger in other species. The phenomes®bden identified previously for
systems in which they are stronger but they wetdully investigated. The
interactions are agostic in nature and we demaestnat they can be described

qualitatively (and, in certain cases, quantitagiydly the AIM and ELF techniques.

A Magnesium Bis(imino)pyridine Complex: Unusual ®eas of a Non-Innocent
Ligand. The unusual alkyl migrations in a magnesium bis{ojpyridine system are
examined in detail. This work suggests that theegrpentally observed non-
electrophilic alkylation at a pyridine nitrogen @gagot proceed via a radical
intermediate. Instead, a simple 1,2-shift is thvedst energy pathway. Density
functional calculations reveal the large number @atkety of transition states that
might be responsible for the other experimentatigesved transformations. The most
likely reaction paths are found to depend stromglyhe effect of solvent. Both
explicit solvent and stabilisation by solvent padation are required to describe a
reaction mechanism consistent with all the expemtadeobservations. It should be
possible to determine whether the mechanisms peajlesre are occurring. Variation
of the solvent (in terms of both polarity and cooading power) should have dramatic
effects on the reaction rate if the solvent plag/taege a role as the calculations
suggest. Additionally, further experiments in whtble concentrations of magnesium
and dioxane are controlled and varied could confirmechanism in which a second
magnesium species is responsible for the alkylaifdhe 2-position. Control of the
alkylation process (achieved through an understanadi the alkylation mechanism)
will enable further experiments to assess the (fwdat positive or negative) of alkyl

migration/addition in the polymerisation process.

Zirconium Amine Tris(phenolate) Complexes for Llde#olymerisation: Dynamic
Processes of the Ligan@ihe mechanism of inversion of a pseudo-C3-symmetric
zirconium tris(phenolate) has been investigatedgiBiMR simulations and density
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functional calculations. The density functionalatdétions confirm the stepwise
nature of the process by identifying the key traoistates and intermediates. The
variation of barrier heights of the inversion preea@s the metal is varied is also
reproduced by the calculations. This trend candsel wo explain the differing
behaviours of the different group 4 metal tris(pblate)s. The inversion process in an
analogous methylated complex is shown to procedtidogame mechanism, with a
similar free energy barrier. Thus use of the metteg species is an excellent method
by which to explore (in a controlled way) the meulkens of polymerisation and
inversion. Analysis (and simulation) of the varmbémperature NMR spectra
suggests that the process may involve dimeric spegéithough the size of these
dimers prohibits accurate chemical modelling a thme, it may be possible to
investigate a dimeric mechanism experimentallyat®gic modification of the ligand
structure to encourage dimer formation would aftbetrate of inversion if a dimeric
mechanism is in operation. Additionally, isolatiointhis dimeric intermediate species

would confirm that the inversion is stepwise.

Aluminium Salen-type Complexes for Lactide Polysagion.Density functional
theory has been used to describe the polymerisagbaviour of an aluminium salen-
type catalyst in the polymerisation of lactide. ystematic methodology for
rationalising the stereochemical outcome of thepekisation is presented. The
method reproduces the behaviour of two structusaftilar catalysts which produce
polymer of differing tacticity. We show how enerdy§ferences resulting from the
accumulation of many low energy interactions atbterrelative energies of the
transition states. AIM analysis is a key tool ie tbentification of these un-named
interactions. The rate determining transition siai@ifferent for the two catalysts: one
proceeding through two cisstructures; the other through one ciand one cis-
transition state. The transition states locatethimwork will be important starting

structures for similar investigations into lactpl@ymerisations.

DFT is, at the present time, an ideal tool for ging metal catalysts and their
reactions. Calculations often reproduce experimdim@ings and can be used to
predict rates and mechanisms. Additional methodgavefunction analysis can be
used to provide even more qualitative and quané@anformation. AIM and ELF
analyses may prove to be invaluable for identifysteilising interactions in large

molecules. These interactions may be much weakerdahy conventional ‘bond’, but
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a large number of them may cause significant ssaibn. Identification and
qualitative analysis of these interactions willdoacial in describing extended
systems such as those described in this work. ¥éefatesee the use of this type of
analysis for biological molecules such as proteihgh are still not well understood
(see, for example, 208).
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7. Experimental Details

Gaussian0% was used for all ground state and transition stptenisations; IRC

calculations; CPCM calculations; and NBO analyses.

Ground state structures were characterised by la#imo of the Hessian, which
contains no negative roots. Transition states wendirmed by the presence of a
single negative root in the Hessian matrix. The BB functional in combination
with the 6-31G(d) basis set (as implemented in Ganf3) was used for all
calculations except where specified. For NMR catiahs the GIAO-method (the
default in Gaussian03) was used. The solvation incsil was the CPCHM
polarisable conductor calculation moda$ implemented in Gaussian03.

