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0.1 Abstract

Chapter 1

This Chapter gives an introduction to the series of compounds that are investi-
gated and the techniques used in this Thesis. A brief outline of transition metal
carbonyl complexes is given along with a brief outline on the main techniques
used to detect reactive intermediates. These techniques were: matrix isolation,
low temperature solution studies and fast spectroscopic techniques such as time
resolved infrared (TRIR). The final part of this Chapter introduces the theory

behind computational chemistry.

Chapter 2

The photophysical and photochemical properties of Co(CO)3(NO) have been
probed in Chapter 2, using both picosecond and nanosecond TRIR, run in n-
heptane at two different excitation wavelengths. These results were compared
to a previous study performed by Harris et al. in 2008 where they reported a
picosecond TRIR experiment on Co(CO)3(NO) following 400 nm excitation.! A
clear concentration disparity was observed between our experiments and those
reported by Harris. To address this, experiments were performed at both a high
and low concentration of Co(CO)3(NO). There was a clear concentration depen-
dence, with the kinetics of the various photoproducts both forming and decaying
much quicker in high concentration experiments when compared with low con-
centration experiments. Co(CO)3(NO) displays both CO loss and NO loss upon

irradiation of each excitation wavelength used in our experiments which allows for



the observation and assignment of both Co(CO); and Co(CO)2(NO)(n-heptane)
as observed photoproducts. A very tentative reaction pathway was suggested,
which includes many unknown species.

The various observed photoproducts whose identity were unknown, were fur-
ther investigated by density functional theory (DFT). A set of DET calculations
were performed where some possible dimeric structures were geometry optimised
and their vibrational frequencies were calculated. These calculated vibrational
frequencies were then compared with the observed IR bands from the TRIR

experiments and attempted tentative assignments were made to some species.

Chapter 3

In this Chapter, a theoretical investigation into the strength and nature of the
binding of weakly coordinating ligands to various organometallic fragments is
described with a focus on COy coordination to manganese and rhenium.

Most of the investigated organometallic complexes, both neutral and cationic,
are predicted to display '-OCO binding between the metal and CO,. The func-
tionalisation of the organic moiety of the organometallic complexes was found
to be more influential for the pianostool complexes than for the a-diimine com-
plexes. The effect of this functionalisation also showed that, due to the nature of
n'-OCO binding of CO,, the introduction of electron withdrawing groups would
increase the metal to CO5 binding strength, while electron donating groups would
decrease the metal to CO, binding strength. It was also found that the cationic
complexes were found to bind to CO5 more strongly than neutral complexes. The
change in HOMO-LUMO separation between metal fragments and ligands is also
investigated where it is found that the lowering in energy of the metal LUMO,

in both cationic complexes and complexes containing a greater number of elec-
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tron withdrawing groups, allows for better orbital overlap with the HOMO of the
COs, ligand. It is found that for both pianostool and a-diimine complexes, that
rhenium is a better choice of metal than manganese when trying to maximise the
metal to ligand bond strength. The various isomers of the octahedral complexes
explored, were also investigated to look for trends in different isomer stability. It
was found that for both cationic and neutral complexes, a stronger metal to COq
bond is formed when the CO, is located cis to the bpy ligand.

A large number of calculated vibrational frequencies of CO, bound complexes
are also reported in this Chapter, along with corresponding bond lengths, which
may act as benchmarks for other calculations and also allow for comparison to

future experimental work.

Chapter 4

In this Chapter, the synthesis and characterisation of a range of group seven
organometallic complexes is described with a focus on rhenium pianostools and
a-diimine complexes.

The synthesis of [BnMn(CO);3][OTH], [(Mes)Re(CO)s][PFg],
[(HMB)Re(CO);3][PFs] (HMB = Hexamethylbenzene) and [(HEB)Re(CO)s][PFg]
(HEB = Hexaethylbenzene) are reported. Anion exchanges with
[AI(OC(CF3)3)4)” were attempted on the isolated complexes, but all had
issues.

The synthesis of a series of mneutral rhenium «-diimine com-
plexes,  [(bpy)Re(CO)3Cl,  [(dmbpy)Re(CO)3Cl],  [(dthpy)Re(CO)3Cl],
[(dfbpy)Re(CO)3Cl], [(dnb-F34)Re(CO)3Cl] and [(dnb-F3,)Re(CO)3Br] s
reported. The synthetic route for the dfbpy ligand is reported along with the

synthesis and characterisation of the dnb-F3, ligand. [(dnb-F34)Re(CO)3Cl] was
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photolysed in THF, but CO loss was not easily induced, owing to the aggregation
of the fluorinated chains present on the dnb-F3, ligand. [(dnb-F34)Re(CO);3Cl]
was found to be soluble in liquid COs, but the observed peaks displayed very
minimal absorbance due to solubility limitations.

The synthesis of a series of a cationic rhenium a-diimine complexes,
[(bpy)Re(CO)4[OTI],  [(dmbpy)Re(CO)4][OT], [(dtbpy)Re(CO)4J[OTI] and
[(dfbpy)Re(CO)4][OTf] are reported. The synthesis of [(dnb-F34)Re(CO)4][OTH]
was also attempted, but could not be isolated in a pure form. A matrix isolation
experiment on [(dtbpy)Re(CO),][Al(OC(CF3)3)4) in a polyethlyene disc was per-
formed in CO, and two main features were noted which were the growth of an ex-
tra peak at 2270 cm ™! and the rotational restriction of CO,. Further experiments
were then performed to better understand these observations, which included
an identical experiment on a blank polyethlyene disc where both these features
were observed again and the photolysis of [(dtbpy)Re(CO),][Al(OC(CF3)3)4] in a
polyethlene disc under an Ny atmosphere where no observation of a coordinated
Ny band could not be made. [(dmbpy)Re(CO),]|[PFg] was photolysed in THF
and a noticeable difference in photostability between the cationic and neutral
complexes was observed.

Some preliminary work involving using ionic liquids as a cosolvent to aid in
solubility of organometallic complexes in non-polar, non-coordinating solvents
was performed and the key features of the FTIR spectra were noted. Based on
these results there is potential for this area to develop further but more work
would be needed on synthesis of a less coordination ionic liquid and removal of

water from ionic liquids.
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Chapter 5

The summaries and future work of the results obtained from the work in this
Thesis are given in this Chapter. These discuss the implications that have arisen

from these results and areas of research that could be investigated in the future.

Chapter 6

The experimental methods and spectroscopic techniques used throughout this
Thesis are described in this Chapter. This includes detailed descriptions of the

equipment, along with procedures and materials used.
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0.3 Abbreviations

BDE - bond dissociation energy

Bn - benzene, 1n°-CgHg

bpy - 2,2’-bipyridine

BSSE - basis set superposition error

Cp - cyclopentadienyl, n°-CsHj

Cy - cyclohexyl

dfbpy - 4,4’-perfluorodimethyl-2,2’-bipyridine

dftbpy - 4,4’-bis(1,1,1,3,3,3-hexafluoro-2-(trifluoromethyl)propan-2-yl)-
2,2’-bipyridine

DFT - density functional theory

diars - 1,2-bis(dimethylarsino)benzene, CgH4(As(CHs)s)o

dmbpy - 4,4’-dimethyl-2,2’-bipyridine

dtbpy - 4,4’-di-tert-butyl-2,2’-bipyridine

dnb-F3y - 4,4-bis [1H,1H,2H,2H,3H,3H-perfluoroundecyl]-2,2’-bipyridine

dnb-Fy - 4,4’-bis [1H,1H,2H,2H,3H,3H-perfluorotridecyl]-2,2’-bipyridine

ECP - effective core potential

FTIR - fourier transform infrared

HEB - hexaethylbenzene

HMB - hexamethylbenzene

HOMO - highest occupied molecular orbital

LUMO - lowest unoccupied molecular orbital

Mes - 1,3,5-trimethylbenzene

MLCT - metal to ligand charge transfer

MO - molecular orbital

MOM - maximum overlap method

oTf - trifluoromethanesulfonate

PES - potential energy surface

PFMCH - perfluoromethylcyclohexane

PFTEA - perfluorotriethylamine

TRIR - time-resolved infrared

v(C-0) - carbonyl stretching vibration
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Chapter 1

Introduction

The work reported in this Thesis focuses on working towards the isolation of
long-lived alkane and CO, organometallic complexes. This is done by generating
a reactive intermediate by dissociation of a CO ligand from an organometallic
carbonyl complex via UV-Vis photolysis. These resulting reactive species can
then form a reactive solvent or dopant complex. The mechanism of these reactions
can often seem simple, but complicated mechanistic pathways involving a large
number of different reactive intermediates are often involved.

Many photochemically-generated species are extremely reactive and have life-
times on the fast and ultrafast timescale ( <<1 s at room temperature).? These
timescales are too short for detection using conventional laboratory techniques
and analytical techniques and as such investigation of these species raises a chal-
lenge. There are a number of ways in which these compounds can still be studied
by use of either ultrafast spectroscopy or utilising realtime techniques where the
reaction is slowed down. Both of these concepts are covered in this introduction.

Much of the experimental work in this Thesis is complemented by DFT cal-
culations to support or aid with spectroscopic assignments and this was initiated
due to changes imposed due to the COVID pandemic. Computational chemistry,
specifically DFT, is a very powerful tool that has changed the way people can
think about and undertake chemistry. This section briefly introduces computa-

tional chemistry as a technique and covers the different methods and functionals
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used in this Thesis.
All the species investigated in this work, both theoretically and experimen-
tally, are organometallic carbonyl complexes. This family of compounds are

briefly introduced in this Chapter.

1.1 Transition Metal Carbonyl Complexes

This type of species is often used in organic chemistry as a catalyst or as a
catalyst precursor and are usually quite toxic.®>* The carbonyl ligand makes for
a remarkably useful reporter ligand in FTIR spectroscopy, due to the fact the
carbonyl region for organometallics appears mostly between 1850 to 2250 cm ™1,
which does not clash with many popular organic solvents.”*? This is one of the
reasons why the carbonyl ligand is a popular spectroscopic reporter group in
organometallic chemistry.!1:12

Another one of the main reasons carbonyls are so useful for FTIR analysis,
is the nature of their bonding to the metal centre. The carbonyl ligand engages
in "synergic” bonding with the metal centre. There is a ¢ bond formed from the
overlap of the nonbonding sp-hybridised electron pair on carbon and the metal
orbitals. A 7 bond also arises from overlap between the filled metal d-orbitals
and the carbonyl 7* orbitals. The electron density from the metal orbitals being
donated into the carbonyl 7* orbitals, m back donation, requires that both the
metal has d electrons and that it is also in a relatively low oxidation state (<
+2) otherwise it will not be sufficiently favourable. A schematic overview of this
synergic bonding can be seen in Figure 1.1. As the back donation fills up the C-O
7* orbital this weakens and therefore lengthens the C-O bond while strengthening
the M-C bond.!3!8 This change in carbonyl bond strength and length is reflected
in the IR spectrum of these complexes. If the back-bonding is happening with
an electron rich metal centre there will be a red shift in the band position. This

red shift occurs because there will be a greater electron density in the 7* orbital

from the metal, therefore weakening the C-O bond. If the C-O bond is weaker,
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it will therefore have a lower force constant, which means that it will vibrate at
a lower wavenumber and hence absorb longer wavelengths of IR radiation, which
are lower in energy. The reverse is also true where if back-bonding is occuring
with a more electron deficient metal centre, there will be a blue shift in the band
position. This effect can be invaluable when probing excited states of carbonyl

complexes, as the shifting can reflect the nature of charge transfers.

C—0
>

Figure 1.1: A schematic orbital diagram showing the synergic bonding found
between metals and carbonyl ligands.

As two of the Chapters in this Thesis have a focus on transition metal carbon
dioxide carbonyl complexes, this section will briefly talk about using IR spec-
troscopy to probe carbon dioxide coordination in a similar way to that of CO in
metal carbonyl complexes.

Free CO; is a linear molecule that exhibits three fundamental modes, two of
which are IR active. There is a degenerate band at 667 cm ™! and an antisymmet-
ric stretch at 2349 cm™!. The bands for free CO, and for coordinated CO, will
be at different wavenumbers and may also occur at different frequency depending
on the coordination mode. In both n'-C and 72-C,0 coordination modes the
COs is bent and as such the expectation is to find the IR band closer to that of
the CO; radical anion around 1671 cm™*. In the n'-O end-on coordination, the

COs is more linear and you would expect to find the band much closer to that of
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free CO,. In the study of [(1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)-
1,4,7-triazacyclononane)U(COy)], covered in the introduction of Chapter 3, an
n'-O end-on coordination complex was isolated, the CO, band was reported at
2188 cm~1.Y In many cases, CO, coordinated complexes are synthesised while
solubulised in CO,, which will have a very broad solvent band in the IR and
may hide any bands around 2188 em~!. Coordination of CO, would make the
[R~inactive symmetric stretch of free CO5 become active. This is because af-
ter coordination, the symmetric stretch would still result in a change of dipole

moment on the CO,. This band would expect to be found around 1480 cm™!.

1.2 Detection of Reactive Intermediates

There are two main principles that can be used in order to make these reactive
intermediates easier to probe. The first is to increase the lifetime of the interme-
diate by slowing down its reactions to the point they can be probed with more
conventional laboratory spectroscopic techniques. This forms the basis of the idea
of matrix isolation and low temperature solution studies. The other principle is
to use fast spectroscopic techniques, where the intermediate is created and then

probed almost instantly before it has chance to return to its initial state.

1.2.1 Matrix Isolation

Matrix isolation uses the principle of increasing the lifetime of the photoproducts
of interest in a rigid matrix of inert material at cryogenic temperatures. Due to
the low temperatures, the reactive intermediates and excited states recombine
and relax at a much slower rate, compared to those at room temperature, al-
lowing for investigation using conventional laboratory spectroscopic techniques,
such as IR spectroscopy.?’ A large variety of materials have been reported as suit-
able matrices including noble gases, frozen hydrocarbons and polymers.?!2¢ Due

to the intense and distinctive nature of carbonyl bands in IR spectroscopy this
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combination of methods for investigation of the photochemistry of organometallic
carbonyls is particularly powerful as low concentrations of intermediates can be
detected.

Matrix isolation does have some disadvantages. Firstly, some matrices, usually
hydrocarbon-based, can have intense IR bands, which can hide the IR bands
belonging to the compounds of interest. This can be avoided by use of noble gas
matrices as these have no IR bands of their own, however noble gases have their
own limitations such as their melting points and their low solubilising ability.
It has also been reported that sometimes photogenerated reactive intermediates

can interact with the matrix, which changes the mechanism of the reaction being

probed.?”

1.2.2 Low Temperature Solution Studies

Low temperature solution studies have also been widely used to increase the
lifetime of unstable photogenerated species.?® Liquefied noble gases, CO,, alka-
nes and perfluorinated alkanes are common solvents for these studies as they
are relatively inert and non-coordinating. In the solution phase, the compounds
of interest can move in the solvent media, which allows for use of conventional
analytical techniques such as FTIR and NMR spectroscopy to be used for char-
acterisation.??32

The primary limitation of this technique is that the solubility of many com-
pounds are very limited in these solvents. This means the photogenerated com-
pounds of interest are limited to those with soluble parent compounds and can
only be formed in very low concentrations, which can often not be high enough
to be probed by spectroscopic techniques. To solve this issue, new synthetic
approaches can be utilised to modify the structure of compounds, while leaving
their electronic nature unaltered, to improve their solubility.?*3® The synthetic

attempts in this work are covered in Chapter 4 of this Thesis. Large numbers

of CF, groups are added to a ligand to increase solubility in CO,, while using
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a number of CHy groups to create distance between fluorinated chain and the

remainder of the ligand.

1.2.3 Fast Spectroscopic Techniques

Often given the name ’pump-probe’ techniques, these fast spectroscopic tech-
niques involve photochemically exciting the complex (the pump) followed by an-
other photon after a small delay (the probe), which gathers the information on
the excited sample. Due to the typical lifetimes of the species in this type of
work, time-resolved nanosecond and picosecond spectroscopy are popular tech-
niques.®37 Additionally, because of the previously mentioned complementary na-
ture of carbonyl chemistry and vibrational spectroscopy time-resolved infrared
spectroscopy can be a powerful tool. A schematic setup for this technique is
given in Figure 1.2.
Spectrograph and

linear MCT detector
(reference)

Sample reservoir

Solution

)
Beam splitter

5 -

OPA Chopper Sample
(UV/Visible Light) cell

: : (rastered)
X .......... /

Variable length delay line

OPA (IR Light)

Beam splitter

Ultrafast pulsed laser

Spectrograph and
linear MCT detector

Figure 1.2: A schematic setup for a TRIR experiment similar to the one used at
Nottingham. The UV-pump pulse goes along the bottom and the IR probe pulse
goes along the top of the diagram.

Here, a pulsed laser leading to a beam splitter to release two rays of light

is described. On the bottom of the diagram in Figure 1.2 there is the pump

beam, this first goes to an optical parametric amplifier (OPA), which gives the
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desired wavelength of light (usually in the UV/Vis region). This beam then enters
a variable length delay line where the time difference between the pump beam
hitting the sample and the probe beam analysing the sample is tuned. This beam
then leads to a chopper which rotates at half the time difference between the laser
pulses to help isolate just an excited state spectrum. This beam then leads into
the sample cell and is stopped by a beam stop. On the top of the diagram in
Figure 1.2 there is the probe pulse, which also first goes to an OPA to give the
desired IR wavelength of light. This IR light then leads to a beam splitter where
one beam goes to a detector, this is used as a reference so it is possible to correct
for any differences in the beam due to things like power fluctuations. The other
beam goes to the sample cell, which is scanned in a rastered fashion to avoid
damage to the CaFy cell, and then the light finally hits another detector where

the excited state signal is detected.

1.3 Computational Theory

1.3.1 The Shrodinger Equation

The time-independent Shrodinger wave equation is the cornerstone of modern
theoretical chemistry and accounts for the quantum mechanical behaviour of

molecular and atomic systems. It takes the mathematical form

HYU = EV (1.1)

where H is the Hamiltonian operator for the system, E is the energy and
U is the wavefunction or eigenfunction, containing the coordinates of all the
components that make up the system from which all observable properties may
be extracted.

The form of the molecular Hamiltonian is given by the sum of the nuclear

kinetic energy, T, nuclei-nuclei repulsion, Vyy, electronic kinetic energy, T.,

electron-nuclei attraction, VNe, and electron-electron repulsion, Vee, potential en-
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ergies

H=Ty+Vyy+T.+ Vye + Voo (1.2)

which when written in atomic units can be written as

AR
TV % 3Vi- ZZV_RI, Y

I J>I i >

(1.3)

H=— 2132

where M; and Z; are the nuclear masses and charges, respectively, and R; —
Ry, ri — Ry and r; — r; are the differences between the particle positions where
i and j label electrons and I and J label nuclei. V? is defined in Cartesian

coordinates by
Vie —+ —+ — (1.4)

1.3.2 The Born-Oppenheimer Approximation

The molecular wavefunction, ¥, is a function of the positions of all nuclei and
electrons in a given system. The Born-Oppenheimer approximation allows for the
separation of the nuclear and electronic structure based on the assumption that
the nuclei within a molecule are stationary compared to the electrons and that
the electrons can respond to changes in nuclear potential instantaneously.®® This
is true as nuclei are much heavier than electrons and as a result the nuclei move
much more slowly than the electrons. Quantum chemistry is mostly concerned
with the electronic Hamiltonian and the electronic Shrodinger equation and as

such the Hamiltonian takes the form

N L D T ED B e I

i J>1

The full wavefunction depends on the coordinates of all nuclei and electrons
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but within the Born-Oppenheimer approximation the wavefunction is a product of
nuclear and electronic wavefunctions where the electronic wavefunction is defined

for a fixed set of nuclear coordinates as shown in Equation 1.6.

\Ij(Rv 7") = \I/nuc(R)\Ijelec(R; T) (16)

1.3.3 Hartree-Fock Theory

The simplest ab initio quantum chemical method for solving the Shrodinger equa-
tion is Hartree-Fock theory, which is based upon constructing the electronic wave-
function for a many-electron system as a product of one-electron independent
wavefunctions, or molecular orbitals.?® These wavefunctions are dependent on

both spatial and spin components

X' (2) = y(r)a(w) (1.7)

X*() = ¥(r)B(w) (1.8)

The majority of studies are performed on closed-shell systems that have elec-
trons of opposite spin paired together with the same spatial components. If just
these situations are considered, this leads to restricted Hartree-Fock theory.

To construct a many-electron wavefunction from a set of molecular orbitals a
product of orbitals can be used, which is known as a Hartree product that can

be expressed as

(w1, 22) = x1(71)X2(72) (1.9)

However, this product does not obey the Pauli exclusion principle, which
states that the total wavefuction must be anti-symmetric with respect to the
interchange of any pair of electrons. This wavefunction must be anti-symmetrised

by considering a linear combination of products, which for two electrons can be
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written as

Wy, w2) = x1(z1)x2(r2) — Xx1(22) X2 (1) (1.10)

and now if two electrons are interchanged the Pauli principle is obeyed. The
anti-symmetrized form of the wavefunction can be expressed as a determinant

which for the two electron case is

U@y, 70) = alm) el (1.11)

X1(22) x2(z2)
This type of wavefunction is known as a Slater determinant and is an ex-
pression that describes the wavefunction of a multi-fermonic system that satisfies
anti-symmetry requirements and consequently, the Pauli principle upon exchange

of two electrons.*’ Hartree-Fock theory uses a Slater determinant for N-electron

wave functions which take the form

xi(z1)  xe(z1) o xw(1)

\I/HF(xl,xQ,...,xN)—ﬁ Xl(le) XQ(:”) XNS@) (1.12)

xi(zn) xelzn) - xw(zw)
Upon using this wavefunction in the electronic Shrodinger equation an ex-
pression for the electronic energy containing terms corresponding to the kinetic

energy of the electrons is found to be

1 al * 2
Er =3 izl/gbl(r)vigbi(r)dr (1.13)

The expression for the attraction between electrons and nuclei is

ENe = —iiZl Mdr (114)

i=1 I=1 i — L

A term corresponding to the classical Coulomb expression for each electron
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interacting with each of the the other electrons of the form

¢; (1) 9i(r1)9; (r2) 9 (r2)
ee - ZZ// |TZ — ’I“]| d?“ldT'Q (115)

i=1 j=1

This evaluation of electron-electron interactions is the most time-consuming
part of a Hartree-Fock calculation. There is an additional term, known as the
exchange energy, which is a purely quantum effect that arises when two or more
electrons with the same spin exchange their positions in the degenerate orbitals of
a subshell. When the orbitals are half-filled or completely filled then the number
of exchanges is maximum. Therefore, the systems stability is maximum. The
effect of exchange is that in order to avoid occupying the same physical state,
electrons are repelled even more strongly than predicted by the Coulomb force,
and the net effect is to slightly push apart the electron density clouds, thus slightly
decreasing their repulsion energy because they are further apart. This exchange

energy has the form

_ __ZZ// AGNZL Tl_ TJ(TZ)@(TQ)dmer (1.16)

i=1 j5=1
There is an additional nuclear-nuclear repulsion energy term, which can be

accounted for by

=>> 7 IZI_Z;M (1.17)

I J>I

This Eyy term is a constant thanks to operating under the Born-Oppenheimer
approximation where nuclei within a molecule are stationary. Exyy may be easily
calculated based on fixed nuclear charges and positions and simply added to the
final energy.

Closed-shell systems possess electrons of opposite spin paired together with
the same spatial components as described above. They are often treated by
assuming that there is just one set of doubly-occupied orbitals, which is charac-

teristic of the restricted Hartree-Fock method. It is possible to allow the spatial
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component of an orbital with a-spin to be different from the spatial component of
an orbital with S-spin, which leads to unrestricted Hartree-Fock theory. This is
crucial for calculations on radical or ion species. From equations 1.7 and 1.8 it can
be seen that in restricted Hartree-Fock theory the spin-orbitals, x(z), have the
same spatial orbital, ¢(r), for up and down spin electrons, but for unrestricted
Hartree-Fock theory, the up and down spin electrons have their own different

spatial orbitals shown in Equations 1.18 and 1.19.

X'(2) = ¢"(raw) (1.18)

XH(x) = ¥H(r)B(w) (1.19)

Equations in Hartree-Fock theory are solved in an iterative process that min-
mises the energy, allowing an approximate wavefunction and electronic energy to
be determined. However, in Hartree-Fock theory equation 1.15 is solved in such
a way that each electron only sees an averaged potential of the other electrons.

This introduces a minor error which is known as correlation energy, F¢o

EC = Eemact - EHF (120)

where FE.... is the exact-non-relativistic energy within the basis set used.
Despite the correlation energy accounting for a very small percentage of the total
energy the correct calculation of this energy can be important as interactions
between electrons are a very important quantity when investigating chemical
behaviour. There are multiple methods that go beyond the Hartree-Fock method
to calculate the correlation energy the most popular by far is DFT which is the

focus of the work in this Thesis.
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1.3.4 Roothaan-Hall Equations

To solve the Shrodinger equation by minimising the total energy each atomic
orbital can be expressed as a linear combination of K basis functions, ¢, each

multiplied by an MO coefficient.

v=1

where the MO coefficient can be expressed as a matrix

Cn Cip - Cik
o Cn Cxn -+ Cox (1.22)
Ck1 Ck2 -+ Cki

Expanding the molecular orbitals using the result of equation 1.21, the
Hartree-Fock energy can then be expressed as the matrix equation of Roothaan

and Hall, 142

FC = eSC (1.23)

where F is the Fock matrix, € contains the orbital energies and S is elements
of the overlap matrix, which is used in quantum chemistry to describe the inter-

relationship of a set of basis vectors.

S;w :/¢;¢Vd7- (124}

The Fock matrix is a matrix approximating the single-electron energy opera-
tor of a given quantum system in a given set of basis vectors. This Fock matrix is
an approximation to the true Hamiltonian operator of the quantum system and
includes effects of the electron-electron repulsion in an average way described pre-
viously where each electron only sees an averaged potential of the other electrons.

The Fock operator does not include calculation of the electron correlation energy
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because it is a one-electron operator.

Construct an
initial set of
guess orbitals

Y
Form the Fock Calculate Coulomb
and Overlap and Exchange

matrices integrals

A

v
Iterate Solve the
Roothaan-Hall
HF equaticons for
new orbitals

¥

Test for
convergence

Finish

Figure 1.3: Flow chart showing the different steps of the iterative SCF method

The elements of the Fock matrix contain the molecular orbital coefficients and
therefore to solve the resulting equations an iterative approach is required, which

is known as self-consistent field (SCF) method as described in Figure 1.3.

1.3.5 Basis Sets

The complete set of basis functions used to model a system is called a basis set.
This process was first employed by Slater whereby exponential basis functions
(STOs) were fitted to resemble hydrogen-like atomic orbitals.*® There are two
main criteria to select the most suitable basis and a balance must be found
between providing the best representation of the orbitals while also allowing rapid
evaluation of the two-electron integrals. These STO basis functions consist of an
angular part, given by spherical harmonic functions and a radial part, which for

STOs have a general radial form
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RfSTO(r) = Ne ¢ (1.25)

The radial 1s solution is

R(r) =2 (i) : e w0 (1.26)

Qo

where ag is the bohr radius. The radial solution has the form of a Slater
function and illustrates that the orbitals decay exponentially and provide a good
representation of features of the molecular orbitals. Evaluation of two-electron
integrals are computationally intensive as when using a basis set the two-electron
integrals must be evaluated over all basis functions and this can be very time
consuming with Slater functions.

This technique was later refined by Boys who used Gaussian functions to speed
up the calculation of two-electron integrals.** These functions had a general radial

form of

RETO(r) = Ne ¢ (1.27)

These Gaussian functions (GTOs) provide a less accurate description of the
exponential decay of molecular orbitals than the STOs. Both the Slater and
Gaussian functions contain an exponent, ¢, which controls the speed of decay
of the functions. The exponent of the Gaussian function can be optimised to
give the best match to a Slater function and with a single optimised Gaussian a
reasonable decay can be obtained but there will be a much poorer description of
the near nucleus behaviour. One solution is to use a linear combination of many
Gaussian functions but the computational burden would be substantially larger.
Contracted basis functions are fixed lincar combinations of primitive functions

and these have the form

gbu = Zduugu (128)
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where d,,, are the contraction coefficients and g, are primitive Gaussian func-
tions. The most popular family of contracted basis sets are the STO-nG basis
sets where n Gaussians are used and the exponents and contraction coefficients
and optimised to reproduce STO orbitals.*?

While small sets of contracted GTO functions provide a qualitatively accurate
description of the wavefunction, the more basis functions that a wavefunction is
built from, the greater the flexibility in modelling the true form of the wavefunc-
tion. Most chemistry takes place between valence atomic orbitals and as such all
work in this Thesis has multiple basis functions describing each valence atomic
orbital. 46

Basis sets can also be expanded to include sets of basis functions of higher
angular momentum than the valence atomic orbitals, these are called polarisa-
tion functions.*” These polarisation functions allow for the electron density to be
polarised away from the basic atomic orbital shapes, which can be vital when
trying to model chemical bonds. The presence of polarisation functions in com-
mon basis sets are indicated by adding either * or ** to the basis set names.
One * indicates polarisation functions are present on all atoms except H and He
and two ** indicates polarisation functions are present on all atoms. Sometimes
these * symbols are replaced by either a p, d or f representing the extra angular
momentum level shown in parentheses.

Additional functions with greater spatial extent can be included in order to
describe long range interactions which can be very important for treatment of
anions and excited states.*® These types of functions are called diffuse functions
and their inclusion in the basis functions of a basis set is often indicated by the

presence of a (4) symbol or the letters aug.

1.3.6 Effective Core Potentials

As the number of electrons in a system increases, the computational cost of the

calculation can start to increase quite dramatically and often these deep core
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electrons are not directly involved in the chemistry being investigated. They also
cannot be totally ignored as these core electrons still interact with the valence
electrons in electron-electron repulsions. This problem is often tackled by using
an effective core potential (ECP), also known as a pseudopotential, which only
describes the outer core and valence orbitals using basis functions.4**° This means
that the core electrons are not explicitly treated in the calculation, but instead
are approximated to an overall potential. These ECPs can also be parameterised
to include the effects of relativity and are therefore particularly useful for calcu-
lations including heavy metals and atoms beyond the second row of the periodic

table.?!

1.3.7 Density Functional Theory

Another approach to solving the electronic Shrodinger equation is by using elec-
tron density. The electron density may be defined by integrating the probability
density for a wave function over all coordinates, except the spatial coordinates of
one electron and then normalising to the number of electrons. The Hohenberg-
Kohn theorems of 1964 proved that the ground state electronic energy of any

system is uniquely determined by a functional of the electron probability density,

Elp] = T[p] + Eee[p] + Eext[p] (1.29)

where E[pl|, T'[p|, Fee[p] and E..:[p] are energy density functionals for the total
energy, kinetic energy, electron-electron interaction energy and the electron-nuclei
interaction energy respectively.®® This is one of the two primary Hohenberg-Kohn
theorems that make up the foundation of DFT. The second Hohegnberg-Kohn
theorem is that if a functional is known, then the best electron density fit can be
determined by minimising the energy with respect to variations in the density.
This is because any approximate electron density will lead to an energy greater
than or equal to the true ground state energy, but never lower energy.”?

The Kohn-Sham DFT scheme proposed using a model system comprised of
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non-interacting electrons, which leads to a much simpler and lower computational
cost calculation, as for any non-interacting system the wave function is a single
Slater determinant. The approximations used in Hartree-Fock theory allow for
electrons to interact with a mean-field electron field instead of explicitly interact-
ing with all other electrons. The kinetic energy for the non-interacting electron
system, Ts[p|, can be considered as a sum of the individual orbital kinetic energies
obtained from equation 1.13. The electron-nuclei interaction energy, F..[p], can
be expressed by using equation 1.14 and the electron-electron field interaction
can be expressed using equation 1.15.

The remaining unknown components of the density functional can then be
collected into a single exchange-correlation term, Ex[p], and the resulting energy
expression from equation 1.30, can be solved using a Slater determinant and SCF

procedure, similar to the one from Figure 1.3.%3

Elp] = T[p] + Eeutlp] + E,[p] + Excl[p] (1.30)

The accuracy of the energy calculated this way for a given basis set depends on
how accurately the exchange-correlation energy is approximated. Unlike Hartree-
Fock theory where the exchange-correlation energy is never calculated, DF'T usu-
ally includes an approximation for this energy and as such can be highly ac-
curate while having only a slight computational cost increase when compared
with a Hartree-Fock calculation. Many different methods for approximating the
exchange-correlation energy have been developed with different approximation

methods found to be better suited to different chemical problems.%*

1.3.8 Local Density Functionals

The simplest functionals used to approximate the exchange-correlation energy are
known as local density functionals, which are derived using the uniform electron
gas model. This is where a model system of N electrons are placed in a cube

and a uniformly spread positive charge is applied to make the system neutral.
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These local density functionals consider the exchange-correlation energy as a
function of the local electron density at each point in space, which works as
a good approximation for systems where the electron density is mostly uniform,
but performs poorly for molecular systems where density will vary rapidly.”® A
very commonly used example of a local density functional is SVWN where the
S stands for Slater and was developed by Vosko, Wilk and Nusair and in many

programs SVWN is simply called LDA (local density approximation).®®

1.3.9 Gradient Corrected Functionals

The next commonly used advancement on LDAs is to not only include the local
value of the electron density but also the gradient of the density at each point.5”
This method is known as generalised gradient approxmation (GGA) and, for the
most part, these are constructed in a way that simply corrects the LDA functional
and works well for qualitative descriptions of bonding in molecules. The most
popular GGA functional is BLYP where B stands for Becke and describes the
exchange functional and LYP stands for Lee, Yang and Parr and describes the
correction functional.?® There is another category of GGA functionals known
as meta generalised gradient approxmations (mGGA), which try to improve on
the accuracy by adding more non-local information such as higher order density
gradients and often also kinetic energy density, however these calculations are

often too costly for larger practical computations.

1.3.10 Hybrid Functionals

The most commonly used functionals for calculating molecular properties are
called hybrid functionals and combine approximate density-based exchange-
correlation functionals with a fraction of orbital dependant exchange from equa-
tion 1.16. The B3LYP functional is the most widely used functional in all of
chemistry and was developed by Becke in 1993 and generally outperforms equiv-

alent pure density functionals.’® This functional takes the form
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EBSLYP _ pLDA, (pHF_pLDAy, o (EBS8_ pLDA), pVWN \, (pLYP_ pVWN)
(1.31)
where for B3LYP, E5Y"Y | is the SVWN functional and EZ% is the BLYP
functional, with the empirical parameters set to ag = 0.20, ax = 0.72 and ac =

0.81.

1.3.11 The Potential Energy Surface

The main focus of this introduction so far has been on calculation of the energy of
molecular systems, but it is equally important to be able to calculate molecular
properties. These properties can be calculated as derivatives of the energy with
respect to 'perturbations’. Common perturbations considered include changes
in nuclear geometry, application of an external electric field or magnetic field,
and interaction of electrons with nuclear magnetic moments. A very important
example of a property that can be calculated through these derivative techniques
is harmonic vibrational frequencies and intensities.%%-6!

One of the central themes of the work presented in this Thesis is calculation
of infra-red spectra, which in order to compute, it is necessary to consider the
nuclear part of the Shrodinger equation, as how the nuclei are expected to move is
crucial. Using clectronic structure methods, the energy of electrons moving under
the potential generated by a specific arrangement of nuclei can be calculated. The
nuclei-nuclei repulsion energy can be added on afterwards as a constant term.
Comparing the energies of different arrangements of nuclei leads to a surface which
describes the relationship between changes in nuclear positions and changes in the
energy called the potential energy surface (PES). This PES contains nuclei-nuclei
repulsion potentials as well as the external potential acting on the nuclei due to

changes in electron configuration, for all possible nuclear coordinates. This means

the nuclear Hamiltonian can be greatly simplified by substituting the term for
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nuclear-electron interaction energy with the PES which can be seen in equation

1.32 where the summation runs over M nuclei in the system.

1
=V Vs (1.32)

1.3.12 The Harmonic Approximation

The nuclear vibrational states of a molecule correspond to the bands observed by
IR and Raman spectroscopy and therefore quantum mechanics can be useful for
assigning the vibrational spectrum for a known molecular geometry. Solving the
nuclear equation 1.32 would require evaluation of all possible nuclear configura-
tions and therefore is only feasible for very small systems. In order to simplify this
task, the PES can be expanded using a Taylor series about a minimum energy

geometry of the form

PV
VLLL(, - E R R R R R
‘”LZ 8RI o ZaRIaRJ ! J+3' ; OR;OR;ORk T

’ (1.33)

where R; represents the 3M cartesian displacement coordinates corresponding

to displacements in the x, y and z axes of the M nuclei from their minimum energy
positions and Fjy is a constant which is set to zero by convention. The gradient of
the PES at a minimum geometry is zero and therefore the term g—IgR[ is zero and
so the simplest approach to approximating the PES is to take the first non-zero

term of the Taylor series and assume the PES is equal to that.

PBre=—Y ———R/R, (1.34)

From equation 1.32, the nuclear Hamiltonian can be expressed in cartesian

displacement coordinates including the nuclear kinetic energy operator as
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3M
i 12\ 1 8V
Hue = = ; <2MI axg) T oram, 0 (1.35)

which means the nuclear Shrodinger equation can now be expressed as

[—% > (Miv‘j‘) + AztFAz| v, = E,0, (1.36)
I

1

where F is a 3M x 3M force constant (Hessian) matrix containing second
derivatives of the energy with respect to the coordinates Az.%? This can be sep-
arated into 3M one dimensional Shrodinger equations where the nuclear Hamil-

tonian has the form

) | 3M 1, ,

Hpe = 3 ; <_A_f1 i quz') (1.37)

from Wilson in 1939 where each harmonic oscillator is vibrating at a frequency

related in Hz to the corresponding eigenvalue by w = 1/€/27r and in wavenumbers

by € = 47%c2w?.%3 This form of the Shrodinger equation for a harmonic oscillator
can be solved.%?

It is also necessary to calculate the probability that vibrational transitions will
occur in order to compare with experimental data. Infrared transition probabil-
ities are given by the change in the electric dipole moment, fi, during molecular
vibration, which can be calculated within the harmonic approximation from the
proportionality shown in equation 1.38 where ¢; corresponds to mass-weighted

vibrational normal coordinates.%*

Of
I;
> (’ dq;

1.3.13 Anharmonic Corrections

)2 (1.38)

There are numerous reasons why spectra calculated using the harmonic approx-
imation will vary from those obtained in experiments. These can range from

incomplete electronic structure methods, insufficient modelling of the surround-
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ing environment and sometimes even temperature effects. The corrections to
improve agreement briefly covered here refer to correcting for incomplete mod-
elling of the PES due to the truncation of the Taylor series from equation 1.34.
Harmonic frequencies are systematically too high as a consequence of the ap-
proximation of the PES. This has been shown to be around a 10 % increase for
Hartree-Fock theory and around 4 % for hybrid DFT.% It is common practice
to apply scaling factors to these frequencies, derived for each electronic structure
method to obtain improved values.%¢ The main drawback of this approach is that
the appropriate scale factor can even vary within the same molecular species al-
though multiple scale factors have been used in the past to attempt to address
this limitation.5” The vibrational analysis work in this Thesis is primarily on that
of carbonyl bonds and as such this approach of making use of empirical scaling

factors is sufficient.

