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ABSTRACT

A range of bis-cyclometallated Ir(I11) complexes [Ir(C*N)2(N”~O)] containing different
cyclometallated (C”*N) and ancillary (N*O) ligands with endo- and exocyclic imine
bonds have been synthesised. Additionally, Ir(I11), Rh(I1l) and Ru(ll) half-sandwich
complexes with exocyclic imine bonds were also synthesised. All new compounds were
characterised by 'H and *C NMR spectroscopy, mass spectrometry and some
compounds have been structurally characterised by X-ray crystallography. The

photophysical properties of the complexes were also studied.

Chapter one introduces luminescent metal complexes particularly cyclometallated
complexes of Ir(lll) and some of their applications. Chapter two introduces the
phenomenon of Aggregation Induced Emission (AIE) and Enhanced Phosphorescence
in the Solid State (EPESS). Photophysical and computational studies of cyclometallated
Ir(111) complexes [Ir(C*N)2(N~O)] show EPESS and it arises due to distortion of the
N”O chelate ring in the triplet excited state; not w-stacking nor restricted rotation as

proposed previously.

Chapter three describes isomeric complexes containing a 5-membered chelate N*O
ligand with an exocyclic imine. These do not show EPESS instead they undergo trans-
cis photoisomerisation of the C=N bond. The isomerisation can be reversed thermally
in some cases suggesting the complexes have potential applications as photoswitches.
DFT studies suggest that the trans isomer is the most stable which agrees with the

experimental data.

Chapter four describes the synthesises of Ir(l1l), Rh(Ill) and Ru(ll) half-sandwich
complexes with 5-membered chelating anionic N*O or neutral NN ligands which have
exocyclic C=N bonds. The nature of the ligand, the imine substituent and the metal

centre all affect the photoisomerisation.
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Chapter 1: General Introduction

1.1 Luminescence
Luminescence is the emission of light from electronically excited states. Depending on
the nature of the excited state, emission can result in fluorescence or phosphorescence.

These processes can be illustrated by using the Jablonski diagram (Figure 1.1).

Singlet Excited State
k
S,
i Internal Conversion
* Vibration Triplet Excited State
gf) w' Relaxation Intersystem
3| s, 0 Crossing
¥
= T
T, i
Absorption
Fluorescence Phosphorescence
v
S Y
Ground State
Radiative processes Non-radiative processes

Y
Y

Figure 1.1: The Jablonski diagram.

The diagram shows two types of processes: radiative processes and non-radiative
processes. The radiative processes include: absorption, fluorescence and
phosphorescence. The first process is the absorbance of a photon by a molecule. A
molecule is excited from the ground state to an excited state. Fluorescence is an
emission process and is most often observed between the first excited state and the
ground state for any particular molecule. It is an emission from a singlet excited state
where the excited electron is paired with an electron in the ground state, therefore it is
spin-allowed. This photon emission process occurs rapidly with its typical lifetime
being between 10° - 107 seconds. On the other hand, phosphorescence is the emission
from a triplet excited state to the ground state. The excited electron has the same spin

orientation as the electron in the ground state orbital therefore, the return to the ground

1



state is spin-forbidden and the rate of emission is slow, resulting in longer lifetimes (10°
3to 1 s). The triplet excited state is long-lived so it has a far greater chance of being
deactivated than the singlet excited state. This is because there are some deactivation
(quenching) processes that compete with phosphorescence and can prevent the long-

lived emission from occurring. Examples of these processes are:!:2

o Internal Conversion is an intramolecular process by which a molecule passes to

a lower energy electronic state without emission of radiation. If vibrational energy levels
strongly overlap electronic energy levels, a possibility exists that the excited electron can
transition from a vibrational level in one electronic state to another vibrational level in a
lower electronic state. Internal conversion can occur because of the overlap of the
vibrational and electronic energy states.

o Vibrational Relaxation occurs when excess vibrational energy is lost in

collisions between molecules of excited species and the solvent. Since this is a very fast
transition, it is extremely likely to occur immediately following absorbance. This
relaxation occurs between vibrational levels. So, generally, electrons will not change from
one electronic level to another through this method.

o Intersystem Crossing (ISC) is a forbidden transition and is when the spin of the

excited electron is flipped and changes spin multiplicity from an excited singlet state to
an excited triplet state.

1.2 Luminescent d® Transition Metals

To assist in an explanation of luminescence in d® transition metal complexes, Figure 1.2
shows the localised molecular orbital model of the excited states. This figure shows the
orbitals and spectroscopic states diagram for a low spin d® octahedral complex (MLg).>
* Transition metal complexes have partially filled d-orbitals and the order and
occupancy of these orbitals determine their emissive properties. The octahedral crystal
field splits the five degenerate d orbitals by delta (A) into a triply degenerate t level and
a doubly degenerate e level. This is due to the two e orbitals that are directly pointing
towards the six ligands and the remaining t. orbitals point between the ligands.® The
consequences of this splitting are due to the electrostatic interactions between the filled
ligand orbitals and electrons placed in different d orbitals, therefore an electron placed
in an e orbital has higher energy than one placed in a t> orbital. This is important because
it is determined by the crystal field strength of the ligands and the central metal ion. All
spins are paired therefore the ground state (So) is a singlet. The lowest excited states are

2



derived from promoting an electron to one of the unoccupied orbitals. The state

classification is determined by the original and final orbitals.

1,3

m* t26 ! n-n" (Ligand states)
TEI*
e —— -
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Id-d
S .5l
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3 —ﬂ— Jf So (Ground state)
%) _ﬂ_ t 67‘[2
Orbitals Spectroscopic states

Figure 1.2: Simplified orbital and state diagrams for d® metal in an octahedral

environment.®

There are three types of excited states:®

(@) Metal centred (MC) d-d excited states arise from promoting a bonding electron from
the t2g level to the eg* level and give rise to weak absorption bands and therefore have
small extinction coefficients. The d-d states need to be above the emitting levels (LC
and MLCT) to prevent thermal excitation that could lead to excited state decay and
photochemical instability.

(b) Ligand centred (LC) n-n* states derive from promoting a bonding n-electron to an
antibonding ©n* level. These transitions are often very intense and are localised on the
ligands.

(c) Metal-to-ligand-charge transfer (MLCT) states involve promoting an electron from
ametal orbital to a ligand orbital or ligand to metal charge transfer states (LMCT) which
involve promoting an electron from a ligand to a metal orbital. These transitions have
significant absorptions in the visible region with high extinction coefficients.® *

For a metal complex to be luminescent, it has to meet certain criteria:® °



(1) the lowest excited state must be either a charge transfer (CT) or ligand n-1*,
this avoids photochemical instability associated with unstable d-d excited states,

(i) spin-orbit coupling must be high to permit radiative decay to compete more
effectively with non-radiative decay

(iii) the crystal field must be strong enough to raise the d—d state above the MLCT
state, to avoid thermal excitation to a d-d state.

The quantum efficiency of transition metal complexes is dependent on the radiative and
non-radiative relaxation of the excited states. Non-radiative relaxation occurs on a much
faster time scale than radiative transitions.® The relative levels of the MLCT, n-n* and
d-d states also determine the sensitivity of excited state decay times to temperature. If
the d-d states are close to the MLCT or n-n* level, then they are thermally accessible.
By increasing the temperature, the lifetime decreases due to the thermal population of
the d-d states which is followed by rapid non-radiative decay.® Therefore, the d-d states
need to be thermally inaccessible from the emitting MLCT or n-r* states. For example,
in complex [Ru(bipy)s]? (1.1) (Figure 1.3) the Ru toq orbitals are the highest occupied
molecular orbitals (HOMO) and the lowest unoccupied molecular orbital (LUMO)

resides on the bipy ligand® with MLCT as the lowest electronic transition.’

1.1

Figure 1.3: Luminescent [Ru(bipy)s]** complex.

1.3 Cyclometallated Ir(111) Complexes

The last decade has seen a rapid increase in the number of publications regarding
luminescent cyclometallated Ir(I111) complexes. These complexes have been used in a
range of applications including OLEDs®'?, LEECs™, solar cells!’, luminescent
sensors'®22, photocatalysis?® and bioimaging.?*?® Cyclometallated Ir(I111) complexes are
ideal for these applications due to high photo-luminescent quantum yields and ability

to tune the emission properties by synthetic modifications.?® There are two main types



of tris-bidentate Ir(I1l) complexes in the literature; homoleptic [Ir(C*N)s] and
[Ir(X"Y)3] and heteroleptic [Ir(C*N)2(X"Y)] and [Ir(C*N)(X"Y)2]. However, there are
not many examples of the type [Ir(C*N)(X"Y)2], and [Ir(X”Y)s] due to the difficulty in
their synthesis and purification. Hence, the majority of known luminescent Ir(l1)
complexes are [Ir(C*N)z] and [Ir(C*N)2(X"Y)].

1.3.1 Tris-Cyclometallated Ir(I11) Complexes [Ir(C~N)s]

Tris-cyclometallated Ir(111) complexes [Ir(C*N)z] can be prepared directly by reacting
either IrCl3.3H20% 3! or Ir(acac)s®® 32 with an excess of the cyclometallating ligand in
glycerol at reflux temperatures (Scheme 1.1a) or in two steps by isolation of the
intermediate bis-cyclometallated complexes [Ir(C*N)z(acac)]®® or [Ir(CAN)zp-Cl]2%*
(Scheme 1.1b and 1.1c). The dimers [Ir(C*N)2u-Cl]2 are easily prepared in high yields
(> 85%) from IrCls.3H.0,*> ¢ and can be reacted with Hacac to form
[1Ir(C"N)2(acac)].3" % This route is much more efficient than going via [Ir(acac)s] which
itself is prepared from IrCl3.3H,0 but only in low yield (< 20%).% Preparing [Ir(C"N)3]
in two steps from IrClz.3H20 gives higher yields (75-80%) in comparison to the one
step method (45-60%).3! Also, the one pot method uses a much larger excess of the
cyclometallating ligand as solvent (up to 60 times)®* compared with only 2-3 times
excess in each step during the two step procedure.?” ® Hence, the two-step method
starting from IrCls.3H-0 is the preferred method (Scheme 1.1b).3
Tris-cyclometallated Ir(I11) complexes [Ir(C~N)z] can adopt either a facial (fac) or
meridional (mer) structure which have all N,N-cis and one N,N-trans configuration,
respectively (Figure 1.4). The fac isomer forms preferentially at high temperatures (>
200 °C) and the mer isomer forms at lower temperatures (< 150 °C).% It was also found
that at high temperatures the mer isomer converts in to the fac isomer, suggesting that
the fac isomer is the thermodynamic product and the mer isomer is the kinetic product.
Additionally, hydroxy-bridged dimers [Ir(C*N).u-(OH)]2, have been used for the

selective synthesis of mer-[Ir(C”N)s] complexes at 100 °C.%
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Scheme 1.1: Synthetic routes of tris- and bis-cyclometallated Ir(111) complexes.

N
C////I \\\\\C C//// \\\\C >
N( | \ C( | N
C
fac-[Ir(C"N);] mer-[Ir(C"N);]

\\\\\ , \\\\\
“| r ; Ir
Z N ‘
|
fac-1.2 mer-1.2

Figure 1.4: Structure of fac- and mer-1.2.

Watts and co-workers*! were the first group to synthesise fac-[Ir(ppy)s] (1.2), then later,
Konno and Sasaki*? used microwave irradiation to synthesise fac-1.2 from IrClz.3H20
with a large excess of Hppy ligand. Thompson described the photophysical and
electrochemical differences between fac and mer isomers; (i) the mer isomer can easily
observe a one-electron oxidation in comparison to the fac isomer (ii) the mer isomer is
the kinetically favoured product so it can be converted thermally to the fac isomer and

(iii) the mer isomer has a broader and more red emission in comparison to the fac

Hacac mer-[Ir(C*"N);] 4 fac-[Ir(C"N);]



isomer.®® Marian and co-workers carried out computational studies to investigate the
photophysics of fac-1.2.** Their findings showed that the electronic ground state of fac-
1.2 is C3 symmetric, but in the singlet excited state the pseudo-Jahn-Teller interaction
leads to a distortion and breaking of the C3 symmetry.*® The studies also showed that
the HOMO resides on the Ir and Ir-C c-bond while the LUMO resides on the pyridyl
ring of ppy ligand. Substantial electronic spin-orbit coupling and a small energy gap
make ISC an ultrafast process in fac-1.2; the rate of ISC (S1 to T1) was calculated to be
kisc = 6.9 x 102 s hence, fluorescence (1 x 10°® s™) could not compete with the much
faster 1SC, therefore a phosphorescence is observed rather than fluorescence.*® These
results agree with previous experimental studies of a sub-picosecond ISC process and
a triplet quantum yield close to unity** %° and that the emission of tris-cyclometallated

complexes comes from a mixture of ligand centred,® (m-n*) and MLCT excited states.*®
47

1.3.2 Heteroleptic Bis-Cyclometallated Ir(111) Complexes

Thompson and co-workers were the first group to use fac-1.2 as a green phosphorescent
dopant in OLED’s.*? This led to an interest in developing new cyclometallated Ir(111)
complexes. Thereafter, different bis-cyclometallated Ir(111) complexes (1.3) (Figure
1.5) were developed with two cyclometallated C*N ligands and one XY ancillary
ligand which have useful photophysical properties such as: (i) large Stokes shift, (ii)

high spin-orbit coupling, (iii) long lifetimes, and (iv) high quantum yields.

0,+1

N

C///IIHI \\\\\\\X
I_‘\
ol | vy,

N

1.3
Figure 1.5: Structure of bis-cyclometallated Ir(111) complex with general formula

[IFCAN)2(XAY)]" (n = 0, +1).

The most common luminescent Ir(111) complexes have two C*N ligands and one XY
ancillary ligand. A neutral XY ligand gives a cationic complex, [Ir(CN)2(X"Y)]",
whilst an anionic X*Y ligand gives a neutral complex [Ir(C*N)2(X"Y)]. Dimeric



precursors [Ir(C*N).p-Cl]2 (1.3) are usually used as intermediates to synthesise
[Ir(CAN)2(X~Y)]" (n =0, +1). Previously, harsh conditions were used to form [Ir(C*N)2
p-Cl]2 dimers with high boiling point solvents such as 2-ethoxyethanol and high
temperatures (> 120 °C).*® Later, Davies and co-workers optimised a microwave (MW)
method by using propan-2-ol and water at 110 °C under microwave irradiation for 90

mins (Scheme 1.2).%

N

) _ Cu,,, | WCl
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Scheme 1.2: Optimised synthesis of [Ir(C*N).p-Cl]2 dimers under MW conditions.

Cationic complexes [Ir(CN)2(X"Y)]" are easily synthesised from [Ir(C*N)2u-Cl]2 with
neutral ligands XY and a counter ion using MW irradiation or conventional methods.*®
48,49 More recently, Stephenson reported a one-pot MW method to synthesise complex
1.3a in ethylene glycol at 200 °C followed by breakage of the dimer to form known
cationic polypyridyl Ir(111) complexes such as [Ir(ppy)2(bipy)]* with excellent yields.*
Although this method is done in one-pot, isolation of the intermediate dimer is relatively
easy so the stepwise pathway is still a useful route.® Neutral complexes
[Ir(CAN)2(X"Y)] can be synthesised in the presence of a base at room temperature
(Scheme 1.3).0 37,38



XAY, PEe [In(CAN),(XAY)]PF,
MW, 60 OC, Nz Cationic complex

[Ir(C*"N),Cl],

HX/\Y, N82CO3 N [Ir(CAN)z(XAY)]
heat or RT, N, Neutral complex

Scheme 1.3: a) Microwave method for the synthesis of [Ir(C*N)zp-Cl]2 dimers; b) Scheme
showing the synthesis of [Ir(C*N)2(X"Y)][PFs] and [Ir(C*N)2(X"Y)].

In theory, complexes [Ir(CN)2(X"Y)]™ (n = 0, +1) can exist in three different
geometrical isomers (I, 11 or 111) (Figure 1.6a). However, the vast majority of reported
complexes have structure (1).18 1 2In this case, the two carbon atoms are cis to each
other and the nitrogen atoms are trans to each other and the complex exists as two

optical isomers: A and A (Figure 1.6b).
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Figure 1.6: a) Geometrical isomers of [Ir(C*N)2(X"Y)]; b) optical isomers of

structure 1.



1.3.3 Tuning Emission in [Ir(C*N)2(X"Y)]™ (n =0, +1)

Changing the cyclometallating C*N and/or X*Y ligands can change the emission
wavelength over the whole visible spectrum from blue to red and even into the near
infrared.>>* This can be achieved by changing the donor atoms or changing the degree
of conjugation on the ligands®> * or by adding different substituents on the ligand.3®
Examples are discussed below starting with changing C*N ligands then moving on to
changing X*Y ligands.

Figure 1.7 shows the tuning in emission by changing the cyclometallating C*N ligand
in complexes 1.4a-1.3"°7 %8 Adding the fused benzene to 1.4a leads to a slight red shift
in emission from 520 nm to 525 nm for complex 1.4a and 1.4b, respectively. A similar,
change for complexes 1.4c and 1.4d also causes the emission to redshift from 546 nm
to 557 nm for 1.4c and 1.4d, respectively. Complex 1.4e with simple phenylpyridine
shows an emission band at 516 nm. However, complexes 1.4f-h, with increased
conjugation from the quinolone or isoquinoline groups show red shifts in emission. The
position of the fused ring in complexes 1.4f-h also has an effect, thus 1.4h has the most
redshifted emission in comparison to 1.4f and 1.4g. Changing the phenyl (1.4e) to a
thiophene (1.4i) leads to a red shift in emission from 516 nm to 562 nm. A similar effect
is seen comparing 1.4d with 1.4j (557 to 593 nm). Then, changing the N-donor pyridine
in 1.4i to benzothiazoline in 1.4j leads to a red shift from 562 to 593 nm, respectively.
Changing the C-donor from a thiophene (1.4j) to a naphthyl group in the alpha position
(1.4k) shows a small redshift in emission from 593 nm to 606 nm, respectively whilst
with a beta-naphthyl group (1.41) the emission wavelength is virtually the same, only 1
nm different between 1.4j and 1.41. When comparing 1.4d (with phenyl) and 1.4k and
1.41 (naphthyl), the alpha position has a greater redshift in emission at 606 nm than beta
position at 594 nm in comparison to the phenyl at 557 nm (1.4d). When comparing the
oxazoline (1.4b) and thiazoline (1.4d), there is a difference in emission by changing the
atom in the heterocycle from O to S. It was found that 1.4b has an emission Amax at 525
nm in comparison to 557 nm for complex 1.4d. A similar effect is found comparing
1.4a with 1.4c. Hence the substitution of an oxygen atom (1.4a and 1.4b) by a sulphur
atom (1.4c and 1.4d) in the chromophores leads to a redshift in the emission because of
the higher polarizability of sulphur over oxygen in the ligand. By changing the position
and the number of the heteroatoms and the size of the heterocycle in the

cyclometallating ligand, the nature of the emitting excited state also changes giving rise
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to different emission wavelengths. Overall, the emission with higher energy is observed

with 1.4e (Amax = 516 nm) while 1.4h has the lowest energy emission (Amax = 622 nm).
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Figure 1.7: Structure of [Ir(C”N)(acac)] (1.4a-1)3">" %8 with various

cyclometallated ligands.

In neutral complexes, both the HOMO and the LUMO can involve either the C*N

and/or the X2Y ligand, hence it can be difficult to adjust the energy of just the HOMO
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or the LUMO without having any effect on the other. A way to disrupt the
communication between the pyrazole and the phenyl ring was to introduce a methylene
linker giving a non-conjugated C~N ligand (1.5) (Figure 1.8).%° This destabilizes the m*
orbitals of the non-conjugated C*N ligand, causing a blue shift in emission (Aem = 437,
460 (sh) nm) compared with 1.6 © (Aem = 457 nm) with a conjugated C*N ligand.

1.5 1.6

Figure 1.8: Structure of complex 1.5 with non-conjugated C*N ligand (left) and
complex 1.6 with conjugated C”N ligand (right).