AIM calculations were performed using the AIM260program and the AimAff

program.
ELF calculations were performed with the TopM§Bnd DGrid® programs.

Exploring the interactions in a Tin Bis(triazenidépmplexA five correlation
consistent basis set (with pseudo-potential whppeagpriate) was used to describe
central the metal atoms including germanium aridasit?®® >*°In the model systems
a 6-311G(d) basis set was used on all atoms*dm NMR calculations the
mPW1PW91 functional was used with the same cc-pWPBMbasis set on tin and the

6-31G(d,p) basis set on all other atoms.

A Magnesium Bis(imino)pyridine Complex: Unusual ®eas of a Non-Innocent
Ligand.Comparison of the B3LYP results was made with tigs Nunctional™*
Comparison of the calculations performed with tH#l&(d) basis set was made with
the cc-pVDZ basis set?C NMR calculations employed the mPW1PW91 functional
with the 6-31G(d,p) basis set.

Zirconium Amine Tris(phenolate) Complexes for Lde#olymerisation: Dynamic
Processes of the Ligan@ihe cc-pVDZ> %2 1%pasis set was used on the metal atoms,

" This is an implementation of COSMO (Klagttal, Journal of the Chemical Society — Perkin
Transactions 21993, 799) in the PCM (Miertwet al, Chemical Physics1981,55, 117) framework.

This model, like other continuum solvation methaglsluates the molecular free energy in solution by
calculating the electrostatic interactions betwd#henmolecule and a solvent.
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with the appropriate pseudo-potential on Zr. Tlyetad model consisted of a
combination of cc-pVDZ(-PP), 6-31G(d) and STO-3Gib&ets (cc-pVDZ(-PP) on
the metal; 6-31G(d) on atoms directly bonded tontiegal or likely to be
electronically involved in the transition statesde&STO-3G on the four carbons of the
aryl rings not part of the main ligand ring, thglagroup substituents and the C and H
atoms of the @r group (see Figure 85 for a visual descriptigviere the &Pr group
was replaced by triflate, the whole triflate gromps assigned the 6-31G(d) basis.
When a formaldehyde molecule was introduced, tlygex coordinated to the metal
was assigned 6-31G(d) while the C and H atoms assgned STO-3G. GIAO-NMR
calculations employed the mPW1PW91 functional éede-31G(d,p) basis set on all

atoms except zirconium and hafnium, where the cBDp¥asis was used.
Aluminium Salen-type Complexes for Lactide Polysation.

The B3LYP® functional in combination with the 6-31G(d) basit (as implemented

in Gaussian03) was used for all calculations.
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Basis set
Transition State

CPCM

Intrinsic Reaction
Coordinate

Natural Bond Orbital
Analysis
Atoms-in-Molecules
Bond Critical Point
Laplacian of the electron
density (N2 )

Electron Localisation
Function (ELF)

Ring opening
polymerisation (ROP)

Dielectric constant ( )
Singlet

Triplet

Doublet

Coalescence temperature
(Te)

Gauge-Independent Atomic
Orbital method (GIAO)

Anisochronicity

Glossary

The set of functions chosen to construct the
wavefunction.

A first-order saddle point on the potential energy
surface.

A continuum solvent method to evaluate the
molecular free energy in solution by calculating the
electrostatic interactions between the molecule and a
solvent. CPCM is the implementation of COSMO in
the PCM (polarisable conductor calculation model)
framework.

A procedure to follow a reaction path from the
transition state downhill towards the adjacent
minimum on the potential energy surface.

A procedure generating localized electron pair
orbitals and their electronic populations.

An analysis of the topology of the electron density.
A saddle point in the electron density.

describes where the electron density is locally
concentrated or depleted. A positive value indicates
depletion of charge density and a negative value a
concentration of the density.

A measure of the Pauli repulsion between two
electrons.

A polymerization in which a cyclic monomer yields a
monomeric unit which is acyclic or contains fewer
cycles than the monomer. (PAC, 1996, 68, 2287
(Glossary of basic terms in polymer science (~IUPAC
Recommendations 1996)) on page 2308.)

A relative measure of the polarity of a solvent.

A species in which all electrons are paired.

A species with two unpaired electrons.

A species with one unpaired electron.

The temperature at which two NMR peaks coalesce
to form a single peak.

A method for calculating theoretical NMR spectra in
which is invariant to the position of the molecule in
the Cartesian frame. This is the default in
Gaussian03.

The magnetic shielding non-equivalence of
diastereomeric nuclei.
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