1.3.14 Bond Dissociation Energy Calculations

Many of the calculations performed in this Thesis are computations in order to
work out a bond dissociation energy, often between COs or some other ligand
and a metal centre. For the following section fragment A’ refers to a ligand and
fragment 'B’ refers to the rest of the complex containing the metal atom. The
term Es¥ (Z) corresponds to the energy of system Z with basis set X and geometry
Y.

When calculating bond dissociation energies, a basic calculation will simply
subtract the energy of individual fragments at their preferred geometry away from
the energy of the full complex as shown in Equation 1.39. The problem with this
method is that this difference in energies between two monomer units and a dimer
is not entirely due to the complexation energy; some of the difference will be due

to something called basis set superposition error (BSSE).6?

AFE(AB) = F{B(AB) — E4{(A) — EZ(B) (1.39)
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This BSSE occurs because a finite basis function is used and as the atoms of
the interacting molecules, or in some cases parts of the same molecule, approach
one another, their basis functions start to overlap.5? This results in each monomer
'borrowing’ functions from the other nearby components, effectively altering the
basis set and changing the calculation of some properties, such as energy. Conse-
quently, calculating bond dissociation energies, if the total energy is minimised as
a function of the system geometry, the short-range energies from the mixed basis
sets must be compared with the long-range energies from unmixed basis sets and
this introduces the BSSE.

To correct for this BSSE, four additional calculations are required, two of
them use each fragment, A and B, frozen into the geometry they possess in
the full complex. The other two involve the fragments frozen in the complex
geometry, but using a full AB basis set for fragment. This means that the energy
of A will be calculated in the presence of both the normal A basis functions, but
also with the basis functions of fragment B despite it not actually being present
in the calculation. These basis functions representing non present atoms are often
called ghost orbitals and the equation for this more complex calculation can be
seen in equation 1.40. When using ghost functions the energy of the fragment
is lowered such that E45(A) < E45(A) and this results in an energy that will
be closer to the energy obtained using a true wavefunction. This is called the

counterpoise (CP) correction method.%:%3

AE“"(AB) = [E{5(AB) — E45(A) — E45(B)]

+ [E4p(A) — E{(A)] + [Efp(B) — E5(B)] (1.40)

The CP correction works by estimating the size of the BSSE and simply
subtracting it away from the final bond energy calculation. The first part of the

equation, [F4EB(AB) — E45(A) — E4E(B)] describes the energy of bringing both
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fragments together to form the complex, with the geometry of all fragments fixed
in the complex geometry using a consistent full AB basis set. The second term,
[E45(A) — E4(A)], and the third term, [E§;(B) — EB(B)], describe the energy
required to distort each of the individual fragments from its preferred geometry to
the geometry it has in the full complex, this can also be known as the relaxation
correction.%%:68

This introduction covering transition metal carbonyls, detection of reactive
intermediates and computational theory aims to cover the background knowledge
required to fully understand the work conducted in this Thesis. The overall aim

of this work is to continue research focussing on trying to isolate stable alkane

and CO, organometallic complexes by a variety of techniques.
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Chapter 2

Time-Resolved Studies of

Co(CO)3(NO) in n-heptane

2.1 Introduction

This Chapter focuses on time-resolved infra red studies of Co(CO)3(NO) in n-
heptane and was carried out just at the beginning of the COVID lockdown. This
system has been studied with the aim of both gaining a better understanding of
the photophysics and photochemistry of Co(CO)3(NO) while also trying to better
understand the mechanism behind the formation and decay of Co(CO)y(NO)(n-

heptane) as an alkane complex of interest.

2.1.1 Organometallic Nitrosyl Complexes

The chemistry of transition metal-NO complexes, or metal nitrosyls, has taken
on added significance in recent years because of the important role that nitric
oxide has been found to play as a signalling molecule in biological systems, espe-

69-72 Recent work has also shown that the characteristic chemistry of

cially plants.
nitrosyl compounds is often different to that exhibited by their isoelectronic car-
bonyl analogues.”™ The unusual reactivity of transition metal nitrosyl complexes

is attributed to the unpaired electron on the NO radical.”* " The NO ligand is



most commonly found to bind linearly to a metal centre through the N atom,
but can also bind in a bent geometry.” This change from linear to bent geome-
try is accompanied by a change in the electron spin density which describes the
interaction between the NO ligand and the metal centre. This change from linear
to bent is considered to change the NO ligand from a three electron donating
ligand to a one electron donating ligand.”™ Other possible binding modes such as
ON and side-on n?-NO coordination have also been detected.”” These less com-
mon binding modes are more frequently associated with metastable products of
photochemical reactions, where stable nitrosyl complexes are irradiated to form
a complex with ON or n?-NO coordination.” ™ In Figure 2.1 the differences in
back-bonding, geometry and M-N-O angle between these four different binding
modes are represented.

Within a given complex, the stretching frequencies of the bent-NO, ON and
n2-NO ligands are red-shifted relative to the infrared frequency of the linear-NO
ligand. The n?-NO stretching mode is generally ~ 400 cm ™! lower in wavenumber
than the linear-NO mode. The ON stretching mode is generally ~ 100 cm™! lower
in wavenumber than the linear-NO mode. The stretching frequency of bent-NO
ligands are also approximately 100 cm ™! lower in wavenumber than the linear-NO
stretch. A linear-to-bent NO conversion can be thought of as rehybridisation of
nitrogen from sp to sp?, which corresponds to a weakened NO bond, which in

turn decreases the frequency of the NO stretch.

2.1.2 Characteristics of Co(CO)3(NO)

One of the most commonly investigated nitrosyl complexes is Co(CO)3(NO),

80.81 Figure 2.2 shows the elec-

which is a linear-NO complex in its ground state.
tronic absorption spectrum of Co(CO)3(NO), which has two main bands, a very
intense band around 200 nm and a much weaker band around 380 nm. According

to Hackett et al. the band centred around 200 nm can be assigned to a transition

that leads to the breaking of the Co-NO or Co-CO bonds and the band around
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Figure 2.1: Binding modes of a nitrosyl ligand to a transition metal where the
nitrosyl ligands are lying in the same place as the metal atom. (a) Linear MNO:
the o(NO) orbital is bound to the metal d,= orbital, and the 7*(NO) orbital
participates in 7 back-bonding with the metal. (b) Bent MNO: the N is sp?
hybridised, and there is a o-donation between the d,» orbital on the metal and
as sp? orbital on the NO. Additionally, there is a lone pair on the NO ligand in
this geometry. The amount of 7w back-bonding with the metal centre is reduced
in this geometry because there is no longer an interaction between the 7*(NO)
orbital and the d orbitals in the plane of the paper; however, there is © back-
bonding between the 7*(NO) orbital and the d orbitals that are perpendicular to
the page. (c) MON: identical to the backbonding between a metal and a linear
NO, except that there is less back-bonding because of the smaller lobes of the
oxygen m* orbitals. (d) M(n*-NO): the metal is bound in a o-fashion to the NO
bond so that is is oriented in a side-on geometry. From Harris et al.!

380 nm can be assigned to a cobalt-to-nitrosyl charge-transfer transition.®? This
charge transfer is also proposed to lead to a bent-NO complex.5!

In Figure 2.3 a molecular orbital diagram of the different bent and linear NO
bonding modes is given as predicted by Enemark and Feltham.®® In the ground
electronic state the HOMO is labelled 4a;, which has primarily d.» character and
the LUMO, labelled as 4e, is primarily composed of 7* orbitals of NO and both
d,. and dg, orbitals from Co and is antibonding in nature. Irradiation with 400
nm light causes an excitation from the 4a; to 4e MO, resulting in the energies
of both the 4e and 3e molecular orbitals changing. The molecule then decays
into a triplet state, which causes the molecule to rearrange, both causing the NO

ligand to become bent and causing an overall geometry change of the molecule
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Figure 2.2: Electronic absorption spectrum of Co(CO)3(NO) in a neat hexane
solution from Harris et al.!

from tetrahedral to pseudo-square planar.®!

Numerous investigations involving the most common cobalt nitrosyl complex,
Co(CO)3(NO), have been reported with some of these also being photochemical
studies.?* % Some of these photochemical studies involve carbonyl substitutions
in solution phase of a variety of ligands such as 1,3-butadiene, PEt3, pyridine
and PH;3.85878 In this Chapter, the photochemical reaction of interest is the

substitution reaction in n-heptane which forms Co(CO)2(NO)(n-heptane).

2.1.3 Direct Observation of Photoinduced Bent Nitrosyl

Excited-State Complexes

A key paper for this Chapter is the picosecond TRIR study by Harris et al. on
Co(CO)3(NO). TRIR studies were interpreted to show the presence of two bent
NO excited state complexes and no evidence for either linear or bent ON or 7%
NO isomers following photolysis. This TRIR study was complemented by DFT
calculations and is summarised in this introduction.!

Figure 2.4 shows the ultrafast time-resolved visible-pump, mid-IR probe
spectra of Co(CO)3(NO) (A) in a hexane solution along with dynamics and

peak assignments in Table 2.1. Figure 2.4a,b shows the NO stretching re-
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Figure 2.3: The molecular orbital correlation diagram of the CoNO structural unit
in the linear-NO and bent-NO forms of Co(CO)3(NO), as predicted by Enemark
and Feltham.®?

gion and Figure 2.4c shows the CO stretching region. Peaks assigned to (A),
1Co(CO)3(NO)(hexane) and Co(CO)3 are excluded from Figure 2.4, but their
assignments can be seen in Table 2.1.

The spectra and assignments from Figure 2.4 show species that are not at-
tributable to either CO or NO loss pathways, which confirms that there are
intermediates formed via nondissociative photochemical pathways.?% As shown
in Figure 2.4a,b there are three different peaks at 1684, 1715 and 1755 cm™!,
which are all assigned to NO stretching modes and labelled Cyo, Byo and Dyo.

The peak labelled Dy is assigned to vibrational cooling of the NO ligand
based on its decay with a time constant of 7 = 11 4+ 1 ps being similar to the
recovery of the NO stretch of A (23 4+ 1 ps) and the decay of the NO stretch of
the vibrationally hot parent molecules (17 + 2 ps).

Both peaks Byo and Cxo have dynamics that are separate from vibrational
cooling where Byo decays with a time constant of 7 = 359 £+ 150 ps and Cyo
rises with a time constant of 7 = 350 4+ 100 ps. This agreement between time
constants suggests that species B converts to species C in approximately 350 ps.

The kinetics of these processes can be seen in Figure 2.5 where peak intensities
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Figure 2.4: Ultrafast time-resolved visible-pump, mid-IR probe spectra of the (a)
NO stretching region of ~ 20 mM Co(CO)3(NO), (b) NO stretching region of ~
5 mM Co(CO)3(NO) and (c) CO stretching region of ~ 5 mM Co(CO)3(NO) in
neat hexane solution. The additional feature labelled * appears to be a shoulder
for the Byo peak. From Harris et al.!

at 1715 and 1684 cm™! are plotted over time.

Figure 2.4c shows peaks in the carbonyl region at 1913 and 1949 cm™! and
kinetic plots following the intensities of these peaks can be seen in Figure 2.6.
The Bco band decays with a time constant of 7 = 206 + 78 ps and Cgp grows in
with a time constant of 7 = 297 4 18 ps which are similar to the time constants
from Figure 2.5 assigned to Byo and Cpyp. This similarity in time constants
meant Harris et al. proposed that the peaks labelled Boo and Cep corresponded
to the CO stretching modes of species B and C. No CO stretches of species D
were observed as the peaks were hidden by the larger peaks from the CO and NO
loss pathways.

Species B, C and D have wavenumber values lower than that of A by 92, 113

2-6



Species Obs Frequency / cm™ 7 / ps Trend
1807 (NO) 17+1  rise
2037 (CO not resolvable
Co(C0)5(NO) o) 3+14 rise
2103 (CO) 191 + 26 rise
1775 (NO) 23 £3  decay
hot Co(CO)a(NO) 2025 (CO) 170 £ 12 decay
2085 (CO) 4+4 decay
155 £ 20 decay
10 £ 7  rise
1775 (NO) 32 + 20 decay
1Co(CO),(NO)(hexane) 7+2  decay
1992 (CO) 162 =+ 13 decay
2062 (CO) 137 £ 20  decay
Co(CO)s3 1973 (CO) 38 +£ 15  decay
9+ 2 decay
3 1715 (NO) 350 £ 150 decay
CO(CO)3(NO) (Tg or T3) 54+ 92 rise
1913 (CO) 209 £ 78  decay
1684 (NO) 12+3  decay
3 350 £ 100 rise
Co(CO)3(NO) (Ty) g 43 decay
1949 (CO) 297 £ 18  rise
3Co(CO),(NO) (Ty) 1755 (NO) 11+ 1  decay

Table 2.1: Peak assignments and dynamics for species from Figure 2.4 and other
species observed. From Harris et al.!
and 52 cm™!, respectively. From earlier in this Chapter this means these species
could correspond to either a complex with a linear-ON or bent-NO ligand. Due
to the lack of literature examples of observation of these linear-ON or bent-NO
species, Harris et al. employed DFT computations to determine their structures.
In Figure 2.7 a calculated partial Kohn-Sham orbital diagram for A with a
tetrahedral geometry and a linear-NO is shown. The HOMO-LUMO gap is an
almost perfect match in energy with a 400 nm pump pulse (71 kcal/mol), but
a 2a; — 4e transition would also be possible as these orbitals arc 76 kcal/mol
( 375 nm) apart. The DFT calculations by Harris et al. showed that both
transitions were weak, but that the 2a; — 4e transition moment is half as intense
as the transition moment for 3e — 4e. It is predicted that, provided the former

transition is not dissociative, that both these transitions will result in the same
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Figure 2.5: Kinetic plots following the intensities of the peaks at (a) 1715 cm™!
(Byo) and (b) 1684 cm™* (Cyo) in hexane solution. From Harris et al.!
dynamics on the picosecond timescale.

Figure 2.8 shows that as the Co-N-O angle is decreased the symmetry goes
from Csy to C4 and the 3e and 4e molecular orbitals split into nondegenerate pairs
labelled a” and a”. In this new C, geometry the three CO groups are arranged
non-symmetrically as the angle between two of the CO groups is larger, which
creates a space into which the NO ligand can bend into. The a’ orbital which
stems from the HOMO rises in energy, due to a smaller degree of m back-bonding.
The a’ and a” orbitals from the LUMO decrease in energy as the Co-N-O angle

decreases. This suggests that S; and T, which correspond to the lowest energy
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Figure 2.6: Kinetic plots of the carbonyl stretches of peaks at 1917 ecm™! (B¢o)
and 1949 cm ™! (Cco) in solution. From Harris et al.!

singlet and triplet excited states, will have structures notably different from that
of the Sy ground state.

Past studies have indicated that the most significant pathway upon 400
nm photolysis of Co(CO)3(NO) is CO dissociation.®® The singlet species
1Co(CO)2(NO)(S) was observed in the experiments discussed above for which
DFT predicts that the NO ligand is slightly bent and has a vibrational frequency
of 1803 cm™!. This is 39 cm™! lower in wavenumber than the experimental ob-
served stretch of the NO band for the complex Sy. The triplet CO-loss complex,
3Co(CO)3(NO), is also accessible by 400 nm photolysis of Co(CO)3(NO), and for
this system DFT predicts a linear NO ligand, which has a stretching frequency
of 1773 cm™!. This agreement with the experimentally observed band at 1755
em~! is further evidence for the assignment of species D. This photoproduct is
long-lived on the duration of the picosecond experiments due to the singlet-triplet
gap being 20 kcal/mol, which is large enough that coupling between these states
should be small enough to allow the triplet complex *Co(CO)2(NO) to have a
long lifetime.

Figure 2.9 shows optimised structures and harmonic frequencies for the NO
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Figure 2.7: Calculated Kohn-Sham orbital diagram for Co(CO)3(NO) where the
NO is pointing up (as pictured). From Harris et al.!

stretching frequency for seven different complexes. The first three of these are
three ground-state structural isomers, linear-NO, 1n*>-NO and ON complexes la-
belled as Sy, 7*-Sp and iso-Sy, respectively. The iso-Sy and 7%-S, structures are
higher in energy than Sy by 42.0 and 38.4 kcal/mol, respectively, and have a
redshifted NO stretch from that of the Sg complex. The optimised structures for
the first excited triplet and singlet excited states (T; and S;) can also be seen in

Figure 2.9, which both contain bent NO ligands that are 0.02 A longer than the
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Figure 2.8: Frontier orbitals (occupied, closed blue circles; unoccupied, open red
circles) along the positive half of the NO bending mode (588 cm™!). From Harris

et al.t
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L w

Figure 2.9: Optimised molecular structures and harmonic NO stretching frequen-
cies of the structural isomers of ground-state Co(CO)3(NO), the lowest energy
structures on the lowest-lying triplet (T4) and singlet (S;) excited-state potentials
and the associated CO-loss species. From Harris et al.!
NO bond in Sy due to the decrease in bond order. This longer NO bond again has
caused a redshift of the NO vibrational frequency in T; and S; compared with Sy
and the Co-N bonds in T; and S are also 0.15 and 0.17 A longer, respectively,
because of reduced back-bonding. This confirms that the NO bond is weaker
when bound to the metal centre in a bent configuration when compared with a
linear configuration.

These DFT calculations conducted by Harris et al. indicate that their

experimentally-observed peaks cannot be assigned to a 72-Sy species as the fre-

quency of its NO stretch falls outside of the limits of the range their experimental
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setup can detect, but they do not rule out the potential formation of the 72-Sy
species. The calculated NO stretching frequencies for iso-Sy, S; and T; do how-
ever all fall within the error of their experimentally-observed peaks and as such

are all candidates for the identities of both B and C.
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Figure 2.10: Sy, T1 and S; potential energy surfaces along the Co-N-O bending
angle of Co(CO)3(NO), calculated with BP86/6-31G*. (a) Constrained poten-
tial energy scan calculated while fixing the Co-N-O bending angle at successive
values ranging between 80 and 180° ; (b) single-point energy calculation of S§e"
performed at the optimised structures on the T state; (c) single-point energy
calculation of S§¢"* performed at the optimised structures on the S{¥ " state. The
‘opt’ superscript denotes constrained optimisation at a given bending angle. The
'vert’ superscript signifies a single-point energy calculation on a different poten-
tial energy surface, with the same molecular structure as that of the paired opt
state. From Harris et al.!

Figure 2.10a shows one-dimensional slices of the ground and two lowest energy
excited potential energy surfaces (Sp, Ty and S;) of Co(CO)3(NO) and confirms
that the global minimum on the Sy potential has a linear NO structure aswell

as predicting a 28 kcal/mol barrier connecting Sg to 7%-Sy where the reverse
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barrier is only 3 kcal/mol. This much smaller reverse barrier suggests that if
n*-Sy were to form then it would quickly isomerise back to Sg. Iso-Sy (not shown
on this diagram) is less stable than S; and T and a significant barrier exists to
accessing it from either Sy or 1%-Sy and therefore neither B nor C is due to iso-Sp.
This is supported by other literature which has shown that multiple photons are
required to access iso-Sy and requires formation of a stable intermediate species,
12-Sg. 799192

Now both 72-Sy and iso-Sy have been excluded from the assignments of B and
C this only leaves excited state bent-NO complexes. The calculated NO stretch-
ing frequencies for both T and S; (1664 and 1659 cm™!) are close to that of Cyo
at 1684 cm™!, so can tentatively be assigned as either T} or S;. Figure 2.10b,c can
be used to help distinguish between these two different species, and shows vertical
energies of Sy, which are single point energy calculations that were performed at
the optimised structures of the paired optimised state. Figure 2.10c shows that
S1 and Sq are close in energy at the minimum on the S; potential energy surface
with an estimated 2 kcal/mol energy barrier to accessing the ’point of closest
approach’ from the minimum-energy structure of S;. Harris et al. concludes that
the coupling between the Sy and S; states is strong and the nonadiabatic tran-
sition may occur before the classical barrier is crossed and therefore S; must be
short lived and cannot be assigned to C, which is a long-lived species.

Figure 2.10b shows that T; and Sy have a close approach along the Co-N-O
angle but because Ty is a high-spin state, it is reasonable that it is longer lived
than S; due to exchange energy stabilisation. The spin-orbit coupling in this
vicinity would be a lot smaller than it was for the situation in Figure 2.10c as
Ty — Sg is a spin-forbidden transition. There is again also a small classical barrier
of around 3 kcal/mol to accessing the point of closest approach. The combination
of all these factors suggests that before the system can undergo a nonadiabatic
transition to the ground state, it must pass over the classical barrier to access

the crossing point and as a result the T, species is expected to be long-lived.



This long-lived nature of Ty, combined with the good match between calculated
stretching frequency and that observed in experiment means that species C is
assigned to Ty, the bent NO complex in the ground triplet state.

Now that Harris et al. have assigned both species C and D, only species
B remained unidentified. The NO stretch of species B is slightly blueshifted
compared with that of C but significantly redshifted compared with that of A
and suggests that B should be assigned to a species with a bent NO ligand,
but less bent than the 137° NO present in C. The S; species can therefore be
discounted as its NO stretch is redshifted when compared to species C. Also since
it is known that B decays into C, if S; were to form, it is significantly more likely
that a S; — Sy transition would occur as opposed to a spin forbidden S; — T,
transition.

Due to the lack of evidence for a bent-NO complex, which is less bent than
C on any of the Sy, S; or T it is expected that B corresponds to a complex on
a higher excited state. Species B corresponds to an excited state complex that
decays to form T, with a time constant of 7 = 350 ps due to a classical barrier
or a very small amount of nonadiabatic coupling between the states. Figure 2.11
contains plotted vertical TD-DFT excited states of the higher singlet and triplet
states along the 588 cm~! bending mode. Four states that arise from the original,
doubly degenerate HOMO and LUMO of A can be seen where the singlets are
shown as green circles and the triplets as red triangles. Based on these potentials,
all but one of the states in Figure 2.11 have at least one local minimum with a
structure containing a bent NO group and all are less bent than the 137° NO
present in T}.

There are three singlet states, Sy, So and Sz, which all have energies close to
that of the pump photon at 71 kecal/mol and the calculations by Harris et al. found
that among the singlet states, only S; and Sz have nonzero oscillator strengths
suggesting that the 400 nm photolysis will only populate these states. However,

all three of these singlet excited states have potentials that intersect with another
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Figure 2.11: TD-DFT vertical excited states along the bending mode of the
parent complex. Shown are the four single-excitation states of each spin symmetry
arising from the original doubly degenerate HOMO and LUMO. Singlet states
are shown in green (circles) and the triplet states are shown in red (triangles).
The symmetries (A’ and A”) correspond to the symmetries for the individual
states with positive bending modes and the numbering of the states is based on
the energy ordering of the states when the complex has a bent-NO geometry.
In the positive bending mode (right), the NO ligand bends so that it bisects
two of the CO ligands, in the negative bending mode (left), the NO ligand is
bent directly towards the remaining CO group. The horizontal dashed line (71
kcal/mol) corresponds to the 400 nm photon energy. From Harris et al.!

singlet excited state, and often near the local minima too. This suggests that any

species which undergoes excitation to these states would rapidly relax back to Sg
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Figure 2.12: Photochemical mechanism for the formation of excited-state bent-
NO complexes of Co(CO)3(NO). From Harris et al.!

on a timescale much quicker than the experimentally observed 350 ps decay of
species B thus none of these species are expected to be assigned to B.

The excited triplet states, Ty and T3 are separated from T; by quite a large
energy gap which suggests the stability of either of these states will be quite
high. The point of closest approach between T; and the other two triplet states
occurs along a negative bending mode where the structure is trending towards an
eclipsed structure where T is 5 kecal/mol lower in energy than the higher states.
Ty and T3 are almost isoenergetic in the region of the point of closest approach
and as such distinguishing between T3 and T3 is near impossible and therefore
one structure cannot be assigned to species B.

Figure 2.12 shows the mechanism proposed by Harris et al. for these photo-



chemical formation of the bent NO complexes. Photolysis of Co(CO)3(NO) with
a 400 nm photon leads to many very short-lived (under 1 ps) excited states which
decay to either Ty or T5. This structure is stable for 350 ps before nonadiabatic
coupling induces a transition to T; which is observable on a long timescale. It
is expected that T; will decay back to Sy, but is not observed on the picosecond

timescale.

2.1.4 Aims and Objectives

In this Chapter, we build on the work of Harris et al. to further grow our under-
standing of the photophysics of Co(CO)3(NO) in alkane solvents.! This is done by
both nanosecond and picosecond TRIR experiments using 400, 355 and 266 nm
pump pulses and performed over a larger window than the previously reported
work. We have used the following strategy to address the aims above:

1) TRIR spectra were first taken on the nanosecond timescale using a 355 nm
pump pulse to look for evidence of the predicted decay from the T species back
to So proposed by Harris.!

2) Further TRIR experiments were conducted on the picosecond timescale
using a 400 nm pump pulse to aid in comparison of our work to that of the
original experiments performed by Harris.

3) The previous TRIR experiments were then repeated at a much higher
concentration to try to better understand and more closely replicate the results
of Harris.

4) Some final TRIR experiments were performed using a 266 nm pump pulse
in an attempt to investigate the wavelength dependence on the formation of
Co(CO)5(NO)(n-heptane) and further study the overall photophysics and photo-
chemistry of Co(CO)3(NO).

This research was initiated during the COVID-19 shutdown and the con-
straints of the pandemic hampered the study of the photophysics and photo-

chemistry of this complex and did not allow for the time required to run high
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concentration experiments using a 266 nm pump pulse.

2.2 Results and Discussion

2.2.1 TRIR Studies of Co(CO)3(NO) in n-Heptane Using

355 and 400 nm Excitation

The initial aim was to examine the decay of the Co(CO)3(NO) (T;) theorised by
Harris et al., which was believed to have a lifetime exceeding 1 ns. Their TRIR
experiments were limited by the optical delay line used to determine the time
resolution whereas the Nottingham apparatus contains a kHz ns pump laser with
an ultra fast IR probe producing a spectrometer, which can obtain IR from <1
ps to 200 ps. The ns-TRIR of Co(CO)3(NO) was recorded in n-heptane, which
is similar to the n-hexane used in the experiments of Harris.

The TRIR spectrum, obtained 1 ns after 355 nm excitation of Co(CO)3(NO)
clearly shows a bleach of the three parent bands at 2101, 2034 and 1808 cm ™1,
and the growth of some new peaks at 2057, 1992, 1970 and 1775 cm~! as shown in
Figure 2.13. The peak at 1970 cm ™! can be possibly assigned to Co(CO)3 formed
following the loss of NO by comparison to the results of Harris and previous

1

matrix isolation experiments.®? The peaks at 1775, 1992 and 2057 cm™! are also

tentatively assigned to Co(CO),(NO)(n-heptane) based on previous work. %8

The assignment of the band at 1970 cm™! to Co(CO)j3 is not supported by
previous experiments since the analogous experiment by Harris observed a de-
cay on the picosecond timescale.! The peak at 1970 cm™' decays away at the
nanosecond timescale with a similar time to the growth of the peaks 2052, 2038
and 1953 cm™! (27 + 2) as seen in Figure 2.14. The Co(CO); species formed is
theorised to be a 15 electron radical quartet or doublet species, which is highly
reactive and would react with the parent to form a dimeric species, something

that is tentatively assigned to the bands at 2052, 2038 and 1953 cm ™! peaks. We

will return to this assignment later.



10 us

i

VA 1977 500 ns
Ty 17581

2052, ,2038 1953 50 ns

A Absorbance

2057 1992 1775 5ns

1970 1ns

j

2034 Ground State FTIR

1808
2101

T T T T T T T T
2100 2000 1900 1800 1700

Wavenumber (cm™)

Figure 2.13: ns-TRIR of Co(CO)3(NO) in n-heptane following a 355 nm excita-
tion.

The rate of decay of the Co(CO)9(NO)(n-heptane) species can be seen in
Figure 2.15 along with the decay of the original parent complex, Co(CO)3(NO).
This decay does not match with the measurable growth of any of the observed
bands in this experiment. As such we assume the presence of another species,

which displays no clear bands in the IR spectrum at this concentration. This
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Figure 2.14: Kinetic traces from ns-TRIR of Co(CO)3(NO) in n-heptane following
a 355 nm excitation of peaks at 1970 cm™! (Co(CO)3) and 2052 cm ™.

can be done as when a species decays, due to the law of conservation of mass,
it must decay to another species. These bands are likely broad and featureless
with much lower extinction coefficients than the visible bands. It should be
noted though that the parent bleach at 2034 cm™! displays some gradual recovery
during the first 250 ns of the experiment, which suggests a band growing in at
this wavenumber.

The peaks at 2052, 2038 and 1953 cm™!, assigned to a dimeric species, also
decay during the course of the experiment on a microsecond timescale. The
last two peaks at 1977 and 1758 cm™' both grow in over the timeframe of the
experiment and do not decay and as such are due to a long-lived species. The
kinetics of this species along with the decay of the dimeric species from earlier
are shown in Figure 2.16.

From the analysis of this TRIR experiment, an early tentative reaction path-
way seen in Figure 2.17 is proposed. There are both similarities and differences
between these ns-TRIR and the conclusions drawn from the picosecond experi-
ments carried out by Harris. One notable difference is that our experiment did

not observe the peaks at 1949 and 1684 cm ™! assigned to the T, state by Harris
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Figure 2.15: Kinetic traces from ns-TRIR of Co(CO)3(NO) in n-heptane following
a 355 nm excitation of a peak at 1774 cm ™! assigned to Co(CO)y(NO)(n-heptane)
and following the bleach of a peak at 2101 cm™! assigned to Co(CO)3(NO).
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Figure 2.16: Kinetic trace from ns-TRIR of Co(CO)3(NO) in n-heptane following
a 355 nm excitation of the peak at 2052 cm™! assigned to a dimeric species and
a peak at 1977 cm ™! assigned to a long-lived species.
and so additional experiments were carried out to repeat their experiment on the

picosecond timescale using a 400 nm pump pulse on the Nottingham apparatus.®

The TRIR spectrum, obtained 1 ps after 400 nm excitation of Co(CO)3(NO)
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Figure 2.17: Proposed reaction pathway observed following irradiation of
Co(CO)3(NO) in n-heptane following a 355 nm excitation on the nanosecond
timescale.

no clear bands

clearly shows a bleach of the three parent bands at 2101, 2034 and 1808 cm ™! and

1 as shown in Figure 2.18. This peak at

the growth of a new peak at 1970 cm™
1970 cm ! grows in <1 ps, which matches the observations of Harris and is again,
based off previous work, tentatively assigned Co(CO)3.! Harris observed a 11 +
1 ps decay of this species, but in our experiment, consistent with our previous
nanosecond experiment, no decay of this peak is observed on the picosecond
timescale.

There is additionally a peak at 2007 cm ™!, also growing in <1 ps, which has
a decay time of 20 (£ 4) ps as seen in Figure 2.19. Harris did not report this
band, but did note a peak at 1755 cm ™!, which had a growth of <1 ps and decay
of 11 (£ 1) ps assigned to 3Co(CO)2(NO) (T;). No carbonyl peak was reported
for this species in Harris’ work due to intense peaks from both CO and NO
loss pathways observed at the higher concentrations used in their experiments.!
The 1755 ecm™! peak detected by Harris had an absorbance of 0.0005 A at a
concentration 35 times greater than we used in our experiments so it is possible
that this peak may not be detected in our experiments. DF'T calculations predict
that the carbonyl bands for 3Co(CO)3(NO) (T;) would be at 1999 and 2055 cm ™

in our

and there is a very small broad and featureless bump around 2067 cm™
experiment, which could be possibly attributed to 3Co(CO)5(NO) as could the
peak at 2007 cm~!.

A peak was observed to grow in at 2025 ecm ™!, and the TRIR kinetic trace is
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Figure 2.18: ps-TRIR of Co(CO)3(NO) in n-heptane following a 400 nm excita-
tion.

shown in Figure 2.20. A band at 2025 cm™! was also observed by Harris with a
decay of 170 (£ 12) ps and was assigned to vibrationally hot Co(CO)3(NO).* A
hot species is a compound which has a vibrational state centred on a transition
between two excited vibrational states.? In the experiment by Harris other bands

at 2085 and 1775 cm™! were assigned to vibrationally hot Co(CO)3(NO), but
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Figure 2.19: Kinetic trace from ps-TRIR study of Co(CO)3(NO) in n-heptane
following a 400 nm excitation of a peak at 2007 cm™! tentatively assigned to
3Co(CO)5(NO).

possibly due to lower concentration in our experiment, a peak at 2085 cm ™! may
not be visible due to signal to noise issues. The parent bleach at 1808 cm™!
displays an apparent slower decay (2 ps) than the other two parent bands at 2101
and 2034 cm™" (0.8 ps) which is consistent with a band at this location due to
another species growing in under the parent bleach.

The final three peaks observed in our experiment are at 2059, 1992 and 1776
em™ !, which were long-lived on the timescale of this experiment and can be
assigned to Co(CO)2(NO)(n-heptane) based on matching wavenumbers with that
of the work by Harris. The kinetics of this species are shown in Figure 2.21 and
no decay is observed, which is consistent with our nanosecond experiment. Harris
observed the decay of this species on the picosecond timescale.

As noted above, our experiments were performed at a concentration at least
an order of magnitude lower than the experiments carried out by Harris and we
notably did not observe any detectable signals due to the *Co(CO)3(NO) Ty (1949
and 1684 cm™1!), Ty, or T3 (1913 and 1715 cm ™) species that were reported by

Harris. We tentatively assigned 3Co(CO)2(NO) and the observation of the decay
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Figure 2.20: Kinetic trace from ps-TRIR of Co(CO)3(NO) in n-heptane follow-
1

ing a 400 nm excitation of a peak at 2025 cm~
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Figure 2.21: Kinetic trace from ps-TRIR of Co(CO)3(NO) in n-heptane follow-
ing a 400 nm excitation of a peaks at 1992 cm™! assigned to Co(CO)y(NO)(n-

heptane).

of 3Co(CO)9(NO) T; was made. There are again both similarities and differences

between these ps-TRIR conducted here and the experiments reported by Harris.

The one difference between our experiments and those conducted by Harris is
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the large variation in concentration. To investigate this further, 400 nm ps-TRIR
experiments were repeated, but at a much higher concentration than previously
used in this work to try to closer replicate the concentration of the experiments
reported by Harris.

The ps-TRIR spectra of the higher concentration solution can be seen in Fig-
ure 2.22 where more peaks are visible when compared with the order of mag-
nitude lower concentration experiment. The band at 1970 cm™! assigned to
Co(CO)3, observed in both Harris work and our previous experiments, is seen
again along with the previously observed band at 2007 cm ™! tentatively assigned

to 3Co(CO)5(NO). In this higher concentration experiment a peak at 1747 cm™!

1

is now observable, which has very similar kinetics to the band at 2007 cm™" and

could possibly be the missing NO band of 3Co(CO)5(NO) that was not detected
in the order of magnitude lower concentration experiment. Harris reported a
band assigned to *Co(CO),(NO) at 1755 cm™! and the apparent difference could
be due to the different experimental set-ups and possibly calibration in the Har-
ris experimental setup. We re-checked the calibration and our values of parent
bleach are consistent with F'TIR measurements.

1

In the higher concentration experiment, a band at 1633 cm™" is now observed,

which has a growth of 3 (£ 1) ps and then decays away at 10 (£ 2) ps. This

peak grows in with a similar kinetic profile to the band at 2017 cm™!

meaning
they could be assigned to the same species. DFT calculations of the S; state of
Co(CO)3(NO) were performed by both Harris and us utilising the new maximum
overlap method to optimise towards this excited state singlet structure.”* The
maximum overlap method works by modifying the orbital selection step in the
SCF procedure by choosing orbitals that most resemble those from the previous
cycle rather than those with lowest energies. This allows for more easy optimi-
sation towards an excited state. The computationally predicted values reported

by Harris are 2067, 2040, 1998 and 1659 cm~! and our predicted values are 2053,

2024, 1989 and 1643 cm~'. There is some expected variation between the com-
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Figure 2.22: ps-TRIR of an order of magnitude higher concentration solution of
Co(CO)3(NO) in n-heptane following a 400 nm excitation.

putational results of us and Harris due to a difference in methods and basis sets
used. Some of these calculated values display reasonable agreement with the ex-
perimentally observed peaks at 1633 and 2017 cm~!. Given the error of DFT
calculations, particularly for excited state singlets, and the fact that in the re-

gion between 1965 to 2090 cm™! there are many overlapping bands, a possible
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very tentative proposed structure for both the 2017 and 1633 cm ™! peaks is the
S; state of Co(CO)3(NO) due to similarity to predicted values of 2024 and 1643
cm™ L.

In the order of magnitude lower concentration experiment, a peak at 2025
em ™! was observed which was assigned to vibrationally hot Co(CO)3(NO). Based
on the previous work by Harris it was proposed that two other bands, not visible
in that experiment, should also be observed which were at 2085 and 1775 cm 1.
In this order of magnitude higher concentration experiment bands at both 2084
and 1774 cm™! are observed, which have similar kinetic profiles to that of the
peak at 2025 cm~!. This allows for a confident assignment of the peaks at 2085,
2025 and 1775 ecm ™!, growing in at 1.7 (£ 0.6) ps and decaying away at 152 (=&
4) ps, being assigned to vibrationally hot Co(CO)3(NO).

The previous two assignments of the S; state of Co(CO)3(NO) and vibra-
tionally hot Co(CO)3(NO) both decaying back to the parent species can be fur-
ther supported by inspection of the parent recovery kinetics of the peak at 2101
ecm !, which are shown in Figure 2.23. The parent recovery kinetics of this peak
can be fitted with a biexponential growth, with an initial growth time of 8 (£ 3)
ps and a later growth time of 170 (4 60) ps. The initial growth of 8 ps matches
the decay of the S; state of Co(CO)3(NO) and the later growth of 170 ps matches
the decay of vibrationally hot Co(CO)3(NO).

There is a peak at 1802 cm™! that overlaps with the parent bleach at 1808
ecm~! and as such is very difficult to untangle, but the kinetics of this peak grow
in around 20 ps and decay away around 100 ps. The assignment of this peak
requires further work and this was not possible due to COVID restrictions.