Theoretical studies were performed on complexes [Ir(C*N)2(N”*N)]* (1.7a-c) (Figure
1.9) to study the effects of incorporating azole rings in the C*N ligands, and of the
number of nitrogen atoms forming the azole ring, on the emission properties.®® In
complexes 1.7a-c, the calculated HOMO is mainly composed of a mixture of Ir(I1l) d-
7 orbitals and phenyl & orbitals of the cyclometallating ligands, whilst the LUMO is
localised on the ©* orbital of the bipy ligand with a very small contribution from the
metal. Compared to [Ir(ppy)2(bipy)]*, the substitution of the pyridine ring in the CN
ligands by an azole leads to a stabilisation of the HOMO as the number of nitrogen
atoms in the azole ring increases, because the HOMO mostly resides in the C*N ligands
which is where the structural change is observed. This suggests that the increase in the
HOMO-LUMO gap energy is predicted to give a blue shift in emission with the increase
of number of nitrogen atoms. The calculated emission values are in good correlation
with the available experimental data, which supports the reliability of the theoretical

results.52 63
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Figure 1.9: Structures of complexes 1.7a-c with different azole rings in the
cyclometallated C*N ligand.

The next example shows the effect of different substituents in the phenyl part of the
cyclometallated ligand (para position in relation to the metal) in complexes of general
formula [Ir(R-ppz)2(bipy)][PFe] (1.8a-e). (Figure 1.10).3® The Amax for 1.8b (R = Me)
and 1.8c (R = OMe) are 587 and 615 nm respectively, red shifted in comparison to 557
nm for 1.8a (R = H). On the other hand, the Amax 0f complexes 1.8d (R = CF3) and 1.8e
(R = NO) are 504 and 497 nm respectively, showing a blue shift in emission in
comparison to 557 nm for complex 1.8a (R = H). Hence, the nature of the substituents
on the phenyl part of the C~N ligand has a clear effect on the emission wavelength.
DFT calculations show that electron-donating groups destabilise the HOMO,
decreasing the HOMO-LUMO energy gap and therefore giving a red shifted emission.*®
On the other hand, electron withdrawing groups stabilise the energy of the HOMO
which increases the HOMO-LUMO energy gap giving a blue-shifted emission. The
position of the R group in the relation to metal was also studied and showed that when
R is para to the metal it has a greater effect on the emission wavelength in comparison
to the meta position. This is because in the meta position there is a only very small
contribution of this carbon atom to the HOMO whereas the para position has a more
significant contribution to the HOMO.3®
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Figure 1.10: [Ir(R-ppz)2(bipy)][PFs] (1.8a-e) complexes with different substituents in
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the para position of the C*N ligand.

LUMO is now mainly localised on the diimine ligand.
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The examples above described the effect of emission using different C*N ligands. The
following examples will describe the effect on emission by changing the XY ancillary
ligand with different anionic and neutral ligands. The emission wavelength of neutral
and cationic complexes in heteroleptic Ir(111) complexes [Ir(ppy)2(X*Y)]" (n = 0, +1)
(1.4e, 1.9a-d) (Figure 1.11) have considerably different emission wavelengths due to
the difference in the localisation of the HOMO and LUMO for each complex. For
example, the emission for neutral complexes 1.4e and 1.9a is 516 nm*® and 505 nm®,
respectively, whilst for cationic complexes 1.9b, 1.9c and 1.9d the emission wavelength
is 585 nm®®, 582 nm®® and 497 nm®’, respectively. In neutral complexes, when XY =
acac (1.4e), the LUMO is mainly localised on the pyridyl ring of ppy ligand, whilst in
1.9a the LUMO resides mainly on the pic ligand and partially on the pyridyl ring of the
ppy ligand.> Predicting where the HOMO and LUMO is localised in neutral complexes
becomes difficult without the use of DFT. In the cationic complexes (1.9b and 1.9c),
the HOMO resides mainly on the Ir and the phenyl part of the C*N ligand whilst the

The cationic diimine complexes (1.9b and 1.9c) have a smaller HOMO-LUMO gap
than neutral complexes (1.4e and 1.9a), due to the lower energy =* orbitals of bipy
leading to a lowering in the LUMO energy hence their emission is red shifted in
comparison to the neutral complexes. In contrast, the emission of complex 1.9d (Amax =
497 nm) is significantly blue shifted compared to 1.9b, and 1.9c and even slightly blue
shifted in comparison to neutral complexes 1.4e and 1.9a. This is due to the saturated

diamine ligand in complex 1.9d having no ©* orbitals hence the LUMO is back on the



C”N ligand. Overall, the emission data agrees with DFT calculations that the excited

states vary according to the nature of the X*Y ligand.*

— ) — — 0,+1
1.4e 1.9
A =516nm | X | N
N~ N~ H2Nj
0" 70 N~ | H,N
NS
a: pic b: bipy ¢: phen d: en

A=505nm A =585nmm A=582nm A=497nm
Figure 1.11: [Ir(ppy)2(X"Y)]" (n = 0, +1) complexes with different XY ligands.

As discussed previously changing the degree of conjugation in the C~N ligand has an
effect on the emission wavelength (Figure 1.7). Similar effects are seen by changing the
degree of conjugation on the X"Y ligand, as seen in complexes [Ir(pig)2(N~N)]PFs
(1.10a-f) (Figure 1.12).%8 For these complexes the HOMO is localised on the C”N
ligand and partially on the Ir centre whilst the LUMO is localised in the NN ligand.
By increasing the conjugation of the NN ligand the emission can be red shifted from
588 nm (1.10a) to 732 nm (1.10f). The increased conjugation leads to a decrease in the
energy level of LUMO which consequently decreases the HOMO-LUMO gap leading
to lower energy emission.
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Figure 1.12: Structures of [Ir(pig)2(N*N)]PFs complexes by varying the conjugation on

the NN ligand.

More recently, Sun and co-workers synthesised cationic complexes
[1r(dppi)2(N~N)]PFs (1.11a-f) (Figure 1.13).° Complexes 1.11c, 1.11e and 1.11f show
red shifts in emission bands by increasing the conjugation with respect to the parent
complex 1.11a. Interestingly, complex 1.11b shows a blue shift in comparison to
complexes 1.11a, 1.11d and 1.11f.%° DFT calculations show that the HOMO is localised
in the cyclometallated dppi ligand and Ir centre, while the LUMO is localised on the
N~N ligand. The unusual blue-shift in emission is due to the occurrence of
benzannulation in complex 1.11b, the LUMO symmetry of 1.11a at the annulation site
matches the HOMO symmetry of 1,3-butadiene.®® The LUMO-HOMO interactions
raise the LUMO energy in 1.11b and thus cause the blue-shifted emission band. A

similar occurrence is observed from 1.11c to 1.11d.
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Figure 1.13: Structure of [Ir(dppi)2(N*N)]PFs complexes (1.11a-f) with different

degrees of conjugation on the NN ligand.

Theoretical studies were performed on complexes [Ir(C*N)2(N*N)]* (1.12a-c) (Figure
1.14) to study the effects of incorporating azole rings in the C*N and/or NN ligands,
and of the number of nitrogen atoms forming the azole ring, on the emission
properties.’ The results are compared with those of the reference complex
[Ir(ppy)2(bipy)]*. In complexes 1.12a-c, the calculated HOMO is mainly composed of
a mixture of Ir(lll) d-n orbitals and phenyl & orbitals of the cyclometallating ligands
whilst the LUMO is again on the N~N ligand. Hence, DFT studies predict the main
effect of an increase in the number of nitrogen atoms in the NN ligand will be to
decrease the energy of the LUMO. With the HOMO relatively unchanged this should
lead to a reduction in the HOMO-LUMO energy gap and a predicted red shift in the

emission.
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Figure 1.14: Theoretical studies carried out on [Ir(C*N)2(N*N)]" (1.12a-c)

complexes with predicted emission wavelength.

Furthermore, Thompson compared the emission of complexes 1.4e and 1.13a-c
containing different B-diketonates (Figure 1.15). All complexes (1.4e, 1.13a-c) showed
phosphorescent emission at 516 nm. However, complexes 1.4e and 1.13a give
reasonable quantum yields (® 0.31 and 0.33, respectively) whilst complexes 1.13b and
1.13c have very low quantum efficiencies (® <0.01).%" In complex 1.13b and 1.13c, the
excited states are localised mainly on the bza and dbm ligand, respectively which leads
to very weak phosphorescence. In complexes 1.4e and 1.13a the lowest triplet energy
is below that of their respective B-diketonate ligands giving rise to strong

phosphorescence emission.
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Figure 1.15: Structures of [Ir(ppy)2(0”~0)] complexes (1.4e and 1.13a-c) containing
different B-diketonate ligands.

1.4 Applications of Ir(111) Complexes

As mentioned previously, luminescent Ir(lll) complexes have many desirable
photophysical properties such as high quantum yields, tuneable emission wavelength
and life times, and large Stokes shifts. Tuning emission wavelengths was discussed
above. Emission lifetimes of > 100 ns can be used to discriminate the background

fluorescence of bio-molecules (t = 1-10 ns) from the emission of the complex (t=0.1-
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10 ps), by using a time delay before detection which is difficult for organic fluorophores
owing to their shorter lifetimes. The Stokes shift is the difference between the band
maxima of the absorption and emission arising from the same electronic transition;
therefore, a large Stokes shift helps to isolate the excitation and emission wavelengths.
As a result of a combination of these properties cyclometallated Ir(111) complexes have
been used as OLEDs,% 3 7 photo-sensitizers in solar energy conversion,’t "2
photocatalysts,” " luminescent sensors?® and biological labels?* "™ and some of these
are discussed in more detail below.

In 1999, complex fac-[Ir(ppy)s] (1.2) was used in an OLED for the first time!? and since
then, cyclometallated complexes have been widely studied and used in fabrication of
light emitting devices.*” 3% ® OLED technology enables thin, efficient and bright
displays that can be flexible and transparent and are therefore ideal for large displays,
such as televisions.® Cyclometallated Ir(111) complexes are typically used as emitters in

OLEDS because they possess the following characteristics:®

i)  Chemically, electrically and thermally stable.
i)  Highly efficient triplet phosphorescence emission and high radiative decay rate.
iii) Phosphorescent wavelength is relatively easily tuned to give blue to red
emission.
Complexes fac-1.2 and 1.14 have been used as green and red coloured light-emitting
devices, respectively.® Complex 1.15 is one of the most well-known blue emitters’’
(Figure 1.16).

1.14 1.15

Figure 1.16: Structures of complexes fac-1.2, 1.14 and 1.15.

Cyclometallated Ir(111) complexes also have been demonstrated to work efficiently as
absorbers for solar cell applications.”® Dye-sensitized solar cells (DSSCs) are

considered a real solution for harnessing the energy of the sun and converting it into
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electrical energy. Cyclometallated Ir(111) complexes can be good candidates for
potential use as DSSCs due to their high quantum vyields, as observed for cationic
complex 1.16 (Figure 1.17). 7

"] PF

Figure 1.17: Cationic complex 1.16 used as DSSC.

In addition, solar energy can also be used in catalysis. This is very desirable as it does
not require the use of non-renewable resources. Since the studies carried by
MacMillan®, Yoon®! and Stephenson,®? visible-light photoredox catalysis has been an
influential strategy in novel and useful reactions under mild conditions. In 2005,
Bernhard and co-workers®® used [Ir(ppy)z(phen)]* as a photosensitiser for the
production of Hx gas from photocatalytic reduction of water (Scheme 1.4). The [Ir]
corresponds to the photosensitiser and ER is the electron relay [Co(bipy)s]?*. It takes
two cycles through the pathway shown below to generate 1 equiv of Hz gas. TEOA

(triethanolamine) serves as a two-electron reductant to reduce the photosensitiser.

+H*
1/2 H,

ER ER

[Tr]* 7 [Ir]"

TEOA

o [1r] TEOA™
\(ﬂt‘i'ﬁf

Scheme 1.4: Simplified mechanism to produce H> using [Ir] as the photosensitiser.
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Cyclometallated Ir(111) complexes can also be used for biological applications such as
the detection of thiol-containing amino acids like homocysteine (Hcy) and cysteine
(Cys). The levels of Hcy in the plasma is an indicator of cardiovascular disorders and
Alzheimer’s,®* while deficiency of Cys is associated with slow growth and liver
damage.® Therefore, there is great interest in detecting these molecules in biological
systems. Li and co-workers® designed complex [Ir(pba)2(bpy)]PFs (1.17) (Figure 1.18)
with aldehyde groups on the cyclometallated C*N ligand to selectively react with Hcy
and Cys to form cyclic thiazinane and thiazolidine groups, respectively. The emission
colour of complex 1.17 in the presence of the amino acid changed from yellow to red

suggesting that presence of the amino acid has an effect on the emission.

PF

1.17

Figure 1.18: Structure of complex 1.17 with aldehyde groups on the cyclometallated
C”N ligand.

Furthermore, Ir(lll) cyclometallated complexes have also been proposed for
applications in photodynamic therapy. Demas first reported about the dioxygen
quenching of Ir(111) complexes and proposed an interpretation based on the formation
of singlet oxygen, which was proved by photo-oxygenation of trimethylethylene.8’: 8
The mechanism of singlet oxygen photo-generation has been widely investigated
especially in view of the interest of singlet oxygen for therapeutical applications.® %
Ir(111) cyclometallated complexes show high luminescence in degassed solution, with
increased quantum yields in comparison to non-degassed solutions. In the presence of
oxygen (aerated solutions) quantum yields and lifetimes can be quenched by a factor of
even 60 times compared to the values in degassed solutions.®!

Sensors in biological systems have also been explored by Wong and co-workers where
they described the luminescent switch-on probe [Ir(ppy)2(H20)2]* (1.18) (Figure 1.19)
for histidine/histidine rich proteins and demonstrate its utility in protein staining.% The
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complex is weakly emissive in PBS but in the presence of histidine, it displays a 180-
fold increase in emission intensity. 1.18 has weakly bound H-O ligands, so the switch-
on emission is due to the covalent bond between 1.18 and the imidazole moiety of
histidine through ligand substitution. The use of organic solvents is not required for the
optimal sensing of amino acids/proteins as it is readily soluble and stable in aqueous

staining solutions.

\\\\\\\O H2
RS

/////, ",

Ir

1.18

Figure 1.19: Cationic complex 1.18 with two H2O ligands.

The cationic Ir(111) complexes show a number of superiorities: exclusive staining in the
cytoplasm, low cytotoxicity and reduced photo-bleaching thus rendering iridium
complexes as excellent candidates for bio-imaging and cellular studies.” In 2008, Li
and co-workers?’ reported for the first time cationic Ir(111) complexes (1.19 and 1.20)
for living cell staining (Figure 1.20). Whilst both complexes showed exclusively
staining in the cytoplasm of incubated HeLa cells, complex 1.19 gave bright green
emission and complex 1.20 gave bright red emission. The good cell penetration was
achieved by having cationic complexes rather than neutral complexes and their
lipophilicity was achieved by the presence of fluorine groups on the cyclometallated
C”N ligand.
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Figure 1.20: Complexes 1.19 and 1.20 used for staining in the cytoplasm.

Near-infrared (NIR) dyes have attracted attention for their potential applications in
optical imaging in vivo, and medical diagnosis.?* % Therefore, there is significant
interest in tuning the emission wavelength to the NIR, as infrared light can penetrate
tissue more readily with low toxicity. Many organic dyes (for example BODIPYs)®* are
used as NIR fluorophores for bioimaging applications, but transition metal complexes
offer potential alternatives to fluorescent organic molecules. NIR phosphorescent Ir(111)
complexes are advantageous with respect to fluorescent compounds in their
compatibility with time-gated bioimaging techniques that eliminate background
fluorescence. Complexes 1.21a-b (Figure 1.21) exhibit exclusive staining in the

cytoplasm with good cell membrane permeability under excitation at 488 nm.*®

Figure 1.21: NIR complexes 1.21a-b used in live cell imaging.
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1.5 Overview

In summary, the emission wavelength of cyclometallated Ir(l1l1l) complexes
[Ir(C*N)2(X~Y)]™ (n =0, 1) can be tuned through the entire visible region and into the
near infrared by varying either the C~N ligand and/or the XY ligand including the
degree of conjugation, presence and location of heteroatoms and addition of
substituents on either of the ligands. The tuning of the emission wavelength occurs
through modifications of the HOMO and LUMO orbitals. Since the position of the
HOMO and the LUMO can vary depending on the particular ligands it is not possible
to provide a general rule. Owing to their rich photophysical and electrochemical
properties, these complexes will continue to be used in diverse applications such as
emissive dopants in OLEDs, as sensors and as biological labels discussed previously.
In addition cyclometallated Ir(111) complexes have the advantage of longer emission
lifetimes compared with most organic fluorophores. This means there is potential for
these complexes to be used in lifetime imaging microscopy.

In Chapter 2, the synthesis and characterisation of cyclometallated Ir(111) complexes
with general formula [Ir(C*N)2(N~O)] with 6-membered N*O chelate ligands are
described. The absorption and emission wavelengths will be described and a new
mechanism for Enhanced Phosphorescence Emission in the Solid State (EPESS) will
also be discussed. In Chapter 3, the synthesis and characterisation of complexes with
the same general formula [Ir(C"N)2(N”~O)] where the N*O ligands form a 5-membered
chelate ring will be described. The effect of ring size and EPESS will also be discussed.
Chapter 4 describes the synthesises of Ir(lll), Rh(Ill) and Ru(ll) half-sandwich
complexes with 5-membered chelating anionic N~O or neutral NN ligands which have
exocyclic C=N bonds. The nature of the ligand, the imine substituent and the metal

centre will all affect the photoisomerisation.
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Chapter 2: Enhanced Phosphorescence Emission in the Solid State (EPESS) in

Ir(111) complexes

2.1 Aggregation-Induced Emission

‘Concentration quenching’ or ‘aggregation-caused quenching’ (ACQ) is usually
proposed as the cause of reduced emission intensity of compounds at high concentration
or in the solid state.! In solution, when an isolated molecule is not perturbed by
neighbouring molecules, emission can be observed but this can be weakened or
quenched at high concentrations when the molecules are closer together. For example,
Figure 2.1 shows disc-like planar structures such as perylene (2.1), in which n-x
stacking is known to quench emission as the perylene molecules come close together.?
In 2001, Tang and co-workers found that hexaphenylsilole (HPS) (2.2) is hon-emissive
in solution but is highly emissive in the solid state. This phenomenon is called
Aggregation Induced Emission (AIE).> 4 Compound 2.2 is non-planar which impedes
n-n stacking which is responsible for ACQ in 2.1. However, in a dilute solution, the six
phenyl rotors of 2.2 undergo intramolecular rotations which non-radiatively quenches
the excited state and renders the molecule to be non (or weakly)-luminescent.* In the
solid state, the intramolecular rotations of the aryl rotors of 2.2 are greatly restricted.
This restriction of intramolecular rotation (RIR) blocks the non-radiative pathway,
hence radiative decay is now possible and 2.2 is strongly emissive in the solid state.®
This discovery was a breakthrough and the AIE effect in organic molecules was

instigated.

0 QY
VaW,

2.1 2.2

Figure 2.1: Perylene (2.1) and HPS (2.2).

A quick way to ascertain if compounds are AIE active is to precipitate them from
solution and see if the emission intensity increases significantly. This can be done by
dissolving the compound in a good solvent (soluble) and measuring the emission which

should be weakly or non-emissive. When a poor solvent (non-soluble) is added where
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aggregates are formed and restrict the motion and induce AIE leading to a large increase
in intensity of emission. Since the discovery of AIE in organic molecules, different

mechanisms have been proposed to explain the phenomenon.

2.1.1 Restricted Intramolecular Rotation (RIR)

The mechanistic model proposed as the main cause of the AIE phenomenon is RIR in
the solid state.® Many AIE molecules contain molecular rotors such as rotatable
aromatic rings. When fully solvated, the rotation of the aromatic rotors of AIE
molecules consume the excited-state energy, allowing the energy of an excited state to
quickly decay non-radiatively. Upon aggregation, intermolecular interactions between
AIE molecules restrict the rotations of the rotors, causing the molecules to decay via
radiative channels. For example, compound 2.3 (Figure 2.2) has a naphthyl core
structure and phenyl rotors and it shows an AIE effect. The emission is enhanced in

THF/water mixtures, where water is the poor solvent.®

O
O

2.3
Figure 2.22: Compound 2.3 shows AlE.

2.1.2 Restricted Intramolecular Vibration (R1V)

Tang and co-workers studied other organic molecules that exhibit the AIE phenomenon
but which lacked any rotors.” Hence, the AIE effect cannot be explained through the
proposed RIR mechanism, therefore other parameters were considered. Compound 2.4
shows AIE due to the RIR principle as described above, but for compounds 2.5 and 2.6
where the rotors are fixed and are not able to rotate, AIE is also observed (Figure 2.3).
In compounds 2.5 and 2.6, a RIV mechanism was proposed where the in-plane/out-of-
plane vibrational (twisting) motions would dissipate the excited-state energy causing
non-radiative pathways to diminish the emission. Experimental and computational
studies showed that the twisting motions were the cause of the non-radiative decay of
the excited-state energy. It was concluded that the restriction of these vibrational
motions in the solid state resulted in the turn-on emission of compound 2.5 and 2.6.”
Other RIV motions include bending, flapping, stretching, wagging, and rocking

motions.®
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2.4 2.5 2.6

Figure 2.3: Organic compounds that show AIE effect.

2.1.3 Restricted Intramolecular Motions (RIM)

The RIM mechanism is the combination of the RIR and RIV mechanisms that is present
in the same molecule. The fundamental idea of RIM is that the RIR and RIV
mechanisms are not mutually exclusive but instead can work together to bring about
the AIE phenomenon. Figure 2.4 shows compounds 2.7 and 2.8 that are non-
luminescent when dissolved in THF but become emissive in THF/water mixtures
because the water causes precipitation of the compounds. Their AIE activity was
attributed to the phenyl ring rotations and the vibrations of the cyano unit, as these aid
in the dissipation of the excited state energy.®1°

Alternatively, to test the theory of RIM in 2.7 and 2.8, the moieties that introduce RIR
(aryl groups) and RIV (cyano groups) could be removed. By doing this, the AIE effect
could be measured against having the aryl or the cyano groups versus both moieties
present, and understand if one component is more crucial than the other. DFT studies
were not performed in these molecules therefore it is not clear if both RIR and RIV are

equally essential for AIE to be observed in 2.7 and 2.8.

OCgH 3

2.8

2.7

Figure 2.4: Organic molecules that show AIE effect.
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2.1.4 Aggregation Induced Emission in Transition Metal Complexes

Using a metal centre allows the use of a wide range of ligand combinations therefore
predicting the origin of AIE is more difficult. Indeed, more mechanisms may be
possible for metal complexes (see below). The next section will describe the AIE effect
in some transition metal complexes and the proposed origin(s) for this effect. Heavy
transition metal complexes can undergo ISC due to high-spin orbit coupling which aids
the emission to be of triplet nature i.e. — phosphorescence. Hence, another term that has
been used in conjunction with AIE in heavy transition metal complexes is EPESS
(Enhanced Phosphorescence Emission in the Solid State). Similar to organic molecules,
the metal complex is non- or weakly emissive in solution but its emission is enhanced
when aggregates are formed.? > 11

Ji and co-workers reported the first polypyridyl Ru(Il) complex (2.9) to be AIE active
(Figure 2.5).12 In MeCN solution, complex 2.9 showed weak luminescence, but the
emission was enhanced with increasing amounts of toluene. The authors did not
determine the origin of AIE in 2.9 although, Tang? suggested that as there are no groups
able to freely rotate in solution, the quenching of emission in 2.9 was assigned to be the
vibrational motions of bipy and the N~N ancillary ligand. However, further studies
would need to be carried out to confirm this.

2C1

R =NH,
2.9

Figure 2.5: The first Ru(ll) polypyridyl complex to show AIE effect.

Li and co-workers found that complex 2.10 (Figure 2.6) is non-emissive in solution
(DCM) but the emission is enhanced upon addition of a poor solvent (hexane).'® The
group proposed that RIR was the cause of AIE in 2.10;® in addition, Tang, suggested
it was due to RIR of the four diphenyl groups and the vibrational motions of the

dibromo-1,10-phenanthroline groups together which quenched the emission in
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solution.® Computational studies would need to be carried out to confirm this

mechanism.
Br Br
| \}q Ehz—(C}I)——ghz D
f \Cu/ ’ \Cu/N 7
SR~ g
N 2 2 N
Br 2.10 Br

Figure 2.6: Complex 2.10 is AIE active.

Kanbara and co-workers found that when complex 2.11 (Figure 2.7) is precipitated from
CHCls/hexane mixtures, the emission intensity is significantly enhanced compared to
when it is dissolved in CHCIs solution.’* The group suggested that the rotational
motions of the phenyl groups in the PPhz unit and benzyl moieties contribute to a
negligible emission in solution. The emission enhancement is attributed to the RIM
effect where the intramolecular motions of the phenyl and benzyl groups are restricted
in the solid state, leading to radiative pathways and hence making 2.11 emissive in the
solid state.!* The authors showed that the thioamide groups form hydrogen bonding
interactions with the counteranion (N-H:-+-Cl, 2.45 A) and postulated that this aided the
formation of aggregates which suppressed the molecular motion and giving rise to
emission in the solid state.!* Neither Tang nor Kanbara carried out computational
studies to investigate this or study the effect of other counter anions and its effect on
AlE.

B qCl

S—Pt—S
PPh,

2.11

Figure 2.7: Pt(11) complex 2.11 showing AIE activity.

Yam and co-workers showed that in THF solution, complex 2.12 (Figure 2.8) has a

weak emission but the emission is enhanced with THF/water mixtures.'® Similarly,

complex 2.13 is non-emissive in MeCN, however increasing the volume percentage of

PBS (phosphate buffer saline) in mixtures with MeCN results in enhancement in the
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emission intensity.'® In both cases, details of the cause of AIE effect was not given
however Tang suggested that AIE was due to RIR of the phenyl and triazole moieties
(in 2.12) and RIR of the phenyl and carbazolyl groups (in 2.13).8

OTf

2.12 2.13

Figure 2.8: Other Pt(11) complexes showing AIE activity.

Cyclometallated Pt(I1) complexes are known to be strongly emissive in solution when
their excited states are dominated by the ppy ligand and the metal centre.!” Therefore,
[Pt(ppy)(N"O)] complexes where N*O = salicylimine ligand (2.14-Ph and 2.14-Bu)*®
19 (Figure 2.9) were expected to show emission in solution. Instead, both complexes are
non-emissive in solution but are emissive in the solid state. Complex 2.14-Ph has the
possibility for intramolecular rotation around the N-phenyl bond, and complex 2.14-Bu
has the possibility of rotation around the N-C single bond of the propyl group.
Computational studies showed that in solution complexes 2.14-Ph and 2.14-Bu, the
HOMO and LUMO are dominated by the N*O ligand and metal centre with no
contribution from the ppy ligand.® Additionally, a significant structural distortion in
the excited state for the chelating six-membered cycle between Pt and the N*O ligand
was observed in solution. In the solid state, both HOMO and LUMO are localised on
the ppy and N”O ligand and the chelating six-membered cycles between Pt and N*O
ligand are almost coplanar. This ligand distortion in solution is responsible for the
inefficient emission and giving rise to non-radiative decay, whilst in the solid state the
distortion is restricted allowing the ppy ligand to participate in the excited state and
therefore giving rise to radiative decay. Hence, in complexes 2.14-Ph and 2.14-Bu the
emission in solution is quenched due to significant distortions of the N*O ligand leading

to non-radiative decay.'® 1°

36



Pt Pt/N_
|
NS
N 2.14-Ph 2.14-Bu

Figure 2.9: AIE active Pt(ll) cyclometallated complexes.

The first examples of cyclometallated Ir(111) complexes reported as AIE (or EPESS)
active are shown in Figure 2.10 and 2.11.2°?? The cause of EPESS in [Ir(ppy)2(N*O)]
has been disputed in the literature, where two different mechanisms were proposed (i)
restricted intramolecular rotations of substituents on the bidentate ancillary ligand
N~O?! (2.14a-d) (ii) n-stacking of cyclometallating 2-phenylpyridine ligands.?* 2%

The two mechanisms are discussed in more detail below.

a:R'=F, R2=

b: R'=F, R*= O
2ee

c:R'=H,R?= —©
W,

Rl = 2 _
215 d:R'=H,R?=

s

Figure 2.10: Complexes 2.15a-d show EPESS.

Park and co-workers showed that complexes 2.15a-d (Figure 2.10) are non-emissive
in solution (DCM) but in neat films and in various polymer films strong emission is
observed.?* Using a combination of low temperature emission and TD-DFT studies,
they concluded that the rotation around the N-aryl bond in solution gives rise to a non-
radiative decay pathway causing these complexes to be non-emissive in solution.?* It
was proposed that this pathway is slowed down or shut-off in the solid state giving rise

to the observed strong emission. On the other hand, Li and co-workers showed that
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complexes 2.16b and 2.16¢c are EPESS active whilst complex 2.16a is not EPESS
active, showing emission in

solution and in the solid state (Figure 2.11).2? The group proposed that the energy of the
emissive *MLLCT state is below a non-emissive triplet ligand (3L) when the n-stacking
of the ppy ligands is present in the solid state. By lowering the emissive SMLLCT state
below the low-lying, non-emissive 3L state complex 2.16b and 2.16¢ have intense
emissions in the solid state in comparison to solution.?? Additionally, the group also
showed that complexes 2.16d and 2.16e with no rotatable substituents are also EPESS
active.?’ This finding led to uncertainties on the proposed mechanism by Park of the
need of restricted intramolecular rotation for EPESS to be observed. X-Ray
crystallography was used to show that complexes 2.16d and 2.16e also have n-n

interactions in the solid state agreeing with Li’s theory of n-stacking.?

d e

Figure 2.11: All complexes are EPESS active except for 2.16a.

As mentioned above, complexes 2.15a-d showed strong emission in polymer films,?
however, n-stacking interactions are less likely to occur in this case due to low loading
in the polymer. This is inconsistent with the interpretation put forward by Li that n-n
stacking is the cause of EPESS.?% 2

Liao and co-workers reported the first cationic Ir(111) complex (2.17) (Figure 2.12) with
neutral N~N ancillary ligand to be EPESS active.?* In MeCN solution, emission is not

observed whilst in a mixture of MeCN:H2O the emission is observed. The results
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suggested that the restricted intramolecular rotation is responsible for the emission in
the solid state in 2.17.
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.

Figure 2.12: The first cationic cyclometallated Ir(111) complex (2.17) to show
EPESS.

The same group later reported® that complex 2.18a is emissive in solution and in the
solid state, whilst complex 2.18b and 2.18c are weakly emissive in MeCN solution and
highly emissive in MeCN:H.O mixtures (Figure 2.13). In complex 2.18a, the HOMO
is localised on the cyclometallated ligand and the Ir centre, whilst in 2.18b and 2.18c
the HOMO is mainly localised on the indole and carbazole groups, respectively. In all
three complexes the LUMO is identical residing primarily on the pyridine and 1,2,4-
triazole groups of the ancillary ligands. The excited state of 2.18b and 2.18c shows
large structural motion leading to non-radiative decay and no emission in solution
whilst in the solid state, the motion is suppressed leading to radiative decay and
emission is observed. Their findings showed that the emissive state for 2.18a is mainly
SMLCT/LLCT character hence its emissive in both solution and the solid state.
However, 2.18b and 2.18c have ILCT character hence show weak emission in
solution.®

PF

D [
oy O - Q
/ N/
F //"”'1|r.nm\““‘N 4 R= % %N / %N O
b c

F \ Y a
Y TR

39




Figure 2.13: Complexes 2.18a-c show different AIE properties by changing the R
group.

Neutral complexes 2.19a-c and 2.20a-b, with one bidentate and four monodentate
ligands, show weak emission in solution but when aggregates are formed using
mixtures of THF:H0, the emission is enhanced.?® Dynamic light scattering (DLS) and
scanning electron microscope (SEM) measurements were used to confirm the presence
of aggregation and small particle formation. Hence, these complexes are AIE active.
Furthermore, a viscous solvent (polyethylene glycol) was also used to study the
emission properties and it was found as the concentration of polyethylene glycol
increases the emission intensity increases. The authors suggested that in 2.19a-c and
2.20a-b (Figure 2.14) the hindrance of the rotationally active part on increasing the
viscosity of the solution may be responsible for the increase of luminescence intensity
in aggregated samples. Furthermore, in 2.19a-c and 2.20a-b, the reduced emission in
solution was due to the rotation of the phenyl groups in the phosphine ligands whilst in
the solid state and in the viscous solvent, these motions are hindered opening radiative
pathways and emission is observed. Computational studies show that the HOMO is
localised on the metal centre and on the non-pyridine rings of the cyclometallated
ligand, with almost no participation of the phosphine ligands.

More recently, the same group?’ showed that cationic complex 2.21 (Figure 2.14) also
show enhanced emission in the solid state in comparison to solution. This phenomenon
was also attributed as the restriction of intermolecular rotation of the phenyl rings in

the phosphine ligands leading to radiative decay in the solid state.

40



PPhy
////,,,I“ Il L H

Z PPh,

2.19a

PPh,Me
///////un Il .m\\\\\\ H

\N/ |r\C1

_ PPh,Me

2.20a

F

PPh,Me

/////,,,,“ Il W H
T 1y
SN |\c1

_ PPh,Me

2.20b

Figure 2.14: EPESS active complexes with phosphine ligands.

As shown above, there is disagreement on the mechanism of EPESS in Ir complexes

and due to presence of different ligands elucidating the mechanism can become

complex. Protection from O in the solid state could also be a possible cause for weak

emission in solution. Another factor that could lead to emission quenching in solution

can be ligand dissociation. Tang’s review does not mention this possibility as the cause

of weak emission in metal complexes but then Elliot and co-workers?® showed that

when complex 2.22 (Figure 2.15) is irradiated in solution goes through ligand

dissociation after photoexcitation. This could also be a potential quenching pathway in

solution in cyclometallated Ir(111) complexes.

2.22

2+

Figure 2.15: Complex 2.22 goes through ligand dissociation after photoexcitation.
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Aims and Objectives

Most of the examples described show that some studies lack evidence for the cause of
AIE in metal complexes and many studies lack further investigation to elucidate the
poor emission in solution. There is disagreement between Park and Li, hence, the aim
of this work was to study these and related complexes in more depth to understand more
fully the mechanism of EPESS in such complexes. This chapter will contain a
description of the synthesis and luminescent properties of [Ir(C"N)2(N~O)] complexes
and also the use of 1-phenylpyrazole (ppz) as a cyclometallating ligand since it has less
propensity to m-stack than ppy ligands. In addition, large bulky N-aryl substituents on
the imine will be used to try and ensure that rotation is not possible. Computational
studies which were carried out by Profssor F. Lelj (University of Potenza) are also

included in this chapter to aid with the understanding of this phenomenon.

2.2 Results and Discussion

This section will describe the synthesis of the ligands and cyclometallated
[Ir(C~N)2(N~O)] complexes and their luminescent properties. Their EPESS ability will
be tested followed by a discussion of the results obtained. This work was part of a
collaborative project with Professor M. Wolf (UBC, Vancouver, Canada) and Professor
F. Lelj (University of Potenza). Ligand L2.24-Ph and complexes 2.24a-Ph and 2.24b-
Ph were prepared by A. J. Howarth (UBC) as well as its characterisation and the

photophysical studies.?®

2.2.1 Synthesis and Characterisation of [Ir(C”*N)2(N~O)] (NO = salicylimine)

The dichloro-bridged [Ir(C*N).p-Cl]2 dimers (2.23a-b) were synthesised using a
microwave reactor (Scheme 2.1).3 The salicylimine ligands (L2.24-R) were
synthesised using a typical condensation reaction with salicylaldehyde and the
respective amine in the presence of molecular sieves in DCM (Scheme 2.2). All ligands

are known in the literature.31-33
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N

Hppy Hppz
[Ir(ppy),u-Cl], 2.23a
[Ir(ppz),u-Cl], 2.23b

Scheme 2.1: Microwave reaction for the synthesis of Ir(I11) dimers 2.23a-b.

OH O H %\I‘R
| . HZN,R DCM '
molecular sieves
L2.24-R
R= Pr Dipp

Scheme 2.2: Condensation reaction for the synthesis of ligands L2.24-R.

The 'H NMR and 3C NMR spectra of dimeric precursors 2.23a-b agree with the
literature, where the C*N ligands are chemically equivalent showing a C2 symmetry.3%
% The 'H NMR spectrum of ligand L2.24-Pr shows the N=CH proton at & 8.34 and
the N'Pr group appears as a 1H septet at § 3.54 and a 6H doublet at § 1.29. The *H NMR
spectrum of ligand L2.24-Mes shows a 1H singlet at & 8.31 that corresponds to the
N=CH proton, a 6H singlet at & 2.17 that corresponds to the 2 x ortho-Me groups and a
3H singlet at & 2.29 that corresponds to the para-Me. The aromatic protons in the
mesityl group appear as a 2H singlet at § 6.91. The **C NMR spectrum shows a signal
at 6 20.8 corresponding to the two ortho-Me groups and at 6 18.5 corresponding to the
para-Me. This suggest that L2.24-Mes is rotating in solution. The *H NMR spectrum
of L2.24-Dipp shows a 1H singlet at 6 8.30 that corresponds to the N=CH proton and
a 2H septet at § 3.00 and a 12H doublet at & 1.18. The **C NMR spectrum shows peaks
at 0 28.2 and 23.6 corresponding to the isopropyl N-CH and methyl groups respectively.
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This suggests that the di-isopropyl R group in L2.24-Dipp is rotating in solution.
Ligand L2.24-Ph was prepared by our collaborators in Canada.

R N F
OH %\I , \\N_
[Ir(C™"N),u-Cl], + NaOMe _ o
dry MeOH l\o
C*N RT, N, \
a: ppy L2.24-R
b: ppz
2.24a-R
2.24b-R
R= ipy Ph Mes Dipp

Scheme 2.3: Synthesis of complexes 2.24a-R and 2.24b-R.

Note, complex 2.24a-Ph was previously prepared by Park et al. (see complex 2.15¢
earlier in Figure 2.10). Ir(11l) dimers 2.23a-b and N*OH ligands L2.24-R (2.2 equiv)
in the presence of NaOMe (2.2 equiv) in dry methanol were used to form products
2.24a-R and 2.24b-R (61-81%) (Scheme 2.3).

The 'H NMR spectra of products 2.24a-R and 2.24b-R showed that the C> symmetry
of the dimers was lost upon complexation of the unsymmetrical N*O ligand, therefore
the two C~N ligands become chemically inequivalent giving double the number of
proton peaks. As an example, the assignment of complex 2.24a-Mes (Figure 2.16) is
explained in detail using parts of the TOCSY, NOESY, COSY and HSQC spectra in
Figures 2.17-2.22.

44



2.24a-Mes

Figure 2.16w: Numbering system for complex 2.24a-Mes.

Figure 2.17 shows the TOCSY spectrum for complex 2.24a-Mes identifying two
cyclometallated phenyl rings, two pyridine rings, one mesityl group, and one phenol

ring.

}

I

F2 Chemical Shift (ppm) 85 80 75 70 65 60
Figure 2.17: TOCSY spectrum of complex 2.24a-Mes showing the identification of
two cyclometallated phenyl rings (--***), two pyridine rings (-----) one mesityl group (—

—), and one phenol ring (---*--).
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The TOCSY and the NOE spectra help identify the linkage between the pyridine and
phenyl rings in the cyclometallated ligand. The identification of the C*N ligand a and
b were established using the NOE spectrum of the alkyl area. In complex 2.24a-Mes,
the mesityl group appears as three 3H singlets at 6 1.21, 1.93, 2.05 and the two aromatic
protons as a singlet at 5 6.14 and under a multiplet at 5 6.39. The inequivalence of the
methyl groups suggests that the mesityl group is fixed (i.e. not rotating) when
complexed to the metal, unlike in the free ligand. The 3H singlet at 5 1.93 shows a NOE
with pyridine proton H® at & 8.85 and phenyl proton H*® at § 6.27, and this is assigned
as an ortho-Me as the para-Me is too far away to show these correlations. Therefore,
signal at § 1.93 is assigned as Me” as it shows the NOE correlation only with H* at §
6.14 and not with H'® at § 6.39 (under a multiplet). Consequently, protons H>?, H% and
H’@ were identified using the COSY spectrum. Me® at § 2.05 is the para-Me as it shows
a NOE with both H'* and H*® (Figure 2.19). By process of elimination, signal at § 1.21
corresponds to Me® as it only shows a NOE with H®® and not with H** confirming that
it is an ortho-Me and also shows a weak NOE with H8. Pyridine proton H* at § 7.81
shows a NOE with H* at § 7.54 on the attached phenyl and therefore protons H*?, H?
and H® were also identified by COSY spectrum. The protons from cyclometallated
ligand b were assigned by looking at the NOE correlations between H%® and H*;
consequently, the remaining protons from ligand b were assigned using the COSY
spectrum.