The last bands examined in this experiment are the set at 2057, 1992
and 1776 cm~! which are the peaks assigned to the long-lived alkane species,
Co(CO)2(NO)(n-heptane). The kinetic trace of the peaks at 2007 and 1776
em™!, assigned to *Co(CO)3(NO) and Co(CO)y(NO)(n-heptane) respectively,

can be seen in Figure 2.24. Tt is clear that 3Co(CO)9(NO) decays to form
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Figure 2.23: Kinetic trace from ps-TRIR of a order of magnitude higher concen-

tration solution of Co(CO)3(NO) in n-heptane of the parent recovery after a 400
nm excitation of a peak at 1992 cm ™! assigned to Co(CO)3(NO).

Co(CO)3(NO)(n-heptane) and this is in agreement with previous experiments.

= 2007
T e 1776

0.0012 1
0.0010 ~
0.0008
0.0006

0.0004 e
o

A Absorbance

0.0002

-0.0002 T T T T T T T T T T 1
0 10 20 30 40 50

Time / ps

0.0000 =

Figure 2.24: Kinetic trace from ps-TRIR of a order of magnitude higher concen-
tration solution of Co(CO)3(NO) in n-heptane following a 400 nm excitation of
the peak at 2007 ecm™! assigned to *Co(CO)3(NO) and the peak at 1776 cm™!
assigned to Co(CO),(NO)(n-heptane).

Our order of magnitude higher concentration TRIR experiments have many
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more similarities with the results reported by Harris compared with our low
concentration data but there is also some differences, 7.e the triplet states of
Co(CO)3(NO) were not observed in our experiments. To further investigate, we
have performed a high concentration experiment on the nanosecond timescale

following 355 nm excitation.

100 ps
1977 1758
V/\\/\}WL’.M
10 us
¢
| '
1us
3
% 2035 100 ns
L2 101 1890 1794 1627
o I
(2]
e
<
< 12052 10 ns
1588
it o
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2034 Ground State FTIR
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| ! | ! | ! | ! I ! |
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Figure 2.25: ns-TRIR of a order of magnitude higher concentration solution of
Co(CO)3(NO) in n-heptane following a 355 nm excitation.
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The ns-TRIR spectra of the order of magnitude higher concentration solution
can be seen in Figure 2.25 where more peaks are observable when compared with
the order of magnitude lower concentration experiment. The decay of the peaks
assigned to both Co(CO)3 (1970 em™') and Co(CO)o(NO)(n-heptane) (2057,
1992 and 1775 cm™') can be seen, but their decay is significantly faster than
in our low concentration experiments. The decay time constant for Co(CO)j
is now 7 ns (30 ns in low concentration experiment) and for Co(CO)2(NO)(n-
heptane) is approximately 35 ns (193 ns in low concentration experiment). The
7 ns decay of Co(CO)3 again matches well with the growth of new peaks at 2052

I can be observed

and 2035 cm™!, but in this experiment no band at 1953 cm™
suggesting there may be two secondary photoproducts. There is an additional
peak present at 1588 cm™! that also has a similar kinetic profile to that of the
bands at 2052 and 2035 cm~! and suggest it is due to the same species. The
band at 1588 cm™! is possibly assigned to either a bent nitrosyl or potentially an
n*-side on coordination. The faster decay of both Co(CO)3 and Co(CO)y(NO)(n-
heptane) compared with the order of magnitude lower concentration experiment
is consistent with either dimerisation of Co(CO)3 or reaction with the parent. For
Co(CO)3(NO)(n-heptane), like many metal carbonyl alkane intermediates, it is
likely to be forming a dimer by reaction with the parent. The exact structure of
these complexes can vary but their general structure is usually just a combination
of the parent molecule and the decaying reactive species.

There are some additional weak absorbances at 2105, 1890, 1794 and 1627
cm™!, which are not observed in the low concentration experiment that are not
reported in the previous experiments of Harris. The peaks at 2105 and 1890
em ™! grow in over approximately 40 ns and then partially decay away to around
60 % intensity at approximately 120 ns where a constant absorbance is then
maintained for the remainder of the experiment. There are also some peaks
that grow in around 2015 and 2007 cm™* which also grow in around 40 ns and

potentially partially, decay but they are slighty obscured by the parent bleach
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and so are very difficult to analyse. The peaks at 1794 and 1627 cm ™! both grow
in over approximately 50 ns and then decay away around 30 us.

Finally, two peaks at 1977 and 1758 cm ™! start to grow in around 30 us that
continue to grow in for the duration of the experiment. These peaks were also
observed in the order of magnitude lower concentration experiment growing in
around 6 ps. The much later growth time of these peaks in the high concentra-
tion experiments suggests that this photoproduct is potentially the product of a
reaction between two other photoproducts as opposed to a reaction between a
photoproduct and the parent molecule.

From our experiments it is clear that there is a concentration dependence on
the reaction pathway upon irradiation of Co(CO)3(NO) in n-heptane. This can
affect the reaction kinetics, what IR peaks are visible and also potentially which
products are formed.

Although there are some differences with the experiments of Harris, one of
the assignments is that of Co(CO)y(NO)(n-heptane) where we have observed
its formation and decay. We wish to investigate the wavelength dependence
on its formation along with the overall photophysics and photochemistry of
Co(CO)3(NO). To achieve this we have repeated both ns and ps-TRIR exper-

iments on Co(CO)3(NO) following 266 nm excitation.

2.2.2 TRIR Studies of Co(CO)3(INO) in n-Heptane Using

266 nm Excitation

The TRIR spectrum, obtained 1 ns after 266 nm excitation can be seen in Figure
2.26 where the parent bleach can be seen along with the previously observed peaks
at 2058, 1992, 1970 and 1775 cm™! assigned to Co(CO); and Co(CO)9(NO)(n-
heptane).

The peak at 1970 cm ™ assigned to Co(CO); decays away at 45 (4 7) ns and
another set of bands at 2052, 2038 and 1952 grow in at 50 (£ 5) ns which can

be seen in Figure 2.27. In our previous ns-TRIR following 355 nm excitation
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Figure 2.26: ns-TRIR of Co(CO)3(NO) in n-heptane following a 266 nm excita-
tion.

the same decay and growth pattern was noted, but on a very slightly faster
time scale of 30 ns, which might be due to either difference in wavelength of
excitation or variation in parent concentration. There are peaks also observed at
2105, 2015, 2007 and 1890 cm ™! that follow a similar pattern to that seen in our

previous order of magnitude higher concentration 355 nm ns-TRIR where both
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Figure 2.27: Kinetic traces from ns-TRIR of Co(CO)3(NO) in n-heptane following
a 266 nm excitation of peaks at 1970 cm™! (Co(CO)3) and 2052 cm ™.
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Figure 2.28: Normalised kinetic traces from ns-TRIR of Co(CO)3(NO) in n-
heptane following a 266 nm excitation of a peak at 1775 cm™! assigned to
Co(CO)3(NO)(n-heptane) and a peak at 1920 cm™*.

2105 and 1890 cm ™! grow in and then partially decay, but they are at different
band positions and both 2015, 2007 cm ™! do not decay and are due to unknown
secondary photoproducts. These peaks also grow in slightly slower in this 266

nm experiment (70 ns) compared with the previous 355 nm experiment (40 ns).
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Figure 2.29: ps-TRIR of Co(CO)3(NO) in n-heptane following a 266 nm excita-
tion.

The rate of decay of the Co(CO)9(NO)(n-heptane) species can be seen in
Figure 2.28 along with the growth kinetic of the peak at at 1920 cm™'. There
were no other observable peaks that displayed the same kinetic profile as the peak
at 1920 ecm™! so it is possible that the other peaks for this species were hidden

by other bands or parent bleaches.
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Figure 2.30: Normalised kinetic traces from ps-TRIR of Co(CO)3(NO) in n-
heptane following a 266 nm excitation of a peak at 1931 cm~! and 1970 cm™!
assigned to Co(CO)s.

The other long-lived peaks in this experiment can be seen at 1982, 1948 and
1716 cm™!, which are all still visible at 100 us. Both 1943 and 1716 cm™! have
matching kinetics that can be fitted with a biexponential growth with time con-

stants of 95 (£ 20) ns and 4.5 (£ 0.8) us. The kinetic profile of the peak at 1982

1

cm™ are difficult to untangle as there is significant overlap with the peaks at

1992 and 1970 cm™! at early times.

2015, 2007 cm™1

B—>C

2105, 1890 cm™1 no clear bands
’Co(C0),(NO) (Ty) —» Co(CO)z(NO)(n-heptane)%n/m>D > E

2007, 1747 cm’? 2057, 1992, 1775 cm? s 4
o, 1794, 1627 cm no clear bands

1982(?), 1943, 1716 cm™1

Az, 2035 cm\

Co(CO)5(NO) —3 Co(CO);” ]

-1 -1
2 4, 1 7
101, 2034, 1808 cm 1970 cm ‘K /1977’ 1758 em-1
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'Co(CO)5(NO) (S;) —» Co(C0O)5(NO)

2017, 1633 cm™1 2101, 2034, 1808 cm™!

Figure 2.31: Proposed reaction pathway observed following irradiation of
Co(CO)3(NO) in n-heptane following excitation on the picosecond and nanosec-
ond timescale.
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The final experiment conducted with Co(CO)3(NO) was a ps-TRIR experi-
ment following a 266 nm excitation, shown in Figure 2.29. At 1 ps there is a very
broad growth centred at 1931 cm ™!, which appears to decay away at 6 (& 1) ps.

One of the notable differences between this 266 nm excitation experiment
compared with our previous 400 nm excitation is that the peak at 1970 cm™! as-
signed to Co(CO)3 appears to grow in much slower. In both the 400 nm excitation
experiments the peak at 1970 cm™! grows in <1 ps whereas in this experiment
the band at 1970 cm™! appears to grow in at 6 (& 1) ps, which matches with the
decay of the broad band centred around 1931 em ™! shown in Figure 2.30.

The only other peaks present in this experiment are 2057, 1992 and 1775 cm !
assigned to Co(CO)y(NO)(n-heptane) which is best fitted with a biexponential
growth with an intial growth of 9 (£ 2) ps and a later growth of 167 (£ 21) ps
which is mostly consistent with the time constants from our ps-TRIR following
400 nm excitation.

To summarise, an initial tentative reaction pathway is suggested here in Figure
2.31. Tt is acknowledged that this is very likely an incomplete picture with a few

peaks having kinetics obscured by other peaks and the potential for many other

peaks to not be observable.

2.2.3 DFT Calculations to Aid the Assignments of

Co(CO)3(INO) Dimers

As shown in Figure 2.31 we have able to detect some new intermediates formed
following irradiation of Co(CO)3(NO) in n-heptane that were not observed or
reported by Harris. However, it is clear that many of the species formed still
remain unassigned. The observed IR bands of these species and their kinetics in
both high and low concentration experiments are given in Table 2.2.

In order to support possible assignments of the unknown species summarised
in Figure 2.31, potential structures of the various long-lived species observed in

these TRIR experiments were investigated using DF'T calculations. The geome-
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Complex Wavenumber / cm™! Low nguI){igh LodeeLfIZi/gh
A 2015, 2007, 1982, 1943, 1716 193 ns 40 ns long-lived
B 2105, 1890 N/A  40ns N/A 120 ns
C N/A N/A

D 1794, 1627 N/A  50ns N/A 30 us
E N/A N/A

F 2052, 2035 30ns 7ns Tpus 40 us
G 1977, 1758 7 s 40 pus  long-lived

Table 2.2: Table of unassigned species from Figure 2.31 showing wavenumbers of
observed peaks in our TRIR experiments along with their kinetic profiles.

-Co(CO)3(NO)
-Co(CO)z(NO)(heptane)

1992
/
2079 1775
/ /
T
2101
1808
2034
2100 2000 1900 1800 1700
1

Wavenumber / cm®

Figure 2.32: Bottom: experimental spectra from the TRIR experiments with
the peaks assigned to both Co(CO)3(NO) and Co(CO)2(NO)(n-heptane) la-
belled. Top: calculated vibrational frequencies of both Co(CO)3(NO) (red) and
Co(CO)5(NO)(n-heptane) (black).
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tries of these structures were optimised and then their IR frequencies calculated to
allow for comparison to experimentally observed bands. The first step is to obtain
an approximate benchmark for the calculations we are performing by comparison
of a calculated set of IR bands for Co(CO)3(NO) and Co(CO),(NO)(n-heptane),
where the assignment is not in doubt, then compare them to experimental FTIR
bands. The experimentally observed bands for Co(CO)3(NO) are 2101, 2034 and
1808 cm~! and from the calculation were 2199, 2134 and 1966 cm™!. As covered
in the Chapter 1 introduction on computational theory and the section on ana-
harmonic corrections, it is common practice to apply scale factors to calculated
IR frequencies as they are often systematically too large. For the M06 method
used along with the basis sets used in these calculations the appropriate scale fac-
tor is 0.96.65:66:95 Using this scale factor gives calculated IR frequencies of 2111,
2048 and 1887 cm™! for Co(CO)3(NO), which is a slightly better fit for the CO
ligands, but still quite far off for NO ligands. It is found that if a scale factor of
0.92 for just the NO ligands is used instead of 0.96 then a much better match is
achieved. The calculated IR frequencies are then found to be 2111, 2048 and 1808
cm~!, which is a much better match for the NO ligand as it is closer to the ex-
perimentally observed value. The Co(CO)2(NO)(n-heptane) has experimentally
observed peaks at 2057, 1992 and 1775 cm ™! in both our TRIR and the exper-
iments reported by Harris and our scaled DFT calculations give values of 2079,
2022 and 1784 cm™!. A comparison of these calculated vibrational frequencies
with the experimental spectra is given in Figure 2.32. It can be seen that the
shift to lower wavenumber upon n-heptane coordination is correctly predicted by
DFT and agrees with the experimental data and both the CO and NO bands
show a reasonable agreement.

A variety of structures were optimised, their vibrational frequencies calculated
scale factors applied and the results are shown in Table 2.3. The data in this table
can be compared with those in Table 2.2 to make tentative suggestions as to the

structures of some of the intermediate species formed in these TRIR experiments.
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Complex Charge Multiplicity NO Geometry v (CO and NO) /em™!
2111, 2079, 2054, 2049,

(CO)2(NO)Co(pu-CO)Co(CO)2(NO) (Eclipsed) 0 1 Linear 1929, 1822, 1751
. 2106, 2071, 2048, 2041,
(CO)2(NO)Co(pu-CO)Co(CO)2(NO) (Staggered) 0 1 Linear 1037, 1803, 1788
. . 2115, 2069, 2055, 2053,
(CO)3Co(u-CO)Co(CO)2(NO) (Eclipsed) 0 2 Linear 9049, 1903, 1771
. 2104, 2058, 2045, 2042,
(CO)3Co(u-CO)Co(CO)5(NO) (Staggered) 0 2 Linear 2020, 1933, 1772
2119, 2065, 2056, 2046,
(C0)4Co-Co(CO)5(NO) 0 2 Bent 2037, 2027, 2015, 1684
: 2124, 2063, 2043, 2042,
(CO)3C0-Co(CO)3 (Eclipsed) 0 1 N/A 2024, 1998
2120, 2064, 2041, 2031,
(CO)3C0-Co(CO)3 (Staggered) 0 1 N/A 2021, 2019
2118, 2080, 2061, 2058,
(CO)3Co(u-CO)2Co(CO)2(NO) 0 2 Bent 2054, 1917, 1898, 1687
(NO)Co(u-CO)5(NO) 0 1 Linear 1989, 1814
Co(CO), 1 1 N/A 1898
Co(CO)(NO)(CHy)a 0 1 Linear 2032, 1776

Table 2.3: Table of DFT optimised potential structures of intermediate species in the TRIR experiments of Co(CO)3(NO). The IR
frequencies have been scaled by 0.96 for CO ligands and 0.92 for NO ligands.
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Our starting point is to examine the reactivity and subsequent chemistry
observed following the decay of Co(CO)y(NO)(n-heptane). Co(CO)y(NO)(n-
heptane) decays at a faster rate (Z = 30 ns) at order of magnitude higher
concentration compared to lower concentration (Z = 193 ns) and decay into
a range of different species (A-E in Table 2.2). The increasing rate of decay
of Co(CO)2(NO)(n-heptane) with increasing parent concentration is consistent
with the intermediate reacting with the parent, which is often observed in metal
carbonyl photochemistry.?6

Complex A from Table 2.2 has five observable peaks, some of which were
only observable at the order of magnitude higher concentrations or using 266
nm excitation due to low peak absorbances. This is a fairly unique situation in
that 2015 and 2007 cm™! are visible following both 355 and 266 nm excitation
whereas the bands at 1982, 1943 and 1716 cm ™! are only visible following 266 nm
excitation. The peaks at 2015 and 2007 cm ™! grow in faster in the order of mag-
nitude higher concentration experiments and all are long-lived on the timescale
of the experiments meaning the resulting complex is fairly stable. A possible
candidate for this complex could be (CO)2(NO)Co(u-CO)Co(CO)2(NO) as this
contains two 18 electron metal centres and would contain peaks in the carbonyl
region, both terminal and bridging, along with the nitrosyl region. This complex
could be formed by reaction of the alkane complex with the parent complex, after
uncoordinated of the bound n-heptane.

Figure 2.33 shows an experimental spectrum from the order of magni-
tude higher concentration 266 nm experiment along with calculated vibra-
tional frequencies of both staggered and eclipsed isomers of (CO)2(NO)Co(u-
CO)Co(CO)2(NO). There is reasonable agreement with multiple terminal car-
bonyl peaks, a peak in the staggered isomer attributed to the bridging carbonyl
and also some signals in the nitrosyl region. It seems unlikely that only a sin-
gle isomer would be formed in experiment and as such complex A is tentativley

suggested to an isomeric mix of both staggered and eclipsed (CO)s(NO)Co(u-
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Figure 2.33: Bottom: experimental spectra from the TRIR experiments with the
peaks assigned to 'Complex A’ labelled. Top: calculated vibrational frequencies of
both (CO)2(NO)Co(u-CO)Co(CO)2(NO) - Eclipsed (red) and (CO)2(NO)Co(p-
CO)Co(CO)5(NO) - Staggered (black).
CO)Co(CO)3(NO). The most obvious difference between the two calculated spec-
tra is the intensity of the peak attributed to the bridging carbonyl band close to
1950 cm ™!, which is much larger in the staggered isomer than the eclipsed one.
A possible reason why the peaks at 1982, 1943 and 1716 cm ™! are not visible in
any of the 355 nm excitation experiments involving irradiation of Co(CO)3(NO)
is due to the lesser amount of Co(CO)y(NO)(n-heptane) being formed. If a
smaller amount of Co(CO)2(NO)(n-heptane) is formed then, in turn, the prod-
ucts which decay from Co(CO)y(NO)(n-heptane) will also be produced in lower
concentrations. In the order of magnitude lower concentration 355 nm experi-
ment the peak at 1992 cm ™!, which is assigned to Co(CO)2(NO)(n-heptane), has
a max absorbance of around 0.0003 A. In the 266 nm experiments, which were

only done at low concentration, the peak at 1992 cm~! has a max absorbance

of around 0.002 A. This much higher concentration of Co(CO)y(NO)(n-heptane)
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would allow for a larger amount of complex A to be formed as well as potentially
a different isomeric mix following different excitation wavelength.

Complex B from Table 2.2 has two observable peaks at 2105 and 1890 cm ™!,
which are both low in intensity and are only visible in the high concentration
experiments. This species is fairly short-lived as it grows in around with a growth
constant of around 40 ns and decays away with a decay constant of around 120 ns.
These time constants suggest that this complex would be quite unstable and as
such could potentially be assigned to one of the complexes from Table 2.3 with a
multiplicity of two and a linear nitrosyl ligand. The only calculated species from
Table 2.3 which fits this description are the eclipsed and staggered isomers of
(CO)3Co(u-CO)Co(CO)o(NO). The way in which this molecule would form from
Co(CO)2(NO)(n-heptane) is unclear though as it would require a reaction with
Co(CO)4. Co(CO)4 has been isolated in a high pressure CO matrix during the
study of Coo(CO)g and it has an experimentally observed band at 2012 c¢m~1.10
Co(CO)4 has also been isolated in an Ar matrix before where it was found to
have two FTIR bands, at 2025 and 2014 cm™1.82 Work by Moskovich et al. in
2006 on UV flash photolysis of Cos(CO)g in solution and found that the species
Co(CO), displayed a very intense peak at 2011 cm~! and was stable for around
40 ps. There is no visible intense peak in this area which has kinetics to match
evidence suggesting the formation of Co(CO),

Figure 2.34 contains an experimental spectrum from the high concentration
355 nm experiment along with calculated vibrational frequencies of both stag-
gered and eclipsed isomers of (CO)3Co(u-CO)Co(CO)3(NO). There is reasonably
good agreement with the terminal and bridging carbonyls, and the large number
of peaks in one area could help to explain the broad looking nature of the band
at 2105 cm~!. Unfortunatley there is no nitrosyl peaks present in the experimen-
tal spectrum, which is assigned to complex B, and the predicted intensity of the
nitrosyl band for both isomers of (CO)3Co(u-CO)Co(CO)9(NO) is quite high.

It could potentially be possible that its nitrosyl band is hidden behind either
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Figure 2.34: Bottom: experimental spectra from the TRIR experiments with
the peaks assigned to 'Complex B’ labelled. Top: calculated vibrational fre-
quencies of both (CO)3Co(u-CO)Co(CO)3(NO) - Eclipsed (red) and (CO)3Co(p-
CO)Co(CO)4(NO) - Staggered (black).

the parent bleach or the small positive growth at 1794 cm~!, which is assigned to
Complex D, which has a lifetime far greater than complex B. The missing nitrosyl
peak, along with it not being entirely clear how (CO)3Co(u-CO)Co(CO),(NO)
would be formed from Co(CO)y(NO)(n-heptane) means that more work would
be required in the future to allow for assignment of Complex B.

Complexes C and E display no observable bands in our TRIR experiments,
but their formation is suggested by the decay of the complexes B and D whose
decay does not match the growth of any observed peaks. Due to the lack of
observable peaks to assign to these species they can also unfortunately not be
assigned based on the data collected so far.

Complex D from Table 2.2 has two observable peaks at 1794 and 1627 cm ™!
which can again only be seen in the high concentration experiments. Both of

these peaks are outside of the terminal carbonyl region and as such could only be
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assigned to bridging carbonyls or terminal nitrosyls, potentially linear or bent.
Given the parent molecule of the system it is almost a certainty that this product
contains terminal carbonyl ligands but the IR bands of this complex are likely
hidden behind either parent bleaches or peaks of other intermediates in the ex-
periment. It is a longer lived species than complex B by a significant margin with
a decay 30 ps. Without any observable terminal carbonyl bands with matching
kinetics to these peaks it is tough to make any kind of assignment with the data
available so far but the peak at 1627 cm™! potentially suggests a bent nitrosyl
ligand being present in the molecule.

The next set of species to assign are formed following the decay of Co(CO);
which decays away faster than Co(CO),(NO)(n-heptane) and similarly decays at
a faster rate (Z = 7 ns) at higher concentration compared to lower concentration
(Z = 40 ns). This time Co(CO)3 appears to decay into just one species, which is
complex F in Table 2.2.

Complex F from Table 2.2 has three observable peaks at 2052, 2035 and 1953
em~ !, The peak at 1953 ecm™! is not observable in the order of magnitude higher
concentration experiment, which could again be potentially an isomeric effect or
could potentially be due to a different species entirely. Given the instability of
Co(CO)3 due to being a radical it seems reasonable to assume that it could react
with another molecule of Co(CO)3 to quench and form a more stable dimer of
the structure (CO)3Co-Co(CO)s.

Figure 2.35 shows an experimental spectrum from the order of magnitude
lower concentration 355 nm experiment along with calculated vibrational fre-
quencies of both staggered and eclipsed isomers of (CO)3Co-Co(CO)3. There is
agreement between the calculated spectra and the experimentally observed peaks
at 2052 and 2035 cm ™!, especially with the eclipsed isomer. There are no peaks
in the calculated vibrational frequencies which align very well with the peak at
1953 cm™! for either of the isomers. This is potentially further evidence that

the peak at 1953 cm ™! is simply due to another species, with similar kinetics to
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Figure 2.35: Bottom: experimental spectra from the TRIR experiments with
the peaks assigned to 'Complex F’ labelled. Top: calculated vibrational fre-
quencies of both (CO)3Co(u-CO)Co(CO)2(NO) - Eclipsed (red) and (CO)sCo(pu-
CO)Co(CO)3(NO) - Staggered (black).

that of (CO)3C0-Co(CO);. A tentative suggestion for the structure of complex
F is (CO)3Co-Co(CO)3, based on the peaks at 2052 and 2035 cm™' and their
agreement with the calculated spectra, but its more likely that additional specics
are also forming.

The peak at 1953 cm~! is only visible in the low concentration experiment
and also appears to form from the decay of Co(CO)s. This peak at 1953 cm™! is
an almost perfect match with the species Co(CO) isolated in an Ar matrix, which
was reported to appear at 1952 cm~!.1% In this scenario of a room temperature
solution it seems unlikely that Co(CO) is a stable molecule in solution on the
microsecond timescale so this assignment would appear incorrect. Further work

1

is required to understand the exact origins of the peak at 1953 ecm™".

Complex G from Table 2.2 has two observable peaks at 1977 and 1758 cm ™!
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and is seen in both the high and low concentration TRIR experiments following
355 nm excitation. It grows in on the microsecond timescale, appearing to grow
in from complex F and does not decay on the timescale of our experiments.
This species also forms quicker in the high concentration experiments compared
with the low concentration experiments which could suggest a reaction between
complex F and a parent molecule. The exact structure of this complex would
be very challenging to predict as there would be a whole multitude of potential
structures and isomers. More work is also needed here to gather more evidence

to help elucidate the exact structure of complex G.

2.3 Conclusions and Future Perspectives

The photochemical behaviour of Co(CO)3(NO) in n-heptane have been observed
in both picosecond and nanosecond TRIR experiments using 400, 355 and 266 nm
excitation wavelengths. The initial experiments performed in order to probe the
decay of the T species observed by Harris revealed there were both similarities
and differences between our experiments and theirs. Both Harris and ourselves
observed the formation of Co(CO)s and Co(CO)y(NO)(n-heptane), but on dif-
ferent timescales, but many of the triplet states of the parent molecule, which
Harris reported, were not observed in our experiments. A few extra unknown
species were also observed in our initial nanosecond experiment, one of which
appeared to grow in from Co(CO)2(NO)(n-heptane) which then decayed away
further. Another unknown species which appeared to grow in from Co(CO); was
also observed which also decayed on the microsecond timescale and formed a new
species which was stable on the timescale of our experiment.

Due to the differing observed kinetic profiles of both Co(CO)s; and
Co(CO)2(NO)(n-heptane), an experiment on the same timescale of the original,
reported by Harris, was then performed and again there were both similarities
and differences. The decay of >*Co(CO)2(NO) was observed, which had a match-

ing kinetic profile to that of the growth of Co(CO),(NO)(n-heptane) which was
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stable on the picosecond timescale. Co(CO)3 was also observed, which grew in
<1 ps, but was also stable on the picosecond timescale. Other species such as
vibrationally hot Co(CO)3(NO) and the S; state of Co(CO)3(NO) were also ten-
tatively assigned, but they simply appeared to just decay back to the parent on
the picosecond timescale. A concentration difference was then suggested as the
reasoning for the different kinetics of our experiments compared with those of
Harris.

A picosecond experiment following 400 nm excitation using a significantly
higher concentration of Co(CO)3(NO) in n-heptane was then performed in order
to try and more closely match the results observed by Harris. In this higher
concentration experiment, the same species as before in *Co(CO),(NO), Co(CO)s,
Co(CO)2(NO)(n-heptane), 'Co(CO)3(NO) and vibrationally hot Co(CO)3(NO)
were all observed again. In this experiment a few additional bands assigned
to 3Co(CO)3(NO), 'Co(CO)3(NO) and vibrationally hot Co(CO)3(NO), which
were missing in the order of magnitude lower concentration experiment were now
observable aswell as an additional peak at 1802 cm ™!, which had kinetic profile
that could not be untangled due to overlap with the parent bleach.

There were still differences between our experiment and those reported by
Harris at this higher concentration, but there are now also more similarities.
Due to this increased degree of similarity at higher concentration the original
nanosecond experiment using 355 nm excitation was repeated. In this experi-
ment the decay of both Co(CO)3 and Co(CO)2(NO)(n-heptane) was found to be
a lot faster (Z = 7 ns (Co(CO)s) 35 ns (Co(CO)3(NO)(n-heptane))) than in the
lower concentration experiments (Z = 30 ns (Co(CO)3) 193 ns (Co(CO)2(NO)(n-
heptane))). There were also many additional peaks observed, not previously seen

1 observed in the

in our low concentration experiments and a peak at 1953 cm™
low concentration experiment, that was not observed in this high concentration
experiment. The growth and decay of complexes F and G were also faster in

the high concentration experiment. This experiment displayed a clear concen-
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tration dependence on the reaction kinetics upon irradiation of Co(CO)3(NO) in
n-heptane.

To further probe the formation and decay of Co(CO)y(NO)(n-heptane), both
nanosecond and picosecond TRIR experiments were conducted following 266 nm
excitation. Many of the same peaks observed in the low concentration 355 nm
experiments were observed again with pretty similar kinetics and three additional
peaks at 1982, 1943 and 1716 cm ™! were also noted. These additional peaks
appeared to grow in from the decay of Co(CO)2(NO)(n-heptane) and continued
to grow in over the timescale of the experiment. In the picosecond experiment
following 266 nm excitation the peak corresponding to Co(CO); appeared to
grow in from a broad featureless band centred at 1931 cm ™!, which was the first
experiment where the band at 1970 was not observed <1 ps. The only other peaks
observed in this experiment could be assigned to Co(CO)9(NO)(n-heptane) which
had mostly consistent kinetic profiles to the picosecond experiments following 400
nm excitation.

DFT calculations were performed in an attempt to help assign unknown
species and it was found that using a scale factor of 0.96 for carbonyls and 0.92
for nitrosyls resulted in much better agreement between calculated and exper-
imentally observed vibrational frequencies. A tentative assignment of complex
A as both staggered and eclipsed isomers of (CO)2(NO)Co(u-CO)Co(CO),(NO)
and for complex F as both staggered and eclipsed isomers of (CO)3Co-Co(CO)3
was made.

It is understood that there are still many gaps in our understanding in the
photochemistry of Co(CO)3(NO) in n-heptane as there are still many unassigned
species and a few peaks with kinetics which could not be resolved or understood.
More TRIR experiments would be required to work towards a more complete
understanding of this system.

There are a number of future experiments that would potentially shed light

on the photochemistry of Co(CO)3(NO). A wider range of variable Co(CO)3(NO)
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concentration experiments including repeating those performed above in order to
untangle the complex reaction dynamics. Another set of experiments to perform
would be using different pump lasers, which may help to investigate if any pho-
toproducts formed were due to 2-photon processes. A wider range of wavelength
of pump excitation may also be used in order to explore the wavelength depen-
dence on the photochemistry of Co(CO)3(NO). Experiments in a wider range of
solvents, of different coordination ability and polarity, may be useful to further
understand the kinetics of various photoproducts and their stability in different
systems. Another important factor to consider would be the temperature that
the experiments were conducted at and the effect of variations of this tempera-
ture and its ability to influence kinetics. Due to the nature of the disruptions
caused by the COVID-19 pandemic, many of the above experiments could not be

performed.
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Chapter 3

Computational Study of
Rhenium and Manganese
Pianostool and a-Diimine CQO»

Complexes

3.1 Introduction

3.1.1 Bonding in Carbon Dioxide

COy is a linear triatomic molecule with a D, point group that possesses two
equivalent C=0 bonds of 1.16 A length.'°? Due to the difference in electronegativ-
ity between the C and O atoms there is a partial charge transfer from the carbon
atom to the oxygen atoms resulting in the carbon centre being electrophillic and
both of the oxygen atoms being nucleophillic.!® There are two 7-bonds of CO,
that can be involved in bonding meaning that along with the previously men-
tioned charge distribution there is a multitude of ways COs can bind to metal

104

centres.””* For a single molecule of CO; there are currently four known ways in

which it can coordinate to a metal centre shown as in Figure 3.1.10°

CO, possesses 16 valence electrons that occupy a set of 12 molecular orbitals
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Figure 3.1: The four binding modes displayed by a single CO5 molecule when
coordinating to metal centres: n'-C (top left), n*-C,O (top right), n'-O (bottom
left) and 7-0,0 (bottom right).1%

generated by 12, 2s and 2p orbitals of the carbon and oxygen atoms. The s and
p, orbitals combine to form the six ¢ molecular orbitals. The py and p, atomic
orbitals combine to form two equivalent sets of three m molecular orbitals where
one set is in the xz plane and the other is rotated 90° in the yz plane. When
considering bonding between CO5 and organometallic complexes there are four
orbitals that will be the most important. These four are the ”O-end lone pair”
and the 'parallel’ 7, nm and 7* MQO’s. The word ’parallel’ is used to refer to the
set of these orbitals that lie in the plane of the metal during n'-C and 1n*-C,0
side on coordination. The ’perpendicular’ set of 7 orbitals will be orthogonal
to this set and will not play as much of an important role in bonding due to a
much lesser degree of overlap with the metal orbitals.!?*!1% The molecular orbital
diagram for CO, can be seen in Figure 3.2 where the four most important orbitals
for coordination with organometallic complexes are highlighted.

There are different molecular orbital requirements for different modes of CO,
bonding, this report will briefly talk about these requirements for n'-C, n*-C,0
and 7'-O coordination.

For the n'-C mode of coordination there is a previously mentioned strong

charge transfer interaction from the metal to the CO,. This occurs from a
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Figure 3.2: Molecular orbital diagram for CO4 highlighting the four most impor-
tant orbitals for coordination with organometallic complexes.!7108
metal d,2 orbital to an empty 7* orbital on COs shown in Figure 3.3. The most
favourable situation for this interaction is when the metal is in a low oxidation
state and also when the metal HOMO is mainly composed of a d, orbital.

Q )

dzz dl’ d‘z %

Figure 3.3: Coordination of CO5 to a transition metal centre. Left: n'-C Right:
772-C70107’108
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For the n?-C,0 mode of coordination there are two major components: o
bonding from the occupied 7 orbital of CO, to an empty d,» metal orbital, to-

gether with m back-donation from an occupied metal d,, to the empty 7* orbital
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of the CO5 as seen in Figure 3.3. The most favourable situation for this coor-
dination mode would therefore be when there is a d, orbital as the HOMO of
the metal and an empty d, orbital pointing towards the CO4 ligand. This will
enhance the m back-bonding between the CO5 and the metal and also eliminate
the four-electron destabilising interaction that would occur between a filled d,

orbital and the © and nz orbitals of COs.

Dﬁ)‘
nm C

|
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'

Figure 3.4: The two pairs of four-electron destabilising interactions for the n!-O
coordination mode of CO; to a transition metal centre.'07:108
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For the n'-O mode of coordination there is a large reliance on there being a
favourable electrostatic type interaction present. Since the oxygen atoms on COy
carry a partial negative charge this means that the metal centre will preferably
be positively charged or possess a reasonably high oxidation state. If the metal
has a high-lying occupied d.» and d, orbitals, and also an absence of a good
clectron acceptor among its co-ligands, then the n'-O mode will suffer from two
pairs of four-electron destabilising interactions. These destabilising interactions
are shown in Figure 3.4. The ideal orbital situation for n'-O coordination is to

minimise these destabilising interactions.

3.1.2 Organometallic CO; Complexes

Coordination of CO, to organometallic complexes is a growing area of interest due
to their ability to help catalyse the breakdown of CO5 to other, useful molecules

such as CO and methanol. 1'% A variety of different CO, coordinated complexes
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have been isolated and in this Chapter an example of each coordination mode is
described.

n'-C coordinated complexes are most favourable in complexes with electron
rich metals. This is because of the electron transfer from the metal to the
electrophillic carbon atom which then leads to an even greater partial neg-
ative charge on the oxygen atoms. The first structurally characterised n'-C
coordinated complex was found in 1983 by Herskovitz et al. of the formula
[(diars),Rh(CO3)(C1)].16 This complex was synthesised by pressurising a solu-
tion of [(diars)sRe|Cl, a 16 electron complex, in CH3CN at 19 psi with CO,. The
crystal structure of this complex can be seen in Figure 3.5. This COs complex

displays new IR bands 1610 and 1210 cm™! due to the coordinated CO, C-O
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stretches and the Rh-C bond.'16
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Figure 3.5: The molecular structure for the complex [(diars)s)Rh(n'-COg)(Cl)]
discovered by Herskovitz et al. in 1983.11¢

The n'-C can clearly be seen at the top of Figure 3.5 along with the long Rh-
Cl bond, which is due to a trans influence from the bound CO, due to its high
7 acidity. The OCO plane is rotated by 4° from an exact bisection of the diars
ligands, this is to minimise the nonbonding repulsions with the methyl groups.
This rotation of the OCO plane is also believed to be caused by intermolecular
interaction of the oxygen atoms with the hydrogen atoms on the phenyl groups.
Both these factors are believed to help influence the COy into the n'-C binding

mode over the equally possible n?-C,0 binding mode. To investigate further
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Herskovitz et al. also performed theoretical calculations on this system which
indicated a large electronegative character on the oxygen atoms of the CO5 which
agreed with previous theories at the time. These calculations also suggested that
the binding mode preference was likely due to the relatively high electron density
on the metal centre. This is due to both the diars ligands binding through
donation of two lone pairs each to the metal centre.

n?-C,0 side on coordinated complexes are the most common complexes with
many examples of them being isolated in the past.!!” 19 They are often pure 7
complexes or metallacycles where there is a donor-acceptor bond, with electron
transfer from M—C and O—M. The 7 back-bonding is a large stabilising factor
for n?-C,O side on coordination when compared with 1'-C end-on coordination.
When the metal has strong Lewis basicity along with a small positive charge,
n?-C,0 will often be more electronically favourable, but in some situations due to
things like coordination numbers or steric crowding the 7*-C coordination mode
will end up actually occurring.

The first structurally characterised n?-C,O side on coordinated complex was
found eight years before the first n'-C complex back in 1975 by Aresta et al.!?
The complex, [Ni(CO2)(PCy;)]00.75 CsH;CHs, was isolated by treating either
[Ni(PCy3)s] or [Ni(PCys)2(Ny)] with COs in toluene at room temperature to give
red-orange crystals, which are air-stable for a few hours. Aresta et al. performed
X-ray crystallography to confirm the planarity of the complex and verify the
n?-C,0 side on coordination mode of CQy.!2°

In 1985 Dohring et al. managed to structurally characterise the solvent-free
complex [Ni(CO,)(PCys)s] by dissolving [Ni(cyclododecatriene)] and PCyj in di-
ethyl ether and reacting with a constant stream of CO5 at 0 °C for 20 h.'?! The
crystal structure of this complex can be seen in Figure 3.6.

n'-O end-on coordination is favoured by metals which are electron deficient.
In these n'-O end-on complexes there is electron transfer from O—M as the O

atoms of CO, are quite electron rich due to the previously mentioned partial
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Figure 3.6: The molecular structure of the complex [Ni(CO,)(PCys)s] isolated
by Dohring et al. in 1985.*21

charge transfer. Stable n'-O end-on coordinated CO, complexes are a lot less
common than both 72-C,0O side on and n'-C complexes and as such there are
limited structurally characterised examples.