In the aromatic region, the most upfield doublets are usually the protons that correspond
to the H'#and H*¥ of the phenyl ring in C*N ligands due to current ring effects, as noted
previously.3® 3 H® at § 6.27 was found to be slightly more downfield than H'?at § 5.98.
This could because H™ is closer to the mesityl group than H'?and may be affected by
a ring current of the mesityl. The imine proton H'3 is easily identified as a singlet at &
7.92. H® shows an NOE with H'? at § 7.07 that corresponds to a phenol proton and
Me®B at § 1.21. The remaining phenol protons H®, H*® and H! were assigned using the
COSY spectrum.

It is important to note that the Chemdraw picture of 2.24a-Mes is not an accurate
representation of the 3D structure. Therefore, a 3D model kit was used where the
mesityl group is not flat, instead it is likely to be parallel to the phenyl part of the C*N
ligand b as seen similarly in the X-Ray structure of 2.24a-Dipp (see Figure 2.25 below).
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Figure 2.18: NOESY spectrum of complex 2.24a-Mes showing some key NOES in
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Figure 2.19: Partial NOESY spectrum of complex 2.24a-Mes showing key NOEs in
the alkyl region.

47



F2 Chemical Shift (ppm) 8.5 8.0 7.5 7.0 6.5 6.0

Figure 2.20: COSY spectrum of complex 2.24a-Mes showing one bond correlations.
After assigning the protons in complex 2.24a-Mes, the coupled carbons were
determined using the HSQC spectrum. Figure 2.21 shows the couplings between the
aromatic protons and its respective carbon peak, whilst Figure 2.22 shows the
correlations in the alkyl region which further specifies the inequivalence of the methyl
groups in the mesityl group. The MS(ASAP) showed a molecular ion peak at m/z 740.
The IR spectrum shows a v(C=N)imine Stretch at 1581 cm™ in comparison to the free

ligand at 1631 cm™ due to backbonding effect.
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Figure 2.21: HMQC spectrum of complex 2.24a-Mes showing some direct C-H bond
couplings in the aromatic region.
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Figure 2.22: HMQC spectrum of complex 2.24a-Mes showing direct C-H bond

couplings in the alkyl region.
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Figure 2.23: Numbering system for complex 2.24b-Mes.

The characterisation of complex 2.24b-Mes (Figure 2.23) was carried out in a similar
manner to 2.24a-Mes. The TOCSY spectrum was used to identify the protons that
correspond to the two pyrazole rings, the two phenyls from the C*N ligand, the phenol
and the mesityl signals. The mesityl group gives a 6H singlet at 6 2.04 and a 3H singlet
at 6 1.43 possibly suggesting free rotation. However, the NOE spectrum (Figure 2.24)
showed an NOE between the 3H methyl singlet at § 1.43 and one ortho proton (H#) at
8 6.41 but not with H3 at § 6.21 and NOE with H%, hence signal at § 1.43 is ortho-MeB
(pointing up).. Therefore, the second ortho-Me (Me”) (pointing down) and the para-
Me (Me®) have the same chemical shift. The 6H singlet at § 2.04 shows a NOE to both
ortho protons showing that it includes para-Me (Me®) but also an NOE with a phenyl
proton H at § 6.27 and pyrazole proton H5® at § 7.68 and this is only possible if it is
an ortho-Me as para-Me (Me®) would be too far away to correlate in space with H*.
Hence MeB is the 3H singlet and Me” and the para-Me (MeC) accidentally occur at the
same chemical shift. Moreover, H% shows an NOE with H*? at § 7.10 and similarly H%
at & 8.00 with H* at § 6.61 Consequently, the remaining protons on the C*N ligand
were identified using the COSY spectrum. The imine peak H!? at § 7.83 shows an NOE
with phenol proton H! at § 7.07, thus the remaining phenol protons were identified
using the COSY spectrum. The fact that the two ortho methyl groups are inequivalent

suggests the mesityl is fixed in solution as for 2.24a-Mes.
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Figure 2.24: NOESY spectrum of complex 2.24b-Mes showing some key NOESs in

the aromatic region.

The 'H NMR spectra of complexes 2.24a-"Pr and 2.24b-"Pr show a 1H singlet due to
the imine proton at & 8.15 and 8.06, respectively. Complex 2.24a-'Pr shows a 1H septet
at § 3.54 and two 3H doublets at § 1.12 and 0.53 due to the 'Pr group whilst in 2.24b-
IPr the corresponding signals are at & 3.72 (1H) and two 3H doublets at & 1.18 and 0.55.
When L2.24-Pr is complexed to the Ir centre, mirror plane is lost and the methyls of
the 'Pr group become inequivalent giving two 3H doublets. The protons of the CAN
ligand in both complexes are also inequivalent and the characterisation was done
following the method of 2.24a-Mes. The high field aromatic protons in 2.24a-'Pr
appear at & 6.15 and & 6.36, whilst 2.24b-"Pr H'? appears at 5 6.25 and H* at § 6.18.
The characteristic high field protons are due to ring current effects.®* % The mass
spectra (HR ESI) shows a molecular ion at m/z 664 for complex 2.24a- 'Pr and m/z 642
for complex 2.24b-Pr, and the IR spectrum shows a v(C=N)imine Stretch at 1581 cm™
and 1598 cm?, respectively in comparison to the free ligand at 1625 cm™,

In complex 2.24a-Dipp, the TH NMR spectrum shows two septets at § 2.48 and 3.33
and four 3H doublets at 6 1.14, 0.89, 0.88, and 0.39 due to the isopropyl groups. The
inequivalence of the two CH protons and all four methyls suggests that in solution the
R group is not rotating (i.e. it is fixed in solution) and both C*N ligands are chemically
inequivalent. Similarly, in complex 2.24b-Dipp, the *H NMR spectrum shows two
septets at 6 3.48 and at 6 2.68 and four 3H doublet at 6 1.18, 1.03, 0.87 and 0.62, also
suggesting that the R group is fixed in solution. The mass spectrum (HR-ESI) for

complex 2.24a-Dipp shows a molecular ion at m/z 782 and m/z 760 for complex 2.24b-
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Dipp. The IR spectra for complex 2.24a-Dipp and 2.24b-Dipp shows a v(C=N)imine
stretch at 1581 cm™ and 1582 cm™, respectively, in comparison to the free ligand at
1635 cm 1. Complexes 2.24a-Dipp and 2.24b-Dipp with the most sterically bulky
complexes have evidently shown that the R group does not rotate in solution. It was
important to achieve this feature when designing the complexes as Park’s theory
suggests that in solution the N-aryl bond is free to rotate whilst in the solid there is
restricted rotation around the N-aryl bond. Therefore, the bulky R groups that are fixed
in solution should not lead to non-radiative decay.

Crystals suitable for X-Ray crystallography were obtained of 2.24a-'Pr (from
DCM/hexane), 2.24a-Dipp (from CHCIs / CH3OH) and 2.21b-Dipp (from CHCl3) .
The X-Ray structures are shown in Figures 2.25 and 2.26 with selected bond lengths
and bond angles Tables 2.1 and 2.2. All three complexes show the same general features
with cis metallated carbons and trans nitrogen atoms of the C”N ligands, as expected
for similar complexes.?!?° In complexes 2.24a-"Pr and 2.24a-Dipp the angle N(ppy)—
I—N(ppy) is 173.2° and 170.2°, respectively. In the ppz complex (2.24b-Dipp), the
angle between N(1)—Ir(1)—N(3) is 171.0°. This shows that the Ir centre has a distorted
octahedral geometry. In 2.24a-'Pr, the Ir(1)—N(1) bond length to the imine (2.157(10)
A) is more than 0.1 A longer than the Ir-N(ppy) bonds Ir(1)—N(3) 2.060(10) A and
Ir(1)—N(2) 2.087(10) A due to the trans influence of the C atom of the
cyclometallating ligand. The same is true in complexes 2.24a-Dipp and 2.24b-Dipp
(See Table 2.1 and 2.2 for bond lengths). The packing diagrams of complexes 2.24a-
IPr, 2.24a-Dipp and 2.24b-Dipp did not show any n-stacking in the crystal form,

therefore any emission observed in the solid state is not due to n-x stacking.
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2.24a-'Pr
Figure 2.25: X-Ray structures of 2.24a-'Pr 2.21a with 50% displacement ellipsoids;
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solvent molecules and hydrogen atoms have been omitted for clarity.

Table 2.1: Selected bond length (A) and bond angles (°) for complexes 2.24a-"Pr and

2.24a-Dipp.

2.24a-"Pr (A) 2.24a-Dipp (A)
Ir(1)—Npy(3) 2.060(10) Ir(1)—Npy(1) 2.044(5)
Ir(1)—Npy(2) 2.087(10) Ir(1)—Npy(2) 2.023(5)
Ir(1)—Nim(1) 2.157(10) Ir(1)—Nim(3) 2.159(5)
Ir(1)—C(14) 2.010(12) Ir(1)—C(11) 1.989(6)
Ir(1)—C(25) 2.006(13) Ir(1)—C(22) 1.977(6)
Ir(1)—O(1) 2.161(8) Ir(1)—O(1) 2.160(4)

2.24a-'Pr ) 2.24a-Dipp ®)
Npy(3)—Ir(1)—Npy(2) 173.2(4) Npy(2)—Ir(1)—Npy(1) | 170.2(2)
Npy(3)—Ir(1)—C(25) 82.6(5) Npy(2)—Ir(1)—C(22) | 80.2(2)
Npy(2)—Ir(1)—C(14) 80.3(4) Npy(1)—Ir(1)—C(11) | 80.1(2)
Nim(1)—Ir(1)—O(1) 86.5(4) Nim(3)—Ir(1)—O(1) 85.63(16)




Figure 2.26: X-Ray structure of complex 2.24b-Dipp with 50% displacement

ellipsoids; solvent molecule and hydrogen atoms have been omitted for clarity.

Table 2.2: Selected bond lengths (A) and angles (°) for complex 2.24b-Dipp.
2.24b-Dipp (A) 2.24b-Dipp ®)
Ir(1)—Npz(1) 1.993(4) Npz(1)—Ir(1)—Np(3) | 171.01(14)
Ir(1)—Npz(3) 2.018(4) Npz(1)—Ir(1)—C(9) 79.95(17)
Ir(1)—Nim(5) 2.138(4) Npz(3)—Ir(1)—C(18) 80.05(17)
Ir(1)—C(9) 1.997(4) Nim(5)—Ir(1)—0(1) 86.38(12)
Ir(1)—C(18) 1.989(4)
Ir(1)—0(2) 2.131(3)

2.2.2 Photophysical Investigation of [1r(C”N)2(N"O)] (N~O = salicylimine)
Absorption Spectroscopy

There are three bands observed in the absorption spectra of complexes [Ir(C*N)2(N~O)]
(N~O = salicylimine) (m —n *, *MLCT, 3MLCT). The most intense absoprtion is below
300 nm and it is assigned as intraligand (z—=*) transitions. The moderately intense
absorption between 300 — 400 nm are attributed to spin allowed metal to ligand charge
transfer (*MLCT). Weak bands A > 400 nm are due to the spin forbidden transition
(®MLCT). Figures 2.27 and 2.28 shows the absorption spectra of ppy complexes (2.24a-
R) and ppz complexes (2.24b-R), respectively. Table 2.3 shows the electronic
absorption data for all the complexes, except 2.24a-Ph and 2.24b-Ph.
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Figure 2.27: Absorption spectra of ppy complexes 2.24a-R in MeCN at 0.02 mM
concentration.
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Figure 2.28: Absorption spectra of ppz complexes 2.24b-R in MeCN at 0.02 mM

concentration.
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Table 2.3: Electronic absorption spectral data of [Ir(C*N)2(N~O)] complexes (2.24a,b-
'Pr, 2.20a,b-Mes and 2.21a,b-Dipp) in HPLC grade MeCN.

Complex dabs [nm] (emax[dm3mol-*cm1])

2.24a-Pr 246 (39100), 349 (6900), 382 (5950)

2.24b-Pr 233 (55200), 304 sh (14300), 381 (4450), 426 sh (2500)
2.24a-Mes 249 (48400), 346 sh (7950), 378 (6250)

2.24b-Mes 235 (53150), 281 sh (20450), 376 (4400), 437 sh (2350)
2.24a-Dipp 251 (42250), 344 (7600), 386 (5400)

2.24b-Dipp 234 (52500), 280 sh (22100), 381 (4450), 429 (2700)

Emission Spectroscopy
Emission studies were carried out in solution (100% MeCN) and in the solid state by a

method of precipitation using MeCN:H2O mixtures (1:9). As mentioned previously,

upon addition of a poor solvent (i.e. H20), small particles are formed. This is a method

that has been discussed in Section 2.1. Figures 2.29 and 2.30 shows the emission spectra

of ppy (2.24a-R) and ppz complexes (2.24b-R) (R = 'Pr, Mes and Dipp), respectively.

All complexes show enhanced emission (dashed line) in comparison to in solution

(solid line). Ppy complexes are also EPESS active.

s ) 242-iPr in MeCN = e =) 24a-1pr in 90% H20
2.24a-Mes in MeCN 2.24a-Mes in 90% H20
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Figure 2.29: Emission spectra of ppy complexes (2.24a-R) at 0.02 mM

concentration in MeCN and H20:MeCN (9:1) mixtures in air.
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Figure 2.30: Emission spectra of ppz complexes (2.24b-R) at 0.02 mM
concentration in HPLC grade MeCN and H2O:MeCN (9:1) in air.

Table 2.4: Solid-state emission wavelengths and quantum yields of neat solids and
solids in a PMMA matrix. Measurements taken in air.

Solid Amax | Solid QY PMMA  Amax | PMMA

(nm) (nm) QY
2.24a-'Pr 581 0.036 534 0.117
2.24a-Ph 609 0.058 570 0.134
2.24a-Mes 622 - - -
2.24a-Dipp 607 0.028 570 0.109
2.24b-Pr 580 0.028 559 0.047
2.24b-Ph 602 0.080 578 0.086
2.24b-Mes 609 - - -
2.24b-Dipp 592 0.049 569 0.099

The emission spectra show that complexes 2.24a,b-R (R = 'Pr, Ph, Mes, Dipp) display

enhanced emission in the solid state with Amax between 581-622 nm. Park and co-

workers?! suggested that restricted intramolecular rotation around the N-aryl bond of

the salicylimine ligand in the solid state suppressed a non-radiative decay pathway

giving rise to EPESS. If rotation around the N-aryl bond was giving rise to a non-
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radiative pathway, then complexes in which rotation is fixed 2.24a,b-Mes and 2.24a,b-
Dipp would be expected to be emissive in solution and hence not show significant
EPESS. This is clearly not the case. Our results show that even when the R group is not
able to rotate in solution (complexes 2.24a,b-Mes and 2.24a,b-Dipp), emission is not
observed in solution. These results, as well as others reported in the literature showing
complexes with fixed substituents that display EPESS,?° confirm that restricted rotation
around the N-aryl bond is not the cause of EPESS in these complexes. n-stacking has
also been suggested as the cause of EPESS but it always involved ppy as the
cyclometallating ligand.?% 2 Here, we replaced the cyclometalled ppy ligand with ppz
which typically does not show m-stacking in the solid state.®*' Complexes 2.24b- 'Pr,
2.24b-Mes and 2.24b-Dipp containing ppz as the cyclometallating ligand show EPESS.
Also, as described previously the crystal structures of complexes 2.24a- 'Pr, 2.24a-
Dipp and 2.24b-Dipp did not show =-stacking. Furthermore, our collaborators carried
out further solid state studies?® to test the possibility of m-stacking or aggregation using
a PMMA matrix (see Experimental). Using PMMA matrix allows isolation of
neighbouring molecules therefore aggregation is not likely to occur. In the complexes
studied, the solid-state emission maxima in PMMA are blue shifted by 21-47 nm
compared to the corresponding complexes in the undiluted solid state (Table 2.4). Red
shifts in solid-state absorption and emission spectra are typically observed due to
intermolecular interactions,*> and the blue shifts observed here confirm that
intermolecular solid-state interactions are less prevalent when the complexes are placed
in the polymer matrix (i.e. the molecules are more isolated). In addition, in each case,
the emission quantum yield of the complex in PMMA is higher than that of the solid
demonstrating that the solid-state emission is partially quenched in the aggregated form.
These results are consistent with the more common aggregation caused quenching
(ACQ) effect! and demonstrate that m-stacking or aggregation of these complexes in the
solid state is not giving rise to EPESS. In fact, n-stacking or aggregation is actually
detrimental to the enhancement of the emission observed. In addition, the z- stacking
that has been previously reported?® 22 always involved phenylpyridine cyclometallating
ligands. We also observe EPESS behaviour in complexes bearing phenylpyrazole
ligands which typically do not show long-range n- stacking in the solid state.®’

This suggests that n-stacking is not the cause of EPESS in these complexes, instead

another factor may be playing a part in diminishing the emission in solution.
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By designing complexes that would test both theories we have showed that neither
agrees with the facts, therefore computational studies were carried out to study the

origin of EPESS in these complexes.

2.2.3 Computational Studies

As shown in the photophysical studies, neither n-n stacking nor restricted rotation are
the cause for EPESS in complexes [Ir(C*N)2(N~O]. To help identify the underlying
cause of EPESS in these type of complexes, DFT calculations were performed by
Professor F. Lelj (University della Basilicata Potenza, Italy) for all complexes except
2.24a,b-Mes. TD-DFT calculations on complexes 2.24a,b-Dipp show that the lowest
lying triplet consists mainly of LUMO-HOMO transition. Unrestricted DFT (UDFT)
calculations of the lowest energy triplet state of complexes 2.24a,b-Dipp shows that
the HSOMO (Highest Singly Occupied Molecular Orbital) and HSOMO-1 contain Ir
metal character and contributions from the two cyclometallated ligands and the
ancillary ligand (Figure 2.31). This is consistent with emission arising from a SMLLCT
state. This suggests that the nature of both the cyclometallating ligands as well as the
ancillary N~O ligand is important for the observed emission. (For complexes 2.24a,b-
'Pr and 2.24a,b-Ph see Appendix).
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Complex 2.24a-Dipp Complex 2.24b-Dipp
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HSOMO HSOMO-1 J v
HSOMO HSOMO-1

Figure 2.31: Ground state frontier molecular orbital images of the ground state (top)
and HSOMO™ and HSOMO images of the triplet state (bottom) for complexes 2.24a-
Dipp and 2.24b-Dipp, respectively.

Figure 2.32: Molecular distortion of the salicylimine ligand in the excited state of

complex 2.24b-Ph (red: phenol imine plane; green: equatorial plane)
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For complex 2.24b-Ph, the ground state calculations show that in the most stable
structure the plane of the phenol imine ligand and the equatorial plane are almost
coplanar, with the angle between the planes to be 5.94°. In this case, the equatorial plane
refers to the plane of the cyclometallated phenyl carbons, Ir and the nitrogen and oxygen
atoms of the salicylimine ligand. However, in the triplet excited state the phenol imine
(red) tilts with respect to the equatorial plane (green) leading to two stable
conformations of this state: tilted up (43.54°) (Figure 2.32) or down (-25.65°). The
cause of this distortion is because the LUMO has antibonding character between Ir and
the phenol imine ligand. Therefore, the plane of the phenol imine (red) tilts with respect
to the equatorial plane (green) to reduce the antibonding interaction to allow population
of this orbital in the triplet excited state (T1). Therefore, a rotatable imine substituent is
not required for EPESS to be observed. In complex 2.24b-Ph, the largest barrier
separating the two conformers is 15.7 kJ mol? (Figure 2.33) resulting in a rapid
interconversion between the conformers in solution at room temperature. This
geometrical change in the excited state gives rise to a non-radiative decay pathway
which deactivates the 3MLLCT state in solution at room temperature. Similar
distortions were observed in complexes 2.24a,b-"Pr, 2.24a-Ph and 2.24a,b-Dipp (see
Appendix) suggesting that the non-radiative decay pathway has the same origin in all
cases. Calculations that simulate a solid state matrix, show that the triplet state is much
less distorted than in solution. This leads to an enhancement in the contribution of the
Franck Condon factor for the 3MLLCT emission and hence makes this transition more
probable in the solid state, hence emission is observed.
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Figure 2.33: Computed energy profile for the excited triplet state geometry of
complex 2.24b-Ph in solution. The green plane is the equatorial plane and the red
plane is the phenol imine ligand plane. Blue arrows show the transition vectors

related to the interconversion between minima.

Computational studies were also performed on known cyclometallated Ir (111)
complexes [Ir(C*N)2(0"0)], 2.25a,b-R (R = CHs, Ph) (Figure 2.34). For complexes
that are EPESS active, the ground state HOMO and/or LUMO must contain a
significant contribution from the N*O or OO ancillary ligand. In complex 2.25b-CHs,
the triplet excited state shows ligand distortions that lead to non-radiative decay in
solution and therefore emission is not observed, but emission is enhanced in the solid
state and therefore showing EPESS. 22 3 This evidence demonstrates that excited state
ligand distortions weaken the emission in solution as observed similarly to complexes
with N?O ligands. Similarly, complexes 2.25a-Ph and 2.25b-Ph also show excited state
ligand distortions and therefore both demonstrate EPESS.? 434 On the other hand,

complex 2.25a-CHs is emissive in solution and the solid state. In this case, in the triplet
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state the acac remains planar with respect to the equatorial plane. Therefore, in complex
2.25a-CHs emission is observed in solution and in the solid state and does not
demonstrate EPESS. In complex 2.25a-CHs, the HOMO and LUMO do not show any
contribution from the acac ancillary ligand. While the origin of the excited state ligand
distortions is very complex, these results suggest that involvement of the ancillary
ligand is essential for distortion to occur.

N
l R

IIII v, “‘\\O_

:Ir‘\\

o4
R a: ppy
N b: ppz
2.25a,b-R

R = CHj;, Ph

Figure 2.34: [Ir(C"N)2(0”0)] complexes that also show EPESS (except 2.25a-
CHs).

2.2.4 Conclusion

The complexes studied in this chapter as well as complexes synthesised by Li and Park
contain an ancillary ligand forming a six-membered chelate ring. Our study helped
elucidate the origin of EPESS in complexes with general formula [Ir(C*N)2(N"O)]. We
were able to disprove Li’s theory of n-m interactions by designing the complexes where
the C*N ligand is ppz which does not show n-r interactions but does show EPESS. We
were also able to disprove Park’s theory of restricted intramolecular rotation of the N-
aryl bond in the solid state by designing complexes where rotation in impeded in the
solid and in the solution. We therefore elucidated the theory of ligand distortion of the
excited state in solution as the cause of non-radiative decay in solution. These
distortions are very weak in the solid state and therefore emission is observed. DFT
calculations played a key role in elucidating the cause of EPESS in these types of

complexes. This work has been published.?
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2.4 Appendix

Complex 2.24a-'Pr Complex 2.24a-Ph  Complex 2.21a-Dipp

Complex 2.24b-Pr Complex 2.24b-Dipp
Figure A2.1: Excited triplet state geometry of complexes 2.18a,b- 'Pr, 2.24a-Ph and

2.24a,b-Dipp showing ligand distortions. In each case the ‘titlted up’ version is shown.
The green plane is the equatorial plane and the red plane is the phenol imine ligand
plane.
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Figure A2.2: Ground state frontier molecular orbital images of the ground state (top)
and HSOMO™ and HSOMO images of the triplet state (bottom) for complexes 2.24a-Ph
and 2.24b-Ph, respectively.

Complex 2.24a-Pr Complex 2.24a-Dipp

HSOMO HSOMO-1 HSOMO HSOMO-1

Figure A2.3: Ground state frontier molecular orbital images of the ground state (top)
and HSOMO-1 and HSOMO images of the triplet state (bottom) for complexes for
complexes 2.24a- 'Pr and 2.24a-Dipp, respectively.
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Chapter 3: Bis-Cyclometallated Ir(111) Complexes with exocyclic Imine Bonds

3.1 Introduction

Chapter 2 contained a discussion of the mechanism of EPESS in [Ir(C~N)2(N"O)]
complexes, where N*O is a 6-membered salicylimine (I) (Figure 3.1). This chapter
describes complexes with the same general formula [Ir(C*N)2(N"O)] but with isomeric
N”O ligands that form a 5-membered ring (11) to study the effect of ring size on EPESS.
In 11, the imine bond is exocyclic which creates the possibility of cis and trans isomers

of the C=N bond. These systems could potentially be used in molecular switches.

/ Ir /Ir\ A /Ir
\ _Ar r \
0O N~ 0O N o NJ
©/' — Ar
I trans-11 cis-11

Figure 3.1: Ir metal bound to N~O ligand forming a 6-membered ring (1) and a 5-

membered ring (11) with isomeric ligand.

Molecular switches and rotors are able to interconvert from one structural state to
another by an external stimulus such as light or heat.® This section will describe three
types of molecular switches with C=C, N=N and C=N bonds.

3.1.1 Photoisomerisation of C=C bonds

Stilbene (3.1) is an example of a simple molecular switch with a C=C bond that allows
a change in geometrical structure (trans and cis) that is necessary for a functioning
switch. The photoisomerisation of 3.1 has been extensively investigated showing that
trans-3.1 isomerises to cis-3.1 when irradiated at 340 nm, whilst the reverse reaction
occurs at shorter wavelength (< A 300 nm) (Scheme 3.1).*° In this example, thermal
isomerisation does not occur at room temperature as the barrier for thermal cis-trans
isomerisation is 41-46 kcal mol™® In addition to forming the trans isomer,
photoexcitation of cis-3.1 generates the cyclic product 4,4-dihydrophenanthrene (DPH)
in 10% yield.5® The yields of the three processes add up to approximately 1, suggesting
that only one pathway may be available for the deactivation of the excited stilbene.®

Studies have shown that isomerisation of stilbene occurs via a rotation mechanism.10-12
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Scheme 3.1: Photoisomerisation of stilbene (3.1).

Saltiel and co-workers proposed the most commonly accepted mechanism of
isomerisation of 3.1 to be the 90° twisting (or rotation) about the C=C bond in the first
excited singlet state which is very short lived.'*1” This observation is consistent with a
study done by Minoru and co-workers'® that found after exciting trans-3.1 to the first
excited singlet state, cis-3.1 was observed and detected while the decay of the trans-3.1
population matches the rise of the cis-3.1. The major relaxation channel for excited cis-
3.1 is the decay to the ground-state to trans and cis forms whilst the minor channel is
the formation of DPH.” The cis-trans isomerisation requires UV light (A < 300 nm),
which may cause undesired photoreactions of biomolecules, such as formation of
thymine dimers which can be unfavourable in DNA photo-responsive switches leading
to a non-functioning switch.®

Feringa is internationally recognised as a pioneer in the field of molecular switches and
rotors based on overcrowded alkenes. Overcrowded alkenes (3.2-R) consist of an upper
part (rotor) connected by the C=C bond to a lower part (stator). They are forced to adopt
a helical shape to avoid unfavourable steric interactions around the central C=C bond.?
In overcrowded alkenes, unidirectional rotation around the central C=C bond is
achieved by four steps: two endergonic photo induced steps and two exergonic thermal
steps.?! The two light induced isomerisations are each associated with a 180° rotation
around the C=C bond and each is followed by a thermal helix inversion (THI) step,
which effectively blocks the reverse rotation and thus ensures that the four individual

steps add up to one full 360° rotation (Scheme 3.2).
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3.2-R(iv) 3.2-R(iii)
metastable stable

R = Me, ‘Pr, ‘Bu

Scheme 3.2: Unidirectional motion of overcrowded alkene 3.2-R.

Table 3.1: Key data for rotation of overcrowded alkenes 3.2-R.

DFT Studies Experimental Data
(metastable)

C=C Bond length | Torsion angle | AG% (kcal mol™ | ti2(S)

(A) (®) Y
3.2- 1.3775 30.5 20.3 587
Me
3.2-Pr 1.3800 316 20.1 95
3.2- 1.3859 38.2 14.3 5.74 x 107
‘Bu

Torsion angle refers to angle between the naphthalene upper half and fluorene; AG#
= activation barrier to rotation, t1» = half-life of metastable forms

The rate of the thermal steps is heavily dependent on the steric hindrance in the fjord
region. Overcrowded alkenes 3.2-R (R = Me, 'Pr and 'Bu) were used to tune the speed
of rotation by varying the size of the substituents (Table 3.1).2% The t1, of the metastable
forms decreases as the size of R increases (R = -Me ti2 =587 s; R=-Prtip =955; R
= -1Bu tiz =5.74 x 1073 s;). DFT studies predict a large torsion angle between the
naphthalene upper half and fluorene lower half of 38.2° for 3.2-'Bu. The large 'Bu group
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pushes the upper half out of the plane of the lower half during the thermal steps of the
metastable forms, resulting in reduced “double bond character” and increasing the C=C
distance. This allows the naphthalene upper half to slip past the lower half more easily
during the thermal steps (metastable form to stable form).?? Hence, the increase in the
size of the substituents lowers the energy barrier resulting in an acceleration of the THI
step.?

Feringa attached overcrowded alkene 3.2-Me to a Pd-porphyrin to give triplet sensitiser
3.3 (Scheme 3.3).% The incorporation of a Pd-porphyrin unit allows irradiation in the
visible region at 532 nm in comparison to irradiation of free 3.2-Me at 365 nm.
Photoisomerisation of 3.3 occurs via energy transfer from the porphyrin unit to the
overcrowded alkene to give the unidirectional motion. The energy of activation for the
metastable form has not been reported but by introducing a metalloporphyrin, shows a
slight change in the photostationary state (PSS) ratio of stable:metastable forms in
complex 3.3 to be 67:33 in comparison to the free alkene at 75:25. It was also noted
that phosphorescence emission of the Pd-porphyrin fragment in 3.3 is quenched due to
the presence of the overcrowded alkene. Shifting the irradiation wavelength to the
visible region is an important step for the potential use of molecular switches in
biological systems.

Ph

Ph

Ph

Scheme 3.3: Photoisomerisation of complex 3.3.
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Feringa and co-workers designed the first molecular motor to act as a ligand by
replacing the fluorene stator part of 3.2 with 4,5-diazafluorenyl moiety (L3.4) (Scheme
3.4).* In L3.4, the photoisomerisation process occurs using UV light (390 nm), but
when bound to Ru in complex 3.4, the photoisomerisation process can be initiated with
visible light (Amax = 450 nm) via intramolecular energy transfer. The N-N distance in
L.3.4 is 3.02 A but after coordination to the Ru centre, it decreases to 2.80 A. This leads
to a contraction of the lower half of the rotor upon coordination to Ru centre resulting
in a decrease in steric hindrance in the fjord region. The AG#* and the t1/2 of metastable-
3.4 are lower than in L3.4 leading to a faster unidirectional rotation of the C=C bond.
The mechanism for complex 3.4 is very similar to 3.2-R (Scheme 3.2). Furthermore,

emission of 3.4 was quenched in comparison to the moderately emissive [Ru(bipy)s]**
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‘efé\
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o
N , .
cis-Ru(bipy)Cl, -

L3.4

L3.4: AG*=19.9 kcal mol'!; t;, =85
3.4: AG* = 17.7 keal mol'; tiyp=17s

Scheme 3.4: The first molecular motor to act as a ligand in complex 3.4.

L3.4 can also coordinate to other metal centres (3.5a-c, Scheme 3.5) to tune the
rotational speed of the rotor.?® Similar to complex 3.4, upon coordination to the metal
centre, a decrease in steric hindrance in the fjord region was observed, resulting in an
increase in the rotational speed. In addition, as with complex 3.4, complexes 3.5a-c
have the benefit of shifting the wavelength of irradiation towards the visible region
(Amax for 3.5a and 3.5b is 405 nm and 422 nm for 3.5¢) in comparison to L.3.4 at 390
nm. This becomes particularly important in biological systems where high energy light

can cause damage to living cells.
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MCl,

3.5a-c

a: M =Zn; AG* = 19.5 kcal mol'!; t;p=38s
b: M = Pd; AG¥=18.7 kcal mol'l;tl/z =98s
¢: M = Pt; AGY = 17.9 kcal mol ™! t,,, = 2.7 s
Scheme 3.5: Molecular rotor with tuneable rotational speed for complexes 3.5a-c.

(tu2 is the half-life of the metastable isomer at 20° C)

3.1.2 Photoisomerisation of N=N bonds

The N=N analogue of stilbene is azobenzene (3.6) with an N=N bond that gives the
possibility of trans-cis photoisomerisation. Trans-3.6 undergoes isomerisation via
irradiation at 340 nm to form cis-3.6 which adopts a bent conformation with the phenyl
twisted out of plane from the azo group® whilst the reverse isomerisation is induced by
light or is thermally accessible in the dark.?” The thermal cis-trans isomerisation takes
place with an activation barrier of 22-25 kcal mol™ and with a ti, of the cis-isomer of
2 days,? whilst in stilbenes the barrier to thermal isomerisation is larger (41.8 kcal mol-
1. Two different mechanisms have been proposed for the isomerisation of azobenzenes
(i) a rotation around the N=N bond?® and (ii) an in-plane inversion through a linear
transition state®® (Scheme 3.6). However, recent advances suggest that concerted
inversion or inversion assisted rotation could also be possible pathways for the
isomerisation in azobenzenes, which are a combination of rotation and inversion
pathways.® The rotation pathway involves the disruption of the N=N z-bond to allow
rotation of the N—N o&-bond. According to Eyring, the rotation changes the C—N—
N—C dihedral angle while keeping the N—N—C at approximately 120°.2° In the
inversion mechanism, one of the N=N—C angles increases to 180° which results in a
transition state with one sp hybridised azo-nitrogen atom.% In the concerted inversion
mechanism, both N=N—C bond angles increase to 180° generating a linear transition
state, whilst in the inversion-assisted rotation, large changes in the C—N=N—C
dihedral angle and small changes in the N=N—C angles are important for isomerisation

to take place.®
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Scheme 3.6: Proposed mechanisms for isomerisation of azobenzene 3.6.

Azobenzenes can act as donor ligands as shown in complex 3.7 where the N=N bond
becomes part of a chelate ring and isomerisation cannot take place (Figure 3.2).%!
Alternatively, to maintain the isomerisation properties, azobenzene groups have been
attached to metal complexes as a pendant unit at the back of a ligand giving the

possibility of photoisomerisation around the N=N double bond.

sEp o
S

Figure 3.2: Complex 3.7 where N=N is part of the chelate ring.

Nishihara and co-workers designed mononuclear and dinuclear complexes (3.8a-b and
3.9a-b) with azobenzene moiety bound to terpyridine ligands (L3.8 and L3.9) (Figure
3.3).32 The trans-cis isomerisation in L3.8 and L3.9 are photochemically induced with
366 nm light whilst cis-trans photoisomerisation proceeds in the dark or upon
irradiation with 450 nm light. Upon complexation, 3.8a shows trans-cis

photoisomerisation at 366 nm with a PSS of 80:20 favouring trans-3.8a. Reverse cis-
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trans isomerisation of 3.8a occurs in the dark or with 440 nm light, whilst dinuclear
complex 3.9a did not show any photoisomerisation. Rh(111) complexes 3.8b and 3.9b
undergo trans-cis photoisomerisation with 366 nm light with almost full conversion to
the cis isomer and thermal cis-trans isomerisation at 120 °C in the dark returning to
100% trans. This study shows that the isomerisation behaviour of pendant N=N bonds

in metal complexes is dependent on the metal fragment.

L3.8

3.9a-b
Figure 3.3: Complexes 3.8a-b and 3.9a-b.

The following examples show the effect of position of the azobenzene unit and the
effect of linkers on photoisomerisation. Previous studies suggest that
photoisomerisation in azobenzene-containing polypyridine metal complexes can be
suppressed due to of the energy transfer from the n-n* excited state of the azobenzene
unit to the MLCT state.334 It was reported that complex 3.10 (Figure 3.4) did not show
any photo or thermal isomerisation due to the efficient communication along the
backbone.®® On the other hand, complex mer-3.11 with an aliphatic linker shows trans-

cis photoisomerisation at 349 nm and reverse cis-trans isomerisation in the dark.*® The
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authors reported that the aliphatic group disrupted the good communication along the

I\N/l iN5
G(@ 3 4

— mer-3.11

backbone of the ligand, hence isomerisation was observed.%

NBu
_ N O e R
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R
|
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Figure 3.4: Ru(Il) complex 3.10 and Ir(11T) complex mer-3.11 with azobenzene as a

pendant unit.

Figure 3.5 shows complexes 3.12 and 3.13 that display trans-cis isomerisation at 366
and 359 nm respectively, and cis-trans isomerisation in the dark at room temperature.
The position of the N=N unit (phenyl vs pyridyl) gave virtually the same PSS ratio
(trans:cis 15:85 and 14:86, respectively) and the ti» of the cis isomer was also very
similar at 5900 s and 6500 s, respectively. In this case, changing the position of the
N=N unit in the cyclometallated ligand did not show a significant change in the PSS
ratio or the ty2 of the cis isomer. Furthermore, the *H NMR spectra of complexes 3.12
and 3.13 showed that they can exist as trans-trans (C> symmetric) and trans-cis (Ci-

symmetric) isomers resulting from the isomerisation of just one of the azobenzene unit.

| ¢ X
s o |
N N
R ”"ll,, III.“““‘\\\\O— I/,I,'l I “‘\\\\O— R —
| O 1
< < @
NS NS I R
3.12 3.13

Figure 3.5: Ir(111) complexes with azobenzene unit attached to the phenyl ring
(3.12) and pyridyl ring (3.13).

Complexes 3.14 and 3.15 (Figure 3.6) with ethynyl and triazolyl linkers, respectively,
show trans-cis photoisomerisation at 436 nm and cis-trans thermal isomerisation at

room temperature in the dark.3® Although, changing the linker did not show a significant
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difference on the trans:cis PSS of 3.14 and 3.15, the t1» of cis-3.14 is short lived (ty2 =
315 s) in comparison to cis-3.15 (t12 = 1390 s).

2+
N
NV N
N =N N=
N
‘ ( )
3.14:R = E%Q—N
N’,N.N I\/{N‘@*NBHZ
3.15:R=z)§/ <:>

Figure 3.6: Ru(ll) complexes 3.14-3.15 with different linkers.

NBU2

Freixa and co-workers synthesised complexes with isomeric azobenzene ligands
(L3.16-L.3.18) and found that cyclometallation took place with the meta (L3.17) and
para (L3.18) isomers but not with the ortho isomer (L3.16) (Scheme 3.7).3" Instead,
the ortho isomer acted as a neutral NN ligand forming a 6-membered chelate complex
3.16. The position of the azobenzene (3.17 vs 3.18) has an effect on
photoisomerisation. Hence, complex 3.17 displayed a low degree of photoisomerisation
when irradiated at 409 nm, whilst irradiation of complex 3.18, at 351 nm gave trans-
cis photoisomerisation and the reverse cis-trans isomerisation was thermally induced
at 55 °C. The group proposed that photoisomerisation in 3.17 is not observed due to
sterically hindered azo group in the meta position. Complex 3.16 with an exocyclic N=N
bond does not show photoisomerisation. However, photoisomerisation is observed for

exocyclic N=N half-sandwich complexes (see Chapter 4).
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Scheme 3.7: Complexes 3.16-3.18 with isomeric N=N unit. (i) AgOTf, acetone (55
°C, 2 h); (ii) [Ir(ppy)2Cl], NEts, acetone, (55 °C, 15 hrs)

3.1.3 Photoisomerisation of C=N bonds

Benzylidene aniline (3.19) is the C=N analogue of stilbene and azobenzene where the
C=N bond can be regarded as the fusion of C=C and N=N halves. Trans-3.19 is non-

planar with torsion angle (Ph—C=N) at 55° (Scheme 3.8).%% 3° In contrast, trans-
stilbene and trans-azobenzene are planar.

. RV,

dark N

trans-3.19 cis-3.19

Scheme 3.8: Isomerisation of benzylidene aniline (3.19).
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The activation energy for thermal cis-trans isomerisation in 3.19* is 16.7 kcal mol*
which is lower than in azobenzene®! (22.7 kcal mol™) and stilbene*? (41.8 kcal mol™).
Therefore, the backward reaction from cis-trans is very fast with a short t1/; of cis-3.19
of 1 s at 25 °C.** ** Experimental and computational findings show that thermal
isomerisation of cis-3.19 goes through an inversion mechanism rather than rotation
about the C=N bond. %

Lehn proposed that imines can undergo configurational isomerisation thermally and
photochemically.*® Scheme 3.9 shows two mechanisms for configurational isomerisation
of imines which interconvert the more thermodynamically stable trans isomers to the less
stable cis isomers. The out-of-plane rotation mechanism around the C=N bond (PSror) is
photoactivated whilst the in-plane nitrogen inversion, via linear transition state (TSinv),
is a thermal process. This mechanism is similar in azobenzene whilst stilbene isomerises

only by internal rotation about the C=C bond.