A fairly recent example of an n'-O end-on coordinated CO, complexes
was isolated by Meyer et al in 2004, which is a uranium complex
made by exposing the sterically stabilised [(1,4,7-tris(3-adamantyl-5-"Bu-2-
hydroxybenzyl)-1,4,7-triazacyclononane)U] complex in toluene to a CO, en-
vironment of just 1 atm.! This process reportedly instantly discoloured
the solution and you could then concentrate and filter the toluene solu-
tion to get the product, [(1,4,7-tris(3-adamantyl-5-"Bu-2-hydroxybenzyl)-1,4,7-
triazacyclononane)U(COy)] shown in Figure 3.7.

The n'-O end-on coordination can be seen in Figure 3.7 where the molecular
structure showing near lincar U-O-C and O-C-O bond angles. This is unique as
in both 1?-C,0O side on coordination and 7'-C coordination the COj is bent upon

coordination to the metal centre.
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Figure 3.7 An 75'-O end-on CO, coordination complex, [(1,4,7-tris(3-
adamantyl-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane)U(CO,)], iso-
lated by Meyer et al. in 2004. Left: The molecular structure. Right: The
structural formula.'®

In this complex the uranium is in the +4 oxidation state owing to the high
favourability of the n'-O end-on coordination mode. This is further supported by
the bulky adamantyl substituents sterically crowding the area around the CO,
molecule but leaving a space suitable for the linear CO5 molecule to comfortably
fit. The U-O bond length is reported as 2.351(3) A and the neighbouring C-O bond
length as 1.122(4)A, while the terminal C-O bond has a length of 1.277(4)A. The
UOC bond angle is 171.1° and the OCO angle is 178.0°, which are both quite
close to linear. The UOC bond angle would not be expected to be quite as linear
since the electron donation from the CO5 comes from a lone pair but the presence
of the adamantyl substituents stops the COs from bending too far from its linear
geometry. The nujol FTIR band for the coordinated CO, was found at 2188
em~!. These bond lengths combined with the near linearity of the coordination
suggest a bonding structure along the lines of U-O=C-O~.

Yang et al. detected the presence of a lincar bound COs to
[CpMn(CO)5(CO,)] in 2008 using time-resolved infrared spectroscopy.'?? This
was an unusual result as the complex [CpRe(CO)»(CO;)] had n*-C,0O side on co-

ordination of the CO, molecule. DFT calculations were performed in an attempt



to explain this and it was found that for [CpRe(CO)9(CO5)] there was signifi-
cant charge transfer from the rhenium d, HOMO to the 7* orbital on the CO4
resulting in a partial oxidation of the rhenium centre. There was an additional
two-electron stabilising interaction present between the complex LUMO orbital,
which has d,, character, and the CO5 occupied n, orbital. For [CpMn(CO),(COy)]
the d, orbital is much lower in energy and as such the d, orbital and CO, o lone
pair interaction takes over leading to the n'-O coordination mode with a major
component being an electrostatic interaction. The Mn-O-C bond angle was not
found to be linear here but instead 167.4° suggesting further that the CO, bound
in the uranium complex was sterically forced into that angle.

The 7%-0,0 mode of coordination is by far the least common and has not
yet been seen forming a stable complex at room temperature and pressure. It
has primarily been observed in alkali metal complexes, MTCO; (M = Li, Na, K
and Cs) in low temperature matrices.'?31?* Formation of these complexes involves
reducing the COs to the radical anionic species CO; which was first achieved
by Hartman et al. in 1966.'%° This was accomplished by irradiating pressed
alkali halide disks containing the formate ion in solution with gamma rays and
then using IR spectroscopy to analyse the structure of the ion. The recorded
wavenumber of the COj; radical anion was 1671 cm™!, which is a huge red shift
from the usual CO, stretching frequency region of around 2300 cm~!. This is due
to the weaker C-O bonds as there is now an extra electron on the CO, occupying
a w orbital. This intermediate could be of great interest as this weakens the C-
O bond strength, this could make the task of ”activating” the COy for further

reduction far easier.

3.1.3 Computationally-Investigated CO, Organometallic

Complexes

DFT has been used extensively to probe CO5 and its properties in a number

of different reactions, many with focusses on surface adsorption and its roles in
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chemical reactions.!26-131

There is also significant DFT-driven research probing
the reactions of COy with metal atoms and metal complexes, primarily in the
context of catalysis.!3>™137 There has even been theoretical research on probing the
mechanism of CO, reduction by use of rhenium metal complexes.!3%13? There is
very little theoretical research specifically focussing on probing the lesser observed
n'-OCO binding mode. Before 2004, the n'-OCO end-on binding mode of CO,
complexes had only been predicted theoretically and isolated in low temperature
matrices. In 1982 Morokuma et al. performed a theoretical investigation of CO,
coordination to both Ni(PHz), and Cu(PH3);, where it was seen that side-on
coordination of COs is favoured for Ni(PHj), whereas end-on OCO coordination
is favoured for Cu(PHsz); .10 This difference was found to be due to the ability
of the Ni’ metal centre to provide 7 back-donation causing the side-on binding
mode to be most favourable. For Cu(PH3)s, the strong electrostatic interaction
between Cu! and the partially negatively charged O atom causes the n'-OCO
end-on binding mode to be most favourable.

In 1995 Pidun and Frenking conducted a theoretical investigation into side-on
7 bonded ligands to W(CO)sL and WCI,L and in both cases CO, was predicted to
bind weaker than CyH,, HCCH and CH,0."! For the WCl,L complexes, the CO,
is predicted to bind in a side-on fashion but for W(CO)sL the COy is predicted
to bind end-on. This is because the side-on coordination is better suited for the
development of covalent bonds and the WCl4L. M-L bonds are covalent in nature
whereas for W(CO)sL the W-L bonds are donor-acceptor bonds. Their work also
showed that the inclusion of correlation energy was vital for accurate descriptions
of transition metal donor-acceptor complexes.

In 2019 George et al. were investigating the effect of coordination of alkanes,
Xe and CO, (n'-OCO) on changes in spin state and reactivity in organometallic
chemistry and as part of this they calculated energies of coordination between n'-
OCO and different spin states of CpMn(CO), fragments.*? They reported relative

binding energies compared with a reference of *CpMn(CO), + ligand and it was
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found that when examining the binding between 'CpMn(CO), and various ligands
that n-heptane was predicted to bind most strongly at 56 kJ mol™!. The next
strongest ligand was ethane at 45 kJ mol~! followed by both CO, and Xe, which
were quite similar at 36 kJ mol™!, and lastly was two different perfluorinated
solvents, PFMCH and pFCyc which had a strength of 25 kJ mol™!. This general
trend of alkane > COy ~ Xe > perfluorosolvents was found to be true for all spin
states where the only exception was ethane, which was found to coordinate more
closely in energy with CO, and Xe as the spin state of CpMn(CO)2 got higher in
energy.

The work in this Chapter is influenced by the previously mentioned work
reported by Yang et al. in 2009 and their investigation into the formation and re-
activity of CpM(CO)9(CO) (M = Mn or Re) in CO5.'*? This work is summarised

in more detail in the results section below.

3.1.4 Aims and Objectives

The question to be examined in this Chapter is to examine the strength and
nature of binding of CO, to various organometallic fragments. Specifically, how
changing from neutral to cationic organometallic fragments alters the HOMO-
LUMO separation between the fragments and probe the effect on both the nature
and strength of the bonding CO5 to the metal centre. This will open-up for more
extensive characterisation and potential isolation of COy complexes particularly
n'-OCO complexes. Therefore, the aim is to explore, with DFT and plan future
chemical synthesis and spectroscopic measurements. We have used the following
strategy to address the aims above:

1) Undertake DFT calculations of CO5 complexes formed following photolysis
of CpM(CO); (M = Mn or Re) since these have differing COy binding modes
and there are historic published DFT calculations in order to benchmark our
calculations.

2) Undertake DFT calculations of possible neutral and cationic organometal-
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lic CO5 complexes to evaluate the binding strength of these weakly coordinating
ligands to benchmark them against reported complexes in the literature and in-
vestigate the nature of the CO4 binding in these complexes.

3) Use these calculations to help guide synthesis of organometallic carbonyl
precursors designed to be soluble in non-coordinating solvents such as perfluori-

nated alkanes, alkanes and liquid CO,.

3.2 Results and Discussion

3.2.1 DFT Investigation of CpM(CO); (M = Mn or Re)

The starting point for our studies was to examine the reported bonding of
CO; to the CpM(CO)y (M = Mn or Re) moiety. Geometry optimisations of
both CpMn(CO)2(CO;) and CpRe(CO)q(CO2) were performed together with fre-
quency calculations to ensure the optimised structures were at the true energy
minimum. The resulting structures from these calculations are shown in Figure
3.8.

The previous experimental and theoretical studies on CpM(CO),(CO9) (M =
Mn or Re) have shown that CO, adopts different binding modes depending upon
the metal centre.'?? Our new calculated structures agree with this and show that
CpMn(CO)(CO3) would display a preference for the n'-OCO binding mode while
CpRe(CO)2(CO;y) would possess a side on 1?>-CO, coordination mode. These
findings are consistent with those reported by Yang et al. who in 2009 photolysed
both CpRe(CO)3 and CpMn(CO);z in liquid COy to form their corresponding
CO,-bound photoproducts and characterised them using TRIR spectroscopy.!??

Calculated bond lengths can be used to examine the bonding of the CO,
ligand to the metal centre. A useful benchmark to understand bonding for
CpRe(CO)2(CO,) is to examine the carbonyl bonds found in CpRe(CO);. The
Re-C bonds are on average 1.922 A and the C-O bond lengths are on average
1.150 A long. The bond lengths for CpRe(CO),(CO,), in Table 3.1, show that
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Figure 3.8: Optimised structures obtained at the DF'T-M06/LANLO8(f) (metals)
and 6-311++G** level for CpRe(CO)2(CO,) (left) and CpMn(CO)2(COy) (right)

showing the difference in preferential CO, binding mode.

Bond Length /A CpRe(CO)3(CO;) CpMn(CO)y(CO,)

M-C1 1.906 1.782
M-C2 1.939 1.782
M-C3 2.194 -

M-0O3 2.218 2.151
C1-01 1.151 1.153
C2-02 1.146 1.153
03-C3 1.235 1.155
C3-04 1.182 1.153

Table 3.1: Table of non-arene bond lengths for CpRe(CO)y(CO,) and
CpMn(CO)5(COs) from DFT calculations.

two carbonyl ligands have different lengths, C1-O1 = 1.151 A whereas C2-O2
= 1.146 A. The Re-C bond lengths for each of these two carbonyl bonds is also
found to vary where Re-C1 = 1.906 A and Re-C2 = 1.939 A. When comparing the
carbonyl bond lengths to those found in CpRe(CO); it can be seen that Re-C1 is
found to be a shorter length by 0.016 A and Re-C2 is found to be a longer length
by 0.017 A. This can be explained by a different amount of carbonyl backbonding
in each of the two different carbonyls. A greater amount of carbonyl backbonding

found in ’carbonyl 1’ means that both the CO to metal n — d, and d, — «*
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interactions are stronger. The opposite is true for ’carbonyl 2’ where the Re-C2
bond is found to be lengthened and the C2-O2 bond shortened.

The other bonds examined in CpRe(CO)y(COs) are those in the COs moi-
ety. The 03-C3 = 1.235 A and the C3-04 = 1.182 A. The Re-C3 and Re-O3
bond lengths are 2.194 and 2.218 A, respectively. This trend of a longer O3-
C3 bond than C3-O4 and a longer Re-O3 bond than Re-C3 bond is in agree-
ment with the experimental values from the X-ray crystal structures of the n°:n!-
CsH,CH,CH,N(CH3)2Re(CO) (n2-CO4) complex from literature.**3 They are also
consistent with the associated charge transfer from an occupied d, orbital to the
7% orbital of CO,, which can be viewed as corresponding to partial oxidation
of the rhenium atom. The data in Figure 3.9 can also aid in this explanation
where it can be seen there is a two-electron stabilising interaction between the
d, HOMO of the CpRe(CO), fragment and the empty 7* orbital on the COs.
This interaction is accountable for the dihapto binding mode of COs found in
this complex. This interaction weakens the C-O bond interacting with the metal
centre explaining why this C-O bond has a calculated length of 1.24 A compared
with the other CO bond of length 1.18 A.

The bond lengths of CpMn(CO)2(CO,) from Table 3.1 can also be investigated
in order to learn the difference between these two binding modes. A useful bench-
mark would be to first of all examine the bond lengths for CpMn(CO)3 where
the Mn-C bond lengths were found to be 1.787 A and the C-O bond lengths are
1.148 A. The two carbonyl bands in CpMn(CO)3(CO,) are found to be identical,
both 1.153 A, which is 0.005 A longer than in CpMn(CO)s. Mn-C1 and Mn-C2
in CpMn(CO),(CO,) are found to be the same at 1.782 A which are both 0.005
A shorter than than the Mn-C bond lengths found in CpMn(CO)s. Both of these
trends can be explained by carbonyl backbonding caused by the manganese atom
in CpMn(CO)3(CO3) to be more electron rich than in CpMn(CO);. This means
there is a larger amount of CO to metal n — d, donation and metal to COy

d, — 7 interactions. This greater amount of electron density present on the
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metal in the n'-OCO coordinated system can be explained by the binding mode
of COs in this system donating electron density onto the metal.

The bonding interaction between the CpMn(CO), fragment and the CO, lig-
and is quite different to the bonding between the CpRe(CO), fragment and CO»
as shown in Figure 3.10. The d, orbital in the CpMn(CO), fragment is lower
in energy than in the CpRe(CO),y fragment enough so that the triplet state, in
which both the d, and d, frontier orbitals are both singly occupied, is known as
the ground state.'** The interaction between the d, orbital and the o lone pair on
the CO, is a prominent interaction, leading to the n'-OCO binding mode. This
interaction involves a large degree of transfer of electron density from the CO,
molecule onto the metal atom, which explains why the metal centre was found
to be more electron rich in CpMn(CO)2(CO3) when compared with CpMn(CO)s.
The antibonding interaction between the d, orbital and COs ¢ lone pair is high
enough that the situation is equivalent to having a two-electron stabilising inter-
action.

These calculations match with the findings from Yang et al. and as such
provide a useful benchmark to be able to move forward with into more novel

areas of work.!%?

3.2.2 DFT Investigation of Mn and Re Pianostool Com-

plexes
Geometry Optimisations and Bond Lengths

The next step in our studies involves examining the bonding of CO, to a set
of novel complexes. Geometry optimisations were performed on a set of pi-
anostool complexes, along with complementary frequency calculations, to en-
sure the optimised structures were correct with the aim of then calculating some
theoretical bond dissociation energies for the complexes of interest. These cal-
culations will help us to learn more about the trends that may be displayed

in this family of molecules. Two of these complexes, [BnRe(CO)y(CO2)]" and
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[BnMn(CO)2(CO2)]" are shown in Figure 3.11 where it can be noted that both
complexes have optimised towards an n'-OCO end-on binding mode. It is be-
lieved that changing these complexes to be cationic instead of neutral is likely
to dramatically increase the stability of the n'-OCO end-on binding mode when

compared with the 1*>-CO, side-on coordination mode.

Figure 3.11: Optimised structures obtained at the DFT-M06/LANLOS(f)
(metals) and 6-311++G** level for [BnRe(CO)y(CO)|t (left) and
[BnMn(CO)9(CO,)]T (right) showing the preferential n'-OCO end-on binding
mode.

Calculated bond lengths can be used to further examine the bonding for the
CO, ligand to these cationic metal centres as for CpM(CO)5(CO3). The bond
lengths for [BnRe(CO)2(CO,)]™ and [BnMn(CO),(CO2)]* in Table 3.2 show that
for each complex, the M-C and C-O bonds in the carbonyl ligands are the same.
If we compare these numbers to those of their tricarbonyl derivatives it is found
that for [BnRe(CO)s]* the M-C bond length is 1.955 A and the C-O bond length
is 1.136 A and for [BnMn(CO)s]* the M-C bond length is 1.836 A and C-O bond
length is 1.134 A. For both systems the CO, bound complex is found to have
shorter M-C bonds but a longer C-O bonds which is the same trend found for the

neutral CpMn(CO),(COy) investigated previously in this report. The reasoning
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for these bond length differences can again be explained by carbonyl backbonding
caused by the manganese atom in [BnMn(CO),(CO2)]* to be more electron rich
than in [BnMn(CO);3]* meaning there is a large degree of CO to metal n—d,

donation and a greater degree of metal to COy d,, — 7* interactions.

Bond Length /A [BnRe(CO)o(CO2)]T  [BnMn(CO)o(CO,)| "

M-C1 1.950 1.832
M-C2 1.950 1.832
M-03 2.283 2.148
C1-01 1.139 1.135
C2-02 1.139 1.135
03-C3 1.165 1.164
C3-04 1.142 1.144

Table 3.2: Table of non-arene bond lengths for [BnRe(CO),(CO2)|t and
[BHMD(CO)Q(COQ)]+

To analyse the M-COy bond lengths the most direct comparison that can
be made between these complexes and their neutral Cp analogues is between
[BnMn(CO)5(CO,)]™ and CpMn(CO)o(COy) due to the matching n'-OCO end-
on binding mode present in both complexes. It can be seen that the Mn-O bond
length is shorter for the cationic complex by 0.003 A, which can be explained by a
stronger M-O interaction, due to the fact that cationic complexes are less electron
rich. There is a much larger difference between the neutral and cationic bonding
scenarios when comparing the difference in lengths between the O3-C3 and C3-
04 bonds. For the neutral complex they differ in length by just 0.002 A, but for
the cationic complex they vary in length by a much larger 0.02 A. Performing a
composition analysis on the molecular orbital of interest (HOMO-26) it can be
noted that there is a more even electron distribution over the CO; ligand in the
neutral example when compared with the cationic example, this could explain
why the variation in bond length for O3-C3 and C3-O4 is much greater in the

cationic complex when compared with the neutral complex.
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Orbital Interactions and Bond Strengths

The bonding interaction between the [BuMn(CO)9(COy)]" fragment and linear
COy molecule is shown in Figure 3.12 and it can be noted that the orbitals
involved in the bonding are the same as the bonding orbitals between CpMn(CO)s
and COq from Figure 3.10. The primary difference of note is that now the d,
orbital in the [BnMn(CO),]* fragment is 5.7 eV lower in energy and closer to
the -13.7 eV of the interacting COy o orbital. This decrease in energy causes the
interaction between the o lone pair on the CO, and the metal d, orbital to occur
more favourably than for the neutral complex, and as such results in a stronger
M-CO, interaction.

The DFT results show that oxidising these pianostool complexes by changing
the arene from Cp to Bn, which in turn changes the complexes from neutral to
cationic, increases the strength of the M-CO; interaction and therefore increases
the lifetime of short lived CO5 bound complexes. This increase in lifetime is due
to the decreased HOMO-LUMO separation between the metal LUMO and CO5 o
orbital. Further calculations were therefore conducted on more pianostool com-
plexes, investigating their bond dissociation energies for the M-CO, bond, these
results can be seen in Table 3.3. It can also be investigated how functionalisation

of the arene can effect the strength of the M-CO, interaction.

Complex BDE / kJ mol™!  v(CO4 and CO) /em™*
[CpMn(CO)s(7-0C0)] 39 2132, 1082, 1930
[CPRe(CO)s(172-CO,)| 45 2030, 1979, 1953
[BuMn(CO),(5'-0OCO)]* 43 2433, 2079, 2049
[BnRe(CO)y(n'-OCO)]* 70 2434, 2064, 2023
[(Mes)Re(CO)s(n'-OCO)]|* 68 2428, 2043, 2003
[(HMB)Re(CO)s(5-0CO)]* 64 2421, 2026, 1983
[(HEB)Re(CO)s(1-OCO)]* 64 2420, 2025, 1980
[(CsFg)Re(CO)a(n!-OCO)* 80 2439, 2099, 2066

Table 3.3: Table of BDE values for the M-CO5 bond between [(arene)M(CO)q|*
and COy and their calculated v(CO) values.

The trends seen in Table 3.3 confirm the theory that the cationic
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complexes,[BnM(CO)»(CO,)] T, interact more strongly with CO,, when coordi-
nating through the n'-OCO end-on binding mode, than the neutral counter-
parts, CpMn(CO)9(CO3). It can also be seen that the rhenium complexes,
[(arene)Re(CO)2(COg)] T, interact with COq significantly more strongly than
the manganese, [BuMn(CO),(CO3)]*, complex. For the neutral Cp complexes
the rhenium complex, CpRe(CO)3(CO,), was found to coordinate to the COq
molecule 6 kJ mol~! more strongly when compared with the manganese complex,
CpMn(CO)5(CO2). This can be attributed to the very large energy gap be-
tween the interacting orbitals for CpMn(CO),(COs) as seen previously in Figure
3.10 compared with a smaller energy gap for CpRe(CO),(CO,). The change to
cationic complexes over neutral ones caused a small increase in binding strength
for the manganese complex but a much larger strengthening of the M-CO4 bond
for the rhenium systems along with a change from the previous 72-CO, side-
on coordination to n'-OCO end-on binding. The remarkable stability of short
lived rhenium complexes when compared with other Group V, VI and VII metals
has been previously noted in the literature and this trend is found to continue
here with the cationic rhenium complexes displaying far greater M-CO, binding
strengths than the [BnMn(CO),(n'-OCO)] complex.!*?

Figure 3.13 shows an MO diagram displaying the orbital interaction of the
[BnRe(CO)q]* fragment and the orbitals of a linear COs molecule. It can
be noted that this diagram looks similar to that given in Figure 3.12 for
[BuMn(CO)2(CO3)]* showing that regardless of the metal the coordination of
CO, in the n'-OCO end-on fashion uses the same sets of orbitals on both
molecules. The orbitals that interact between the metal fragment and the linear
CO4 molecule also do not change as the arene becomes more electron withdrawing
or donating but there are shifts in the orbital energies of the metal fragment. This
trend can be seen in Figure 3.14 displaying all of the cationic rhenium complexes,
[(arene)Re(CO)(n'-OCO)], from Table 3.3. The electron donating substituents

on the arene cause a greater amount of electron density to be donated from the
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More electron withdrawing arene
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Figure 3.14: Calculated Re-COy bond dissociation energies plotted against
the energy of the metal fragment d, LUMO for [(HEB)Re(CO)y(n!'-OCO)],
[((HMB)Re(CO)2(n'-OCO)], [(Mes)Re(CO)2(n'-OCO)], [BnRe(CO)z(n'-OCO)],
[(CeFg)Re(CO)a(n*-OCO)] and [(Ce(CF3)6)Re(CO)2(n'-OCO)] (from left to
right)

arene onto the metal centre, which in turn decreases the strength of the electro-
static interaction between the positively charged metal centre and the electroneg-
ative oxygen atom on CO,. The metal fragments in Figure 3.14 with electron
donating substituents have a higher energy metal d, LUMO orbital meaning its
overlap with the interacting CO4 orbital at -13.7 eV is less. The opposite is also
found to be true where the electron withdrawing substituents on the arene cause
a smaller amount of electron density to be donated from the arene onto the metal
centre, which in turn increases the strength of the electrostatic interaction be-
tween the positively charged metal centre and the electronegative oxygen atom
on CO,. This can again be seen in Figure 3.14 where the metal fragments with

electron withdrawing have a lower energy metal d, LUMO orbital meaning they

are closer in energy to the -13.7 eV CO5 o orbital.

Comparisons of Functionalised Pianostool Complexes

[(HMB)Re(CO)2(CO2)]" can be used as a model complex with an arene con-

taining electron donating substituents and [(CgFg)Re(CO)o(CO2)]™ as a model
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complex with an arene containing electron withdrawing substituents. These two
structures are shown in Figure 3.15 along with selected bond lengths in Table 3.4.
The carbonyl bond lengths for [(HMB)Re(CO)2(CO2)]" can be compared with
[(HMB)Re(CO)3]™ to first gain a benchmark for the system and it is found that
the Re-C bonds are 1.940 A long and the C-O bonds are 1.141 A long. It can
be seen that the Re-C bonds in [(HMB)Re(CO)2(CO,)|* are 1.931 A, which is
0.009 A shorter than that of their tricarbonyl parent molecule and the carbonyl
C-O bonds are 1.146 A long, which is 0.005 A longer than the tricarbonyl parent.
This can be explained by carbonyl backbonding where the more electron rich
arene is donating electron density onto the metal centre resulting in a stronger
Re-C bond and a weaker C-O bond through metal to COy d, — 7* donation.
This can be further seen by looking at the calculated v(C-O) bands from Table
3.3 and comparing to calculated v(C-O) bands for [(HMB)Re(CO)3]* which are
found at 2078, 2018 and 2016 cm™!. Tt can be seen that the v(C-O) bands have
shifted down in wavenumber by around 52 and 34 cm™! upon coordination of CO,
which is consistent with a more electron rich metal weakening the C-O bonds by
backbonding.

[(CsFg)Re(CO)o(COy)|T can be compared with its tricarbonyl parent as a
benchmark again and it is found that the Re-C bonds are 1.971 A long and the
C-O bonds are 1.132 A long in [(CsFg)Re(CO)s]t. It can be seen that the Re-C
bonds in [(C¢Fg)Re(CO)o(CO2)|* are 0.005 A longer than that of their tricar-
bonyl parent molecule and the carbonyl C-O bonds are 0.001 A longer than the
tricarbonyl parent. This is unusual as usually a longer C-O bond is accompanied
by a shorter M-C bond because of a larger degree of backbonding, this suggests
that another factor is primarily influencing the bonding in this system instead
of just backbonding. The calculated v(C-O) bands for [(CeFg)Re(CO)s]* are
found at 2127, 2081 and 2079 cm™!, which when compared to the CO5 bound
dicarbonyl species bands at 2099 and 2066 cm ™! it can be seen that upon CO,

coordination there is the usual downward shift in wavenumber. These shifts of
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Figure 3.15: Optimised structures obtained at the DFT-M06/LANLOS(f)
(metals) and 6-311+4+G** level for [(HMB)Re(CO)2(CO9)]" (left) and
[(CeF)Re(CO)o(COy)|T (right) showing the preferential n'-OCO end-on bind-
ing mode.

around 28 and 14 cm™! are smaller than the shifts that were found for the HMB
arene complex. This reduction in shift is due to the more electron withdrawing

arcne reducing the effect of the CO2 coordination and clectron donation to the

rest of the system.

Bond Length /A [(HMB)Re(CO)3(CO2)]*  [(CsFg)Re(CO)2(CO,)]F

Re-C1 1.931 1.976
Re-C2 1.931 1.976
Re-03 2.310 2.273
C1-01 1.146 1.133
C2-02 1.146 1.133
03-C3 1.166 1.167
C3-04 1.143 1.141

Table 3.4: Table of non-arene bond lengths for [(HMB)Re(CO)o(CO,)]T and
[(C6F6)R€(CO)2(C02)}+

The calculated CO, IR band in complexes displaying n'-OCO binding from
Table 3.3 also display a visible trend. The complexes with more electron donating
arenes have their COy band at a lower wavenumber and the complexes with
clectron withdrawing arenes have their CO5 band at a higher wavenumber. The

change in the CO, frequencies is significantly smaller than the other v(C-O) shifts.
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The CO, bands have shifted 20 ecm™! between the most electron donating and

withdrawing arenes but the other carbonyl bands have a variation of 91 cm™!

between the same two complexes.
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Figure 3.16: Simplified orbital interaction diagram displaying the frontier or-
bitals involved in end-on CO, coordination for [(HEB)Re(CO)q(n'-OCO)|T,
[BnRe(CO)z(nt-OCO)|T and [(C4(CF3))Re(CO)q(n'-OCO)]* and the energy
gap between them.

In Figure 3.16 a trend showing that the COy complexes become more stable
with more electron withdrawing arenes can be seen. The more electron donating
arene has a higher energy metal fragment which in turn means the metal LUMO
is located further in energy from the CO, orbital, which increases the energy
difference between the bonding and antibonding orbitals on the CO; complex.

The opposite can be seen for the complex with the more electron withdrawing

arene and the unfunctionalised arene sits in the middle of the two complexes.

3.2.3 DFT Investigation of Neutral Mn and Re a-Diimine

Complexes

Mn Complex Geometry Optimisations, Bond Lengths and Bond

Strengths

Next a different set of complexes, with a proven ability to photochemically or

electrochemically reduce CO,, is investigated.!!5146148 Geometry optimisations
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were performed on the four different isomers of [(bpy)Mn(CO),(Cl)(CO4)] with
frequency calculations to ensure true energy minima had been obtained. These
resulting structures can be seen in Figure 3.17. The calculated systems are all
neutral and display the predicted lowest energy binding mode of CO4 to be the
end-on n'-OCO binding mode. It can be seen that in the three cases where the
CO;3 and Cl ligands are located cis to each other, the CO5 ligand moves towards
the Cl atom. The CO5 molecule itself remains linear but the M-O-C bond angle
is found to be 123 &+ 2° whereas in the molecule with both CO5 and Cl in axial

positions the M-O-C angle is 173°.

Figure 3.17: Optimised structures obtained at the DFT-M06/LANLOS(f)
(metals) and 6-311+4G** level for [(bpy)Mn(CO)s(ax-Cl)(ax-CO5)] (1) (top
left), [(bpy)Mn(CO),(ax-Cl)(eq-CO2)] (2) (top right), [(bpy)Mn(CO)2(eq-Cl)(ax-
COs)] (3) (bottom left) and [(bpy)Mn(CO)z(eq-Cl)(eq-COs)] (4) (bottom right)
showing the preferential n'-OCO end-on binding mode.

In Table 3.5 the different bond lengths of each of the four displayed isomers
from Figure 3.17 can be seen and there is significant variation in bond lengths

between isomers. The length of the Mn-C1 and Mn-C2 bonds can be explained

3-28



by the trans influence. This effect arises due to the differences in the way electron
density is reorganised in a complex under the influence of a specific ligand. This
ligand, by decreasing the need for electron density at the trans position, weakens
the associated metal-ligand bond and as such leads to an increase in the bond
length or kinetics.!? It can be seen that the Mn-C1 and Mn-C2 bonds are longest
in isomer 4 at 1.878 A, where the two CO ligands are bound trans to each other.
CO ligands have a large trans influence and as such result in these bonds being
quite long. The two Mn-C1 and Mn-C2 bonds in isomer 1 are 0.09 A shorter and
are both trans to the bpy ligand, which has a much smaller trans influence. For
isomer 2 Mn-C1 is found to be longer than Mn-C2; where Mn-C1 is trans to the
bpy ligand and Mn-C2 is trans to the Cl ligand. This is because Cl has a greater
trans influence than bpy, but not as large as the CO ligand.'*® Finally in isomer
3 Mn-C1 is trans to the bpy ligand and Mn-C2 is trans to the CO4 ligand and
as such M-C1 is longer than Mn-C2 due to very low trans influence exhibited by
the CO, ligand.

Bond Length /A 1 2 3 4
Mn-C1 1.788 1.791 1.781 1.878
Mn-C2 1.788 1.785 1.761 1.878
Mn-O3 2.182 2258 2225 2.221
Mn-N1 2.057 2.044 1.990 1.982
Mn-N2 2.057 1.976 2.064 1.982
C1-01 1.152 1.152 1.152 1.143
C2-02 1.152 1.153 1.152 1.143
03-C3 1.156  1.168 1.166 1.167
C3-04 1.153  1.147 1.148 1.147

Table 3.5: Table of bond lengths for the four isomers of [(bpy)Mn(CO)2(C1)(COy)]
from Figure 3.17.

The Mn-N1 and Mn-N2 bonds can be analysed in a similar way, using the
trans influence. In isomer 1 both bpy N atoms are trans to CO ligands and as
such display matching and increased bond lengths. In isomer 2 Mn-N1 is the
longer bond, which is trans to a CO ligand and in isomer 3 M-N2 is the longer
bond as it is again trans to a CO ligand. In isomer 4 necither Mn-N bond is trans

to a CO ligand and as such neither are significantly lengthened. The C1-O1 and
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(C2-02 bonds in isomers 1, 2 and 3 are all quite similar since none of these CO
ligands are located trans to any other CO ligands with very large trans influences.
In isomer 4 the C1-O1 and C2-O2 bonds are notably shorter due to them being
trans to each other weakening their interaction with the metal centre and as such
decreasing the amount of backbonding taking place.

The Mn-O3 bond lengths are best understood by using the bond dissociation
energy calculations given in Table 3.6. The BDE values for each isomer align
with the M-O3 bond lengths with isomer 1 having the shortest bond length, at
2.182 A, and strongest Mn-OCO bond and isomer 2 having the longest bond
length, at 2.258 A, and weakest Mn-OCO bond. It can also be noted from Table
3.6 that there is a similar trend to that displayed for the pianostool complexes,
where the presence of electron donating groups on the bpy ligand causes a de-
crease in Mn-OCO bond strength and electron withdrawing groups on the bpy
cause an increase in Mn-OCO bond strength. The difference between the most
electron donating and electron withdrawing groups is only 5 kJ mol~! which is
notably smaller than the differences for the pianostool complexes of 17 kJ mol~*.
This is potentially because there are only two additional functional groups in the
bpy complexes compared with six additional functional groups for the pianostool
complexes where every carbon atom of the arene was functionalised but this is

not synthetically viable for bpy complexes.

Mn Complex Orbital Interactions and Vibrational Frequencies

The bonding orbitals involved in isomers 1-4 were investigated, to do this, MO
diagrams of each isomer were constructed, see Figures 3.18, 3.19, 3.20 and 3.21.
The bonding found in isomer 1 is very similar to that found in the pianostool
complexes where the metal fragment LUMO d, orbital is interacting with the
COgq o orbital which has resulted in the strongest and shortest bond of the four
isomers. In isomers 2, 3 and 4 the binding to the CO5 molecule appears to be

an interaction with the same metal fragment d, orbital, which is now slightly
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Complex BDE / kJ mol™!  1»(CO; and CO) /em™!

(bpy)Mn(CO), (ax-COy) (ax-Cl) 29 2426, 1975, 1925
(bpy)Mn(CO ) (eq-CO») (ax-Cl) 14 2381, 1978, 1932
(bpy)Mn(CO)s (ax-COy) (eq-Cl) 23 2375, 1980, 1927
(bpy)Mn(CO)s(eq-CO,)(eq-Cl) 28 2380, 2033, 1966
(dmbpy)Mn(CO),(ax-COs)(ax-Cl) 27 2425, 1973, 1921
(dmbpy)Mn(CO)s(eq-COy) (ax-Cl) 14 2379, 1975, 1927
(dmbpy)Mn(CO)s(ax-COs)(eq-Cl) 23 2375, 1977, 1923
(dmbpy)Mn(CO)s(eq-COs) (eq-Cl) 28 2379, 2030, 1962
(dtbpy)Mn(CO);(ax-COs)(ax-Cl) 27 2425, 1972, 1920
(dtbpy)Mn(CO)s(eq-COq)(ax-C1) 14 2378, 1974, 1925
(dtbpy)Mn(CO)s(ax-COs ) (eq-C1) 23 2375, 1976, 1921
(dtbpy)Mn(CO)s (eq-CO2) (eq-Cl) 28 2377, 2026, 1955
(dfbpy)Mn(CO), (ax-CO,) (ax-C1) 31 2427, 1984, 1938
(dfbpy)Mn(CO)s(eq-COs ) (ax-Cl) 15 2384, 1990, 1947
(dfbpy)Mn(CO)s(ax-COs) (e q—Cl) 24 2380, 1988, 1940
(dfbpy)Mn(CO)s(eq-COs ) (eg-Cl) 30 2381, 2044, 1983
(dftbpy)Mn(CO)5(ax-CO2)( X—Cl) 32 2428, 1984, 1939
(dftbpy)Mn(CO)2(eq-CO,)(ax-Cl) 15 2384, 1990, 1947
(dftbpy)Mn(CO)s(ax-COy) (eg-Cl) 24 2380, 1991, 1943
(dftbpy)Mn(CO)3(eq-CO2)(eq-Cl) 30 2381, 2044, 1983

Table 3.6: Table of BDE computed values for the M-CO4 bond between [(4,4’-Ro-
2,2’-bpy)Mn(CO),(C1)] and CO, and their calculated v(CO) and CO, vibrational
frequencies.

increased in energy and as such is now the LUMO-1 orbital of the fragment, and
interacts with the CO, n7 orbitals.

The calculated IR bands for five (L)Mn(CO)y(CO4)(Cl) complexes and their
isomers are given in Table 3.6 and a similar trend to that of the pianostool com-
plexes is noted. The complexes bearing more electron donating groups have their
COy band shifted to a lower wavenumber, while the presence of electron with-
drawing groups causes the CO, band to shift up to higher wavenumbers. The shift
of these CO, bands has a maximum range of 3 cm™! which is less than predicted
for the pianostool complexes. This is due to the lower degree of functionalisa-
tion for the bpy complexes where there are only two additional functional groups
where there are six additional functional groups for the pianostool complexes.
The wavenumber of the CO, vibrational frequency varies between isomers with
the band in isomer 1 appearing at a much higher wavenumber than in isomers 2,

3 and 4. This is related to the trend noted in Figure 3.17, where the M-O-C bond
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Figure 3.18: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)s(ax-Cl)] fragment with an axial vacant site and the orbitals of a
linear CO5 molecule. Isomer 1

angle is significantly smaller for isomers 2, 3 and 4. From the data in Table 3.5
it can be seen that this causes the O3-C3 and C3-0O4 bonds to be more similar in
length in isomer 1 when compared with the other isomers which in turn causes
the antisymmetric stretch, which is the vibration responsible for this IR band,
to be excited at a higher energy, closer to that of free CO5 (2565 cm™'). The
calculated v(CO) bands display the same trend for the bound CO, with more
electron donating groups causing v(CO) bands to shift to a lower wavenumber
and the presence of electron withdrawing groups causes the reverse. It can also
be seen that isomers 1, 2 and 3 all have both their carbonyl bands between 1984
- 1972 em™! and 1939 - 1920 cm ™!, but for isomer 4 the carbonyl bands are found
between 2044 - 2026 cm ™! and 1983 - 1955 cm~!. This is because of the previ-
ously mentioned trans influence which causes the carbonyl bands in isomer 4 to
interact with the manganese centre less strongly, therefore resulting in stronger

C-0O bonds appearing at higher wavenumbers.
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Figure 3.19: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)s(ax-Cl)] fragment with an equatorial vacant site and the orbitals
of a linear CO5 molecule. Isomer 2
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Figure 3.20: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)s(eq-Cl)] fragment with an axial vacant site and the orbitals of a
linear COy molecule. Isomer 3
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Figure 3.21: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)s(eq-Cl)] fragment with an equatorial vacant site and the orbitals
of a linear CO9 molecule. Isomer 4

The data in Figure 3.22 reveals a trend showing that the COy complexes
become more stable with more electron withdrawing groups attached to the bpy
ligand for isomer 1. The presence of a more electron withdrawing bpy results in
a lower energy metal fragment, which in turn decreases the energy gap between
the unoccupied bonding orbital of the metal fragment and the CO; bonding
orbital. This effect also decreases the energy difference between the bonding and
antibonding orbitals of the COy complex. This effect is less noticeable than it
was for the pianostool complexes. The same trend was found to also be true for
isomers 2, 3 and 4, with a comparatively equal energy change found between

electron donating and electron withdrawing bpy substituents.