Bond Rotation

L L R
= =N
trans )—N\ S ° cis

S R
N 7
L 9 ¥
=N-R
g 0
TSy

Nitrogen Inversion

Scheme 3.9: Mechanisms of isomerisation in imines. L = large substituent; S =

small substituent.

Coelho and co-workers studied the photoisomerisation properties of a series of
pyrrolidene imines 3.20-R and 3.21-R (Scheme 3.10).” The studies show that upon
UV irradiation at room temperature trans-cis photoisomerisation of the C=N double
bond was observed with the reverse reaction thermally accessible in the dark. The

relevant data are shown in Table 3.2.

81



H

\ \
/©/N\ IN EL Na IN R = Me, OMe, NMe,
H
R

trans-3.20-R cis-3.20-R

\
N Uy HO N R=H, Me, Napth
J@[ i ™S
H N
R

OH H
trans-3.21-R cis-3.21-R

Scheme 3.10: Isomerisation of 3.20-R and 3.21-R.

Table 3.2: PSS, activation energy for cis-trans isomerisation and ty2 of cis
isomer for 3.20-R and 3.21-R.

PSS (trans:cis) AG* of cis-to- |t of the cis
trans (kcal molt) | isomer (s)
3.20-Me 94:6 16.25 14
3.20-OMe 76:24 19.60 36
3.20-NMe: 60:40 16.49 48
3.21-H 92:8 15.77 7.5
3.21-Me 88:12 14.81 10
3.21-Napth 97:3 15.30 3.1

The AG* of cis-trans isomerisation in 3.20-R and 3.21-R is between 14.81 and 19.60
kcal mol™ which is similar to previous studies in other imine compounds.* The tu of
cis-3.21-R are shorter (t12= 3.1 to 10 s) than cis-3.20-R (ti2 = 14 to 48 s). 3.20-OMe
and 3.20-NMez with more electron donating substituents have a higher percentage of
the cis isomer (24% and 40%, respectively) in comparison to the less donating
substituent 3.20-Me (6%). The data show that the isomerisation in 3.20-R and 3.21-R
can be controlled by changing the nature of the aniline ring (phenyl vs phenol) and the

other substituents on this ring. In general, the thermal cis—trans isomerisation of 3.20-
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R and 3.21-R is much slower than other imines which can only be detected at low
temperatures.*®

Similar to azobenzenes, imines can coordinate to metals as part of a chelate ring;
though, this then prevents photoisomerisation. There are some examples of exocyclic
imine complexes 2.22% and 2.23*° with reported cis and trans isomers around the C=N

bond (Figure 3.7), but in neither case was isomerisation investigated.*® 4°

Br PPh,
/

PPh PPh
Br / 3 Br\ / 3
/Pd /Pd
R\’Nr@ FN)@
R
trans-2.23 cis-2.23
R = Mesityl

Figure 3.7: Pd(Il) complexes with exocyclic C=N bond.

There are very few examples of bis-cyclometallated Ir(I111) complexes with exocylic
C=N bonds and these are described below. Complex 3.24 with a nitrone unit (Figure
3.8) has been reported to show no emission. The authors suggested that the

isomerisation of the C=N unit was the cause for the absence of emission .>°
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PF,

3.24

Figure 3.8: Bis-cyclometallated Ir(I11) complex 3.24 with a nitrone unit.

Kawamoto and co-workers reported Ir(111) complexes with an exocyclic C=N bond with
general formula [Ir(C*N)2(N”S)] (3.25-R and 3.26-Mes) made by ring opening of a
benzothiazoline ligand (Scheme 3.11).%! After purification, the initial trans:cis ratios
for the complexes are: 1:1.6 (3.25-Ph), 100:0 (3.25-Mes) and 100:0 (3.26-Mes). The

authors did not report the ratios for the crude products.
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@[ >\\ [Ir(C*N),Cl],
R2 NaOAC

3.25-Ph: R, =H, R, =Ph
3.25-Mes: R; = H, R, =Mes
3.26-Mes: R| = CF3, R, = Mes

Scheme 3.11: Bis-cyclometallated Ir(111) complexes with exocyclic C=N bond.

After dissolution of the crystals of complex 3.25-Mes, only the trans isomer was present
but after 6 h a trans:cis ratio of 3:1 was observed. Heating trans-3.25-Mes in the solid
state to 280 °C gave pure cis-3.25-Mes. Irradiation of pure cis-3.25-Mes with a mercury
lamp for 5 h gave a trans:cis ratio of 3:1 though it was not determined if this was the
PSS ratio. Similarly, when a sample of trans-3.26-Mes, containing CFz-functionalised
cyclometallated ligand, was heated at 190 °C, 100% of cis-3.26-Mes was formed.
Irradiation of cis-3.26-Mes with a mercury lamp for 5 h gave full conversion to trans-
3.26-Mes. Hence, in complexes 3.25-Mes and 3.26-Mes, the cis isomer is the

thermodynamically favoured isomer i.e. coordination to the metal has swapped the
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stability of the two isomers compared to free imines. In addition, the barrier to reverse
thermal isomerisation is very high in the complexes judging by the temperatures used.
Photophysical studies for 3.25-Ph were not carried out. However, immediately after
dissolution of crystals of the cis-isomer in DMSO-ds at room temperature, the *H NMR
spectrum showed the presence of both isomers suggesting a rather faster isomerisation
than for 3.25-Mes described above. The mechanism for these isomerisations has not
been discussed, however since in these cases the nitrogen atom is attached to the Ir
centre it is unlikely that the nitrogen inversion process is occurring, instead rotation
around the C=N bond is more likely, consistent with the high temperature.

In summary, cis-trans isomerisation of C=C, N=N and C=N bonds can be used as
molecular switches. The activation energy for thermal cis-trans isomerisation in
stilbene*? is 41.8 kcal mol™* which is higher than azobenzene** (22.7 kcal mol™) and
benzylidene aniline*® (16.7 kcal mol™). Feringa has shown that by increased steric
hindrance the barrier to rotation can be reduced (Scheme 3.2 and Table 3.1).% In
addition using overcrowded alkenes as ligands also reduces the barrier to isomerisation
in comparison to the non-complexed alkene (Scheme 3.4 and 3.5). The incorporation
of a metal fragment can also change the irradiation wavelength from the UV to the
visible region making it more suitable for use in biological systems.

For azobenzene, the barrier to thermal isomerisation is lower than in stilbene, however
the ty» of the cis-azobenzene is still around two days. An azobenzene can be attached
to a metal complex as a pendant unit at the back of a ligand. However, the effect of this
on the isomerisation is hard to predict and depends on the position of the azobenzene
in the ligand, the presence and type of linker and the identity of the metal fragment
(Figures 3.4-3.6). If the azobenzene is insulated from the metal fragment through an
aliphatic chain then the isomerisation is less perturbed than if the N=N unit is
conjugated with the metal centre. Azobenzenes can also act as donor ligands in which
an N atom is directly bound to the metal either forming an endocyclic N=N bond which
prevents photoisomerisation or an exocyclic N=N bond which in principle can
isomerise. An example of an exocyclic N=N complex is 3.16 but this does not

photoisomerise.
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Aims and Objectives

As mentioned above benzylidene aniline has a lower barrier to cis-trans isomerisation
than either stilbene or azobenzene. As a result, it is impossible to isolate separate cis
and trans isomers. The lower barrier to isomerisation for N=N and C=N bonds
compared to C=C is almost certainly because the first two can isomerise by nitrogen
inversion whereas for C=C there must be rotation about the double bond which involves
more bond breaking and hence a higher barrier. Very little work has been done on trans-
cis isomerisation of exocyclic C=N bonds in metal complexes. However, upon
complexation of the N atom it cannot isomerise via nitrogen inversion unless the N
atom dissociates from the metal, instead rotation around the C=N bond is more likely
which leads to a higher barrier to isomerisation compared to free imines. This is
consistent with the complexes studied by Kawamoto (Scheme 3.11) which show very
high barriers to cis-trans isomerisation. Consequently, metal ligand interactions have
been shown to play an important role in changing the photostability and rate of
isomerisation of C=C, N=N and C=N bonds.

This chapter will describe the synthesis and characterisation of bis-cyclometallated
Ir(111) complexes with general formula [Ir(C*N)2(N"O)] where the N*O ligand forms a
5-membered exocyclic chelate ring after complexation. The photophysical properties
are described and comparisons made with the isomeric complexes studied in Chapter
2.

3.2 Results and Discussion

3.2.1 Synthesis and Characterisation of Exocyclic Imine Complexes
[Ir(C™N)2(N~O)]

The imine ligands (L3.27-R) are all known®>® and were synthesised using a typical
condensation reaction between 2-aminophenol and the respective aldehyde in the

presence of molecular sieves in DCM (Scheme 3.12).
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Scheme 3.12: Synthesis of imine ligands L3.27R.

The *H NMR spectra of the ligands show only the trans isomer and the spectroscopic data
agree with the literature.>2-% The imine protons for L3.27-R are observed between & 8.48
and 9.04. The presence of the trans isomer was confirmed by the NOESY spectrum
showing a NOE between the imine proton and the ortho proton of the phenol ring in all
cases (red arrow). The *H NMR spectra of L3.27-Mes, L3.27-Anisyl and L3.27-CsFs are
consistent with the aryl group rotating fast in solution however it is also possible that the

R group is fixed and is perpendicular to the plane of the imine bond.

Dichloro-bridged [Ir(C*N)2pu-Cl]2 dimers (2.17a-b) and the respective N*OH ligand
(L3.27-R) were reacted in the presence of Na.COs to give exocyclic imine complexes
3.27a-R and 3.27b-R in good to excellent yields (72-91%) (Scheme 3.13).
Occasionally, small amounts of 3.28a was formed due to the hydrolysis of the ligand
(Figure 3.9) and this was removed via column chromatography. During monitoring, the
'H NMR spectrum of 3.27b-Ph showed the presence of a second species that integrated
to the same number of protons as the desired complex, with similar proton splitting and
a second imine peak. This was presumed to be due to the cis isomer. Similar
observations have been reported in bis-cyclometallated Ir(111) complexes 3.25-3.26.%!
On close examination, a second species was observed in all cases and attempts to

separate the isomers and analysis of the second species will be described later.
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Scheme 3.13: Synthesis of complexes 3.27a-R and 3.27b-R with an exocyclic imine

bond.
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Figure 3.9: Complex 3.28a-b is an occasional side product in the reaction.

Firstly, the 'H NMR spectra of the trans-isomers will described. The spectra of
complexes 3.27a-R and 3.27b-R show double the number of protons for the C*N ligand
in comparison to the dichloro-bridged dimers 2.23a-b. This is due to the chelation of
the unsymmetrical N*O ligand and loss of Co-symmetry as seen in Chapter 2. The
proton assignment of complex 3.27b-Mes is described first as the Mes group helps
identify key correlations that aid the assignment of the two C”N ligands. A similar

approach was described in Chapter 2.
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Figure 3.10: Numbering system and 3D representation of complex 3.27b-Mes.

Figure 3.10 shows the numbering system used for the assignment of each proton and
the X-Ray structure of 3.27b-Mes to illustrate the *H-'H correlations.

In complex 3.27b-Mes, the mesityl group appears as a 3H singlet at 6 1.39, a 6H singlet
at 8 1.96 and two inequivalent 1H aromatic protons at 6 5.82 and 6.35. The 3H singlet
at 8 1.39 shows a NOE with only one mesityl proton, that at & 6.35, suggesting that it is
an ortho-Me and therefore both ortho-Me groups are inequivalent and the mesityl is not
rotating in solution. Therefore, the 6H singlet is due to accidental overlap of the other
ortho-Me and the para-Me. This is confirmed by two cross peaks from the 6H singlet
in the B®C-'H HMQC spectrum. The TOCSY and the NOE spectra allowed
identification of the linkage between pyrazole and phenyl rings. The identification of
C”N ligand a and b was established by using the NOE spectrum of the alkyl area. The
6H singlet at § 1.96 shows a NOE with a pyrazole proton H®at § 7.34, and with a
phenyl proton H® at § 5.95. This must arise from the ortho-Me as the para-Me is too
far away to correlate with H’® and H*®. From the 3D representation in Figure 3.10, the
ortho-Me pointing towards H”® and H® is therefore ortho-Mea and the 3H singlet at &
1.39 corresponds to ortho-Mes which shows a weak NOE with H™. Proton H? and H*
were observed as 1H doublet of doublets at 6 5.75 and 5.95, respectively which are
typically upfield due to ring current effects as seen in Chapter 2. The remaining protons
of C~N ligands a and b were identified using the COSY spectrum. Imine proton H'?is
assigned as the most downfield singlet at 6 8.81 and shows an NOE to ortho phenol
proton H''at § 7.21, indicating that it is the trans-isomer. The remaining phenol protons
were assigned using the COSY spectrum. The ASAP mass spectrum for complex

3.27b-Mes shows a molecular ion at m/z 718 whilst the IR spectrum shows a
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V(C=N)imine Stretch at 1576 cm™ in comparison to the free ligand at 1623 cm™. This is
due to backbonding effect.

The *H NMR spectrum of ppy-complex 3.27a-Mes shows three 3H singlets two ortho-
Me groups at 6 2.04 and 1.24 and the para-Me at 6 2.06 that shows an NOE with two
1H singlets at 8 5.86 and 6.34. The inequivalence of the mesityl group is evidence that
it is not rotating in solution. The most downfield singlet is assigned as the imine proton
at 6 8.93 which shows an NOE with ortho-Me at 6 1.24 and with the adjacent ortho
phenol proton at 6 7.24 indicating that it is the trans form. Similarly to 3.27b-Mes, the
two aromatic upfield doublets correspond to H'? and H? at § 6.17 and 5.75. The ASAP
mass spectrum of complex 3.27a-Mes shows a molecular ion at m/z 740 whilst the IR
spectrum shows a v(C=N)imine stretch at 1579 cm™ in comparison to the free ligand at
1623 cm'* due to backbonding.

For complexes 3.27a-Ph and 3.27b-Ph, the imine peaks appear as singlets at 6 8.77 and
8.92 respectively. The characteristic upfield aromatic signals that correspond to H?and
H® appear at § 6.25 and 6.38 for 2.37a-Ph and at § 6.28 and 6.32 for 3.27b-Ph. In both
complexes the imine signal shows an NOE with the adjacent phenol proton identifying
the trans isomer. The ASAP mass spectra for complexes 3.27a-Ph and 3.27b-Ph each
show a molecular ion at m/z 698 and m/z 676 respectively. The IR spectra show a
v(C=N) stretch at 1579 cm™ for 3.27a-Ph and 1574 cm™ for 3.27b-Ph in comparison
to the free ligand at 1629 cm™.

In complex 3.27a-Anisyl, the imine proton appears at 6 8.58 whilst in 3.27b-Anisyl, it
appears at & 8.73. The *H NMR spectra of complexes 3.27a-Anisyl and 3.27b-Anisyl
each show a 3H singlet at & 3.63 and 6 3.71, respectively, corresponding to the OMe
group. Each complex shows two 2H doublets at 6 6.10 and 6 6.66 for 3.27a-Anisyl and
at 8 6.26 and o 6.81 for 3.27b-Anisyl, that correspond to the A>B. system, indicating
that the anisyl ring is rotating in solution. The C*N protons for both complexes 3.27a-
Anisyl and 3.27b-Anisyl shows similar characteristics with upfield aromatic protons
corresponding to H'? and H¥ (See Experimental). The ASAP mass spectra for
complexes 3.27a-Anisyl and 3.27b- Anisyl show molecular ions at m/z 728 and m/z
706 respectively and the IR spectra show a v(C=N)imine Stretch at 1577 cm™ for both
complexes in comparison to the free ligand at 1627 cm™.

The *H NMR spectrum of complex 3.27a-CsFs shows the imine proton at & 8.48, whilst
that for 3.27b-CsFs appears at § 8.54. The °F NMR spectrum of each complex show
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five different fluorine resonances (see Experimental) indicating that the CeFs group is
fixed in solution for both complexes. The ASAP mass spectra show a molecular ion at
m/z 788 for complex 3.27a-CsFs and at m/z 766 for complex 3.27b-CeFs. The IR
spectra show a v(C=N)imine stretch at 1582 cm™ for complex 3.27a-CsFs and 1575 cm'™
for complex 3.27b-CsFs in comparison to the free ligand at 1619 cm™. The 'H NMR
spectra of complexes 3.27a-Cinnamyl and 3.27b-Cinnamyl show similar features but
the imine peaks are doublets rather than singlets, at & 8.55 and 6 8.50, respectively. The
ASAP mass spectra show a molecular ion at m/z 724 for 3.27a-Cinnamyl and at m/z
702 for 3.27b-Cinnamyl, whilst the IR spectra show a v(C=N)imine Stretch at 1581 cm"
! for 3.27a-Cinnamyl and 1574 cm™ for 3.27b-Cinnamyl in comparison to the free
ligand at 1629 cm™.

As mentioned above in some cases a small amount of another isomer was observed in
the NMR spectra. Unfortunately, the mixture of isomers could not be separated via
column chromatography. Since the pure trans isomers have been characterised (see
above) it was possible to assign some of the cis isomer when present in a mixture. The
'H NMR spectra of all the cis isomers showed two 1H doublets at high field (5 6.24 to
6.39) corresponding to the H'? and H® protons showing the presence of a bis-
cyclometallated fragment. These signals are observed more downfield in comparison
to their respective trans isomer. The imine protons are observed between & 7.34 and
7.77 which is between 1 and 1.5 ppm more upfield in comparison to the trans isomer.
This is consistent with the imine proton in the cis isomers lying above one of the
cyclometallated rings and so being shifted upfield by a ring current effect. In addition,
the 'H NMR spectra showed extra signals that corresponded to the R group. For
example, in cis-3.27a-Mes the mesityl group appears as three 3H singlets at 6 2.25,2.16
and 1.23 and the two 1H singlets at 6 6.67 and 6.84 indicating that it is fixed in solution.
For cis-3.27b-Mes, the mesityl group is also fixed with three 3H singlets at 6 2.17, 2.09
and 1.35 but the mesityl protons were not identified due to the overlap with the trans
iIsomer. For the anisyl complexes, the OMe signal is observed at § 3.70 for cis-3.27a-
Anisyl and 6 3.81 for cis-3.27b-Anisyl whilst the aromatic protons give an A>B; pattern
in each case (for cis-3.27b-Anisyl one 2H signal was overlapping with the trans isomer)
showing that in both cases the anisyl group is rotating in solution.

The ®F NMR spectra for cis-3.27a-CsFs and cis-3.27b-CsFs each showed three 1F

signals and a 2F broad singlet.
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In cis-3.27a-Cinnamyl and cis-3.27b-Cinnamyl, it was not possible to identify the
signals related to the R group due to the highly conjugated group and overlap of the
trans isomer.

Crystallisation was successful in providing the trans isomer for complexes 3.27a,b-Ph,
3.27a,b-Mes and 3.27b-Anisyl, however, no sample of a pure cis-isomer was obtained.
The H NMR spectrum of crystals of trans-3.27b-Ph only showed one species (trans-
3.27b-Ph) but after 30 mins under ambient light, signals due to cis-3.27b-Ph started to
appear. This confirms that the second species formed during the reaction is the cis
isomer and that the trans form isomerises to the cis form.

The effect of light on isomerisation was tested and found that when crystals of complex
trans-3.27b were dissolved in CDCl;z and protected from light, the *H NMR spectrum
showed only trans-3.27b present, even after several days at room temperature.
However, when the same sample was exposed to ambient light for 15 min signals due
to cis-3.27b started to appear. After 3 hrs, a 1:1 ratio was obtained with no further
change with additional irradiation with a halogen lamp hence this ratio corresponds to
the PSS. When the 1:1 mixture was left in the dark for several days, the ratio did not
change. Therefore, the trans-to-cis isomerisation is initiated by light. To confirm this,
complex 3.27b was synthesised in the presence and absence of light and monitored until
the reaction reached completion. It was found that when the reaction was done under
ambient light a mixture of trans and cis isomers was formed, but when carried out in
the dark, only trans-3.27b was formed (Scheme 3.14). This observation was true for all
the complexes 3.27a,b-R in this chapter. Although, only the trans isomer is formed in
the dark, if the aminophenolate product (2.28a-b) is present in the crude mixture,
purification by column chromatography was necessary. This was not easy to be carried
out as the column needed to be protected from light to prevent the formation of cis

isomer; hence some cis isomer was sometimes present after purification.
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[Ir(ppz)2Cl]2 + N32CO3

©Q -

trans-3.27b-Ph

Scheme 3.14: Synthesis of 3.27b-Ph in the presence and absence of light.