Re Complex Geometry Optimisations, Bond Lengths and Bond

Strengths

For the previously studied pianostool complexes, it was found that the neutral

rhenium and manganese complexes had different preferential binding modes to
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Figure 3.22: Simplified frontier orbital interaction diagram displaying the or-
bitals involved in end-on CO, coordination for [(4,4’-H,-2,2’-bpy)Mn(CO).(Cl)],
[(4,4-Meo-2,2’-bpy)Mn(CO)y(Cl)] and [(4,4’-(CF3)2-2,2-bpy)Mn(CO)4(Cl)] and
the energy gap between them.

COg. In order to further investigate whether the change from a neutral to cationic
complex has an influence on the preferred CO4 binding mode, DFT calculations
were performed on the rhenium variants of the same set of complexes. The
resulting structures of the four isomers of [(bpy)Re(CO)2(Cl)(CO3)] are given in
Figure 3.23. It is observed that the n'-OCO binding mode is also calculated to
be the lowest energy for this set of cationic complexes too. The Re-O-C bond

angle is smaller when COy and Cl are cis to each other in isomers 6, 7 and 8,

displaying a bond angle of 123 + 3°.

Bond Length /A 5 6 7 8

Re-C1 1.891 1.894 1.886 1.993
Re-C2 1.891 1.889 1.859 1.994
Re-O3 2.315 2343 2478 2.353
Re-N1 2.198 2.191 2.102 2.099
Re-N2 2.198 2.063 2.207 2.052
C1-01 1.161 1.160 1.162 1.146
C2-02 1.161 1.161 1.160 1.147
03-C3 1.158 1.169 1.167 1.168
C3-04 1.152 1.146 1.146 1.147

Table 3.7: Table of bond lengths for the four isomers of [(bpy)Re(CO)2(C1)(CO2)]
from Figure 3.23.
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Figure 3.23: Optimised structures obtained at the DFT-M06/LANLOS(f) (met-
als) and 6-311++G** level for [(bpy)Re(CO)q(ax-Cl)(ax-CO3)] (5) (top left),
[(bpy)Re(CO)z(ax-Cl)(eq-CO2)] (6) (top right), [(bpy)Re(CO)z(eq-Cl)(ax-CO,)]
(7) (bottom left) and [(bpy)Re(CO)2(eq-Cl)(eq-CO3)] (8) (bottom right) show-
ing the preferential n'-OCO end-on binding mode.

The data in Table 3.7 shows the different bond lengths of each of the four
isomers described in Figure 3.23; again, there is noticeable variation in bond
lengths between the isomers. The length of Re-C1 and Re-C2 bonds can again be
explained by the trans influence. Re-C1 and Re-C2 are longest in isomer 8 and
are shorter in isomer 5. In isomers 6 and 7, Re-C1 is found to be longer than
Re-C2, which also match up with the manganese isomers for the same reasons
relating to the trans influence.

The shortest Re-O3 bond is found in isomer 5, which shown in Table 3.8 is the
strongest bond of the four isomers by a significant margin. This is the strongest

Re-O bond because the CO, molecule is not located trans to a destabilising

CO ligand and has a higher energy antibonding orbital at -1.6 eV and a much
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lower energy bonding orbital at -15.4 eV as shown in Figure 3.24. Isomer 6
has a weaker CO5 bond than isomer 5, along with a longer Re-O3 bond. The
antibonding orbital of isomer 6 is also found at -1.6 eV, but its bonding orbital is
found at a higher energy of -14.9 eV, c.f isomer 5, so there is less of a stabilising
effect from this bonding interaction. Isomer 7 has a Re-O3 bond length longer
than all of the other isomers, but still a strong R-O bond. This is due to the
fact the CO, ligand is located trans to a CO ligand, which causes this bond
to be lengthed by the structural trans influence. The Re-O bond strength is
helped by its high energy antibonding orbital, at -1.4 eV, which stabilises this
interaction into being more favourable. Isomer 8 has the weakest Re-O bond
and a longer Re-O3 bond length when compared to its closest analogue isomer
6, as both have CO, ligands located trans to the bpy ligand. This is due the
fact that the antibonding orbital of isomer 8 is found at the lowest energy, at
-2.1 eV, meaning this bonding interaction is not as stabilising as it is for isomer
6 and hence causing the longer and weaker bond. It can also be seen from the
data in Table 3.8 the same trend resulting from the presence of electron donating
groups on the bpy ligand causing a decrease in Re-OCO bond strength; electron
withdrawing groups on the bpy causing an increase in Re-OCO bond strength.
The difference that this increase in bond strength based on bpy functional group
change makes for these rhenium bpy complexes is a smaller change than was

noted for the manganese bpy complexes.

Re Complex Vibrational Frequencies and Orbital Interactions

The calculated CO, IR bands reported in Table 3.8 follow the same trend as for
the manganese bpy complexes where the complexes with more electron donating
groups have their COy band shifted to a lower wavenumber and the presence of
clectron withdrawing groups causes the COy band to shift up in wavenumber.
The value of the CO4 vibrational frequency varies between isomers with the band

in isomer 5 appearing at a much higher wavenumber than in isomers 6, 7 and
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Complex

BDE / kJ mol !

v(CO;y and CO) /em™!

(bpy)Re(CO)y(ax-CO4)(ax-Cl)
bpy)Re(CO),(eq-CO,)(ax-Cl)
bpy)Re(CO)z(ax-CO3)(eq-Cl)
bpy)Re(CO)z(eq-CO4)(eq-Cl)

(

E

(dmbpy)Re(CO);(ax-CO2)(ax-Cl)
(dmbpy)Re(CO);(eq-CO,) (ax-Cl)
(dmbpy)Re(CO)y(ax-COq)(eq-Cl)
(dmbpy)Re(CO)2(eq-CO3)(eq-Cl)
(dtbpy)Re(CO)5(ax-CO2)(ax-Cl)
(dtbpy)Re(CO)a(eq-COy)(ax-Cl)
(dtbpy)Re(CO),(ax-CO2)(eq-Cl)
(dtbpy)Re(CO)a(eq-CO,)(eq-Cl)
(dfbpy)Re(CO)2(ax-CO2)(ax-Cl)
(dfbpy)Re(CO)2(eq-CO4)(ax-Cl)
(dfbpy)Re(CO)2(ax-CO2)(eq-Cl)
(dfbpy)Re(CO), (eq-CO,) (eq-Cl)
(dftbpy)Re(CO)a(ax-COs)(ax-Cl)
(dftbpy)Re(CO)2(eq-CO,)(ax-Cl)
(dftbpy)Re(CO)3(ax-CO2)(eq-Cl)
(dftbpy)Re(CO)2(eq-CO2)(eq-Cl)

Table 3.8: Table of BDE values for the M-COy bond between [(4,4’-Ry-2,2'-
bpy)Re(CO),(Cl)] and CO5 and their calculated v(CO) and CO, vibrational fre-

quencies.

8, which is again related to the trend noted in Figure 3.17 where the M-O-C
bond angle is altered. The calculated v(CO) vibrational frequencies display the
same trend as for the CO5 bonds with more electron donating groups have their
v(CO) vibrational frequencies shifted to a lower wavenumber and the presence of
electron withdrawing groups causes the v(CQO) vibrational frequencies to shift to
higher wavenumber. This effect is far more noticeable for the CO ligands when
compared with CO, as the CO ligand and its ability to strongly backbond with
the metal centre means it is more sensitive to changes at the metal centre. The

CO vibrational frequencies for isomers 5, 6 and 7 all have their carbonyl v(CO)

values between 1967 - 1940 ¢m™*!

carbonyl vibrational frequencies are found between 2039 - 2011 cm™! and 1944 -

41
16
26
)
41
16
25
4
41
16
26
6
43
17
27
10
43
17
27
9

2422, 1043,
2384, 1952,
2381, 1952,
2378, 2022,
2421, 1940,
2384, 1048,
2381, 1048,
2378, 2015,
2418, 1940, 1880
2383, 1945, 1883
2380, 1947, 1882
2377, 2011, 1911
2425, 1954, 1899
2386, 1966, 1907
2385, 1963, 1905
2380, 2038, 1944
2425, 1955, 1898
2387, 1967, 1907
2386, 1965, 1904
2383, 2039, 1944

1884
1892
1889
1923
1880
1886
1883
1916

and 1907 - 1880 cm™!, but for isomer 8 the

1911 cm~!. This is again due to the previously mentioned trans influence.
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Figure 3.24: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Re(CO)y(ax-Cl)] fragment with an axial vacant site and the orbitals of a
linear CO, molecule. Isomer 5
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Figure 3.25: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Re(CO)s(ax-Cl)] fragment with an equatorial vacant site and the orbitals
of a linear CO, molecule. Isomer 6
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Figure 3.26: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Re(CO)s(eq-Cl)] fragment with an axial vacant site and the orbitals of a
linear COy molecule. Isomer 7
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Figure 3.27: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Re(CO)sa(eq-Cl)] fragment with an equatorial vacant site and the orbitals
of a linear CO5 molecule. Isomer 8



Relaxation Energies

From the data in Table 3.8, the stability of the complexes can be understood
by examining the geometry and energy of the intermediate species of the struc-
ture [(bpy)Re(CO)2(Cl)] which would be formed before CO5 coordination. These
structures are given in Figure 3.28; in each case the structure is optimised from a
starting geometry with a vacant site and Cl ligand in each of the different axial or
equatorial positions. In the isomers where the vacant site and the Cl atom start
off cis to each other, the Cl atom appears to relax into the vacant site causing
this structure to be more stable. In the isomer with the Cl and vacant site are
trans to each other, there is very little relaxation of the Cl atom as it is locked
into position by the coplanar carbonyl ligands. The carbonyls do not relax into
the vacant site as this change in gecometry would make their orbital overlap, and
therefore backbonding with the metal significantly weaker. This lack of relax-
ation of the Cl atom into the vacant site makes this isomer of the intermediate
species much higher energy than the other three. This means when CO5 binds
into the vacant site of any of the isomers with the cis relation between CO- and
the Cl, there is the gain in stability of the CO4 binding, but also a decrease in
stability as the relaxation of the Cl can no longer occur. In the isomer where the
vacant site and the Cl atom are trans there is only the extra stabilisation gained
from the binding of the CO,, and no competing increase in energy from the Cl
atom not being able to relax.

The relaxation energies of each isomer can be calculated for comparison for
the complexes with the vacant site and the CO5 bound complex. For isomer 5
the relaxation energy of its intermediate species is just under 1 kJ mol™!, which
is much lower than the values of 40 kJ mol™!, 17 kJ mol~! and 45 kJ mol~! for
isomers 6, 7 and 8, respectively. This trend of decreasing relaxation energy, which
results in a stronger CO4y bond is found to fit the trend in the data presented in

Table 3.8 perfectly.
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Figure 3.28: Four optimised structures obtained at the DFT-M06/LANLOS(f)
(metals) and 6-311+4G** level for [(dftbpy)Re(CO)y(Cl)| with different Cl and
vacant site positions. Cl and vacant site axial (top left), Cl axial and vacant site
equatorial (top right), Cl equatorial and vacant site axial (bottom left), Cl and
vacant site equatorial (bottom right).

Influence of Bipyridine Functionalisation on Complex Stability

For the neutral rhenium complexes, the change in orbital energy gap as the bpy
substituents change was investigated. The same trend as seen for the manganese
complexes was found, where the more electron withdrawing bpy has a lower en-
ergy metal fragment, which in turn lowers the energy gap between the unoccupied
bonding orbital of the metal fragment and the CO5 bonding orbital. This effect
again also decreases the energy difference between the bonding and antibonding
orbitals of the CO5 complex. For the rhenium complexes the orbital energy gap
for dmbpy is 12.16 eV, for bpy is 12.12 eV and for dfbpy is 11.95 eV which are
slightly larger numbers than for the manganese complexes but the trend remains

the same.
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Mn and Re Complex Bond Length Comparisons

Table 3.9 allows for a comparison between the data for each of the manganese
and rhenium isomers when looking at bond lengths where isomers 1-4 are the
manganese complexes and isomers 5-8 are the rhenium complexes. For the rhe-
nium complexes, the M-X bonds are longer than the corresponding M-X bonds
in the manganese analogues which is due to the fact that rhenium has a much
larger ionic radius than that of manganese. The M-C bonds are on average 0.11
A longer in the rhenium complexes than the manganese complexes but the C-O
bonds of the carbonyls are on average only 0.008 A longer in the rhenium com-
plexes. For isomers 1 and 5, the M-N bond is consistently longer by 0.141 A in the
rhenium complex over the manganese analogues, which is due to the previously
mentioned difference in ionic radii between the two metals. For isomers 2 and 6
the difference in length for M-N1 is 0.147 A, which is similar to that seen between
isomers 1 and 5, but the difference in length for M-N2 is 0.087 A. This difference
is due to the coordination of the COs ligand in the position trans to M-N2, this
is also observed for isomers 4 and 8 where M-N1 has a larger difference in length
than M-N2. For isomers 3 and 7 the opposite is seen, where the Re-N1 bond
is longer than Mn-N1 bond by 0.112 A, but the Re-N2 bond is longer than the
Mn-N2 bond by a greater amount of 0.143 A. This is again due to differences in
the trans influence as the larger shift is seen from the M-N bond located trans to

the carbonyl ligand.

Bond Length /A | 1 5 2 6 3 7 4 8

M-C1 1.788 1.891 | 1.791 1.894 | 1.781 1.886 | 1.878 1.993
M-C2 1.788 1.891 | 1.785 1.889 | 1.761 1.859 | 1.878 1.994
M-0O3 2,182 2.315 | 2.258 2.343 | 2.225 2.478 | 2.221 2.353
M-N1 2.057 2198 | 2.044 2.191 | 1.990 2.102 | 1.982 2.099
M-N2 2.057 2198 | 1.976 2.063 | 2.064 2.207 | 1.982 2.052
C1-01 1.152 1.161 | 1.152 1.160 | 1.152 1.162 | 1.143 1.146
C2-02 1.152 1.161 | 1.153 1.161 | 1.152 1.160 | 1.143 1.147
03-C3 1.156 1.158 | 1.168 1.169 | 1.166 1.167 | 1.167 1.168
C3-04 1.153 1.158 | 1.147 1.146 | 1.148 1.146 | 1.147 1.147

Table 3.9: Table of bond lengths for isomers 1-8 with each manganese and rhe-
nium isomer grouped together.
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For isomers 1 and 5 the M-O3 bond is 0.133 A longer for the rhenium complex
than the manganese one, which is again due to the difference in ionic radii between
the metals, an effect similar to that seen in isomers 4 and 8 where the difference
is 0.132 A. For isomers 2 and 6 the M-O3 bond is 0.085 A longer for the rhenium
complex than the manganese one which is a smaller difference than other isomers.
For isomers 3 and 7 the M-O3 bond is 0.253 A longer for the rhenium complex
than the manganese one which is a much greater difference than other isomers.
This increased difference for isomers 3 and 7 is related to the same observation
made for the M-N bonds where the bond located trans to a carbonyl ligand is
lengthened more in the rhenium complex than it is in the manganese analogue.
This variation in M-O3 bond length between metals and isomers is generally
impactless on the length of both the O3-C3 and C3-O4 bonds of the CO4 ligand
where the mean difference in length for the O3-C3 and C3-O4 bonds between the

rhenium and manganese complexes is 0.001 A.

Cyclopentane Re Complexes

This Thesis also has a focus on alkane complexes and a such cyclopentane was also
briefly investigated and the bond lengths of these complexes are documented in
Table 3.10. Cyclopentane was chosen over other alkanes because its a commonly
available lab solvent, easily dried, and less toxic than many non cyclic alkanes
while also not being too large and therefore computationally intensive. Some
other ligands,Xe, Kr and Ar, and their coordination to the [(bpy)Re(CO)4(C1)(L)]
framework were also briefly investigated. The geometry optimisations did not
minimise towards a structure where the noble gas atoms were coordinated to the
metal which suggested that these complexes would not be formed.

The first thing to note is that the Re-C1, Re-C2, C1-O1 and C2-O2 bond
lengths are all very similar to those seen for the rhenium CO5 complex analogues
and the same can be said for the Re-N1 and Re-N2 bond lengths that have

slightly more variance, but still all similar. The other bonds that are analysed
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Figure 3.29: Optimised structures obtained at the DFT-M06/LANLOS(f)
(metals) and 6-3114++G** level for [(dmbpy)Re(CO)s(ax-Cl)(ax-CsHi)]
(5-CsHyg, top left), [(dmbpy)Re(CO)y(ax-Cl)(eq-C5Hyg)] (6-CsHyg, top
right), [(dmbpy)Re(CO)s(eq-Cl)(ax-CsH19)] (7-CsHy9, bottom left) and
[(dmbpy)Re(CO)2(eq-Cl)(eq-CsH1g)] (8-CsHyg, bottom right).

are all directly related to the cyclopentane ligand and as such a comparison to
free cyclopentane is beneficial. C-C bonds are 1.543 A long in free cyclopentane
and the C-H bonds are 1.095 A long. It can be seen that bond between the H
atom closest to the metal centre and its coordinated C atom in cyclopentane
is elongated compared with the 1.095 A of free cyclopentane. A likely cause of
this is an interaction between the H atom and the metal increasing the electron
density in the C-H ¢* orbital. Further evidence of this interaction is that as the
Re-H bond length gets shorter as the C-H bond length gets larger. It can also
be seen that the bond C3-H2 bond length for all isomers is smaller than the free
cyclopentane bond length of 1.095 A. This suggests that the C-H bond between

the non-metal-interacting H atom and the C atom closest to the metal is stronger
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post ligand coordination. This trend of shortening of bonds can also be seen in
neighbouring C atoms on the cyclopentane, where the C3-C4 bond length is also

found to be shorter than in free cyclopentane.

Bond Length /A 5—C5H10 6—C5H10

Re-C1 1.893 1.893
Re-C2 1.893 1.890
Re-N1 2.197 2.209
Re-N2 2.197 2.078
Re-H1 1.928 1.964
C1-01 1.161 1.160
C2-02 1.161 1.163
C3-H1 1.142 1.131
C3-H2 1.089 1.091
C3-C4 1.531 1.532
Bond Length /A  7-CsHyy 8-CsHyg
Re-C1 1.884 1.991
Re-C2 1.858 1.991
Re-N1 2.111 2.112
Re-N2 2.210 2.066
Re-H1 2.180 1.973
C1-01 1.164 1.149
C2-02 1.161 1.149
C3-H1 1.111 1.127
C3-H2 1.093 1.090
C3-C4 1.533 1.534

Table 3.10: Table of bond lengths for all four isomers for
[(dmbpy)Re(CO)2(C1)(C5Hyp)] from Figure 3.29.

The data in Table 3.11 show the calculated BDE values and calculated v(CO)
vibrational frequencies for the different isomers of [(dmbpy)Re(CO)2(Cl)(CsHyp)].
This data shows that the trend when compared with the COy complexes is dif-
ferent. The isomer with both Cl and C5H;q bound in axial positions displays a
Re-H bond strength of 21 kJ mol™! greater than the Re-O interaction strength
as seen in the dmbpy analogue of isomer 5 but the other isomers are no stronger
than 3 kJ mol™!. There is also a difference in the calculated v(CO) vibrational
frequencies where the isomer with both Cl and C5H;y bound in axial positions is
found to have both its bands at slightly higher wavenumber when compared with
the dmbpy variant of isomer 5 by 4 cm™!. The other three cyclopentane complex

isomers are all predicted to have their v(CO) vibrational frequencies between 2
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to 6 cm~! lower in wavenumber compared with those of the dmbpy variants of
isomers 6, 7 and 8. The calculated IR spectra for the cyclopentane complexes are

all predicted to display a small peak between 2432 and 2600 cm !

, which is due
to the C-H stretch of the H atom that is interacting with the metal centre which

may act as a signal peak for any experimental work in this field in the future.

Complex BDE / kJ mol™! »(CO) /em™
(dmbpy)Re(CO),(ax-C5Hjp) (ax-Cl) 62 1944, 1884
(dmbpy)Re(CO)s(eq-CsHyo ) (ax-C1) 19 1946, 1880
(dmbpy)Re(CO)(ax-C5Hjyp) (eq-Cl) 26 1945, 1887
(dmbpy)Re(CO)s(eq-CsHyp)(eq-Cl) 6 2010, 1911

Table 3.11: Table of BDE values for the M-CO, bond between
[(dmbpy)Re(CO)5(Cl)] and CsH;y and their calculated v(CO) vibrational fre-

quencies.

3.2.4 DFT Investigation of Cationic Mn and Re a-Diimine

Complexes

Mn Complex Geometry Optimisations, Bond Lengths and Bond

Strengths

Geometry optimisations of both fac-[(bpy)Mn(CO)3(CO2)|* (9) and mer-
[(bpy)Mn(CO)3(CO9)]" (10) were performed together with frequency calcula-
tions to ensure the optimised structures were at the energy minimum. The result-
ing structures from these calculations are shown in Figure 3.30. These calculated
structures again show a clear preference for n'-OCO end-on binding of CO, and
have an M-O-C angle of 155 £ 3°, which is less linear than that determined for
the neutral isomer 1, but more linear than found for isomers 2, 3 and 4 where
there was a Cl group located cis to the CO, ligand.

The data in Table 3.12 shows the different bond lengths of both isomers 9
and 10 from Figure 3.30. For isomer 9, the bond distances Mn-C1 and Mn-C2
are the same since both carbonyl ligands are located trans to the same groups

and have the same chemical environment. However, Mn-C3 bond is shorter as
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Figure 3.30: Optimised structures obtained at the DFT-M06/LANLO8(f) (met-
als) and 6-3114++G** level for fac-[(bpy)Mn(CO)3(CO2)]" (left) and mer-
[(bpy)Mn(CO)3(CO)]T (right) showing the preferential n'-OCO end-on binding
mode.

it is located trans to the CO, ligand, which has an even smaller trans influence
than bpy. This trend is the same as that for the neutral isomer 3, but for the
neutral complexes these bonds are approximately 0.040 and 0.029 A shorter than
the bonds found in the cationic isomer 9. The similarities to isomer 3 continue
when looking at the C1-O1, C2-O2 and C3-0O3 bond lengths. Despite the Mn-C
bond length changing, the C-O bond lengths remain the same at a consistent
1.140 A for the cationic species, compared with 1.152 A in the neutral isomer
3. This is expected due to the shorter C-O bonds meaning a greater degree of
backbonding. For isomer 10 the same trend is noted where the Mn-C1 bond is
shorter than the Mn-C2 and Mn-C3 bonsds due to the trans influence, which is
the same trend noted for the neutral isomer 4, where the neutral Mn-C bonds
were again found to be longer. The C1-O1 bond in isomer 10 is seen to be 0.010
A longer than C2-0O2 and C3-O3 because of its greater degree of backbonding
to the manganese centre since it is not located trans to a carbonyl ligand. This
difference of 0.010 A is in agreement with comparison to the neutral complexes
where isomer 4 had a longer C1-O1 bond compared with isomers 1, 2 and 3.

In isomer 9, both the Mn-N1 and Mn-N2 bonds are the same length since
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Bond Length /A 9 10

Mn-C1 1.821 1.812
Mn-C2 1.821 1.887
Mn-C3 1.790 1.887
Mn-0O4 2.226  2.196
Mn-N1 2.049 2.057
Mn-N2 2.049 2.016
C1-01 1.140 1.144
C2-02 1.140 1.134
C3-03 1.140 1.134
04-C4 1.164 1.165
C4-05 1.145 1.144

Table 3.12:  Table of bond lengths for both isomers 9 and 10 of
[(bpy)Mn(CO)3(CO,)]* from Figure 3.30

both are located trans to carbonyl ligands, but this time these Mn-N bonds are
0.008 A longer than those in isomer 1. This stronger Mn-N interaction for the
cationic complexes is due to the electron donating nature of the N atoms on the
bpy ligand interacting more strongly with a cationic metal when compared with
a neutral one. In isomer 10 the Mn-N1 and Mn-N2 bonds are 0.041 A different
in length due to being located trans to different ligands although this is a much
smaller disparity than that seen in its neutral analogue where the difference is
0.068 A. This disparity is related to the fact that the carbonyl ligands in the
neutral complex bind stronger than in the cationic complexes, as indicated by
the shorter Mn-C bond distances. This stronger interaction between the metal
and the carbonyl causes a greater trans influence and so therefore the Mn-N bonds
located trans to the carbonyl ligands in the neutral complex are lengthened more
than in the cationic complex.

For isomer 9, the Mn-O4 bond distance is 2.226 A with the bond located trans
to a carbonyl ligand, which is virtually identical to that seen in isomer 3 where the
Mn-O3 bond length is 2.225 A and the 04-C4 and C4-C5 bond lengths are also
almost identical at 1.164 and 1.165 A. For isomer 10 the Mn-O4 bond is shorter
than in isomer 9 because it is not located trans to a carbonyl and is shorter
than its neutral analogues where the COs is bound trans to the bpy ligand. This

suggests a potential stronger binding for the cationic complexes than seen for the
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neutral complexes. The O4-C4 and C4-O5 bond lengths for isomer 10 are almost
identical to those found in isomer 9, which suggests that the COy IR stretching
band for these two complexes would be very close in frequency. This is confirmed
by the data reported in Table 3.13 where a set of bond dissociation energies and
frequency calculations for both isomers of five different manganese complexes is
reported. The calculated CO, IR bands for isomers 9 and 10 are predicted to be
at 2421 and 2418 cm ™!, respectively. These calculated wavenumbers for the CO,
band are found to be lower than the neutral isomer 1 by only a few wavenumbers,

but much higher than the CO, band for isomers 2, 3 and 4.

Complex BDE / kJ mol™! »(CO; and CO) /em™!
fac-[(bpy)Mn(CO)35(CO,)|* 39 2421, 2079, 2017, 2010
mer-[(bpy)Mn(CO)3(CO)]* 50 2418, 2105, 2038, 2003
fac-[(dmbpy)Mn(CO)3(CO,)]* 36 2421, 2076, 2013, 2006
mer-[(dmbpy)Mn(CO)3(CO,)]* 48 2419, 2102, 2033, 1999
fac-[(dtbpy)Mn(CO)s(CO,)]* 34 2422, 2075, 2011, 2004
mer-[(dtbpy)Mn(CO)3(CO,)]* 48 2420, 2102, 2033, 1995
fac-[(dfbpy)Mn(CO)3(CO,)]* 43 2420, 2082, 2023, 2017
mer-[(dfbpy)Mn(CO)3(CO)]* 52 2418, 2110, 2046, 2010
fac-[(dftbpy)Mn(CO)3(COy)]* 42 2420, 2082, 2023, 2015
mer-[(dftbpy)Mn(CO)3(CO,)]* 52 2418, 2112, 2048, 2010

Table 3.13: Table of BDE values for the M-COy bond between [Mn(4,4’-R,-2,2’-
bpy)(CO)s]" and CO4 and their calculated v(CO) values.

Mn Complex Orbital Interactions and Vibrational Frequencies

The calculated v(C-O) bands are presented in Table 3.13 and it should be noted
that the majority lie above 2000 cm™!, which is quite different to values for
the neutral manganese complexes. This much higher frequencies for the v(C-O)
stretches is characteristic of a cationic and more electron deficient metal centre
resulting in a reduction of M —CO back-bonding.

For isomer 9 there are two v(C-O) stretches with lower wavenumber than
isomer 10 and one with higher. This is consistent with the different C-O bond
lengths where isomer 9 has two C-O bonds which are longer and one C-O bond

which is shorter than isomer 10. It can also be seen that as the substituent
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changes on the bpy for these cationic complexes the v(C-O) bands are found
to shift up in wavenumber for the electron withdrawing substituents and shift
down in wavenumber for the electron donating substituents. The shifts in these
carbonyl bands vary by a maximum of 15 cm ™!, which is less than the maximum
variation caused by changing substituents for the neutral manganese complexes
where the difference was 28 ecm™?. It is also worth noting that in the experimental
spectra of this type of complexes, when taken in non-polar solvents, the FWHM
of the IR peaks in solution are approximately 8 cm™!. This means that the fac
CO4 complex would likely display only two clearly distinct CO bands, with one
probably being broader than the other due to an overlap of peaks. The mer
isomer has peaks which are spaced far enough apart that is far more likely that

this isomer would display three distinct bands.

Bpy CO, Complex Diff / kJ mol™"  Intermediate Diff / kJ mol™!

dtbpy 51 63
dmbpy 50 62
bpy 48 58
dfbpy 46 55
dftbpy 46 55

Table 3.14: Table of calculated energy differences. The left column is the dif-
ference between the more stable fac and less stable mer isomers of the cationic
COq complexes. The right column is the difference between the more stable fac
and less stable mer isomers after having undergone CO loss (the intermediate
complex, briefly formed with a vacant site, before CO5 coordination).

The BDE values for isomers 9 and 10 are given in Table 3.13, it can be seen
that the fac isomer is consistently predicted to bind to CO, 9-14 kJ mol~! more
weakly than the mer isomer. This is due to the trans influence causing the CO4
in the fac isomer to be a lot more labile than in the mer isomer. The strong trans
influence of both CO ligands destabilising each other found in the mer isomer
makes the fac isomer lower in energy and therefore more stable. The intermediate
species formed following CO loss but before the CO; is coordinated is also found
to be lower in energy and more stable for the fac isomer compared with the mer

isomer. The CO; complex fac isomer is found to be more stable than the mer
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isomer by 51 to 46 kJ mol~!, depending on the bpy substituent. The intermediate
tricarbonyl species for the fac isomer is found to be more stable than the mer
isomer by 63 to 55 kJ mol™!, depending on the bpy substituent. The energy
differences for each isomer and each bpy substituent can be seen in Table 3.14.
The greater difference in stability between isomers for the intermediate species
compared with the COy complex suggests that the binding of CO, stabilises the
mer- isomer more than it stabilises the fac- isomer as the difference gets smaller
upon CO, binding. This difference of 12 to 9 kJ mol~! is similar to the difference
seen between the strength of the M-CO, interaction for the isomers represented in
Table 3.13 which is between 10 to 14 kJ mol™', depending on the bpy substituent.
Another minor factor is the relaxation energy differences between vacant site
species and COy coordinated species which were very dominant for the neutral
bpy complexes. This is a much smaller factor for the cationic complexes than it
was for the neutral complexes as now there is no Cl group. The CI group is a
primarily o bonding ligand which gives it a lot greater gcometric freedom to relax
into positions which limit the steric instability of the complex. The CO ligands
coordinated to the metal are involved in back-bonding which is both a 7 and o
interaction. This means its geometric freedom is a lot more limited as maintaining
a good orbital overlap is now not possible if the CO ligand deviates from the plane
of the metal. This lack of ability for the CO ligand to relax to a more favourable
steric position means that the relaxation energy lost upon CO, coordination is a
lot smaller for the cationic complexes compared with the neutral, CI containing,
complexes. The relaxation energy lost from CO5 coordination is greater for the
fac isomers (4 kJ mol™1) compared with the mer isomers (2 kJ mol~1) meaning
that the intermediate species for the mer isomers are giving up less relaxation
compared with the fac isomers and as such display a stronger CO5 bond. This is
further reinforced by the previous point mentioned where it was showed that the
fac intermediate species is more stable than the mer intermediate.

It can be also be seen that both cationic isomers have a higher M-CO, bond
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Figure 3.31: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)3]* fragment with an axial vacant site and the orbitals of a linear
CO5 molecule. Isomer 9
strength than any of the neutral manganese complexes. The explanation for this
can be seen from Figures 3.31 and 3.32, which show MO diagrams describing
the interaction of orbitals of [(bpy)Mn(CO)s]™ fragments and the orbitals of the
linear CO5 molecule for each isomer. It can be seen that the energy of the metal
fragment LUMO is lower in energy by around 4 eV when compared with the
neutral manganese isomers. This means that the interacting metal d, orbital is
now much closer in energy to the -13.7 eV CO, o orbital. This decrease in energy
causes this interaction where the ¢ lone pair on the CO4y donates electron density
onto the metal d, orbital more easily than it did for the neutral complex and as
such results in a stronger M-n'-OCO interaction.

From the data in Table 3.13 the impact of changing substituents on these
cationic manganese complexes can be seen; the same trend noted for the neutral
complexes is seen where a more electron withdrawing bpy increases the metal to

CO4 binding strength and a more electron donating bpy decreases the metal to
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Figure 3.32: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Mn(CO)3]* fragment with an equatorial vacant site and the orbitals of a
linear CO5 molecule. Isomer 10

CO, binding strength. The fac isomers vary in strength by 8 kJ mol~! and the
mer isomers vary by 4 kJ mol™!, which are slightly larger variations than seen
from altering substituents for the neutral manganese complexes.

In Figure 3.33 a simplified diagram containing only the orbitals involved in
bonding for three fac isomers with differently functionalised bpys is given. A
trend can be noted where the fac cationic manganese COs complexes become
more stable with more electron withdrawing groups attached to the bpy ligand.
The more electron withdrawing bpy has a lower energy metal fragment resulting
in a smaller energy gap between the unoccupied bonding orbital of the metal frag-
ment and the COy bonding orbital. For these fac cationic manganese complexes
the effect of changing the substituents on the bpy ligand is significantly less than
when changing the substituents on the arene of the pianostool complexes. The
increase in stability when changing the substituents for the fac cationic man-
ganese complexes from more electron donating to electron withdrawing is slightly

less than the increase in stability for the neutral manganese bpy complexes too.
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Figure 3.33: Simplified frontier orbital interaction diagram showing the or-
bitals involved in end-on COs coordination for the fac isomers of [(4,4'-
Hy-2,2-bpy)Mn(CO)3]*, [(4,4'-Mes-2,2’-bpy)Mn(CO)3]" and [(4,4’-(CF3)z-2,2™-
bpy)Mn(CO)3]* and the energy gap between them.
The metal fragment orbital energies are on average approximately 4 eV lower in
energy for the cationic complexes when compared with the neutral ones, but the
gap between the bonding and antibonding orbital remains similar in magnitude.
The data in Figure 3.34 shows the same trend as seen for the fac isomers from
Figure 3.33, but this time the difference caused from changing the substituent
on the bpy is incredibly minor. The bonding-antibonding orbital energy gap for
these mer isomers is also larger than it was for the fac isomers. The bonding
orbital is almost identical in energy to the fac isomers but the antibonding orbital
is higher in energy. This higher energy antibonding orbital also confirms that the

mer isomers should bind more strongly to CO5 than the fac isomers.
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Figure 3.34: Simplified frontier orbital interaction diagram displaying the or-
bitals involved in end-on COy coordination for the mer isomers of [(4,4-
Hy-2,2’-bpy)Mn(CO)s]*, [(4,4'-Meg-2,2’-bpy)Mn(CO)3]" and [(4,4’-(CF3)2-2,2-
bpy)Mn(CO);]* and the energy gap between them.

Re Complex Geometry Optimisations, Bond Lengths and Bond

Strengths

Geometry optimisations of both fac-[(bpy)Re(CO)3(CO2)]" (11) and mer-
[(bpy)Re(CO)3(CO2)]" (12) were performed together with frequency calculations
to ensure the optimised structures had been obtained. The resulting structures
from these calculations are given in Figure 3.35. These calculated structures again
show a clear preference for n'-OCO end-on binding of CO, to these complexes
and have an M-O-C angle of 153 £ 2°, which is less linear than for the neutral
isomer 5 but more linear than for isomers 6, 7 and 8 where there was a Cl group
located cis to the CO4 ligand.

The data in Table 3.15 shows the different bond lengths of both isomers 11
and 12 from Figure 3.35 can be seen. For isomer 11 the Re-C1 and Re-C2 bonds
are the same length as both carbonyl ligands are located trans to the same groups

and have the same chemical environment, but Re-C3 is shorter as it is located
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Figure 3.35: Optimised structures obtained at the DFT-M06/LANLOS(f) (met-
als) and 6-311++G** level for fac-[(bpy)Re(CO)3(CO2)]" (left) and mer-
[(bpy)Re(CO)3(CO,)]T (right) showing the preferential n'-OCO end-on binding
mode.
trans to the CO, ligand, which has an even smaller trans influence than bpy.
This is the same as the trend seen for the neutral isomer 7, but for the neutral
complexes, Re-C1 and Re-C2 were found to be 0.049 and 0.033 A shorter than
the bonds found in the cationic isomer 9. The C1-O1 and C2-O2 bond distances
are found to be the same length at 1.145 A, which is in agreement with the same
Re-C bond lengths, but C3-03 is found to be a very minor 0.001 A longer. There
is also a minor bond length difference found in isomer 7 too of 0.002 A, but the
cationic species had 0.016 £ 0.001 A shorter C-O bond lengths which is expected
due to the longer Re-C bonds. For isomer 12 the same trend is noted where
the Re-C1 bond is shorter than the Re-C2 and Re-C3 bonds due to the trans
influence, which is comparable to the neutral isomer 8 where the Re-C bonds
were again found to be longer. The C1-O1 bond in isomer 12 is 0.013 A longer
than C2-O2 and C3-O3 bonds because of its greater degree of backbonding to
the rhenium centre.

In isomer 11 both the Re-N1 and Re-N2 bonds are the same length since both
are located trans to carbonyl ligands and both are also the identical lengths of

the Re-N bonds found in the neutral isomer 5 which also has both Re-N1 and
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Re-N2 bonds located trans to carbonyl ligands. In isomer 12 the Re-N1 and
Re-N2 bonds have a difference in length of 0.090 A due to being located trans to
different ligands (COy and CO) although the difference is smaller than that seen
in isomer 6 where Re-N1 and Re-N2 were also located trans to COy and CO but
had a difference in length of 0.117 A. This disparity is related to the fact that the
carbonyl ligands in the neutral complex bind more strongly than in the cationic
complexes, as evidenced by the shorter Re-C bond distances and, as such, have
a greater trans influence and so cause the bonds located trans to it to lengthen

more than they do in the cationic complex.

Bond Length /A 11 12

Re-C1 1.935 1.916
Re-C2 1.935 2.011
Re-C3 1.892 2.011
Re-O4 2.367 2.318
Re-N1 2.198 2.202
Re-N2 2,198 2.112
C1-01 1.145 1.151
C2-02 1.145 1.138
C3-03 1.146 1.138
04-C4 1.166 1.166
C4-05 1.143 1.143

Table 3.15: Table of bond lengths for both isomers of [(bpy)Re(CO)3(CO2)|*
from Figure 3.35

For isomer 11 the Re-O4 bond was found to be 2.367 A and is located trans
to a carbonyl ligand, which can be compared with isomer 7 where the Re-O3
bond length is 2.478 A and also located trans to a carbonyl ligand. The 04-C4
and O4-C5 bond lengths in each of these isomers are very similar despite the
variation of the Re-O bond length. For isomer 12 the Re-O4 bond, 2.318 A, is
shorter as the COy is not located trans to a carbonyl ligand and is again shorter
than that of its closest neutral analogues where the CO, is bound ¢rans to the bpy
ligand. The shorter Re-O bond lengths for the cationic complexes again suggests
a stronger M-CO5 bonding than seen for the neutral complexes. The O4-C4 and
C4-05 bond lengths for isomer 12 are almost identical to those found in isomer

11, which again suggests that the frequency of the CO; stretching IR band for
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these two complexes would be very similar. This can be seen from the data in
Table 3.16 where a set of bond dissociation energies and frequency calculations for
both isomers of five different rhenium complexes are presented. The calculated
CO, bands for each isomer are calculated to appear at 2418 and 2419 cm ™! which

are found to be slightly lower than neutral isomer 5 but higher than isomers 6,

7 and 8.
Complex BDE / kJ mol™!  v(COy and CO) /em™!
fac-[(bpy)Re(CO)3(CO,)]* 53 2418, 2074, 1989, 1986
mer-[(bpy)Re(CO)3(CO9)|* 66 2419, 2095, 2006, 1976
fac-[(dmbpy)Re(CO)3(COy)|* 50 2418, 2072, 1984, 1982
mer-[(dmbpy)Re(CO);3(CO2)]* 64 2420, 2092, 2001, 1971
fac-[(dtbpy)Re(CO)3(CO,)]* 48 2418, 2070, 1983, 1980
mer-[(dtbpy)Re(CO)3(COy)|* 63 2421, 2092, 1999, 1969
fac-[(dfbpy)Re(CO)3(CO,)]* 57 2417, 2078, 1995, 1993
mer-[(dfbpy)Re(CO)3(CO,)|*+ 69 2419, 2100, 2014, 1983
fac-[(dftbpy)Re(CO)3(COy)|* 56 2419, 2078, 1995, 1994
mer-[(dftbpy)Re(CO)3(CO9)]* 68 2421, 2100, 2014, 1983

Table 3.16: Table of BDE values for the M-COy bond between [(4,4’-Ry-2,2’-
bpy)Re(CO)3]™ and CO, and their calculated v(CO) values.

Re Complex Orbital Interactions and Vibrational Frequencies

The calculated v(C-O) bands can be seen in Table 3.16 and it can be seen that
the bands all lie at significantly higher wavenumbers than the neutral complexes
which is in agreement with the bond length analysis suggesting that the carbonyl
bands interact with the metal stronger in the neutral complexes. For isomer 11
there are two v(C-O) stretches with lower wavenumber than isomer 12 and one
with higher, which is in agreement with the different C-O bond lengths where
isomer 11 has two C-O bonds which are longer than isomer 12 which are therefore
weaker bonds which absorb at lower wavenumber and one C-O bond which is
shorter which would absorb at higher wavenumber. From the data in Table 3.16,
it can be seen that as the substituent on the bpy changes from electron donating
to electron withdrawing the v(C-O) bands are found to shift up in wavenumber.

The difference between the most blue and red shifted IR frequencies is 15 cm ™!,
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which is the same maximum shift as seen for the cationic manganese complexes
but smaller than the variation from the neutral rhenium complexes, which was
33 ecm~!. It is also worth noting again that in the experimental spectra of this
type of complexes, when taken in non-polar solvents, the FWHM of the IR peaks

in solution are approximately 8 cm™!.

This means that the fac CO5 complex
would likely display only two clearly distinct CO bands, with one probably being
broader than the other due to an overlap of peaks. The mer isomer has peaks
which are spaced far enough apart that is far more likely that this isomer would
display three distinct bands.

The BDE values for isomers 11 and 12 are given in Table 3.16 and it can
be seen that the fac isomer is consistently predicted to bind to COsy 12-15 kJ
mol~! more weakly than the mer isomer. This is due to the trans influence
causing the COs in the fac isomer to be a lot more labile than in the mer isomer.
These cationic rhenium complexes display the same trend as seen for the cationic
manganese complexes with the differences in stability between the complexes
and intermediate species which can be seen in Table 3.17. The COs complex fac
isomer is found to be more stable than the mer isomer by 85 to 80 kJ mol™*
depending on the bpy substituent whereas the intermediate tricarbonyl species
for the fac isomer is found to be more stable than the mer isomer by 99 to 90 kJ
mol~!. This difference of 14 to 10 kJ mol~! is also very similar to the difference
seen between the strength of the M-CO, interaction between the fac and mer

isomers from Table 3.16.

Bpy CO, Complex Diff / kJ mol™"  Intermediate Diff / kJ mol™*

dtbpy 85 99
dmbpy 85 98
bpy 83 94
dfbpy 80 91
dftbpy 80 90

Table 3.17: Table of calculated energy differences. The left column is the dif-
ference between the more stable fac and less stable mer isomers of the cationic
COq complexes. The right column is the difference between the more stable fac
and less stable mer isomers after having undergone CO loss (the intermediate
complex, briefly formed with a vacant site, before CO5 coordination).
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Figure 3.36: Schematic orbital interaction diagram between the orbitals of the
[(bpy)Re(CO);]* fragment with an axial vacant site and the orbitals of a linear
CO4 molecule. Isomer 11

From Table 3.16 it can be seen again that the cationic rhenium complexes
have a stronger Re-CO, bond than the neutral complexes. The explanation for
this can be seen from Figures 3.36 and 3.37, which show MO diagrams describing
the interaction of the orbitals of [(bpy)Re(CO)s|™ fragments with the orbitals of
the linear CO, molecule for each isomer. The metal fragment LUMO orbital is
again shifted down in energy compared with the neutral complex by around 4 eV
decreasing the energy gap between the interacting orbitals.

The data in Table 3.16 also shows the difference in bond energies as the
substituents on the bpy group change and again it can be seen that a more
electron withdrawing bpy increases the metal to COs binding strength and a
more electron donating bpy decreases the metal to COy binding strength. The
fac isomers vary in strength by 9 kJ mol~! and the mer isomers vary by 5 kJ
mol~!, which are slightly larger variations than seen in the neutral rhenium bpy

complexes when changing the substituents and a 1 kJ mol~! larger variation
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linear CO, molecule. Isomer 12

compared with the cationic manganese bpy complexes for both isomers.

Influence of Bipyridine Functionalisation on Complex Stability

For the cationic rhenium complexes the change in orbital energy gap as the bpy
substituents change was investigated. The same trend as seen again where the
more electron withdrawing bpy has a lower energy metal fragment which in turn
lowers the energy gap between the unoccupied bonding orbital of the metal frag-
ment and the CO, bonding orbital. For the fac isomers the bonding-antibonding
orbital energy gap for dmbpy is 12.09 eV, for bpy is 12.00 eV and for dfbpy is 11.84
eV, which slightly smaller energy gaps than the neutral rhenium bpy complexes
which were 12.16, 12.12 and 11.95 eV, respectively. For the mer isomers the
bonding-antibonding orbital energy gap for dmbpy is 12.83 eV, for bpy is 12.83
eV and for dfbpy is 12.82 eV, where it can be seen that the variation between

different substituents is close to zero.

3-62



Mn and Re Complex Bond Length Comparisons

The data in Table 3.18 allows for comparison of bond lengths between the differ-
ent manganese and rhenium complexes when comparing the same isomers. The
rhenium complexes, [(L)Re(CO)3(COy)]*, all have longer M-X bonds than the
manganese complexes, [(L)Mn(CO)3(CO3)]*, which is the same situation as seen
for the neutral bpy complexes. The M-C bonds are on average 0.111 A longer
in the rhenium complexes compared with the manganese analogues, with some
variation depending on what group is located trans to the CO ligand. The car-
bonyl C-O bonds in the rhenium complexes are only on average 0.006 A longer
than the cationic manganese ones. For isomers 9 and 11 the M-N1 and M-N2
bonds are consistently longer by 0.149 A in the rhenium complex compared to
the manganese complexes, due to the previously mentioned difference in ionic
radii. For isomers 10 and 12 there is more differences when comparing the M-N1
and M-N2 bond distance. For isomer 10 M-N1 is 2.057 A and M-N2 is 2.016 A
which is a 0.041 A difference from being located trans to different ligands but for
isomer 12 M-N1 is 2.202 A and M-N2 is 2.112 A which is a 0.090 A difference.

Bond Length /A | 9 11 10 12
M-C1 1.821 1.935 | 1.812 1.916
M-C2 1.821 1.935 | 1.887 2.011
M-C3 1.790 1.892 | 1.887 2.011
M-04 2.226 2.367 | 2.196 2.318
M-N1 2.049 2.198 | 2.057 2.202
M-N2 2.049 2.198 | 2.016 2.112
C1-01 1.140 1.145 | 1.144 1.151
C2-02 1.140 1.145 | 1.134 1.138
(3-03 1.140 1.146 | 1.134 1.138
04-C4 1.164 1.166 | 1.165 1.166
C4-05 1.145 1.143 | 1.144 1.143

Table 3.18: Table of bond lengths for isomers 9-12 with cach manganese and
rhenium isomer grouped together.

The M-0O4 distances reported Table 3.18 are larger for the rhenium isomers 11
and 12 compared with the manganese isomers 9 and 10, despite being stronger

bonds for the rhenium isomers. These greater M-O4 bond distances are due to the
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previously mentioned difference in ionic radii. For isomers 9 and 11 the difference
in M-O4 bond length is 0.141 A, but for isomers 10 and 12 the difference in M-O4
bond length is 0.122 A. The M-O bonds in mer isomers 10 and 12 are shorter
than their fac counterparts due to stronger M-O bonds. Much smaller differences
are seen in the O4-C4 and C4-O5 bonds between isomers, but it is noted that the
stronger the M-O bond the slightly longer the O4-C4 bond is and then in turn
the shorter the C4-O5 bond is.

When comparing the calculated IR bands for isomers 9-12 there are some
trends that can be noted. The first of which is that the position of the CO, band
does not vary more than 3 cm~! between metal or isomer, this is much less than
the variation in the different shifts calculated for all the carbonyl ligands. The
first carbonyl band in isomer 9 is found at 2079 cm™! and in isomer 10 at 2105

I and in isomer 12

cm ™! whereas in isomer 11 this band is found at 2074 cm™
2095 cm~!. Tt can be seen that this band has shifted down in wavenumber for the
rhenium isomers compared with the values for the manganese isomers and these
shifts are by 5 cm™! for the fac isomer and by 10 cm~* for the mer isomer. This
lower wavenumber for the rhenium isomers is expected due to the weaker C-O

! in isomer 10

bond. The second carbonyl band in isomer 9 is found at 2017 cm™
at 2038 cm ™!, in isomer 11 at 1989 cm™! and in isomer 12 at 2006 cm~!. The
bands in the rhenium complex are found at a lower wavenumber than those in
the manganese one, but this time the shifts are 28 cm ™" for the fac isomer and 32
em~! for the mer isomer, which is much larger than for the first carbonyl band.

The BDE values for isomers 9-12 can be seen on previous pages in Tables 3.13
and 3.16 and the main trend to be noted is that all the BDE values are between
14-16 kJ mol~! higher for the rhenium complexes than the manganese complexes.
It can also be noted that for both the manganese and rhenium complexes the mer
isomer is always predicted to have a stronger M-CO5 bond than the fac isomer.

This trend can be understood by examining the MO diagrams for the different

metals shown in Figures 3.31 and 3.36. The main cause of rhenium complexes
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displaying greater binding strength than manganese ones is that the rhenium CO,
complex is more stable than its manganese analogue, which can be seen from the
lower energy of the highlighted bonding orbital in Figure 3.36 where the orbital
lies at -18.9 eV compared with the same orbital in the manganese complex from
Figure 3.31 which lies at -18.6 eV. In both of these systems there is additionally
a larger stabilisation energy when comparing the energy of the metal fragment
LUMO with the COy complex bonding orbital for the rhenium complex. This
same trend is also noted in Figures 3.32 and 3.37 for the other isomers too and

is also seen across all the tested bpy substituents.

Cyclopentane Complexes

Figure 3.38: Optimised structures obtained at the DFT-M06/LANLO8(f) (met-
als) and 6-3114++G** level for [(dmbpy)Re(CO)3(ax-C5Hyq)] (11-C5Hjg, left) and
[(dmbpy)Re(CO)3(eq-CsHig)] (12-CsHio, right).

Cyclopentane was again investigated, for the same reasons as explained pre-
viously, as a potential alkane ligand, as it was for (dmbpy)Re(CO)y(Cl)(C5Hyp)
and the structures of these two complexes can be seen in Figure 3.38 and their
bond lengths can be seen in Table 3.19. Much like the situation when comparing
the neutral alkane complexes with neutral COy complexes the Re-C, C-O and
Re-N bonds are all fairly similar in length to the cationic CO5 complexes. These
cationic alkane complexes have longer Re-C bonds than the neutral alkane com-

plexes but very similar Re-N bond lengths. The Re-H bond lengths were found to
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be longer for the cationic complexes despite showing a predicted binding strength
of 63 kJ mol™! for the fac isomer and 86 kJ mol~! for the mer isomer which are

greater than the binding strengths predicted for the neutral complexes.

Bond Length /A 11—C5H10 12-C5H10

Re-C1 1.936 1.917
Re-C2 1.936 2.008
Re-C3 1.900 2.008
Re-N1 2.193 2.212
Re-N2 2.193 2.127
Re-H1 1.998 1.900
C1-01 1.146 1.151
C2-02 1.146 1.139
C3-03 1.146 1.139
C4-H1 1.129 1.145
C4-H2 1.092 1.091
C4-Ch 1.520 1.522

Table 3.19: Table of bond lengths for all four isomers for [(bpy)Re(CO)s3(CsHyp)]
from Figure 3.38.

3.3 Conclusions and Future Perspectives

This Chapter has reported an extensive set of calculated bond strengths between
manganese and rhenium metal centres and the CO, ligand of pianostool and a-
diimine complexes. Most of these investigated complexes are predicted to display
n'-OCO binding between the metal and CO,, a binding mode that is far less
widely reported than 7'-CO, or n?-CO, binding. It has been found that in all
cases where the 1'-OCO binding is predicted the coordination always involves
occupied orbitals on the CO, and unoccupied orbitals on the metal, meaning
that electron density is being donated onto the metal from the COs.

For the pianostool and a-diimine complexes it was found that rhenium is a
better choice of metal than manganese when trying to maximise the strength
of interaction between the metal and a COy ligand. This improvement when
changing from manganese to rhenium was found to be true for both neutral

and cationic complexes. It was also found that cationic complexes were found
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to bind to CO5 more strongly than neutral complexes, something that is due
to the metal having a lower energy LUMO orbital, in the cationic complexes
which allows for better orbital overlap with the occupied COy orbitals. This
lowering of energy of the metal LUMO can be further promoted by use of electron
withdrawing substituents on ligands attached to the metal centres. This was
found to be more effective for the pianostool complexes compared to the a-diimine
systems. The situation for the a-diimine complexes, (L)M(CO)q(Cl)(CO2) and
[(L)M(CO)3(CO2)]*, was found to be more complicated due to the presence of
four different isomers for each neutral complex and two isomers for the cationic
complexes. The overall trend for both neutral and cationic complexes is that the
COq ligand being located in the axial position resulted in the strongest binding
to the metal centre.

A large number of calculated IR frequencies were also documented in this
Chapter and these calculations will prove useful for any future work in this area as
both benchmarks for other calculations and also in experimental attempts to try
and investigate these complexes. To accompany these calculated IR frequencies
a small selection of bond lengths were also discussed in this Chapter which could
prove useful for any future experimentation in this area, especially when looking
at crystal structures.

In the future some more calculations could be performed on significantly more
electron donating substituents on both systems to see if the trend continues to fit
along with something less electron withdrawing than CF3 groups, examples could
be NH; for strongly electron donating and Br for moderately clectron withdraw-
ing. Other work that could be done is investigating other metals outside of group
seven to see if any of them predict even stronger M-CO, binding. Other work
that could be done includes investigating what changes could be made on these
systems to potentially tune the method of CO, binding to see if something as
simple as a change of subtituents on a ligand or a different ligand system would

cause a difference in binding mode of COs,.
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Chapter 4

Towards Isolation of Stable

Organometallic COy Complexes

4.1 Introduction

The aim of this Chapter is to synthesise organometallic carbonyl precursors in
order to exploit the results of calculations from Chapter 3. These results indicated
the generation of new 7'-OCO complexes may be possible from the frameworks of
complexes targeted in this Chapter. This was started before the COVID lockdown
and was initially focussing on organometallic alkane complexes but we had to
pivot. This Chapter lays the foundation for experimental work, which is paired

with the extensive DFT studies from Chapter 3.

4.1.1 Re a-Diimine Tricarbonyl Complexes

A family of complexes that have a proven ability to coordinate to CO5 and act
as a catalyst to help mediate reduction of COy to CO is the rhenium a-diimine
tricarbonyl complexes.'?1152 A number of studies have been performed in order to
probe the mechanism of this reaction with many focussing on the photochemistry
of this family of molecules.!4%147 In this section the photochemistry of this family

of compounds will be introduced along with a brief summary of its photochemical
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reactions with CO,.

The photophysics of fac-[(a-diimine)Re(CO);X] complexes (X = halogen,
phosphite, phosphine or amine; a-diimine = 2,2’ or 4,4’-bipyridine) has been
extensively studied over the last 40 years.'3 1% These complexes received much
attention due to their potential applications in many areas such as photocatalytic
reduction of CO, to CO, infrared probes of DNA damage and photosensitisers in
solar cells.!5™ 161 The structure of this family of complexes is described in Figure

4.1.
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Figure 4.1: Generic molecular structure of fac-[(a-diimine)Re(CO)3X] complexes.

Complexes of the type fac-[(bpy)Re(CO);Cl] are typically luminescent in so-
lution at room temperature, emitting from a *MLCT excited state.!>® After exci-
tation into the 'MLCT absorption band, rapid intersystem crossing (<1 ps), fa-
cilitated by the heavy rhenium atom leads to population of the low lying SMLCT
excited state.!® This state is usually long-lived (40 ns to 1 us, depending on
solvent) and gives rise to emission in the visible region. Irradiation into these
MLCT absorption bands does not lead to any CO loss photochemistry.

Ishitani et al. used ps-TRIR and photolysed fac-[(bpy)Re(CO)3Cl] with 400
nm light in acetonitrile and the expected parent bands were bleached instantly
leading to formation of three higher energy bands. These new bands were assigned
to the formation of the SMLCT excited state. They were initially observed as
broad spectral features, which rapidly narrowed and blue shifted by around 4
ecm ™! due to vibrational cooling. The v(CO) bands of the intially hot, photoex-
cited molecule are broad, but as the molecule cools, these bands become sharper
and increase in intensity s the population of higher vibrational levels decreases
53

and v = 0 increases.!

The formation of the CO loss products were investigated by using ns-TRIR
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and photolysing fac-[(bpy)Re(CO)3Cl] with 313 nm light in acetonitrile. The
bands due to the SMLCT were still present as described for the ps-TRIR and
decay with a lifetime of 43 ns to partially reform the parent. Two further bands

were also present at lower wavenumbers, which were not due to an excited state,

but rather the CO loss product [(bpy)Re(CO)oCl(MeCN)].1%3
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Figure 4.2: Proposed mechanism of fac-[(bpy)Re(CO)3X] catalysed photoreduc-
tion of CO4 to CO.162

In 1983 Ziessel et al. found that fac-[(bpy)Re(CO);3Cl| was capable of reducing
CO; to CO in the presence of water and further showed that improved turnover
numbers in the presence of a sacrificial amine donor could be achieved. This was
probed by 385 nm irradiation and therefore went via the >MLCT excited state
pathway.'®® In 1986 Ziessel et al. reported that when exposing a DMF/TEOA
(5 : 1 v/v) solution of fac-[(bpy)Re(CO)3Cl] to light under a COq atmosphere,
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CO gas was generated from the CO,y reduction reaction with a quantum yield
of 0.14.18 It was then later reported by Ishitani et al. in 2008 that when the
Cl ligand is changed to an SCN group under similar conditions the COy to CO
reduction quantum yield was increased to 0.30.103 Interestingly, it was found that
when the Cl ligand is changed for a CN group the complex displays no catalytic
activity at all.'63 Commonly, a CO, reduction system requires two components’
a photosensitiser and catalyst, but it has been found that most Re! a-diimine
tricarbonyl complexes have the ability to act as both the photosensitiser and
catalyst for the reduction of CO,. A commonly reported mechanism of COq
reduction by use of a Re! a-diimine tricarbonyl catalyst is given in Figure 4.2.

The initial step involves photochemical generation of the MLCT excited
state, which is then quenched by an electron transfer process from a sacrificial
electron donor to generate the catalytically active one-electron reduced species
[(bpy)Re(CO)3L]*. This is the step that can be attributed to the small amount of
COs reduction when L was CN, because this cyano intermediate was quite stable
and as such only a little CN ligand dissociation happened. This small amount of
ligand is then replaced by a CO, which is then reduced to CO, this does require
another electron and this is typically supplied by another one electron reduced
species. 63

The aim of part of the work conducted in this report is to investigate whether
such rhenium a-diimine complexes can be used to form a long-lived n'-O CO4 or
alkane complex. Unfortunately fac-[(bpy)Re(CO)3Cl] is completely insoluble in
non-polar solvents such as CO,, alkanes or PFMCH and so to overcome this, a

large fluorinated bpy was synthesised which is detailed later on in this Chapter.

4.1.2 Re a-Diimine Tetracarbonyl Complexes

Previous, currently unpublished, work in the group on [(bpy)Re(CO)4|[PFg]
showed that it exhibited a unique reaction pathway for photodissociation aris-

ing from the *MLCT excited state following 355 nm irradiation and resulting in
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the formation of a fac- tricarbonyl solvated photoproduct. The family of fac-[(a-
diimine)Re(CO)3X] complexes usually require a photoexcitation source of much
lower wavelength (216 - 313 nm) to undergo the CO loss pathway.'5® This implies
that the photogenerated one electron intermediate is much more accessible from
[(bpy)Re(CO),|[PFg| than from their tricarbonyl analogues. This means that
[(bpy)Re(CO),][PFg] has the potential to be utilised as a type of photocatalyst
for the reduction of CO, to CO.'%* Additional to this, [(bpy)Re(CO),]" has been
observed as an essential intermediate in fac-[(bpy)Re(CO);Cl]-catalysed COg re-
duction reactions, suggesting that their photoinduced properties might be able to
give further insight of the mechanism behind the corresponding catalytic cycle.'%?

The general structure of [(bpy)Re(CO)4|" complexes is given in Figure 4.3.
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Figure 4.3: Generic molecular structure of fac-[(a-diimine)Re(CO),] complexes.

Due to the Cyy geometry of these Re! a-diimine tetracarbonyl complexes
there are four v(CO) bands corresponding to four different IR active carbonyl
modes. The FTIR spectrum of [(dmbpy)Re(CO)4|[OTf] is presented in Figure
4.4 and shows four ground state bands, which are assigned left to right as 1Aq,
Bi, 2A; and B5.1% The two A; modes are described as an in-phase motion of axial
and equatorial carbonyls, the B; mode is described as the out of phase motion of
the axial carbonyls, and the By vibrational mode is assigned as the out of phase
motion of the equatorial carbonyls.

The first investigation into the photophysical behaviour of Re! a-diimine
tetracarbonyl complexes was carried out by Shaver et al using [(a-
diimine)Re(CO)4][OTf], where a-diimine = 2,2’-bipyrimidine (bpm), bpy, dmbpy
and 1,10-phenanthroline (phen).’6” It was reported that [(bpm)Re(CO)4][OTf] ex-

hibited a strong luminescence from its lowest energy SMLCT excited state, which

4-5



TCO
15- ocy, ||

WN
Re
e r\N )
TCO co
co
B, oc,, |A§ oc,, | ,{;
310 co “Res ) “Re
T oo, | N) oc”’ |§1 oc” |‘\\”
el ‘Re.
§ oc”’ ‘E\N co ce
] 2A,
<05
005 : ' : : !
2150 2100 2050 2000 1950 1900

Wavelength / cm™’

Figure 4.4: Ground state FTIR spectrum of the carbonyl region of
[(dmbpy)Re(CO)4][OTf] displaying the four vibrational modes of the CO lig-
ands. This spectrum was recorded in CH5Cl,. From left to right: 1A, By, 2A;
and By vibrational modes.
had a lifetime of 390 ns. This lifetime is an entire order of magnitude greater
than was observed for fac-[(bpy)Re(CO)3Cl], which indicates that the changing
of the Cl ligand to a CO massively reduces the rate of non-radiative decay and
also increases the rate of radiative decay in the relaxation of the SMLCT excited
state.

The first TRIR study of these types of complex was performed by Bernhard
et al. in 2000.1% After 355 nm excitation, the lower energy B;, 2A; and B,
bands showed an increase in wavenumber by between 3 to 5 cm™!, while the
1A decreased in energy by around 10 cm~!. The shift of the 1A is within the
typical shift range of a triplet ligand-centred (LC) m — #* transition suggesting
that the lowest excited state has some triplet LC m — 7* character. The typical
SMLCT(Re—diimine) transitions cause a decrease in the amount of electron den-
sity on the metal which results in less backbonding and strenghtens the CO bond
and therefore blueshift the bands. The blueshift of the other three By, 2A; and
B, bands suggests that there is some MLCT character. Therefore these studies
proved that the lowest excited state in this [(bpy)Re(CO)4]" system was a mixed
state of 3MLCT(Re—diimine) />LF (7 — 7*).'%¢ These results were rationalised
further with specific orbital explanations. The promotion of an electron from the
metal d,, orbital to the bpy 7* orbital (MLCT) causes an electron vacancy in the

xy plane, the plane of the bpy. This vacancy leaves an ’electron hole’ and there-
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fore the 2A; and B, modes of the equatorial carbonyls had a significant blueshift.
The 1A; mode was least affected by the hole and hence was more likely to be
affected by the LF m# — 7* transition, which is why this band is redshifted. The
B, mode was influenced less than the 2A; and B, modes, but more so than the
1A mode; as this band blueshifted too the B; mode was said to more reflect the

SMLCT character in the mixed state.'66

4.1.3 Cationic Complexes and Non-Coordinating Anions

Many of the complexes in this report are cationic. This electron deficiency in
the metal centre can be used to our advantage and increase the strength of the
electrostatic interaction with the oxygen atoms of CO,, therefore making the
n*-O binding mode more favourable. The cationic complexes will also have a
lower energy LUMO d,, orbital, which will then have a better overlap with the n,
orbital and therefore be favourable. The metal HOMO d, donation into the CO,
7* orbital makes n2-CO binding more preferable. This increased orbital overlap
and bond strength should then increase the lifetime of the complex and make it
easier to study and obtain spectroscopic measurements.!?2

The primary drawback from using cationic species in this type of work is
their poor solubility in non-polar media such as CO,, alkane solvents and per-
fluoro methylcyclohexane (PFMCH). More polar solvents containing oxygen and
nitrogen atoms are often ideal for solubulising cationic species, but these risk dis-
placing ligands from the coordination sphere and would readily bind to reactive
intermediates in the place of desired ligands of interest such as COy or alka-
nes. Pianostool complexes are generally more soluble in non-polar solvents than
the bpy systems in this report due to their much smaller size, polarisability and
dipole moment. One of the ways to increase a compounds solubility in PEMCH
or COs is to increase the fluorous content of the complex. Exactly why this helps
increase solubility in CO, is still not fully understood but it is generally known

that the presence of fluorine creates molecules with weak self-interaction, render-
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ing miscibility with CO5 more readily possible and that electronegative fluorine
exhibits specific interactions with COs’s electron poor carbon atom.!%® The pres-
ence of fluorine will also affect the acidity of neighbouring protons, allowing for
the possibility of specific interactions between these protons and COs’s oxygen
atoms.3?

There are two different methods in which the fluorous content of the complexes
has been increased in this work. The first of which is adding fluorinated carbon
chains onto the organic parts of the complex, while making use of non fluorinated
alkane spacers to leave the electronic properties of the complex unchanged. The
second of these methods is changing the complexes anion to something which has
a high fluorous content. The perfluoroalkoxyaluminate anion used in this work is
shown in Figure 4.5 which contains 36 fluorine atoms. This anion is importantly
also very non-coordinating owing to the large number of fluorine atoms essentially
shielding the anion and making coordination very unlikely. This is important as
when a reactive intermediate is formed the anion will not bind over the ligand
of interest. This anion has been used before by Ball et al. when investigating a

cationic transition metal alkane complex by NMR spectroscopy.'%”

Gan

Y

Figure 4.5: Structural formula of [AI(OC(CF3)s3)4] .
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4.1.4 Ionic Liquids

Ionic liquids ideally consist of ionic species only, usually with significant molecu-
lar asymmetry in at least one of the ions, and form a liquid phase with a melting
temperature lower than 100 °C.4817%17! ) jonic liquids, the ordering of the ions
into a solid crystalline phase is hindered not only by the molecular asymme-
try, but also by the hydrogen bonded network established between the cations
and suitable anions.'™!7 Jonic liquids have many tunable properties and can be
modified to have desirable characteristics such as low toxicity, high polarity and
non-coordination.'™!7 They are able to dissolve many metal complexes, cata-
lysts and organic molecules. More recently ionic liquids have started to be used in
reactions involving organometallic catalysts showing the potential these solvents

could have in the future of organometallic photochemistry.!7¢-181

4.1.5 Aims and Objectives

The work in this Chapter describes a series of synthetic attempts to isolate and
purify some of the complexes investigated by DFT in this Thesis, with a primary
focus on the rhenium pianostool and bpy complexes. If these complexes can
be isolated then their solubilities in non-coordinating solvents such as alkanes
and liquid CO, will be tested using FTIR as a characterising technique. The
results from these solubility tests can then be used to modify the structure of
the subsequent generation of target compounds and thus inform the synthetic
strategy. PFMCH has a high gas solubility capability, due to its fluorinated
nature, could be used to dope things like CO into solution. Once in solution these
complexes could be photochemically activated to form short-lived intermediate
species and techniques such as TRIR and matrix isolation could be used to analyse
the nature and photophysics of these compounds. We have used the following
strategy to address the aims above:

1) Undertake the synthesis of a selection of both pianostool and a-diimine

rhenium complexes.
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2) If these complexes can be isolated and purified test their solubilities in
non-polar media such as alkanes, PFMCH and liquid COs.

3) Use the results of these solubility tests to inform future syntheses while
trying to minimise effects on the electronic structure of the systems.

4) If any of these systems are sufficiently soluble in the non-polar media,
these complexes can be photolysed at low temperature to undergo 'CO loss’ in
an attempt to form a bond between the metal atom and the ligand of interest,
such as CO,.

This research was affected by the COVID-19 shutdown and the constraints of
the pandemic have hampered the synthesis and ability to study the photophysics

and photochemistry of these complexes.

4.2 Results and Discussion

4.2.1 Cationic Pianostool Complexes

Two different synthetic routes for making the cationic pianostool complexes were
attempted and are summarised in Scheme 4.1. The top route utilises a metal
triflate to form the desired pianostool complex, where the formation of AgBr is
the driving force of the reaction. The triflate is a labile ligand, which can be
displaced by benzene to form [BnMn(CO)3][OTf] under mild conditions.'® The
bottom route requires the reagents to be heated at reflux in decane at high tem-
peratures, followed by an anion exchange. Although this route uses more harsh
conditions, based on our tests, it is higher yielding than the top route and the top
route cannot be used to make rhenium pianostool complexes as the Re(CO);OTf
intermediate species appears to be too stable to react with the arene up to tem-
peratures of 60 °C. Therefore the bottom route was chosen as the preferable
synthetic route when making all other pianostool complexes, unless stated oth-
erwise. [BnMn(CO)3][OTf] was successfully synthesised but [BnRe(CO)s]" was

unable to be synthesised and isolated.
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Scheme 4.1: Reaction schemes for the two tested synthetic routes for the synthesis
of cationic pianostool complexes, where M = Re or Mn.

To synthesise a rhenium pianostool complex a different approach was trialled,
which involved stabilising the rhenium analogues of these compounds by using a
more bulky arene such as Mes, HMB and HEB. The complexes [(Mes)Re(CO);]
[PFg), [(HMB)Re(CO);3][PFg] and [(HEB)Re(CO)s|[PFg] were successfully syn-
thesised and the carbonyl region in the FTIR spectra of the successfully isolated
rhenium pianostool complexes is given in Figure 4.6. The peak shapes of the
three complexes (Figure 4.6) are not all uniform suggesting that these complexes
are not pure and may also have impurities present.

An anion exchange from [PFg]~ to [AI(OC(CF3)3)4]~ was attempted, to both
aid solubility and reduce the chance of coordination of [PFs|~. For this reaction,
the compound [Li][Al(OC(CF3)3)4] is synthesised (Scheme 4.2) and stirred in
diethyl ether along with the the cationic complex. This is reported in more detail
in Chapter 6.

Figure 4.7 shows the FTIR spectra of [(HMB)Re(CO)s|[PFg] and product
of the [(HMB)Re(CO);]" anion exchange in CHyCly. The red spectrum for
[(HMB)Re(CO)3][PFs] has two CO bands at 2059 and 1987 cm ™!, whereas follow-
ing anion exchange, CO bands are observed at 2065, 2020, 2009 and 1900 cm™*.
The large differences between these spectra are not expected as there should be

no difference in the covalent bonds of the molecule. This is likely due to the pres-
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Figure 4.6: FTIR spectra of the carbonyl region of [(Mes)Re(CO)s|[PFg] (red),
[((HMB)Re(CO);3][PFg] (blue) and [(HEB)Re(CO);][PFg] (black) in CHyCl,.

CF,
OH CF, CF,
/N\ + LiAlH4 3c~’—o Al— +CF3
FsC CF3 Toluene, 72 h, 80 °C
CF, CF, CF,
CF,

Scheme 4.2: Reaction scheme for the synthesis of [Li][Al(OC(CF3)3)4] adapted
from Krossing’s method.!83

ence of multiple species, many of which will have likely be various decomposed
complexes, such as dimers, from the original [(HMB)Re(CO)s3]". These species
could not be separated by recrystallisation, washing or column chromatography
and consequently no single pure product could be isolated.

When the anion exchange was carried out on [(HEB)Re(CO)s|[PFs] more
success was achieved. The FTIR spectrum for [(HEB)Re(CO);][PFg] and the
product of the [(HEB)Re(CO)3]™ anion exchange is given in Figure 4.8. Following
the anion exchange, the CO bands do not shift by a large amount and a successful

anion exchange was confirmed by MS. However two small bands are observed at
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Figure 4.7: FTIR spectra of the carbonyl region of [(HMB)Re(CO)s|[PFg] (red)
and the product of the [(HMB)Re(CO)s]* anion exchange (blue) in CH,Cly

1955 and 1895 cm™!. The greater stability of [(HEB)Re(CO)3]" over the other
arenes is likely due to the structure of hexaethylbenzene and its '3-up/3-down’
structure where the downwards pointing ethyl groups can help to act as a 'pincer’
on the metal.!®*

Due to the difficulties in synthesis of a stable rhenium pianostool complex,

the focus of this work moved to rhenium a-diimine complexes.

4.2.2 Neutral a-Diimine Complexes

A series of complexes of the general formula fac-[(4,4’-Ra-bpy)Re(CO);3Cl] were
synthesised using the route shown in Scheme 4.3. The complexes synthesised
were: [(bpy)Re(CO)3Cl], [(dmbpy)Re(CO);Cl] and [(dtbpy)Re(CO);Cl]. The
reaction involves heating the reagents at reflux in an equal ratio in toluene for 3
h and then cooling until precipitate is formed and filtering, usually resulting in
a pure product. This reaction only yields the fac- isomer of the product and no
mer- isomer due to the cis effect.

These complexes were analysed by FTIR in CHyCly; the IR spectrum of
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Figure 4.8: FTIR spectra of the carbonyl region of [(HEB)Re(CO);][PFg] (red)
and the product of the [(HEB)Re(CO);]* anion exchange (blue) in CHyCly
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Scheme 4.3: Reaction scheme for the synthesis of fac-[(4,4’-Ra-bpy)Re(CO);3Cl]
where R = H (bpy), CH; (dmbpy) and ‘Bu (dtbpy).
[(bpy)Re(CO)3Cl] is presented in Figure 4.9 showing three clear CO bands at
2123, 2029 and 2010 cm™t. The solubility of these complexes was then tested in
a selection of non-polar solvents, hexane, cyclohexane, PFMCH and liquid COs,
but unfortunately, using FTIR as the detection method of choice, no carbonyl
peaks could be detected in the spectra due to a lack of solubility.

Fluorinated compounds have been shown to display higher solubility in CO4
than their non-fluorous counterparts and as such the next ligand that was syn-
thesised was a bpy ligand with two CF3 groups located on the 4,4’ positions

(4,4-perfluorodimethyl-2,2’-bipyridine, dfbpy). The 4,4’ positions were chosen
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Figure 4.9: FTIR spectrum of the carbonyl region of [(bpy)Re(CO)3Cl] in CHyCla.

for a variety of reasons, which can be even more important when working with
even larger and bulkier substituents. The distance between the substituent and
the metal centre should be maximised to reduce the chance that the substituent
directly interacts with the metal atom and potentially binds to the metal cen-
tre after undergoing 'CO loss’ over the intended ligand. For this reason the 5
and 6 positions would be worse than the 4 positions. The other primary factor
to consider is the steric strain on the ligand and having bulky substituents in
the 3 positions could cause a large degree of steric hindrance. These points are
illustrated in Figure 4.10.

The new dfbpy ligand was synthesised from the route shown in Scheme 4.4.
The dfbpy ligand could then be used in the same procedure as before from Scheme
4.3 to generate [(dfbpy)Re(CO)3Cl]. This complex then had its solubility tested in
liquid CO,, but the FTIR spectrum did not show any carbonyl bands, suggesting
it was not soluble.

In order to boost the fluorous content of the complex, to try and boost sol-
ubility in CO,, fluorinated chains were added to dmbpy, something that was

5 185

achieved using the route shown in Scheme 4. The extra CH, spacers between
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Figure 4.10: Structure of the [(bpy)Re(CO),] framework showing the potential
issues with positions 2,3 and 5 for bpy substituents.