After establishing that the isomerisation was photochemically induced, the complexes

were irradiated using a halogen lamp until the trans:cis ratio did not change (Table 3.3).
Where feasible (3.27a,b-Ph, 3.27a,b-Mes and 3.27b-Anisyl), the photoisomerisation

was initiated with the pure trans isomer, otherwise a mixture with mostly trans was

irradiated with a halogen lamp at room temperature in CDCls.
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Table 3.3: PSS Ratios obtained for complexes 3.27a-R and 3.27b-R after
irradiation under halogen lamp at room temperature.

Ppy Complex Ratio trans:cis | Ppz complex Ratio trans:cis
3.27a-Ph 37:63 3.27b-Ph 48:52
3.27a-Mes 52:48 3.27b-Mes 57:43
3.27a-Anisyl 50:50 3.27b-Anisyl 56:44
3.27a-CeFs 62:38 3.27b-CeFs 61:39

3.27a- 45:55 3.27b- 50:50
Cinnamyl Cinnamyl

Unfortunately, none of the systems completely converted to the cis isomer upon
irradiation for 10 hours; complex 3.27a-Ph showed the greatest proportion of cis isomer
at 63%. Complexes with ppy ligands (3.27a-R) show a slightly greater preference for
the cis isomer in comparison to the respective ppz complexes (3.27b-R). Changing the
R group did not shift the ratios dramatically hence there is no clear relationship between
electronic and steric effects of the R group and the isomer ratio. Solid-state
isomerisation studies were also carried out and showed that trans-cis
photoisomerisation takes place in a thin film although, it is slower than in solution (see
Section 6.1 for experimental details). For complex 3.27b-Mes, the ratio in the thin film
after 6 hours of irradiation was 86:14 trans:cis, whilst in solution a trans:cis ratio of
57:43 was reached after 3 hours of irradiation. Furthermore, when crystals of only
trans-3.27b-Mes are exposed to ambient light no cis isomer could be detected when the
crystals were dissolved. As mentioned above (See Section 3.1.3), when pure cis-3.26-
Mes was irradiated it converted fully to the trans form in the solid state. This
isomerisation is in the opposite direction to the complexes studies in this thesis. The
reason for this apparent difference is not clear.

To establish if the cis-trans reverse isomerisation is thermally accessible, samples with
a mixture of both isomers were heated in the dark at 60 °C for 6 hrs (Table 3.4). All
complexes show cis-trans thermal isomerisation except for 3.27a-Mes that showed no
change in the ratio and 3.27b-Mes that shows a slight increase of the amount of cis
isomer after heating. The latter observation may be because the sample was exposed to
light and the initial sample was not at the PSS. Complexes 3.27a-Cinnamyl and 3.27b-
Cinnamyl show 100% conversion back to the trans isomer after 6 hrs in the dark at 60

°C. The complexes in Table 3.4 have been categorised as A where no there is no
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iIsomerisation in the dark at 60 °C hence indicating a large energy barrier for thermal
iIsomerisation; category B is where some cis-trans isomerisation is observed but it does
not convert to trans completely in 6 hrs at 60 °C; and category C where 100% cis-trans
isomerisation is observed in this period, suggesting a lower barrier for thermal
isomerisation in comparison to categories A and B. The initial data show that complexes
with the bulkier substituent R = Mes appear to have a higher energy barrier. There is
some evidence that changing the C*N may also have an effect on the energy barrier;
isomerisation of 3.27b-Ph is slower than 3.27a-Ph and the same appears to be the case
for 3.27b-Anisyl and 3.27a-Anisyl, however further investigations are required to
establish this. It is consistent with the observations of Kawamoto who showed that a
changing the C~”N ligand altered the ease of thermal isomerisation (complexes 3.25-
Mes and 3.26-Mes, Scheme 3.11).

Table 3.4: Thermal isomerisation studies for complexes 3.27a-R and 3.27b-R.
Before After heating Category
heating (dark 60 °C,

6h)
trans:cis trans:cis

3.27a-Ph 39:61 51:49 B

3.27b-Ph 48:52 55:45 A/B

3.27a-Mes 51:49 51:49 A

3.27b-Mes 64:36 60:40 -

3.27a-Anisyl 50:50 78:22 B

3.27b-Anisyl 56:44 61:39 A/B

3.27a-CeFs 61:39 81:19 B

3.27a-Cinnamyl 47:57 100:0 C

3.27b-Cinnamyl 50:50 100:0 C

Category A = large barrier (no isomerisation at 60 °C dark), B = modest barrier

(isomerisation over hours/days at 60 °C in dark), C = low barrier (full

conversion to the trans isomer).

X-Ray Crystallography

Complexes 3.27a,b-Ph, 3.27a,b-Mes and 3.27b-Anisyl afforded crystals from

DCM/MeOH suitable for X-Ray crystallography. All the X-ray structures show the

same features with cis metallated carbons and trans nitrogen (ppy/ppz) atoms as also
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seen in Chapter 2 and in similar complexes.>® " The five structures (Figure 3.11 and
Appendix) show a distorted octahedral geometry at the Ir centre with bond angles [trans
N—Ir—N angle] between 173.3° and 175.7°. The Ir—N(imine) bond is longer than the
I—N(ppy/ppz) bonds because it is trans to a C atom. Table 3.5 shows selected bond
lengths and bond angles for the five complexes. After complexation, the C=N bond
length ranges between 1.27A and 1.30 A which are longer, due to backbonding, in

comparison to free imines that range between 1.24 A and 1.26 A% 58

Complex 3.27a-Ph Complex 3.27b-Ph
Figure 3.11: X-ray structures of complexes 3.27a-Ph and 3.27b-Ph showing 50%

ellipsoids with hydrogen atoms omitted for clarity (except for the imine proton).

Table 3.5: Selected bond length (A) and bond angles (°) for complexes 3.27a-Ph
and 3.27b-Ph. Centroid-centroid distance refers to the distance between the phenyl
ring of the adjacent cyclometallated ligand and the R = Ph of the imine ligand.

3.27a-Ph (A) 3.27b-Ph (A)
Ir(1)—N(2) 2.023(5) Ir(1)—N(2) 2.014(5)
Ir(1)—N(3) 2.030(5) Ir(1)—N(4) 2.012(4)
Ir(1)—N(1) 2.191(5) Ir(1)—N(1) 2.185(4)
Ir(1)—C(35) 2.002(6) Ir(1)—C(27) 2.020(5)
Ir(1)—C(24) 2.004(6) Ir(1)—C(18) 1.995(5)
Ir(1)—O(1) 2.145(4) Ir(1)—O(1) 2.144(4)
N(1)—C(7) 1.295(8) N(1)—C(2) 1.271(7)
centroid—centroid 3.917 centroid—centroid 3.779
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3.27a-Ph ©) 3.27b-Ph ©)
N@)—Ir(l)—N@3) | 174.92) N(4)—Ir(1)—N(2) 175.71(17)
C(24)—Ir(1)—N@2) | 80.4(2) C(18)—Ir(1)—N(2) 79.8(2)
C(35)—Ir(1)—N(@3) | 80.8(2) N(4)—Ir(1)—C(27) 80.33(19)
o) —Ir()—N() | 77.31(18) O(1)—Ir(1)—N(1) 77.28(15)

Figure 3.12 shows parallel views of complexes 3.27a,b-Ph which illustrate that

intramolecular n-7 interactions are present between the aryl group of the N*O ligand

and the adjacent phenyl ring of the C*N ligand [centroid—centroid distance between
356 A and 3.92 A]. Complex 3.25-Mes (see Section 3.1.3) also observed

intramolecular n-7 interactions with a centroid—centroid distance of 3.24 A.5! These

interactions could be helping to stabilise the trans isomer. In complexes 3.27a,b-Ph,

3.27a,b-Mes and 3.27b-Anisyl, the R group is almost perpendicular to the phenol plane

with dihedral angles between 78.7° and 85.1° as illustrated in Figure 3.13 for complex

3.27b-Ph.

3.27a-Ph
Figure 3.12: Parallel views of the X-Ray structure of complex 3.27a,b-Ph.

3.27b-Ph
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Figure 3.13: Dihedral angle (82.5 °) between the aryl substituent and the phenol
plane in 3.27b-Ph.

3.2.3 Photophysical Properties of [1r(C~N)2(N"~O)] Complexes

Absorption Spectroscopy

The absorption spectrum of complex 3.27b-Ph shows three bands (Figure 3.14). The
most intense absoprtion is below 300 nm and it is assigned as intraligand (n — © *)
transitions, the moderately intense absorption between 300 — 400 nm is attributed to
spin allowed metal to ligand charge transfer (*MLCT) and the weak absorption band
greater than 400 nm (Table 3.6). The UV-Vis spectra of trans-3.27b-Ph and as a
mixture is shown in Figure 3.14 the major difference in absorbance between the trans

and cis isomer is in the w-w* band.
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Figure 3.14: Electronic absorption spectrum of complex 3.27b-Ph at 0.02 mM in
MeCN.

Table 3.6: Electronic absorption spectral data of complex 3.27b-Ph in HPLC
grade MeCN.

Complex Aabs [nm] (emax[dm3mol-tcm])

3.27b-Ph (only trans) 248 (37803), 318 (1318), 430 (532)

3.27b-Ph (both isomers) | 245 (37944), 321 (1067), 438 (523)

Emission Spectroscopy

To study the effect of ring size (5-membered vs 6-membered) on EPESS emission
studies were carried out in solution (100% MeCN) and in the solid state by precipitation
using MeCN:H20 mixtures (1:9)*° as described in Chapter 2. Complex 3.27b-Ph did
not show emission in aerated solution but gave weak emission in deaerated solution
(purged with argon) (Figure 3.15). In addition, no enhancement in emission was

observed in the solid state. The same was observed for the remaining complexes.
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Figure 3.15: Emission spectra of 3.27b-Ph in aerated and deaerated solutions in
HPLC grade MeCN at Aex = 397 nm.

Changing the ring size from 6-membered to 5-membered chelate ring has had an effect
on EPESS. Whilst the 6-membered complexes 2.24a,b-R (Chapter 2) show EPESS, the
5-membered complexes 3.27a-R and 3.27b-R do not. Instead, trans-cis
photoisomerisation is observed. Although further studies would need to be carried out,
the photoisomerisation process could be a quenching pathway hence only weak

emission is observed.

3.2.4 Computational Studies

As shown above complex 3.27b-Ph is not EPESS active, instead photoisomerisation is
observed. To help identify the cause of this phenomenon, DFT calculations were
performed by Professor F. Lelj (University della Basilicata Potenza, Italy). DFT studies
show that trans-3.27b-Ph exists as two stable conformations: a) CHPh below plane of
phenol as in the solid state and b) CHPh above plane of phenol as the less stable
conformation, with the energy difference between both conformations being 0.81 kcal
mol™ (Figure 3.16). The energy barrier between these conformers is very small (4.03
kcal mol? with reference to the most stable conformer) suggesting that this motion is

very easy at RT and the average is seen by NMR spectroscopy.
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Figure 3.16: Two most stable conformations around the C-NCHPh bond in 3.27b-
Ph: a) “down” conformation as in solid state (0.0 kcal mol™?); b) “up” conformation

(0.81 kcal mol™?)

The energy difference between trans and cis isomers of 3.27b-Ph was computed to be
3.73 kcal mol™. Figure 3.17 shows the trans and cis isomers in their best overall
conformation for complex 3.27b-Ph. In all 3.27a,b-R complexes the trans isomer is
computed to be more stable than the cis and the relative energies for the cis isomer for

the remaining complexes was between 3.65 and 6.78 kcal mol™ (See Appendix).

trans-3.27b-Ph cis-3.27b-Ph
0.00 kcal mol™ 3.73 kcal molt

Figure 3.17: Energies of the trans-3.27a-Ph and cis-3.27b-Ph in their best overall

conformation using the trans isomer as the reference.

In 3.27b-Ph, the cis-trans isomerisation has been located starting from the two different

stable isomers “down” and “up” (Figure 3.18). Their structures and energies are

reported below.
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28.20 kcal mol™ 30.65 kcal mol™

(13 2

“down” up

Figure 3.18: Transition states for the cis-trans isomerisation of 3.27b-Ph.

This barrier is consistent with no isomerisation taking place in the dark at room
temperature. Complexes 3.27a-Cinnamyl and 3.27b-Cinnamyl show complete cis-
trans isomerisation at 60 °C (Table 3.4) whilst in the remaining complexes cis-trans
isomerisation is just accessible at 60 °C. Analysis of the triplet state in case of the 3.27b-
Ph reveals that CHPh of the imine is almost perpendicular to the phenol plane and is
very close to the conformation of the transition state for the cis-trans isomerisation
(Figure 3.19). Therefore, it is not unreasonable that population of the triplet state can
give rise to both isomers. Further computations will need to be carried out to verify this

hypothesis and whether it applies to the other complexes.

triplet “up” triplet “down”
31.80 kcal mol* 28.47 kcal mol*
Figure 3.19: Triplet geometries of 3.27b-Ph.

Figure 3.20 shows the energy profile of trans-cis and cis-trans isomerisation. The trans
isomer is computed to be more stable than the cis isomer. Step A is the barrier to rotation

starting from the most stable trans isomer, B is the energy difference between the two
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trans forms (up and down), Step C is the energy for thermal cis-trans isomerisation,

and D is the energy difference between the trans and the cis isomer.

Energy # TS*

a

>

. e

D 3.73 kcal mol™!

;B 0.81 kcal mol™!

B e D

trans
Hdownﬂ

—

Isomerisation pathway

Figure 3.20: Energy profile of complex 3.27b-Ph.

3.2.4 Conclusion

The exocyclic imine complexes (3.27a-R and 3.27b-R) studied in this chapter do not
show EPESS, instead trans-cis photoisomerisation is observed upon irradiation. When
the synthesis of the complexes is carried out in the dark, only the trans isomer is formed,
but in the presence of light, both isomers are formed. This shows that the trans-cis
isomerisation is photoinduced. The reverse thermal isomerisation for most complexes
is thermally accessible in the dark at 60 °C (Table 3.4) though complete conversion to
the trans isomer was only observed for complexes 3.27a,b-Cinnamyl. To date, only
one group®! has reported a similar cis-trans isomerisation in related complexes 3.25-R
and 3.26-Mes. In 3.27a-R and 3.27b-R, the trans-cis isomerisation occurs under
halogen lamp and computation suggests that the trans isomers are thermodynamically
more stable. However for 3.25-Mes and 3.26-Mes®! the situation is reversed, cis-trans
isomerisation is photochemically induced whilst trans-cis isomerisation was achieved
thermally though at high temperatures (> 190 °C). It should be noted that both
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iIsomerisations in those cases were done in the solid state whereas in this thesis the
isomerisations are mostly done in solution.

In imine ligands, the thermodynamically stable isomer is the trans form, with the cis
form being very short lived and having a very low barrier of cis-trans isomerisation.
After complexation, the trans form in 3.27a,b-R is still the most stable isomer but the
energy barrier to cis-trans isomerisation is considerably higher than for the free imines.
These results show that exo imine complexes provide a good framework to synthesise
molecular switches with control of the barrier to thermal switching. This concept is

pursued further in Chapter 4.
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3.4 Appendix

Complex 3.27a-Mes

Complex 3.27b-Mes

Figure A3.1: X-ray structures of complexes 3.27a-Mes and 3.27b-Mes.

Table A3.1: Selected bond length (A) and bond angles (°) for complexes 3.27a-Mes
and 3.27b-Mes. Centroid-centroid distance refers to the distance between the phenyl
ring of the adjacent cyclometallated ligand and the R = Mes of the imine ligand.

3.27a-Mes (A) 3.27b-Mes (A)
Ir(1)—N(3) 2.044(6) Ir(1)—N(1) 2.010(3)
Ir(1)—N(2) 2.060(6) Ir(1)—N(3) 2.020(3)
Ir(1)—N(1) 2.187(5) Ir(1)—N(5) 2.182(3)
Ir(1)—C(24) 2.012(7) Ir(1)—C(18) 2.015(3)
Ir(1)—C(35) 1.977(8) Ir(1)—C(9) 2.013(3)
Ir(1)—O0(1) 2.151(5) Ir(1)—0(1) 2.149(2)
N(1)—C(7) 1.303(8) N(5)—C(25) 1.284(4)
centroid—centroid 3.562 centroid—centroid 3.624

3.27a-Mes °) 3.27b-Mes °)
N(3)—Ir(1)—N(2) 1735(2) N(1)—Ir(1)—N(@3) 173.57(11)
C(35)—Ir(1)—N(3) 80.8(3) N(1)—Ir(1)—C(9) 79.85(12)
C(24)—Ir(1)—N(2) 80.8(3) C(18)—Ir(1)—N(3) 80.17(13)
O(1)—Ir(1)—N(1) 76.88(19) O(1)—Ir(1)—N(5) 77.51(9)
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Figure A3.2: X- Ray structure of complex 3.27b-Anisyl.

Table A3.2: Selected bond length (A) and bond angles (°) for complex 3.27b-Anisyl.
Centroid-centroid distance refers to the distance between the phenyl ring of the
adjacent cyclometallated ligand and the R = Anisyl of the imine ligand.

3.27b-Anisyl (A) 3.27b-Anisyl )
Ir(1)—N(1) 2.014(4) N(3)—Ir(1)—N(2) 173.30(15)
Ir(1)—N(3) 1.999(4) C(9)—Ir(1)—N(2) 80.47(17)
Ir(1)—N(5) 2.174(4) C(18)—Ir(1)—N(3) | 79.89(17)
Ir(1)—C(18) 1.994(4) O(1)—Ir(1)—N(5) 77.82(13)
Ir(1)—C(9) 2.005(4)
Ir(1)—0(1) 2.136(3)
N(5)—C(25) 1.297(5)
centroid—centroid 3.678
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Parallel view of complex 3.27a-Mes Parallel view of complex 3.27b-Mes

Parallel view of complex 3.27b-Anisyl
Figure A3.3: Parallel views of the X-Ray structures of complexes 3.27a,b-Mes and
3.27b-Anisyl.
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trans-3.27b-Mes cis-3.27b-Mes
0.00 kcal mol* 4.31 kcal mol™®

trans-3.27b-Anisyl Cis-3.27b-Anisyl
0.00 kcal mol* 3.65 kcal mol*

trans-3.27b-CsFs Cis-3.27b-CsFs
0.00 kcal mol* 6.78 kcal mol*

Figure A3.4: Energies* of the cis and trans isomers in their best overall conformation

* energy of trans conformation has been used as reference.
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3.27b-Mes triplet “down” ?
3.27b-Anisyl triplet “down”

71.3 kcal mol™® 29.8 kcal mol™?

J
3.27b-CeFs triplet “down”

31.1 kcal mol™

Figure A3.5: Triplet geometries of complexes 3.27b-R. (R = Mes, Anisyl and CeFs)

113



Chapter 4: Photoisomerisation in Half-Sandwich Complexes

4.1 Introduction

Chapter 3 contained a discussion of complexes with the general formula
[Ir(C”"N)2(N"O)] where the N*O ligand forms a 5-membered chelate ring with an
exocyclic C=N bond which created the possibility of cis and trans isomers. This chapter
will describe a similar photoisomerisation process in half-sandwich complexes and look
at the effect of changing the metal fragment on the photoswitching properties of imines.
To date, there are no examples of half-sandwich complexes with C=C bonds that can
photoisomerise to form cis isomers, therefore only examples of half-sandwich

complexes with N=N and C=N bonds will be discussed.

4.1.1 Photoisomerisation of N=N Bonds in Half-Sandwich Complexes

As explained in Chapter 3, if the N=N bond is endocyclic no photoisomerisation can
occur. There are several examples of functionalised azobenzenes acting as chelating
ligands in Ru(ll) half-sandwich complexes forming endocyclic 5- and 6-membered
chelate rings e.g. complexes 4.1 and 4.2, respectively (Figure 4.1).22 In both cases, the
Ru centre binds to the alpha-N atom, incorporating the N=N unit into the chelate ring

and preventing any possible photoisomerisation of the N=N bond.