CF, Pd(OAc),

F.C CF
NBu,| ” .
X NaOAc 72\ —
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Br”™ "N N

Scheme 4.4: Reaction scheme for the synthesis of dfbpy by a Pd-catalysed cou-
pling reaction.

the fluorinated carbons and the aromatic part of the molecule were incorporated

to ensure that the electronic properties of the bpy remain unaffected.
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Scheme 4.5: Reaction scheme for the synthesis of dnb-F3, from addition of a
fluorinated chain onto dmbpy.!%°

When attempting to make a bpy with longer fluorinated chains, as shown in
Scheme 4.6, the exclusive product of this reaction is a mono-substituted product.
This reaction fails to produce the doubly-substituted product in a multitude of
other conditions including heating of the reaction and adding up a five times

excess of the fluorinated alkyl iodide.
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Scheme 4.6: Reaction scheme for the attempted synthesis dnb-F4 but resulting
in 4- [1H, 1H, 2H, 2H, 3H, 3H- perfluorotridecyl] -4’-methyl-2,2’-bipyridine.

The yield of this reaction shown in Scheme 4.5 is relatively low at 11 %.
Many different column chromatography solution systems were tested in order to
separate out the three main expected components of reaction; unreacted dmbpy,
mono-substituted product and the desired dnb-F34. A successful system at sepa-
rating out these three was found and it was using pure CH,Cl; : 0.01 mL of aq
ammonia solution in 4 % methanol in CH,Cl; slowly increased on a gradient to
a 50 : 50 mixture over a 30 column volume period and then ran at 50 : 50 for 15
more column volumes. This method can be used to isolate pure mono-substituted
product and recover unreacted dmbpy, but there was unfortunately still an im-
purity present in the sample of dnb-F34. The structure of this impurity is shown
in Figure 4.11. This impurity can be identified in the "H NMR spectrum by the
presence of a doublet of triplets at 5.62 ppm with a J%,; of 33.2 and J%, of 7.8
Hz.

Figure 4.11: Structure of the impurity that could not be separated from dnb-F'3,
by column chromatography.

Experiments were performed to investigate which reagent was causing this
elimination of HF from the product. A sample of pure dnb-F3; was stirred in
diisopropylamine for three hours but this caused no changes in the 'H NMR
spectrum. Next, a sample of pure dnb-Fs3; was stirred in a mixture of "Buli

and diisopropylamine and this caused the growth of the previously noted dou-
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blet of triplets at 5.62 ppm. Finally, a sample was stirred in "BuLi in THF and
this caused no changes in the 'H NMR spectrum. This means that it was the
LDA specifically causing this HF elimination and not either the "Buli or di-
isopropylamine. The reaction was then tried with an excess of diisopropylamine
and substoichiometric amounts of "Buli, the doublet of triplets at 5.62 ppm were
present in the spectrum but at a lower intensity than previously but the yield
was proportionally smaller too.

The [(dnb-F34)Re(CO)3Cl] complex was synthesised and its solubility was
tested in liquid CO5. The resulting FTIR spectrum is given in Figure 4.12,
which shows that the above modifications were a success, demonstrating that the
presence of the fluorinated chains on the bpy ligand, has a positive effect on the
solubility of the complex in CO,. It is acknowledged that this spectrum has quite
a poor signal-to-noise ratio and that the peaks are at a very low absorbance.
This is due to the limit of solubility of this complex in CO, as the solution is as
saturated as could be achieved. Multiple photolysis experiments were performed,
with up to a 3 mm cell pathlength to maximise absorbance, but the signal to
noise ratio was too poor to produce any sets of spectra that contained reliable

and repeatable results.
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Figure 4.12: FTIR spectrum of the carbonyl region of [(dnb-F34)Re(CO);3Cl] in
liquid CO4 (1000 psi) at 230 K.

Figure 4.13 shows the carbonyl region in an FTIR spectrum for both
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[(bpy)Re(CO)3Cl] and [(dnb-F34)Re(CO)3Cl] and it can be seen that the shift
in carbonyl bands between the two complexes is minimal. Figure 4.14 shows elec-
tronic absorption spectra of both [(bpy)Re(CO)3Cl] and [(dnb-F34)Re(CO);3Cl],
which again show very similar peak positions. This helps to confirm that the
presence of the three CHy spacers between the aromatic section of the bpy and
the fluorinated carbon atoms is sufficient to cause little to no change to the elec-
tronic structure of the bpy and does not affect the positions of the carbonyl bands.
This also means that the calculated vibrational frequencies for [(bpy)Re(CO);Cl]
should be a suitable match for comparison between experiment and theoretical

values when studying [(dnb-F34)Re(CO);3Cl].
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Figure 4.13: FTIR spectra of the carbonyl region of [(bpy)Re(CO)3Cl] (red) and
[(dnb-F34)Re(CO)3Cl} (blue) in CH2CIQ

In a paper by Yang et al. THF was used as an alternative to CO4 as a simple
o-coordinating ligand, binding through a lone pair on its oxygen atom. This was
done to compare carbonyl shifts with a CO5 complex as part of their evidence for
showing n!'-O end-on coordination of CO,.'?? From previous work in this area it is
known that excitation into the band centred at 245 nm leads to CO loss.'®¢ This

THEF solvated complex, [(bpy)Re(CO),CI(THF)], can then react with detached

4-19



—I[(bpy)Re(CO),Cl] in THF
—I[(dnb-F,,)Re(CO),Cl] in THF

Absorbance

250 300 350 400 450 500
Wavelength / nm

Figure 4.14: Electronic absorption spectra of fac-[(bpy)Re(CO)3Cl] (red) and
fac-[(dnb-F34)Re(CO)3Cl] (blue) in neat THF.
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Figure 4.15: FTIR spectra of the carbonyl region at different intervals during
photolysis of [(dnb-F34)Re(CO)3Cl] in THF using 254 nm light.

The resulting FTIR spectra from this photolysis experiment is given in Fig-

ure 4.15 and it can be seen that there is little change in the FTIR bands over 6

4-20



h of photolysis. Previous unpublished work from the George group found that
when these long fluorinated chains are in solution, when the concentration is suf-
ficient, they can aggregate and change the photochemistry of the system. This
aggregation inhibits the loss of the CO ligand which in turn changes the poten-
tial reactions that can occur in solution. This is not predicted to be an issue
when dissolving in liquid CO, as the complex is only sparingly soluble and as
such the concentration should not reach the threshold to significantly inhibit CO
loss. There is a gradual decrease in intensity of the original parent bands, as

1

the experiment progresses over the 6 h, at 2019, 1927 and 1892 cm ™" along with

growth of new peaks observed at 2040, 1998, 1916, 1861 and 1826 cm~!. The

small broad peak around 1826 cm~!

is found close to where a peak was noted
by Sato et al. at 1828 cm™!' when photolysing [(bpy)Re(CO)3Cl] in THF us-
ing 266 nm light.'®® This peak was assigned to a CO vibrational band of the
bis-carbonyl rhenium complex [(bpy)Re(CO),CI(THF)]. This suggests the for-
mation of [(bpy)Re(CO)Cl(THF)] and this experiment and the observed bands
could potentially prove as a preliminary benchmark for any future experiments
where fac-[(dnb-F34)Re(CO)3Cl] is photolysed in CO,. There is likely a mixture
of complexes present in solution including unreacted fac-[(dnb-F34)Re(CO)3Cl]

along with both mer-[(dnb-F3,)Re(CO);3Cl] and [(bpy)Re(CO),Cl(THF)].

4.2.3 Cationic a-Diimine Complexes

A series of complexes of the general formula [(4,4’-Rs-bpy)Re(CO),][OT] were
synthesised using the route shown in Scheme 4.7. The metal triflate is required
to be formed first, which can then be reacted at quite mild conditions to form
the desired product. AgBF, was also tried as an alternative to AgOTf in one
experiment, but the resulting [BF4]~ containing complex was unable to undergo
anion exchange with [Al(OC(CF3)3)4]~ without impurities forming. Four dif-
ferent complexes were initially synthesised, which were [(bpy)Re(CO)4J[OTf],
[(dmbpy)Re(CO),][OTH], [(dtbpy)Re(CO)4][OTf] and [(dfbpy)Re(CO)4|[OTT].
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Scheme 4.7: Reaction scheme for the synthesis of [(4,4’-Rq-bpy)Re(CO)4][OTH].

In Figure 4.16 the FTIR spectrum of both [(dtbpy)Re(CO),][OTf] and
[(dtbpy)Re(CO)4][AL(OC(CF3)3)4] is shown. The anion exchange was successfully
performed for [(bpy)Re(CO),]*, [(dmbpy)Re(CO)4]™ and [(dtbpy)Re(CO)4]* as
confirmed by FTIR spectroscopy and MS, but for [(dfbpy)Re(CO)4]" some im-

purities in the FTIR spectrum formed that could not be removed.
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Figure 4.16: FTIR spectra of the carbonyl region of [(dtbpy)Re(CO)4][OTf] (red)
and [(dtbpy)Re(CO),][AI(OC(CF3)3)4] (blue) in CHyCls.

The solubilities of these pure complexes were then tested in cyclohexane,
hexane, PFMCH and liquid CO,, but unfortunately none of the complexes were
observable in those solvents when using FTIR as the detection method. The
next step was to try and use the previously synthesised dnb-F3, ligand to further

increase the complexes fluorous content to improve solubility in both liquid CO,
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and PFMCH.

The synthesis of [(dnb-F34)Re(CO)4|[OTf] was first attempted by using the
method from Scheme 4.7; and the FTIR spectrum of the resulting crude prod-
uct is shown in Figure 4.17. The desired product peaks are 2121, 2027, 2008
and 1967 cm™!, a peak from unreacted [Re(CO)5(OTf)] is seen at 2059 cm ™!

and then a tricarbonyl impurity, seen at 2034, 1934 and 1913 cm ™.

The com-
plex [Re(CO)5(OTY)] is neutral and can be removed by dissolving the sample in
CH,Cl, and precipitating by slow addition of hexane. A variety of purification

techniques were trialled to try and remove the tricarbonyl impurity.
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Figure 4.17: FTIR spectrum of the carbonyl region of [(dnb-F3,)Re(CO)4][OTf]
and impurities in CH,Cl,.

A variety of purification methods were attempted to try and remove this im-
purity including recrystallisations, silica, alumina column chromatography, size
exclusion chromatography, and heating the tricarbonyl compound at reflux in a
variety of solvents and temperatures under an atmosphere of CO. The synthesis
of the complex was also attempted using 4- [1H, 1H, 2H, 2H, 3H, 3H- perfluo-
rotridecyl] -4’-methyl-2,2’-bipyridine as the ligand that only has the fluorinated

chain on one side of the bpy. The same set of impurities were formed following
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this synthetic approach and unfortunately the same problem was encountered
and they could not be separated out.

Due to the persisting issues with purification of this complex, a change of
methodology was applied and instead matrix isolation, by encapsulation of the
complex in a polymer matrix, was next attempted. This has been reported in
the literature with different complexes.!®7 18 The first step was to dissolve the
complex of interest, [(dtbpy)Re(CO)3(CO3)|[AI(OC(CF3)3)4], in the minimum
volume of CH,Cl; and soaking a number of 100, 250 and 500 pum polyethylene
discs in this solution over 72 h. FTIR spectra of these impregnated discs were then
obtained to verify that the complex had permeated the discs and then compared
with ATR-FTIR spectra of [(dtbpy)Re(CO)3(CO2)][AI(OC(CF3)3)4]. The most
similar disc spectrum to the ATR-FTIR was from one of the 100 ym discs and

the FTIR and compared ATR-FTIR can be seen in Figure 4.18.
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Figure 4.18: FTIR spectra of the carbonyl region for three polyethylene discs after
being soaked in a ca. 50 mol dm~ solution of [(dtbpy)Re(CO),][Al(OC(CF3)3)4)]
in CH5Cly over 72 h, with a blank disc taken as a background. 100 pm (red), 250
pm (black) and 500 pm (blue).

In Figure 4.19 the FTIR difference spectrum from 1900 to 2280 cm ™! of the 100

pm disc containing [(dtbpy)Re(CO)4)][Al(OC(CF3)3),] after 35 min photolysis in
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a b0 psi atmosphere of CO, at 260 K using 254 nm light can be seen. There is
clear depletion of original parent bands and new peaks growing in at 2046, 1950
and 1933 cm™! along with an additional peak at 2270 cm ™. The calculated u(C-
O) vibrational frequencies for fac-[(dtbpy)Re(CO)3)(CO,)|* were 2070, 1983 and
1980 and for mer-[(dtbpy)Re(CO)3)(CO2)]" were 2092, 1999 and 1969. Neither
of these sets of numbers align well with the experimentally observed peaks and

as such more evidence needed to be obtained to untangle what was happening.
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Figure 4.19: FTIR difference spectrum from 1900 to 2280 cm™! of the 100 pum
disc containing [(dtbpy)Re(CO)4)][AI(OC(CF3)3)4] after 35 min photolysis in a
50 psi atmosphere of CO5 at 260 K using 254 nm light.

From the spectrum shown in Figure 4.20, it can be seen there is also some
bleaching and growth of some COs bands. There are three fundamental vibra-
tions of CO, and these are; v = 1337 cm™! (symmetric stretch), vo = 667 cm™!
(doubly degenerate in and out of plane bending) and vz = 2349 cm™! (antisym-
metric stretch). Near-IR absorption of COy between 3200 and 5600 cm ™! consists
of two band systems, one of which is centred around 3650 cm~!. This absorption

is assigned to the vi+vs, 2v§-+vs fermi dyad. This fermi resonance of two vibra-

tional bands that have nearly the same energy and symmetry results in quantum
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mechanical mixing and this mixing causes shifts in the energies and intensities
of the absorption bands.'® In this region, two bleaches and the growth of two
peaks at 3681 and 3587 cm™! can be seen. Each of the bleaches are split again
due to rotational excitations, these are the R (AJ = +1) and P (AJ = -1) bands
of the CO4 showing rotational freedom. The two bands that are growing in are
likely due to this same fermi dyad of CO,. These peaks which have grown in do
not display the rotational freedom that the bleaches do and as such would imply
that the CO5 has restricted rotation. This could realistically be for a few reasons,
one being that the CO, has been rotationally locked inside of the polymer disc,
or is interacting with potentially unsaturated polymer bonds. Another possibil-
ity is that the COg is rotationally locked due to its coordination with the metal
complex. If these bands are due to the latter reason this would mean that the
CO4 would still have its bending and symmetric vibrational modes available to

it, even when coordinated.
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Figure 4.20: FTIR difference spectrum from 3550 to 3800 cm ™! of the 100 um
disc containing [(dtbpy)Re(CO)4)][AI(OC(CF3)s3)4] after 35 min photolysis in a
50 psi atmosphere of CO5 at 260 K using 254 nm light.

To try and distinguish between a metal-coordinated CO5 molecule and CO,
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interacting with the polymer disc a very similar photolysis experiment was per-
formed, but this time the disc did not contain any complex. The resulting differ-
ence spectra from this can be seen in Figures 4.21 and 4.22. The peak at 2270

! still grew in and there was the same pattern shown between 4000 to 3450

cm”
cm ™! showing the rotational restriction of some COy molecules. The absorbance
of the peaks in this experiment were also higher, which agrees with it being CO4

locked into the disc given that this disc will have more space to fit CO5 in without

the complex.
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Figure 4.21: FTIR difference spectrum from 2200 to 2300 cm™! of a blank the
100 pm disc after 30 min photolysis in a 65 psi atmosphere of CO5 at 260 K using
254 nm light.

The final experiment performed using [(dtbpy)Re(CO)3(CO2)][AI(OC(CF3)3)4]
in a polymer disc was a photolysis under an atmosphere of Ny using 254 nm
light. This is a stronger binding ligand than CO, and as such could give more
input as to how strongly the polymer disc was potentially interacting with the
complex, if at all. The difference spectrum of this photolysis experiment can
be seen in Figure 4.23. The bleaching of the same parent bands could be seen

but some of the bands that grew in were at different wavenumbers. There were
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Figure 4.22: FTIR difference spectrum from 3550 to 3800 cm™! of a blank the
100 pm disc after 30 min photolysis in a 65 psi atmosphere of CO4 at 260 K using
254 nm light.

still peaks at 1950, 1933 and 2046 cm~!, the same as when performed in CO,
but there was also two additional peaks, one at at 1960 cm™' and the other
at 2056 cm~!. The peak at 2270 cm~! was not present in this N, experiment
confirming that this peak was due to CO,. Based on previous work along
with other unpublished experimental work in the group with Ny complexes and
DFT calculations a coordinated Ny FTIR band usually falls between 2220 to

91 The presence of the same three

2100 cm ™! and no such band could be seen.
peaks in both the Ny and CO, experiments suggests that there is a common
species forming in both of these experiments. This species is likely a tricarbonyl
species that has undergone ’CO loss’ and the now vacant site is reacting with
the polymer disc, likely at some of the unsaturated sites where a C=C bond
could still be present. The presence of additional bands in this Ny experiment
does also suggest the formation of a new species, which could take the form

[(dtbpy)Re(CO)5(N2)][AI(OC(CF3)3)4] but was potentially not formed in great

enough quantity to be able to detect the N-N vibration by FTIR but the intense
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carbonyl vibrations still could be observed.
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Figure 4.23: FTIR difference spectrum from 1900 to 2150 cm™! of the 100 um
disc containing [(dtbpy)Re(CO)4)][AI(OC(CF3)s)4] after 35 min photolysis in a
50 psi atmosphere of Ny at 260 K using 254 nm light.

A further experiment was performed where a similar THF photolysis on the
cationic system as was performed for the neutral system carlier in this Chap-
ter. To do the same for this cationic system the [OTf]~ anion needed to be
changed to a weakly coordinating anion such as [PFg]~. [(bpy)Re(CO)4|[PF¢] is
a good candidate for this photolysis, although not soluble in COj itself, if [(dnb-
F34)Re(CO)4|[AI(OC(CF3)3)4] can be isolated and purified and ends up being
soluble in CO, then this could provide valuable information.

[(bpy)Re(CO),][PFs] was photolysed with 254 nm light in THF and the differ-
ence spectra can be seen in Figure 4.24. The bleaching of the original compound
peaks at 2120, 2024, 2001 and 1961 cm~! can be seen as a very clear peak growth
at 1920 cm~!. There also looks like there is some peak growth being suppressed

by the bleach around 2030 cm~! and another small peak growing in at 1828 cm ™.

1

The peak being suppressed at 2030 cm™" can be seen in Figure 4.25. The peak

pattern of a narrower peak at 2030 cm™! and a broader peak around 1920 cm™!
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Figure 4.24: FTIR difference spectra in the carbonyl region showing the

change in absorbance of the peaks at different intervals during photolysis of
[(bpy)Re(CO),|[PFg] in THF using 254 nm light.
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Figure 4.25: FTIR spectra from 1800 to 2175 cm™' showing [(bpy)Re(CO),][PFg]
before (red) and after 20 mins (blue) of photolysis in THF using 254 nm light.

is very similar to a tricarbonyl species for this system. The calculated v(C-O)
vibrational frequencies for [(bpy)Re(CO)3(CO,)]™ are 2074, 1989 and 1986 cm ™1,

which are similar distances apart as the experimentally observed peaks, but are
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at a bit too high wavenumber. In the introduction it was discussed how using the
harmonic approximation often leads to overestimation of vibrational frequencies.
If we apply an anharmonic correction in the form of a scale factor of 0.975 the
new calculated vibrational frequencies are found to be 2022, 1939 and 1936 cm !
which is a much closer match. The peak at 1828 cm™! is at the same wavenumber
as a peak previously mentioned in this Thesis, noted by Sato et al., which was
assigned to the unsymmetrical CO vibrational band of the bis-carbonyl-rhenium
complex [(bpy)Re(CO),Cl(THF)]. The presence of this peak in this experiment

could indicate the formation of a neutral photoproduct with similar electronic

properties to that of [(bpy)Re(CO),Cl(THF)].

4.2.4 Organometallic Complexes in Ionic Liquids

While undertaking the work in this Chapter, it was discovered that many of the
complexes synthesised in this Chapter were soluble in trihexyltetradecylphospho-
nium chloride, an ionic liquid. It was also discovered that this ionic liquid could be
mixed with non-polar media such as alkane solvents and then the metal complexes
dissolved in this new solution although trihexyltetradecylphosphonium chloride
is not miscible with PFMCH or PFTEA.

The improvement in solubility of [(bpy)Re(CO)3Cl] in cyclohexane by pres-
ence of trihexyltetradecylphosphonium chloride can be seen in Figure 4.26 where
[(bpy)Re(CO);3Cl] is not observable by FTIR in pure cyclohexane. This also works
for cationic complexes, which were previously insoluble in cyclohexane such as
[(HEB)Re(CO)s][PFg].

Two other ionic liquids were also synthesised using the method shown
in Scheme 4.8 from Licence et al..'® These were trihexyltetradecylphospho-
nium tetrafluoroborate and trihexyltetradecylphosphonium hexafluorophosphate,
which were both formed by very similar methods. The original trihexyltetrade-
cylphosphonium chloride is added to water and then a salt containing the desired

anion, such as NaBF, or NH,BFy, is dissolved in water and then slowly added to
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Figure 4.26: FTIR spectra of the carbonyl region of [(bpy)Re(CO);3Cl] dissolved
in a cyclohexane + trihexyltetradecylphosphonium chloride mixture.

the solution at 0 °C. The desired product is then extracted into ether and dried
under a 5 x 107 mbar vacuum down to 50 ppm water remaining in the ionic
liquid. Previous work has shown that the changing of the anion can dramatically
alter an ionic liquids properties. For ionic liquids with 1,3-dialkylimidazolium
cations, with a hexafluorophosphate anion the liquid is hydrophobic, but with a
tetrafluoroborate anion the liquid is hydrophilic.!?3

(Clez)SCH3
®
H;C(H,O)s = ll) —(CH,),5CH,  BF,

(CH,)sCH;
(CH,)sCH;
®! ©
H3C(H2C)5_f|’_(CH2)13CH2 Cl
(CH,)sCHj
(CH,)sCH;
®l ©
H3C(H2C)5_1|)_(CH2)13CH2 PF¢
(CH,)sCH3

Scheme 4.8: Reaction scheme for the synthesis of trihexyltetradecylphosphonium
tetrafluoroborate (top) and trihexyltetradecylphosphonium hexafluorophosphate
(bottom) from trihexyltetradecylphosphonium chloride.!9?

These two newly synthesised compounds both had different properties at room

temperature. Trihexyltetradecylphosphonium hexafluorophosphate is a solid at
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room temperature whereas trihexyltetradecylphosphonium tetrafluoroborate is
a liquid. None of the complexes tested, which were soluble in trihexyltetrade-
cylphosphonium chloride, both neutral and cationic, were found to be soluble
in the newly synthesised trihexyltetradecylphosphonium tetrafluoroborate. The
trihexyltetradecylphosphonium hexafluorophosphate could be melted at a low
temperature of 40 °C, but unfortunately still none of the complexes were soluble
in this liquid either. Due to the increased fluorous nature of these new ionic liquds
their miscibility with the previously mentioned fluorinated solvents, PFMCH and
PFTEA were tested. Neither of these new ionic liquids were soluble with PFMCH

or PFTEA at either room temperature or at 40 °C.

121

—CpMn(CO)3 in MeCN

—CpMn(CO)3 in MeCN and trihexyltetradecylphosphonium chloride
1 .0 -
081

Absorbance
o
D
T

o
~
T

021

0‘0 L L I}
2050 2000 1950 1900

Wavenumber / cm™!

Figure 4.27: FTIR spectra of the carbonyl region of CpMn(CO)3 dissolved in neat
acetonitrile (red) and an acetonitrile + trihexyltetradecylphosphonium chloride
mixture (blue).

The FTIR spectra of the complexes dissolved in trihexyltetradecylphospho-
nium chloride 4 solvent mixtures can look quite different depending on the sol-
vent involved. In Figure 4.27 the FTIR spectra of CpMn(CO)3 dissolved in
both neat acetonitrile and an acetonitrile + trihexyltetradecylphosphonium chlo-

ride mixture can be seen. These spectra look very similar with close to identical
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wavenumber peaks and very similar peak shapes. In Figure 4.28 the FTIR spectra
of CpMn(CO);3 dissolved in both neat cyclohexane and a cyclohexane + trihexyl-
tetradecylphosphonium chloride mixture can be seen. Comparing these spectra,
in Figure 4.27, it appears as if the CpMn(CO)j3 is entirely dissolved in the MeCN
part of the solvent mixture whereas in Figure 4.28 the CpMn(CO)j is dissolved

in both the cyclohexane and trihexyltetradecylphosphonium chloride.
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Figure 4.28: FTIR spectra of the carbonyl region of CpMn(CO)3 dissolved in neat
cyclohexane (red) and a cyclohexane + trihexyltetradecylphosphonium chloride
mixture (blue).

In Figure 4.29 the formation of CpMn(CO)(NCCH;3) by photolysis of
CpMn(CO)3 in neat acetonitrile can be seen by the growth of the peak at 1860
cm ™. The other peak of CpMn(CO),(NCCH3) overlaps with the 1930 cm ™ peak
of CpMn(CO);. After 30 min of photolysis most of the original CpMn(CO)3 is
converted and the CpMn(CO)o(NCCH;) photoproduct is long-lived. In Figure
4.30 the same 1860 cm ™! peak can be seen, but at a much lower intensity but also
in this experiment, the CpMn(CO),(NCCHj) is only found at the 5 min spectra
and not in 30 min spectra. This suggests the presence of trihexyltetradecylphos-

phonium chloride either causes a further reaction, as there is no regeneration of
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parent peaks so something new must be forming. Some potential ideas are that
the trihexyltetradecylphosphonium chloride directly reacts with the photolysed
CpMn(CO)(NCCH3) to form a Cl-bound anionic species with a corresponding
trihexyltetradecylphosphonium counter cation or the high water content in the

ionic liquid reacts with the CpMn(CO)o(NCCHj) forming water-bound species.
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Figure 4.29: FTIR spectra of the carbonyl region showing the different peaks
present during the photolysis of CpMn(CO)3 in neat acetonitrile before photolysis
(red), after 5 min (blue) and after 30 min (black) using 254 nm light.

In the spectra shown in Figure 4.31 there is clear depletion of the parent
CpMn(CO)3 peaks and no growth of any other peaks. This is due to the very short
lifetime of CpMn(CO)q(CgHi2), which is not stable at room temperature on a
timescale where F'TIR spectra can be obtained using conventional lab techniques.
In Figure 4.32 there is depletion of parent bands, with bands from the complex in
cyclohexane and trihexyltetradecylphosphonium chloride depleting at the same
rate. This time there is growth of new peaks, which are seen in the spectra taken
at 1 min and at 5 min, but not in the 30 min spectrum. This again suggests that
the presence of the ionic liquid in the solution is changing the reaction occuring

with again potential formation of an anionic Cl bound species or a water bound
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Figure 4.30: FTIR spectra of the carbonyl region showing the different peaks
present during the photolysis of CpMn(CQO)3 in a mixture of acetonitrile and
trihexyltetradecylphosphonium chloride before photolysis (red), after 5 min (blue)
and after 30 min (black) using 254 nm light.
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Figure 4.31: FTIR spectra of the carbonyl region showing the different peaks
present during the photolysis of CpMn(CO)3 in neat cyclohexane before photol-
ysis (red), after 5 min (blue) and after 30 min (black) using 254 nm light.
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Figure 4.32: FTIR spectra of the carbonyl region showing the different peaks
present during the photolysis of CpMn(CO)s3 in a mixture of cyclohexane and
trihexyltetradecylphosphonium chloride before photolysis (red), after 1 min (blue)
and after 5 min (black) and after 30 min (magenta) using 254 nm light.

These above experiments clearly show that the presence of the trihexylte-
tradecylphosphonium chloride ionic liquid alters the photoproducts obtained from
photolysis experiments of CpMn(CO)3. If ionic liquids were to be a viable idea for
use in helping to dissolve compounds into non-polar, non-coordinating solvents
they should be as unintrusive as possible to the chemistry being probed. This
effect of ionic liquids altering observed photochemistry opens the door for future

work where ionic liquids could potentially be added into current photochemical

systems with potential use to help alter or tune photochemical pathways.

4.3 Conclusions and Future Perspectives

Two different routes to synthesise cationic pianostool complexes were tested and
a cationic manganese pianostool complex was synthesised. The direct rhenium
analogue of this complex could not be isolated in air due to nucelophillic attack on

the larger rhenium atom. Bulkier arenes were used to synthesise a small library
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of cationic rhenium pianostool complexes. A highly fluorous non-coordinating
bulky anion, to aid with complex solubility in CO,, was synthesised and anion
exchanges were attempted. The anion exchange for all but one of the complexes
failed, for [(HEB)Re(CO)3]* the exchange was successful, but impurities were
also formed.

A series of neutral rhenium a-diimine complexes were synthesised by using the
same synthetic route, where the fac- isomer was exclusively formed due to the cis
effect but these were insoluble in CO,. To address this a range of fluorinated bpy
ligands were synthesised, dfbpy, dnb-F3, and 4- [1H, 1H, 2H, 2H, 3H, 3H- per-
fluorotridecyl] -4’-methyl-2,2’-bipyridine. Different purification techniques were
tested to try and improve on the current method for dnb-F3,, but no suitable
alternative was found, but a way to obtain one of the potentially useful side
products was achieved by column chromatography. The highly fluorinated bpy
ligand was reacted with Re(CO);Cl and [(dnb-F34)Re(CO)3Cl] was successfully
isolated. [(dnb-F34)Re(CO)3Cl] was dissolved in liquid COsq, which showed that
the addition of the large fluorinated chains onto the bpy ligand does improve the
solubility in CO5. The solubility was still too low to conduct repeatable low tem-
perature photolysis experiments. [(dnb-F34)Re(CO);3Cl] was photolysed in THF
for a long time, but it took around 6 h for there to be any amount of noticeable
change. This is believed to be due to a concentration effect where the concentra-
tion was too high causing the fluorinated chains to aggregate in solution which
previous unpublished work in the group has shown can change the photophysics
of these compounds.?*

A series of cationic rhenium a-diimine complexes were synthesised by using
the similar synthetic routes. The anion exchanges were attempted with these rhe-
nium a-diimine complexes and all were successful aside from [(dfbpy)Re(CO) ]t
where impurities were also formed. After the anion exchanges these complexes
were still not soluble in CO5 so the previously synthesised highly fluorinated lig-

and, dnb-F34, was used to try and synthesise the corresponding a-diimine com-
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plex. This product was formed along with impurities, that could not be removed
despite attempting a variety of techniques. A matrix isolation experiment was
performed on [(dtbpy)Re(CO)4][Al(OC(CF3)3)4] in a polyethylene disc since the
complex was not soluble in CO5. The complex was successfully inserted inside of
the polymer matrix by soaking in CHyCl, for 72 h and the FTIR spectrum com-
pared to an ATR-FTIR spectrum to confirm no reaction had occured between
the matrix and the complex. Upon photolysis under an atmosphere of CO4 there
was growth of new carbonyl bands and an additional band at 2270 cm~!. There
was also growth of some new rotationally locked bands from CO, implying that
the CO, had become rotationally restricted. Unfortunately, when the experiment
was repeated on a blank disc, these bands showing rotational restriction of CO4
appeared again along with the additional band at 2270 cm ™! suggesting the CO,
was interacting with the disc and not the complex. A photolysis was performed
with the complex in another disc under an atmosphere of Ny and a similar set
of carbonyl bands grew in, but there was no coordinated Ny stretching frequency
observed. A photolysis experiment on [(dmbpy)Re(CO),][PFg] was performed in
THEF and there was a clear bleach of parent bands and growth of two new bands.
It was observed that the photostability of this cationic complex was significantly
lower than that of its neutral analogue.

Some preliminary work involving using an ionic liquid, trihexyltetradecylphos-
phonium chloride, as a cosolvent for improving solubility in non-polar solvents
was conducted. It was found to be miscible with alkane solvents, but not per-
fluorinated alkanes, and improved the solubility of both neutral and cationic
compounds in alkanes. Two more ionic liquids were synthesised, trihexylte-
tradecylphosphonium hexafluorophosphate and trihexyltetradecylphosphonium
tetrafluoroborate, but neither of these made for suitable solvents for dissolving
the tested organometallic complexes. Photolysis experiments were performed on
CpMn(CO); in both neat solvents and solvent and ionic liquid mixtures and in

the mixtures the presence of the ionic liquid was found to change the resulting
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photochemistry of CpMn(CO)s;.

For the pianostool complexes a potential future experiment could be attempt-
ing the anion exchange on [(HEB)Re(CO)3|[PFg] again with a larger variety of
conditions to see if the reaction can be performed without forming any impurity,
even if it comes at a large cost to the overall yield. Use of a larger arene may
be used in a future experiment to test if this makes the anion exchange reaction
more reliable, and if functionalised with large electron withdrawing groups this
could also potentially optimise the complex for a stronger M-CO5 bond. If the
solubility needs to be improved further then the large fluorinated chains, used in
the bpy experiments, could be attached to the pianostool arene to increase the
fluorous content, though this may risk intramolecular reactions when the complex
undergoes CO loss.

For the neutral a-diimine complexes a future experiment could be trying to
further improve the solubility of the complex in COy by further modification
of the bpy ligand which may improve the absorbance in the FTIR spectrum.
Potentially a branched fluorinated chain instead of a straight carbon chain could
also be used to further increase fluorous content.

For the cationic a-diimine complexes a new synthetic route may need to be
tried to achieve a pure, highly fluorinated, cationic complex. If the halogen were
removed from the previously purified [(dnb-F34)Re(CO)3Br|. then the resulting
complex heated in a highly coordinating solvent such as MeCN. a likely product
would be [(dnb-F34)Re(CO)3(MeCN)][OTf]. This may be an easier route to a
pure cationic complex, but whether the photophysics of this complex would more
closely resemble the current tricarbonyl or tetracarbonyl complexes is not known.
The anion exchange could then also be attempted to further increase fluorous
content and remove the highly coordinating OTf anion. Matrix experiments could
also potentially be performed again but a much less reactive polymer matrix must
be found in order to minimise the interaction between the metal complex and the

matrix.
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For the work with ionic liquids a good future next step may be to try and
synthesise an ionic liquid which should be less coordinativley competitive while
also still being a good cosolvent to aid in complex solubility in alkanes. This may
reduce the effect that the presence of the ionic liquid has on the photochemistry
of the molecule and could potentially allow for doping of weakly binding ligands
such as CO5 or Xe to also be used in neat ionic liquids.

Very recently Ball et al. report an example of a long lived methane complex
formed by directly binding methane as a ligand to a reactive organometallic
complex.'¥® Photo-ejection of carbon monoxide from a cationic osmium-carbonyl
complex dissolved in an inert hydrofluorocarbon solvent saturated with methane
at 90 °C gives [°-CpOs(CO),(CHy)]™. This work could also be used as a baseline
for some future experiments where solubility could be tested in CO5 or CO; could

be doped into hydrofluorocarbon solvents.
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Chapter 5

Summary, Implications and

Future Outlook

This Chapter will summarise the findings that are reported within this Thesis and
will outline the implications of the work that have originated from the research.
Furthermore, the future direction of the work and potential areas for investigation

have been discussed.

5.1 Summary of Work Completed

In Chapter 2 a photochemical and photophysical study of Co(CO)3(NO) was
conducted by using high and low concentration TRIR experiments on both the
nanosecond and picosecond timescale utilising both 400/355 and 266 nm exci-
tation. The results obtained were compared and contrasted to previous work
performed by Harris who conducted a ps-TRIR experiment on Co(CO)3(NO) fol-
lowing 400 nm excitation.! There were both similarities and differences when com-
paring our results with those of Harris et al. The triplet states of Co(CO)3(NO)
observed by Harris et al. were not observed in our experiments but the S1
state of Co(CO)3(NO) was observed along with *Co(CO)5(NO), Co(CO)2(NO)(n-
heptane) and Co(CO)z. All of the species observed in both our experiments, and

those performed by Harris et al., displayed different vastly kinetics. One of the
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contributing factors to this is due to a large concentration difference between the
experiments performed by ourselves and Harris. The results of our high con-
centration experiments allowed for many more species to be observed compared
with our low concentration experiments with also much faster decays and kinetics
found in the high concentration experiments. DFT calculations were performed to
try and make suggestions of the identities of a number of the observed unassigned
species such as (CO)9(NO)Co(u-CO)Co(CO)y(NO).

The work in Chapters 3 and 4 focussed on the optimisation of properties of
group 7 compounds in an effort to work towards isolating long-lived n'-OCO
coordinated organometallic complexes.

In Chapter 3 a computational study was performed that focussed on the op-
timisation of properties for maximising the strength of the end-on M-n'-OCO
bond. Some of the main findings were that rhenium was better than manganese
for maximising the end-on M-n'-OCO bond strength. The introduction of elec-
tron withdrawing groups onto either the arene in a pianostool complex, or the
bpy in a a-diimine complex, where the tested groups were -CF3 and -C(CF3)s,
also increased the end-on M-n'-OCO bond strength. This increase based on func-
tionalisation of ligands is limited in its ability to influence bond strength by both
how close the groups are to metal and also the number of functionalised groups
attached to the ligand. Another primary finding was the large jump (around 20
kJ mol 7!) in end-on M-n'-OCO bond strength when going from a neutral to a
cationic complex due to the significantly better overlap between the LUMO of
the metal and the HOMO of the COs.

Chapter 4 primarily focussed on the synthesis and spectroscopic measurements
of both manganese and rhenium cationic pianostools with modified arenes, along
with neutral and cationic a-diimine complexes with modified bpy ligands. It
was found that for the cationic pianostool complexes, the larger the steric bulk
of the coordinated arene, where the smallest tested arene was benzene and the

largest was HEB, the more stable the complex is to both arene displacement
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and nucleophillic attack. None of the complexes initially synthesised were soluble
in CO,, alkanes or perfluorinated solvents and so modifications were made in
order to improve solubility. The synthesis and purification is reported of a highly
fluorinated bpy ligand, dnb-F34, containing carbon spacers to limit the effect on
the electronic properties of the complex. It was shown that the addition of these
large fluorinated groups onto the bpy ligand was sufficient to solubilise [(dnb-
F34)Re(CO)3Cl] in liquid CO2, where [(bpy)Re(CO)3Cl] was previously insoluble.
The solubility needs to be further improved to allow for future reaction monitoring
in solution by FTIR in CO,. [(dnb-F34)Re(CO)3Cl] was photolysed in THF,
but showed remarkable photostability, which was attributed to an aggregation of
fluorinated chains in solution inhibiting CO loss.

The cationic a-diimine complexes, [(bpy)Re(CO),][OT1],
[(dmbpy)Re(CO),][OT] and [(dtbpy)Re(CO)4|[OTf] appeared to be more stable
in the [Al(OC(C(CF3)3)4]” anion exchange reaction than the pianostool com-
plexes, [(Mes)Re(CO)s3][PFg] and [(HMB)Re(CO)s][PFg]. [(HEB)Re(CO)s][PFg]
and [(dfbpy)Re(CO)4|[OTf] were also used in anion exchange reactions,
where based on MS, reactions were a success. In both cases though, sig-
nificant amounts of impurity were formed, meaning no single pure product
could be isolated. — The solubilities of [(bpy)Re(CO)4][AI(OC(C(CF3)s3)4],
[(dmbpy)Re(CO)4][AIOC(C(CFy)s)s] and [(dtbpy)Re(CO)][AIOC(C(CFy);).]
were all tested in COs, alkanes and perfluorinated solvents but all were not
sufficiently soluble to be observable by FTIR. When trying to synthesise
[(dnb-F34)Re(CO)4][AI(OC(C(CF3)3)4], there were purification difficulties
that hindered progress significantly. A matrix isolation experiment utilising
[(dtbpy)Re(CO)4][Al(OC(CF3)3)4) in a polyethylene disc was conducted, but it
appeared that the polymer matrix was likely reacting with the complex and the
CO4 molecules were also interacting with the polymer matrix.

Brief work with ionic liquids was performed involving testing the solubili-

ties of [(bpy)Re(CO)3Cl] in trihexyltetradecylphosphonium chloride, trihexyl-



tetradecylphosphonium hexafluorophosphate and trihexyltetradecylphosphonium
tetrafluoroborate and was only successfully dissolved in trihexyltetradecylphos-
phonium chloride. It was then further found that trihexyltetradecylphosphonium
chloride is miscible with alkane solvents, but not perfluorinated alkanes, and im-
proved the solubility of both neutral and cationic compounds in alkanes. Photol-
ysis experiments were performed on CpMn(CO)3 in both neat hexane and MeCN
and compared with photolysis experiments on CpMn(CO)3 in mixtures of ionic
liquid and hexane or MeCN. It was found that the presence of the ionic liquid
changed the resulting photochemistry of CpMn(CO)3 where CpMn(CO),(MeCN)
was slower to form in the presence of ionic liquid and the decay of CpMn(CO);

in hexane was slower in the presence of ionic liquid.

5.2 Implications and Future Work

Chapter 2 teaches us that the photophysics and photochemistry of Co(CO)3(NO)
is far more complex than it appeared on initial inspection and there is a clear
need for much more work in this area to fully understand this complex. It is
clear that both CO loss and NO loss pathways are induced upon photolysis, but
the ratio of which ligand dissociation occurs is unknown. There is also a clear
concentration element to consider in all future experiments. The concentration
of future experiments may also be varied to help untangle complex reaction dy-
namics along with variations in laser strength, excitation wavelength, solvents
and temperature.

From Chapter 3 a few conclusions can be drawn, which if taken into account in
future research in this area, should help to increase the lifetime of any complexes
formed. The use of rhenium over manganese should be noted, to maximise the
strength of the end-on M-n'-OCO bond. Cationic complexes should also ideally
be used as the decreased CO; HOMO, metal LUMO energy gap for the cationic
systems also helps to maximise the strength of the end-on M-n'-OCO bond.

Future work should also consider the use of electron withdrawing groups, such as
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CF3, which should help increase the end-on M-n'-OCO bond strength, which if
can be done with large numbers of fluorine atoms, may also aid in solubility.
The results observed in Chapter 4 demonstrate the known ability of fluorinated
carbon chains to improve the solubility of organometallic complexes in CO5. This
could help with work towards isolation of long-lived n'-OCO complexes and also
alkane and Xe complexes through doping. With further modifications to the bpy
ligand or a pianostool arene, to allow for a further increase in fluorous content, a
new area of research could be opened. This area may help the goal of synthesising
a long-lived cationic n'-OCO complex be more readily attainable, which could be
analysed using standard spectroscopic techniques. An issue that could potentially
arise is the inhibition of CO loss due to presence of the fluorinated chains, but the
increase in lability of the CO ligand when comparing the cationic tetracarbonyl

compounds with neutral tricarbonyl compounds may solve this issue.
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Chapter 6

Experimental

6.1 Chapter 2 - Time Resolved Infra-Red Spec-

troscopy

6.1.1 Nottingham Ultrafast TRIR apparatus

All of the ultrafast TRIR experiments reported in this Thesis from Chapter 4
were performed using the Nottingham ultrafast TRIR apparatus and in collabo-
ration with Drs. Xue-Zhong Sun and Surajit Kayal. This experimental set-up is
discussed in detailed in the literature, so only a brief introduction is given in this
section.??

In the Nottingham ultrafast TRIR apparatus, 800 nm laser pulses (2.3 mJ,
1 kHz, 140 fs) are produced with the combination of a Ti:sapphire oscillator
(MaiTai, Spectra Physics) and a regenerative amplifier system (Spitfire Pro, Spec-
tra Physics). These pulses are then split into two beams. One beam, which is
the 'pump’, produces a pulse with tunable wavelength (266 or 400 nm in this
Thesis) by harmonic generation (TimePlate Tripler, 6-3, Minioptic Technology
inc.). The other beam is used to pump a TOPAS-C optical parametric amplifier

(Light Conversion), which is followed by a difference frequency generator that can

produce tuncable mid-IR pulses (180 cm ™! fwhm and approx 2uJ at 2000 cm™1).



By using a Ge beam splitter, these mid-IR pulses are split into two halves: one
going to a single-element MCT detector (Kolmar Technology) to be recorded as
a reference; the other half is used as the 'probe’ and passes through the sam-
ple directly. In order to investigate photoinduced transient species at a specific
time delay, the pump beam can be optically delayed on a translation state (LMA
Actuator, Aerotech) that allows for time delays up to approx 2 ns. Afterwards,
a small amount of the transmitted IR probe that passes through the sample is
dispersed by a 250 mm IR monochromator (DK240, Spectra Products) with 150
L/mm gratings (giving approx 4 cm ™! resolution) onto a two linear 128 MCT de-
tector array (Infrared Associates). The signals were amplified with a 144-channel
amplifier (Infrared Associates Inc.) and converted by a 16-bit analog-to-digital
converter (IR0144, Infrared Systems Development Corp.).

For the ns-TRIR measurements, the output of a Q-switched Nd:YVO laser
(1064 nm, 600 ps, Advanced Optical Technology) was frequency quadrupled to
produce a pump pulse with either 266 or 355 nm wavelength. The pump and
probe pulses are synchronised and the delay is controlled by a pulse generator
(DG535, Stanford Research Systems). Delays between pump and probe from 0.5
ns to 100 pus can be obtained. In order to ensure the excitation of the portion of
the excited sample is uniform, the diameter of the pump beam (approx 500 pm)

is greater than the IR probe beam (approx 200 pm).

6.1.2 Sample Preparation

All solution TRIR samples measured in this Thesis were prepared under an Ar
atmosphere using standard Schlenk line techniques with the use of dry solvents,
which were dried over CaHy, degassed with Ar, and stored under an Ar atmo-
sphere (n-heptane).

These samples were prepared with both Uv-Vis and IR absorbance less than
0.6 at both the pump and probe wavelength. An infrared solution cell (Harrick

Scientific Products Inc.) with CaFy windows (25 x 2 mm, Crystran Ltd.) were
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equipped with a pathlength of 390 um. Teflon tubing was used to circulate the
sample during the experiment to minimise the degredation caused by the high

repetition rate of the lasers.

6.1.3 Computational Methods

The DFT calculations performed in this Chapter were performed using the
exchange-correlation functional M06 and the LANLOS(f) basis set was used for
Co and the 6-311(2+,2+4)G** Pople basis set was used for all other atoms; H, C,
N and O. The corresponding LANLOS(f) effective core potential was used for Co
to make calculations run considerably faster with minimal loss of computational
accuracy.

Excited state analysis calculations were run with unrestricted DFT calcula-
tions using the exchange-correlation functional CAM-B3LYP. The LANLOS(f)
basis set was used for Co and the 6-311++G** Pople basis set was used for all
other atoms; H, C, N and O. The corresponding LANLOS(f) effective core po-
tential was used for Co to make calculations run considerably faster with very
minimal loss of computational accuracy. The geometry optimisation for the S;
state of Co(CO)3(NO) was run using the maximum overlap method (MOM),
which was designed to force oscillating SCF calculations to choose’ a configura-
tion.?* MOM occupies SCF orbitals by maximum overlap with the previous set of
occupied orbitals instead of the traditional occupation of lowest energy orbitals.
In the calculation of the S; state of Co(CO)3 a configuration where an electron is
promoted to a higher energy orbital is chosen and the excited state configuration
can be converged.

All ECPs and basis sets were taken from the EMSL basis set exchange

database.!%6
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6.2 Chapter 3 - Computational Methods

DFT as implemented in the Q-CHEM 5.0 quantum-chemical software package
was used for all calculations.’®” All calculations were performed in the ground
state in vacuo with the exception of the excited state analysis. The counterpoise
correction method was used for all bond dissociation energy calculations. Figure
6.1 shows a schematic version of the cycles that were performed to obtain energies

for use in bond dissociation energy calculations.

Initial guess for structure

| Galculate energy and

gradient of the structure.

Estimate a ‘better’
structure

r

Does the energy and

Yes

gradient converge or »| Frequency calculation
come close to zero?
No
Y Are there imaginary No Calculate single point
3 Update geometry frequencies? energy

Yes

4

Distort molecule

geometry

Figure 6.1: Schematic interpretation of the steps performed to obtain energies
for use in bond dissociation energy calculations.

All bond dissociation energy calculations were run with restricted DFT calcu-
lations using the exchange-correlation functional M06. The LANLOS(f) basis set
was used for manganese and rhenium and the 6-3114++G** Pople basis set was
used for all other atoms; H, C, N, O, F and Cl. The corresponding LANLOS§(f)
effective core potential was used for both manganese and rhenium to make cal-
culations run considerably faster at very minimal loss of computational accuracy.

Excited state analysis calculations were run with unrestricted DFT calcu-
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lations using the exchange-correlation functional CAM-B3LYP. The LANLOS(f)
basis set was used for rhenium and the 6-311(2+,2+)G** Pople basis set was used
for all other atoms; H, C, N, O, F, and Br. The corresponding LANLOS(f) effec-
tive core potential was used for rhenium to make calculations run considerably
faster at very minimal loss of computational accuracy.

All ECPs and basis sets were taken from the EMSL basis set exchange
database.1%%

The MO diagrams were calculated and exported using ADFinput using the

fragment analysis technique.!%

6.3 Chapter 4 - Spectroscopy

6.3.1 Fourier Transform Infra-red Spectroscopy

FTIR spectra were recorded using a Nicolet 6700 FTIR spectrometer at 2 cm™!
resolution, with an MCT or TGS detector in solution cells (Harrick Scientific
Products, Inc.) with CaFy windows and a 0.39 or 1.00 mm path length. FTIR
spectra for the matrix experiments were taken on a Nicolet IS50R FTIR spec-

1

trometer at 2 cm™ resolution with an MCT detector in a copper high pressure

cell with CaFy windows and a 2.00 mm path length.

6.3.2 UV /Visible Absorbance Spectroscopy

The UV /Vis spectra were performed on an Agilent Technologies Cary 60 UV /Vis

spectrometer with 1 mm path length quartz cuvettes.

6.3.3 NMR Spectroscopy

All NMR spectroscopy was carried out on Bruker AV400, AV (I11)400 and AV500
spectrometers. Chemical shifts are quoted in parts per million relative to TMS

for 'H and ¥C{'H} NMR and CFCl; for "F NMR.



6.3.4 Photolysis Experiments

Photolysis experiments at room temperature were performed using a Hg arc lamp
emitting 254 nm light next to a Harrick Scientific Products cell with a 510 um
pathlength between CaFy windows purged with Ar.

Photolysis experiments at cold temperatures were performed using an Hg arc
lamp emitting 254 nm light next to a copper cell with CaF, windows sealed with
a lead gasket. The two halves of the cell containing the compound were joined
together using 4 steel screws in each of the corners and tightened, compressing
the lead and creating a seal. The cell was attached to a cold finger that has an
inlet and outlet for gas to pass through the cell. Once leak proof, the cell was
encased in a vacuum shroud and evacuated to approx 5x10-5 mbar. Once under
vacuum, the cell was filled with CO, at room temperature and then cooled to
230 K using a helium compressor and the temperature controlled by a Scientific
Instruments model 9700 controller, which was attached to a resistive heat band

at the base of the cold finger.

6.4 Chapter 4 - Syntheses

6.4.1 Materials

Reagents were purchased from Sigma Aldrich, Strem Chemicals, Fisher Scientific
and VWR International and used as received, unless stated otherwise. Solvents
were purchased dry (max 5 ppm of HyO) and degassed with Ar before use. All
synthetic experiments were performed under anhydrous and anaerobic conditions

using typical Schlenk line techniques under an atmosphere of Ar.
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6.4.2 Synthetic Procedures
Synthesis of [MnBn(CO);][OTf]

A solution of Mn(CO)5Br (0.41 g, 1.45 mmol) and AgOSO,CF3 (0.31 g, 1.58
mmol) was heated at reflux in DCM (25 mL) at 40 °C for 1 h in the dark
to give Mn(CO)5(OSO2CF3). The pale yellow solution was then isolated by
filtration and benzene (1.02 g, 13.06 mmol) was added and the solution heated
at reflux for a further 4 h. The reaction mixture was then evaporated to dryness
to give a dark yellow solid, which was recrystallised from CH,Cly to precipitate
[MnBn(CO)3][OTf] as a pale yellow solid (0.14 g, 26 %). v(CO)/em™! (CH,Cly)
2085, 2038 and 2026; MS m/z - 216.9701 [CoHgO3Mn]|*, 148.9524 [CF305S] .

Attempted Synthesis of [ReBn(CO);][PFg]

A solution of Re(CO);Br (0.40 g, 0.98 mmol), AlICl; (0.39 g, 2.92 mmol) and
benzene (1.17 mL, 13.06 mmol) was heated at reflux in decane at 110 °C for 4
h resulting in a dark red tar underneath the solvent. The pale yellow solution
was cooled in ice then decanted off and the tar washed with cyclohexane (3 x
10 mL) and dissolved in ice-cold water (10 mL). This was then filtered under
gravity into an aqueous solution of water and NH,PFg (0.1 g / 2 mL) which
precipitated a white solid, which was then isolated by filtration and dissolved
in the minimum amount of acetone and immediately precipitated with diethyl
ether to precipitate a white solid, which was dried under vacuum (0.015 g, 3 %).

v(CO)/em™! (CH,Cly) 2064, 2052 and 2002.

Synthesis of [Re(CO)3;(Mes)]|[PFg]

A solution of Re(CO);Br (0.50 g, 1.23 mmol), AlICl; (0.49 g, 3.69 mmol) and
mesitylene (1.56 mL, 11.23 mmol) was heated at reflux in decanc at 110 °C for 4
h resulting in a dark red tar underneath the solvent. The pale yellow solution was
cooled in ice then decanted off and the tar washed with cyclohexane (3 x 10 mL)

and dissolved in ice-cold water (10 mL). This was then filtered under gravity into
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an aqueous solution of water and NH4PF¢ (0.1 g / 2 mL) which precipitated a pale
yellow solid, which was then isolated by filtration and dissolved in the minimum
amount of acetone and immediately precipitated with diethyl ether to precipitate
[Re(CO)3(Mes)|[PFg] as a pale yellow solid, which was dried under vacuum (0.22
g, 46 %). Calculated: C, 26.92 %; H, 2.26 % Found: C, 27.38 %; H, 2.49 %;
v(CO)/em™! (CH,Cly) 2070 and 1998; MS m/z - 391.0349 [C1oH;503Re] ™.

Synthesis of [Re(CO)s;(HMB)][PF;]

A solution of Re(CO)sBr (0.50 g, 1.23 mmol), AlICl; (0.49 g, 3.69 mmol) and
hexamethylbenzene (1.82 g, 11.23 mmol) was heated at reflux in decane at 110
°C for 4 h resulting in a dark red tar underneath the solvent. The pale yellow
solution was cooled in ice then decanted off and the tar washed with cyclohexane
(3 x 10 mL) and dissolved in ice-cold water (10 mL). This was then filtered
under gravity into an aqueous solution of water and NH4PFs (0.1 g / 2 mL)
which precipitated a pale yellow solid, which was then isolated by filtration and
dissolved in the minimum amount of acetone and immediately precipitated with
diethyl ether to precipitate [Re(CO)3(HMB)][PFg] as a pale yellow solid, which
was dried under vacuum (0.10 g, 17 %). Calculated: C, 31.20 %; H, 3.14 %
Found: C, 32.08 %; H, 3.52 %; v(CO)/cm~! (CH,Cly) 2059 and 1987; 'H NMR
(400 MHz, CDCl3) 2.64 (s, 18H); 3C NMR (100 MHz, CDCl3) 114.3 (Ar) 17.6
(CH3); MS m/z - 433.0830 [C;5H1503Re| T, 144.9642 [PF¢]~.

Synthesis of [Re(CO);(HEB)]|[PFg]

A solution of Re(CO);Br (0.40 g, 0.98 mmol), AICl; (0.39 g, 2.95 mmol) and
hexaethylbenzene (1.21 g, 4.92 mmol) was heated at reflux in decane at 110 °C
for 4 h resulting in a dark red tar underneath the solvent. The pale yellow solution
was cooled in ice then decanted off and the tar washed with cyclohexane (3 x 10
mL) and dissolved in ice-cold water (10 mL). This was then filtered under gravity

into an aqueous solution of water and NH4PFg (0.1 g / 2 mL) which precipitated



a pale yellow solid, which was then isolated by filtration and dissolved in the
minimum amount of acetone and immediately precipitated with diethyl ether to
precipitate [Re(CO)3(HEB)|[PFg] as a pale yellow solid, which was dried under
vacuum (0.31 g, 51 %). Calculated: C, 38.12 %; H, 4.57 % Found: C, 38.73 %; H,
4.89 %; v(CO)/em™! (CHyCly) 2065 and 1994; 'H NMR (400 MHz, CDCl3) 2.67
(CHy, q, 12H, J%,,, 7.6 Hz) 1.33 (CHs, t, 18H, J3,,; 7.6 Hz); MS m/z - 517.1744
[C21H3003Re] ™.

Synthesis of [Re(bpy)(CO),][OTf]

A solution of Re(CO)5;Br (0.12 g, 0.30 mmol) and AgOTf (0.09 g, 0.30 mmol)
in CHyCly was stirred for 16 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 2,2’-
bipyridine (0.06 g, 0.36 mmol) added and the mixture stirred for 16 h at room
temperature in the dark. The reaction mixture was then concentrated under
vacuum and precipitated with slow addition of excess ether. The pale yellow
solid precipitate, [Re(bpy)(CO)4][OTf], was isolated by filtration then dried un-
der vacuum (0.10 g, 58 %). Calculated: C, 29.85 %; H, 0.97 %; N, 4.64 %
Found: C, 30.32 %; H, 1.62 %; N, 4.46 %; v(CO)/ecm~! (CH,Cly) 2123, 2029,
2010 and 1970; 'H NMR (400 MHz, CDCl3) 8.96 (6,6-bpy, d, 2H) 8.75 (3,3™-
bpy, d, 2H) 8.41 (4,4’-bpy, td, 2H) 7.76 (5,5-bpy, td, 2H); MS m/z - 455.0187
[C14HgO4NoRe] .

Synthesis of [Re(CO),(dmbpy)]|[OTf]

A solution of Re(CO)sBr (0.12 g, 0.30 mmol) and AgOTf (0.09 g, 0.30 mmol)
in CH,Cly was stirred for 20 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 4,4’-
dimethyl-2,2’-bipyridine (0.06 g, 0.34 mmol) added and the mixture stirred for
24 h at room temperature in the dark. The reaction mixture was then concen-

trated under vacuum and precipitated with slow addition of excess ether. The



pale yellow solid precipitate, [Re(CO)4(dmbpy)|[OTf], was isolated by filtration
then dried under vacuum (0.04 g, 22 %). Calculated: C, 32.33 %; H, 1.92 %; N,
4.44 % Found: C, 32.89 %; H, 1.89 %; N, 4.14 %; v(CO)/em™! (CH,Cly) 2121,
2026, 2008 and 1967; 'H NMR (400 MHz, CDCIl3) 8.96 (6,6-bpy, d, 2H) 8.69
(3,3-bpy, d, 2H) 7.47 (5,5-bpy, td, 2H) 2.71 (CHs, s, 6H); MS m/z - 483.0437
[C16H13N2O4Re] ™.

Synthesis of [Re(CO),(dtbpy)][OTf]

A solution of Re(CO);Br (0.50 g, 1.23 mmol) and AgOTf (0.40 g, 1.62 mmol)
in CHyCly was stirred for 18 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 4,4’-di-
tert-butyl-2,2’-bipyridine (0.40 g, 1.50 mmol) added and the mixture stirred for
38 h at room temperature in the dark. The reaction mixture was then concen-
trated under vacuum and precipitated with slow addition of excess ether. The
pale yellow solid precipitate, [Re(CO)4(dtbpy)][OTf], was isolated by filtration
then dried under vacuum (0.05 g, 5 %). Calculated: C, 38.60 %; H, 3.38 %; N,
3.91 % Found: C, 39.23 %; H, 3.47 %; N, 3.45 %; v(CO)/em™! (CH,Cly) 2122,
2028, 2009 and 1969; 'H NMR (400 MHz, CDCl,) 8.82 (6,6-bpy, d, 2I) 8.55
(3,3’-bpy, s, 2H) 7.55 (5,5-bpy, td, 2H) 1.45 (CHg, s, 18H); MS m/z - 567.1294
[CaoH2y N2 O Rel ™.

Synthesis of [Re(CO),(dfbpy)][OTf]

A solution of Re(CO)sBr (0.41 g, 1.00 mmol) and AgOTf (0.31 g, 1.20 mmol)
in CHyCly was stirred for 24 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 4,4’
perfluorodimethyl-2,2’-bipyridine (1.46 g, 5.00 mmol) added and the mixture
heated at reflux at 45 °C for 48 h in the dark. The reaction mixture was then con-
centrated under vacuum until precipitate started to form. The solution was then

filtered under gravity to leave a grey powder. The grey solid was then washed
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with diethyl ether (3 x 20 mL) to give a pale yellow solid, [Re(CO),(dfbpy)][OT1]
(0.06 g, 8 %). Calculated: C, 27.61 %; H, 0.82 %; N, 3.79 % Found: C, 29.82
%: H, 1.13 %: N, 421 %: v(CO)/em~" (CH,Cly) 2127, 2039, 2010 and 1973;
"H NMR (400 MHz, CD3CN) 9.26 (6,6-bpy, d, 2H) 8.94 (3,3-bpy, s, 2H) 8.05
(5,5-bpy, td, 2H); F NMR (376 MHz, CD3CN) -79.4 (CFs-bpy) -75.6 (OTf);
MS m/z - 590.9835 [C16HgN2O4FgRe]™

Attempted Synthesis of [Re(CO) (dnb-F34)][OTf]

A solution of Re(CO);Br (0.16 g, 0.38 mmol) and AgOTf (0.13 g, 0.50 mmol)
in CH,Cly was stirred for 24 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 4,4’-bis
[1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-bipyridine (0.50 g, 0.46 mmol)
added and the mixture heated at reflux at 45 °C for 48 h in the dark. The re-
action mixture was then filtered under gravity and hexane added to the solution
to precipitate a pale yellow powder (0.08 g). v(CO)/cm™t (CH,Cly) 2121, 2059,
2035, 2027, 2007, 1967, 1934 and 1913.

Attempted Synthesis of [Re(4- [1H, 1H, 2H, 2H, 3H, 3H- perfluo-
rotridecyl] -4’-methyl-2,2’-bipyridine) (CO),] [OTf]

A solution of Re(CO);Br (0.25 g, 0.62 mmol) and AgOTf (0.21 g, 0.82 mmol)
in CHyCly was stirred for 24 h at room temperature in the dark to give
Re(CO)5(OTf). The pale yellow supernatant was then filtered off and 4- [1H,
1H, 2H, 2H, 3H, 3H- perfluorotridecyl] -4’-methyl-2 2’-bipyridine (0.55 g, 0.75
mmol) added and the mixture heated at reflux at 45 °C for 48 h in the dark. The
reaction mixture was then filtered under gravity and hexane added to the solution
to precipitate a pale yellow powder (0.12 g). v(CO)/ecm~! (CH,Cly) 2121, 2046,
2034, 2027, 2007, 1966, 1924 and 1913.
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Synthesis of [ReCl(CO);(dnb-F3,)]

A solution of Re(CO)5Cl (0.11 g, 0.29 mmol) and 4,4’-bis [1H, 1H, 2H, 2H, 3H,
3H- perfluorotridecyl] -2,2’-bipyridine (0.33 g, 0.30 mmol) was heated at reflux in
20 mL of toluene at 100 °C for 3 h. The yellow solution was then filtered under
gravity and the solvent removed under vacuum to give a yellow solid. The solids
were then washed with hexane to give a pure yellow powder (0.39 g, 97 %). 'H
NMR (400 MHz, CDCl3) 8.97 (6,6’-bpy, d, 2H, J,, 5.6 Hz) 8.00 (3,3-bpy, s, 2H)
7.38 (5,5-bpy, dd, 2H J% ., 5.7 Hz, J% 5 1.7 Hz) 2.94 (Ar-CH,, t, 4H, J%, 7.6
Hz) 2.16 (CH,CH,CF5, m, 8H); v(CO)/cm™! (CH,Cly) 2023, 1920 and 1898; MS
m/z - 1383.0082 [C35H19NoO3F3,CIRe] ™.

Synthesis of [ReBr(CO);(dnb-F3,)]

[(dnb-F34)Re(CO)3Br] was synthesised via an identical procedure to that reported
above for [(dnb-F3;)Re(CO)3Cl| using Re(CO);5Br instead of Re(CO)sCl. The
obtained [(dnb-F34)Re(CO)3Br] complex is a bright yellow powder (93 %). 'H
NMR (400 MHz, CDCly) 8.9 (6,6™-bpy, d, 2H, J%,,, 5.7 Hz) 7.99 (3,3-bpy, s, 2H)
7.37 (5,5 bpy, dd, 2H J%,, 6.0 Hz, J4,; 1.6 Hz) 2.95 (Ar-CH,, t, 4H, J3,, 8.0
Hz) 2.17 (CH,CH,CFy, m, 8H); #(CO)/cm" (CH,Cly) 2024, 1921 and 1899; MS
m/z - 1426.9634 [C35H19N2O3F 3, BrRe| ™.

Synthesis of [ReCl(bpy)(CO)s3]

[(bpy)Re(CO)3Cl] was synthesised wia an identical procedure to that re-
ported above for [(dnb-F3;)Re(CO)3Cl] using 2,2’-bipyridine instead of 4,4’-bis
[1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-bipyridine. The obtained
[(bpy)Re(CO)3Cl1] complex is a bright yellow powder (98 %). v(CO)/cm™!
(CH,Cly) 2023, 1920 and 1896.
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Synthesis of [ReCl(CO);(dmbpy)]

[(dmbpy)Re(CO);Cl] was synthesised via an identical procedure to that reported
above for [(dnb-F34)Re(CO)3Cl| using 4,4’-dimethyl-2,2’-bipyridine instead of
4,4’-bis [1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-bipyridine. The obtained
[(dmbpy)Re(CO)3Cl1] complex is a bright yellow powder (95 %). v(CO)/cm™!
(CH,Cl,) 2022, 1920 and 1895.

Synthesis of [ReCl(CO);(dtbpy)]

[(dtbpy)Re(CO)3Cl] was synthesised via an identical procedure to that reported
above for [(dnb-F34)Re(CO)3Cl] using 4,4’-di-tert-butyl-2,2’-bipyridine instead of
4.4-bis [1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-bipyridine. The obtained
[(dtbpy)Re(CO)3Cl] complex is a bright yellow powder (97 %). v(CO)/cm™!
(CH,Cl,) 2021, 1919 and 1894.

Synthesis of [ReC1(CO);(dfbpy)]

[(dfbpy)Re(CO)3Cl] was synthesised via an identical procedure to that reported
above for [(dnb-F34)Re(CO)3Cl] using 4,4’-perfluorodimethyl-2,2’-bipyridine in-
stead of 4,4’-bis [1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-bipyridine.
The obtained [(dfbpy)Re(CO)3Cl] complex is a bright orange powder (96 %).
v(CO)/em™! (CH,Cly) 2028, 1931 and 1908.

Synthesis of [Li][Al(OC(CF3)3)4]

LiAlH, (0.40 g, 10.59 mmol) was suspended in 70 mL of toluene then perfluoro-
tert-butanol (10.00 g, 42.37 mmol) was added at 0 °C and stirred for 1 h. The
reaction mixture was then heated at 80 °C for 72 h. The cloud solution was
then cooled to -20 °C to precipitate the crude grey product and filtered under
gravity. Purification was then performed by sublimation (150 °C at 5x10~2 mbar)
to give a pure white powder (1.30 g, 12 %). F NMR (376 MHz, CDCl3) -76.9
(CF3); MS m/z - 960.1490 [C1404F36Al]~. These analyses are in agreement with
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literature.83

Hexafluorophosphate Anion Exchange

The metal complex (1 eq) and NH4PFg (8 eq) were dissolved in 25 mL of ace-
tone and stirred at room temperature in the dark for 2 h. Water (20 mL) was
then added and the mixture stirred for a further 48 h in the dark allowing slow

evaporation of the acetone and crystallisation of the final product.

[A1(OC(CF3)s3)4] Anion Exchange

The metal complex (1 eq) and [Li][Al(OC(CF3)3)4] (1.2 eq) were suspended in 30
mL of diethyl ether and stirred at room temperature in the dark for 24 h. The
supernatant is filtered off and the solvent removed under vacuum resulting in the
crude product as a pale yellow oil. The oil is then washed with hexane (5 x 5
ml), which is decanted off each time to leaving behind the pure product. This

oil can sometimes be solidified by azeotroping with pentane.

Synthesis of Hexaethylbenzene

A solution of 3-hexyne (13.50 mL, 0.80 mol), trimethylsilyl chloride (13.50 ml,
1.26 mol) and solid Pd/C (10 %, 3.00 g, 0.32 mol) in THF was heated at reflux
at 70 °C for 3 h. The resulting reaction mixture was filtered under gravity and
evaporated under vacuum to yield an orange powder. This solid was then purified
by recrystallised from ethanol then recrystallising again from n-heptane to give
white needle crystals (2.08 g, 64 %). 'H NMR (400 MHz, CDCl3) 2.68 (CHa, q,
12H, J%,, 7.5 Hz) 1.23 (CHjs, t, 18H, J%,; 7.5 Hz); 3C NMR (100 MHz, CDCls)
137.9 (Ar) 22.2 (CH,) 15.8 (CH3); MS m/z - 246.3025 [C13Hso] ™. These analyses

match with literature. Yasutakal997
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Synthesis of 4,4’-perfluorodimethyl-2,2’-bipyridine (dfbpy)

To dimethylformamide (15 mL) and propan-2-ol (0.78 mL), Pd(O,CCHz), (0.05
g) and tetrabutylammonium iodide (0.80 g) were added and stirred at 20 °C
for 40 min. 2-bromo-4-(trimethylfluoro)pyridine (1.00 g, 2.22 mmol) and sodium
acetate (0.37 g) were then added and the mixture was refluxed for 48 h. The
black liquid was then added to water (300 mL) and filtered under vacuum to
isolate a black solid. This solid was then washed with a hexane:ethyl acetate
(10:1) solution (2 x 75 mL) and filtered under vacuum to afford a red liquid; the
solvent mixture removed under vacuum to give a red solid. This red solid was
then purified by column chromatography (hexane:ethyl acetate 10:1) to give a
white powder (0.19 g, 59 %). 'H NMR (400 MHz, CDCl3) 8.85 (6,6-bpy, d, 2H,
J% g 5.2 Hz) 8.70 (3,3-bpy, s, 2H) 7.56 (5,5-bpy, d, 2H, J%4 5.2 Hz); 13C NMR
(100 MHz, CDCl3) 156.2 (2,2>-bpy, s) 150.4 (6,6™-bpy, s) 139.75 (Ar-CF3, q, J2 5
34.3 Hz) 123.1 (CFs, q, JL, 274.7 Hz) 120.01 (3,3"-bpy , q, 3, 3.5 Hz) 117.2
(5,5-bpy, q, J& 3.5 Hz); F NMR (376 MHz, CDCl3) -64.95 (CF3); MS m/z -
293.0522 [C1oH7 N, Fg| ™.

Synthesis of 4,4-bis [1H, 1H, 2H, 2H, 3H, 3H- perfluoroundecyl] -2,2’-
bipyridine (dnb-F3,)

Diisopropylamine (3.70 mL, 26.40 mmol) was dissolved in THF (20 mL) and
cooled to -78 °C; "Buli (2.50 M in hexanes, 9.90 mL, 24.75 mmol) was then
added dropwise and stirred for 40 min, the solution was then allowed to warm to
0 °C and stirred for another 20 min. The solution was then cooled back to -78 °C
and a THF (80 mL) solution of 4,4’-dimethyl-2,2’-bipyridine (2.21 g, 11.98 mmol)
is added to the reaction mixture and stirred at -78 °C for 1 h. The reaction is
then allowed to warm up 0 °C and stirred for another 2 h. The reaction mixture
is then cooled back to -78 °C and a THF (60 mL) solution of 1H, 1H, 2H, 2H-
perfluorodecyl iodide (15.60 g, 27.18 mmol) is added and stirred for 1 h in the

dark. The reaction is then allowed to warm up to room temperature for 18 h while
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stirring. Brine (50 mL) is then added and the product is extracted into diethyl
ether (15 x 150 mL), dried over MgSQy, isolated by filtration and the solvent
removed under vacuum to give a brown oil. This brown oil is then purified by a
series of recrystallisations in trifluorotoluene to give a pure white powder (1.42
g, 11 %). 'H NMR (400 MHz, CDCl3) 8.60 (6,6™-bpy, d, 2H, J%,; 5.0 Hz) 8.28
(3,3-bpy, s, 2H) 7.16 (5,5-bpy, dd, 2H J3,,, 5.0 Hz, J%,,; 1.8 Hz) 2.81 (Ar-CHoy, t,
4H, J3,5 7.6 Hz) 2.08 (CHyCH,CFy, m, 8H); ¥C NMR (100 MHz, CDCl3) 156.4
(2,2’-bpy) 150.8 (4,4’-bpy) 149.5 (6,6’-bpy) 123.9 (3,3’-bpy) 121.3 (5,5-bpy) 34.7
(Ar-CH,) 30.6 (CF,CHs,, t, J%. 22 Hz) 21.2 (CH,CH,CH,); 'F NMR (376 MHz,
CDCl3) -131.1 (CFy) -128.4 (CF5) -127.7 (CF3) -126.9 (CF3) -126.7 (CF3) -119.1
(CF3) -85.7 (CF3); MS m/z - 1077.1005 [C35H19NoF34] 7.

Attempted Synthesis of 4,4’-bis [1H, 1H, 2H, 2H, 3H, 3H- perfluo-

rotridecyl] -2,2’-bipyridine (dnb-F )

Diisopropylamine (3.70 mL, 26.40 mmol) was dissolved in THF (20 mL) and
cooled to -78 °C; "BuLi (2.50 M in hexanes, 9.90 mL, 24.75 mmol) was then
added dropwise and stirred for 40 min, the solution was then allowed to warm
to 0 °C and stirred for another 20 min. The solution was then cooled back to
-78 °C and a THF (80 mL) solution of 4,4’-dimethyl-2,2’-bipyridine (2.21 g, 11.98
mmol) is added to the reaction mixture and stirred at -78 °C for 1 h. The reaction
is then allowed to warm up to 0 °C and stirred for another 2 h. The reaction
mixture is then cooled back to -78 °C and a THF (60 mL) solution of 1H, 1H, 2H,
2H-perfluorododecyl iodide (18.32 g, 27.18 mmol) is added and stirred for 1 h in
the dark. The reaction is then allowed to warm up to room temperature for 18
h while stirring. Brine (50 mL) is then added and the product is extracted into
diethyl ether (5 x 50 mL) dried over MgSQy, isolated by filtration and the solvent
removed under vacuum to give a brown solid. This brown solid is then purified
by a series of recrystallisations from trifluorotoluene to give a pure white powder

(3.52 g, 23 %). 'H NMR (400 MHz, CDCl;) 8.60 (F-chain side 6,6™-bpy, d, 1H,
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J% 5 5.2 Hz) 8.54 (unsubstituted side 6,6-bpy, d, 1H, J%,5 4.8 Hz) 8.26 (F-chain
side 3,3’-bpy, s, 1H) 8.25 (unsubstituted side 3,3’-bpy, s, 1H) 7.15 (5,5’-bpy, dd,
OH J3,; 5.0 Hz, J4,, 1.8 Hz) 2.81 (Ar-CHy, t, 2H, J%,; 7.6 Hz) 2.45 (CHs, s, 3H)
2.08 (CHyCH,CFy, m, 4H); MS m/z - 731.0978 [CoqHgNoFo] ™.

Synthesis of Trihexyltetradecylphosphonium Tetrafluoroborate

Trihexyltetradecylphosphonium chloride (5.2 g, 10.0 mmol) was added to water
(15 mL) and stirred then NaBF, (1.3 g, 11.8 mmol) was dissolved in water (10
mL) and slowly added at 0 °C while stirring causing it to go viscous. This solution
was then stirred for 19 h at rt and resulting in a clear solution with a yellow oil
at the bottom. The clear solution was then extracted into diethyl ether (5 x 30
mL) and washed with water (6 x 50 mL). The ether was then removed under
reduced pressure to give a translucent white oil, which went clear when dried and
eventually solidified upon cooling (5.1 g, 91 %). 'H NMR (400 MHz, CDCl3) 0.87
- 0.92 (m, 12H), 1.26 - 1.34 (m, 32H), 1.44 - 1.59 (m, 16H) 2.13 - 2.23 (m, 8H);
13C NMR (100 MHz, CDCl;) 13.8, 14.2, 18.7, 21.6, 21.7, 22.4, 22.6, 28.9, 29.3,
29.5, 29.6, 30.2, 30.4, 30.6, 30.8, 30.9, 31.8; F NMR (377 MHz, CDCl3) -151.47
(q), -151.42 (br, s).

Synthesis of Trihexyltetradecylphosphonium Hexafluorophosphate

Trihexyltetradecylphosphonium chloride (5.0 g, 9.6 mmol) was added to water
(30 mL) and stirred then NH4PFg (1.3 g, 11.4 mmol) was dissolved in water
(15 mL) and slowly added at 0 °C while stirring causing it to go viscous. This
solution was then stirred for 19 h at rt and resulting in a clear solution with large
spherical solid precipitate, which was extracted with diethyl ether (4 x 30 mL)
and washed with water (6 x 50 mL). The ether was then removed under reduced
pressure and dried in vacuo to give a white solid (4.6 g, 99 %). 'H NMR, (400
MHz, CDCly) 0.87 - 0.92 (m, 12H), 1.26 - 1.34 (m, 32H), 1.44 - 1.59 (m, 16H),
2.08 - 2.17 (m, 8H); 3C NMR (100 MHz, CDCl;) 13.8, 14.1, 18.4, 18.9, 21.4,
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21.5, 22.3, 22.7, 28.8, 29.3, 29.5, 29.7, 30.2, 30.3, 30.5, 30.7, 30.9; YF NMR (377
MHz, CDCl3) -72.09 (d).
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