Riu " Ru':nuIIIIIO
a”” \UII Ni/ Y a”
o Na

NN NB

4.1 4.2
Figure 4.1: Half-sandwich complexes 4.1 and 4.2 with endocylic N=N bond.

As discussed in Chapter 3 the first strategy used to create photoisomerisable complexes
involved putting the N=N unit at the periphery of the chelate ligand and half-sandwich
examples of this type are described below. When describing a group of half-sandwich
complexes, Ir(I1), Rh(lIl) and Ru(ll) fragments will be referred as a, b and c,
respectively. Early studies by Yamamoto reported half-sandwich complexes (4.3a-c) in
the trans conformation with azobenzene unit on to the periphery of the monodentate

ligand (Figure 4.2).* Complexes 4.3a and 4.3b undergo trans-cis photoisomerisation
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under irradiation with a mercury lamp to give trans:cis mixtures, 81:19 and 83:17,
respectively. In comparison, the free ligand gives a trans:cis ratio of 76:24 under the
same conditions. The reverse cis-trans isomerisation was accessible at room
temperature in the dark for 4.3a and 4.3b though no kinetic studies were reported. In
contrast, 4.3c is photochemically unstable and decomposes upon irradiation.

L

M

/ '“QI”/ Ns

°C
e

4.3a: M =1Ir, L = Cp*
4.3b: M =Rh, L = Cp*
4.3c: M =Ru, L = p-cym

Cl

Figure 4.2: Half-sandwich complexes (4.3a-c) with N=N unit at the periphery.

Freixa and co-workers synthesised Ru(ll) half-sandwich complexes (4.4i and 4.4ii) as
trans isomers with the N=N unit attached to a pyridine ligand L4.4 (Figure 4.3).°
According to the UV-Vis spectra, 4.4i did not show significant photochemical trans-
cis isomerisation. On the other hand, complex 4.4ii showed significant trans-cis
photoisomerisation with reverse cis-trans thermal isomerisation in the dark at 65 °C.
Both complexes show a significantly longer ti> of the cis isomer of 231 min in
comparison to free ligand L4.4 at 29 min. This shows that upon complexation, the cis
isomer is long lived and the energy barrier of thermal isomerisation is higher in

comparison to the L4.4.

[ '] PF,
L=N/|
Ru Ru NS N’/N
:IIIIIIIIL lllII[//IL
a” \ a””

Cl L

4.4i - 4.4ii - L4.4
Figure 4.3: Ru(ll) complexes (4.4i and 4.4ii) with N=N unit at the periphery.
Additionally, Freixa and co-workers also synthesised complexes 4.5-4.7 with an N=N
unit at the periphery of a bipy ligand (Figure 4.4).°> Complex 4.5 did not show any

photoisomerisation. However, complexes, 4.6 and 4.7 undergo photoisomerisation

when irradiated at 350 nm and 322 nm, respectively with reverse thermal cis-trans
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isomerisation in the dark at 65 °C. Complex 4.7 shows slower cis-trans isomerisation
(t2 = 165 min) than complex 4.6 (ty2 = 58 min), which shows that the position of the
photoswitching N=N unit has an effect on the barrier of the thermal cis-trans
isomerisation. The ty2 (165 min) of cis 4.7 is faster than that of the free ligand L4.7
(231 min), showing that complexation has reduced the barrier to cis-trans isomerisation
in this case. This is the opposite observation for the ty, of cis isomer in monodentate
complexes 4.4i and 4.4ii as described above. The authors proposed that in complex 4.5
there is better delocalisation between the azo group and the Ru centre than with

complexes 4.6 and 4.7 hence, trans-cis isomerisation is quenched in 4.5.

Cl

e ML
N

o
Z -
,Z

zl

L4.5 L4.6

Figure 4.4: Half-sandwich Ru(ll) complexes (4.5-4.7) with N=N unit on the
periphery of a bidentate ligand.

Another potential method to achieve photoswitching N=N complexes is to have an
exocyclic N=N group. As mentioned in Chapter 3, this strategy was tried for bis-
cyclometallated Ir(111) complex 3.16 however, this was still not photoactive. Recently,
Bogliotti and Xie synthesised half-sandwich exocyclic N=N complexes trans-4.8b and

trans-4.8c by complexation of L4.8 (Scheme 4.1).% 7 L4.8 itself undergoes trans-cis
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photoisomerisation at 315 nm and reverse isomerisation in the dark at room
temperature. Complexes trans-4.8b and trans-4.8c convert to their respective cis forms
when irradiated at 406 nm with the reverse thermal isomerisation being accessible in
the dark at room temperature.® ’ The ty, for cis-4.8b (17.9 min) is longer than that of
cis-4.8c (ty2 = 6.5 min) hence the energy barrier of the reverse cis-trans isomerisation
is higher when M = Rh in comparison to when M = Ru. The introduction of a metal
centre Rh(I11) or Ru(Il) has also red-shifted the irradiation wavelength by 91 nm to the

visible region which is beneficial for the potential use in biological systems.

L L
NHR | X ‘
? N. [MCL,L], N v N@

Mu”””” /, e Mlll”,””N//
Cl

/\N A

Cl
o LN
L4.8 cis

trans
R = SO,Ar
4.8b: M =Rh, L = Cp*
4.8¢c: M =Ru, L = p-cym

Scheme 4.1: Half-sandwich complexes 4.8b and 4.8c with exocyclic N=N unit.

4.1.2 Photoisomerisation in C=N Bonds in Half-Sandwich Complexes

Several half-sandwich complexes with imine-based ligands are used in catalysis and
anti-cancer treatment and some examples are shown in Figure 4.5.813 Complexes 4.9a-
¢, 4.10a-c and 4.11a-c have an endocyclic chelate ring preventing any possible

photoisomerisation around the C=N bond.
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[ =] PF6
L L L
/Ar ‘ Ar ‘ I?r
Ml N M'u,””” / MmN
N
\ A
cl a” \ a” AN
N— @)
L \ Y .
a:M=1Ir, L =Cp* a:M=1Ir, L =Cp* a:M=1Ir, L =Cp*
b: M =Rh, L = Cp* b: M =Rh, L = Cp* b: M =Rh, L = Cp*
¢: M =Ru, L =p-cym ¢: M =Ru, L =p-cym ¢: M=Ru, L =p-cym
4.9a-c 4.10a-¢ 4.11a-c

Figure 4.5: Examples of half-sandwich complexes 4.9a-c, 4.10a-c and 4.11a-c with

bidentate imines; the aryl substituent may vary for the different complexes.

As described in Chapter 3 (for C=N) and above for N=N, to be able to observe any
photoswitching properties the X=N bond (X = C, N) needs to be exocyclic upon
coordination to the metal centre. Beck and co-workers** reported Ir(111) and Ru(l1) half-
sandwich complexes (4.12a-R and 4.12c-R) with a 5-membered chelate N*O ring
where the C=N bond is exocyclic as shown in Scheme 4.2. Although there was a
potential occurrence for photoisomerisation around the C=N bond, only the trans
isomer was reported with no evidence of a cis isomer, though no photochemical studies

were carried out on these complexes.

/
@)
L
OH O a: [IrCL,Cp*], ‘ R
¢: [RuCl,(p-cym)],

S - /M""'///// ?

R NaOMe Cl N
O
L4.12-R (R = H, OMe) 4.12a-R
4.12¢-R

Scheme 4.2: Half-sandwich complexes 4.12a,c-R with exocyclic C=N bond (L =
Cp™* or p-cymene).

More recently, Richards and co-workers reported the formation of cis and trans 4.13

(Scheme 4.3).® After complexation, the crude mixture showed a trans:cis ratio of

1:0.45 and after isolation, no change was observed in the ratio over 24 hrs suggesting

that following isolation imine isomerisation does not occur. No attempts were carried
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out to isolate cis-4.13 but its presence shows that both isomers are stable at room
temperature and that the barrier for reverse isomerisation is higher than L4.13 for which

only one isomer (presumably trans) is observed. No photochemical studies were

reported.
Cp* Cp*
R
[IrC1,Cp*1, ? | 7 R
Ne R - IrevmIN + TroomnlIN
X RT, NaOAc 01/ c1/
DCM
L4.13 trans-4.13 cis-4.13
R = ferrocenyl trans:cis ratio 1:0.45

Scheme 4.3: Ir(111) half-sandwich complex with exocyclic C=N bond.

Aims and Objectives

In summary, to design photoactive metal complexes with N=N or C=N bonds requires
these bonds to be at the periphery of the complex or in an exocyclic position.
Yamamoto’s work shows that changing the metal centre has an effect on photochemical
properties of an N=N bond e.g. complexes 4.3a and 4.3b show photoisomerisation of
the exocyclic N=N bond whilst 4.3¢c with the same azobenzene ligand did not.* Bogliotti
showed that for complexes 4.8b-c with an exocyclic N=N bond, the cis isomer is formed
under visible light (406 nm) whilst the free ligand UV irradiation (315 nm) is used, and
the reverse reaction is accessible at room temperature in the dark.” This shows that
metal complexes can shift the irradiation wavelength to the visible region as also shown
with the work done by Feringa for C=C bonds*® (see Chapter 3). Although very little
has been done to explore the photoswitching properties of C=N bonds in half-sandwich
complexes, Bogliotti’s work and the precedents described in Chapter 3 suggest that
similar half-sandwich complexes with an exocyclic C=N bond may also show
photoisomerisation despite no such properties being reported by Beck.* Chapter 4 will
include the synthesis of Ir(ll1), Rh(Ill) and Ru(ll) half-sandwich complexes with
anionic N*OH and neutral N*N ligands designed to have an exocyclic C=N bond and
to study their photoisomerisation properties upon irradiation using ambient light or
halogen lamp.
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4.2 Results and Discussion
Ligands L3.27-R (Figure 4.6) were synthesised using the same method as mentioned
in Chapter 3. Dichloro-bridged dimers [MCI.Cp*], (4.14) (M = Ir, a, Rh, b)* and

[RUCI2(p-cym)]2 (4.14c¢)® were prepared using literature methods.

ALY

L3.27-R Mes Anisyl Cinnamyl

Figure 4.6: Structures of ligands L3.27-R.

4.2.1 Synthesis, Characterisation and Photoisomerisation Studies of N*O
Complexes

Dichloro-bridged dimers (4.14a-c) and the respective N*OH ligand (L3.27-R) were reacted
in the dark in the presence of Na2COs to give exocyclic imine complexes 4.15a,c-R in good
yields (Scheme 4.4). Figures 4.7-4.8 and 4.10-4.12 show the numbering scheme used to
assign the NMR spectra of the complexes.

OH L . L
N R |
©/ 4.14a-¢, NayCO; M""""”I\? and/or N
dry MeOH, dark Cl/ \ \
5 @
L3.27-R frans

R = Mes, Anisyl, Cinnamy] 4.152-R M = Ir; L = Cp*

4.15b-R M =Rh; L = Cp*
4.15¢-R M = Ru; L = p-cym

Scheme 4.4: Synthesis of half-sandwich complexes 4.15a-c-R with exocyclic N*O

ligand.
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M =1Ir; 4.15a-Mes
M = Rh; 4.15b-Mes

Figure 4.7: Numbering scheme for trans and cis isomer for 4.15a,b-Mes.

The *H NMR spectrum of 4.15a-Mes shows only one isomer in the crude product after
precipitation. The *H NMR spectrum of the single isomer in 4.15a-Mes shows an imine
proton (H°) at § 8.70. The mesityl gives rise to three 3H singlets at § 2.42,2.31 and 2.01
and H® and H® appear as two 1H singlets at § 6.95 and 6.82 indicating that it is fixed in
solution. Proton H® shows an NOE with the Cp* ring at § 1.67 and not with proton H*
at § 6.42 from the phenol group, instead H* shows a NOE with the ortho-Me at § 2.01.
These NOEs show that the complex is the cis isomer. The ES mass spectrum shows a
molecular ion peak [M-CI]" at m/z 567 and the IR spectrum shows a v(C=N)imine Stretch
at 1583 cm in comparison to the free ligand at 1623 cm™. This is due to backbonding
effect.

Cis-4.15a-Mes was irradiated under a halogen lamp for 3 h showing a second species
(4%). The ratio did not change with further irradiation for 2 days. The 'H NMR
spectrum of the 4:96 mixture showed a signal at 6 1.35 with integration of 15H
corresponding to the Cp* and a 3H peak at 6 2.17 that correspond to one of the methyl
peaks of the mesityl group and a 1H imine peak at 6 9.22. The imine peak is more
downfield in comparison to the cis isomer due to absence of shielding by the Cp*. This
data agrees with the presence of the trans isomer, with the remaining peaks overlapping
with the major cis isomer. When the trans:cis 4:96 mixture was left in the dark at room
temperature, the signals for the trans isomer disappeared after 3 hrs. Therefore, the
most stable isomer of 4.15a-Mes is the cis isomer.

Complex 4.15b-Mes was prepared using the same method as 4.15a-Mes and the *H
NMR spectra of the crude product and after precipitation again only showed one isomer.
The imine peak is observed at 6 8.67 compared to 6 8.70 in the Ir complex. All the
signals of the mesityl are inequivalent (see experimental section for details) indicating
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that the mesityl group is fixed in solution. As for cis-4.15a-Mes, imine proton H® shows
a NOE with the Cp* at § 1.68 but not with H* at § 6.33 from the phenol ring, instead,
H* shows an NOE with the ortho-Me at & 2.43. This identifies the product as the cis
isomer. The ES mass spectrum shows a molecular ion peak [M-CI]" at m/z 476 and the
IR spectrum shows a v(C=N)imine stretch at 1581 cm™ in comparison to the free ligand
at 1623 cm!

A solution of cis-4.15b-Mes was irradiated under halogen lamp and monitored using
'H NMR spectroscopy. After 1 h, a second species was observed with a ratio of 9:91 in
favour of the cis isomer with no significant change in ratio after 4 hrs. The mixture
showed a new imine peak at 6 9.11 (cf 6 8.67 for the cis isomer) a singlet at & 1.35 for
the Cp* and a 3H singlet at 6 2.35 for one of the methyl groups of the mesityl. Two 1H
doublet of doublet of doublets at  6.38 and 7.00 and a 1H doublet at 6 7.18 from the
phenol group were also observed. When this mixture was kept in the dark, the minor
species converted back to the cis isomer providing convincing evidence that the minor
species is the trans isomer and that the cis isomer is the thermodynamically preferred
isomer. This could be due to the steric bulk of the mesityl group being too close to the
Cp* in the trans conformation, in comparison to the cis. Even in the cis isomer the
mesityl group is unable to rotate freely in solution.

Complex 4.15¢c-Mes was prepared as shown in Scheme 4.4, and the numbering scheme
for the NMR assignment is shown in Figure 4.8. The crude *H NMR spectrum of
complex 4.15¢c-Mes showed a mixture of two Ru species in a 78:22 ratio favouring the
trans isomer. The two species were separated by recrystallisation. Each set of crystals
were analysed by 1D and 2D NMR spectroscopy and X-Ray crystallography (see later).
The two species were identified as trans-4.15c-Mes and cis-4.15¢c-Mes.

b a
b'| a' 6

5
Ru':,,”l 25 Rll'nu,/
1y /AN
a” \ N a” \ N 6
0 ! 0 |
3 3

Figure 4.8: Numbering of complexes trans-4.15c-Mes and cis-4.15¢c-Mes.

The *H NMR spectrum of trans-4.15c-Mes shows an imine peak (H®) at § 9.01. The
mesityl group, gives rise to two 1H singlets at & 7.06 and 7.04 and three 3H singlets at
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0 2.50, 2.43 and 2.41 suggesting it is not rotating in solution. The methyl of the p-
cymene was identified at 8 2.00 as it shows NOEs to signals between & 3.50 and 5.18
that correspond to H2and H?¥, whilst the isopropyl gives a 1H septet at § 2.75 and two
3H doublets at § 1.21 and 1.07. To confirm the trans configuration, H®> shows an NOE
with phenol proton H* at § 7.31 whilst H® or H® at § 4.99 shows an NOE with the methyl
at 6 2.41 of the mesityl. Therefore, it is evident that the R = Mes is pointing towards the
p-cymene ring, and the imine proton H® is pointing towards the phenol, as expected for
the trans isomer. The *H NMR spectrum of cis-4.15c-Mes shows the imine peak at &
9.02 which is virtually identical to trans-4.15c-Mes. The mesityl gives rise to three 3H
singlets at & 2.47, 2.32 and 1.96 and two 1H singlets at 6 6.95 and 6.81 indicating a
fixed mesityl group in solution. The p-cymene ring shows the expected signals (see
Experimental). The cis conformation was confirmed by a NOESY cross peak between
proton H® and the p-cymene protons at & 5.48 and 5.18 and the absence of an NOE
between H® and phenol proton H* at § 6.42. The ES mass spectrum shows a molecular
ion peak [M-CI]* at m/z 476 and the IR spectrum shows a v(C=N)imine Stretch at 1597
cm™ in comparison to the free ligand at 1623 cm™.

The stability of both isomers in the dark were tested and found that trans-4.15c-Mes
does not convert to cis-4.15c-Mes in the dark nor vice versa for two days at room
temperature. When pure trans-4.15c-Mes was irradiated under ambient light after
several days, some converted to cis-4.15c-Mes giving a trans:cis ratio of 70:30 (Table
4.1); the ratio did not change after irradiation with a halogen lamp. When a sample with
majority cis-4.15c-Mes (trans:cis 17:83) was irradiated under ambient light for several
days the trans:cis ratio changed to 59:41 favouring the trans isomer with no further
change after irradiating with the halogen lamp (Table 4.1). In both cases, the ratio
obtained favoured the trans isomer, although the final trans:cis ratios are not the same
possibly due to some decomposition occurring during the photoisomerisation as judged
by the appearance of mesitaldehyde and free p-cymene in the *H NMR spectrum. This
type of decomposition was not observed with the Ir(l11l) and Rh(Ill) half sandwich

complexes with the same ligand (4.15a-Mes and 4.15b-Mes).
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Table 4.1: Photoisomerisation studies of complexes trans-4.15c-Mes
and cis-4.15c-Mes under ambient light in CDCls.
Time Starting from trans Starting from cis
(trans:cis) (trans:cis)

After dissolution 0:100 17:83

After 1h 0:100 20:80

After 24 h 93.7 2773

7 days 73:27 55:45

11 days 70:30 59:41

11+ days 70:30 59:41

For Ru complex 4.15c-Mes each isomer could be isolated separately hence the UV-Vis
spectra could be measured separately (Figure 4.9). The UV-Vis spectra of both
complexes are very similar with absoprtion being below 300 nm and assigned as
intraligand (n — ©*) transitions and the moderately intense absorption between 300 —
500 nm are attributed as MLCT bands (Table 4.2).
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e Cis-4.15c-Mes
e==trans-4.15¢c-M
§ 0.400 - ans-4.15c-Mes
©
o]
|-
3
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0.000

200 300 400 500 600 700
Wavelength (nm)

Figure 4.9: UV-Vis of complexes trans-4.15c-Mes (red) and cis-4.15c-Mes
(blue) in HPLC grade MeCN at 0.02 mM.

Table 4.2: Electronic absorption spectral data of complexes trans-4.15c-Mes and cis-
4.15c-Mes at 0.02 mM in MeCN.

Complex Aabs [nm] (emax[dm3mol-cm])
Trans-4.15¢-Mes 245 (23900), 295 (8100), 395 (6250)
Cis-4.15¢c-Mes 234 (20400), 268 sh (10000), 307 (7200), 398 (5150)
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Known complex 4.15a-Anisyl** and Rh analogue 4.15b-Anisyl were prepared using
the method shown in Scheme 4.4 and the NMR numbering scheme is shown in Figure
4.10. The crude *H NMR spectrum of 4.15a-Anisyl showed only one isomer but after
precipitation, two isomers with a 96:4 ratio were observed. After recrystallisation, the
major isomer was isolated. The *H NMR spectrum of the major isomer shows H® at &
8.90, an OMe peak at 6 3.89 and two 2H doublets at 6 7.00 and 8.42, indicative of a
rotating anisyl group in solution. H” and H” were assigned as they show a NOE with
the OMe group, whilst H®> shows a NOE with H® and H®" at § 8.42. Although no NOE
correlations between Cp* at § 1.41 and the anisyl ring were observed, H> shows a NOE
with H* at § 7.38 indicative of the trans isomer. The ES mass spectrum shows a
molecular ion peak [M-Cl+MeCN]* at m/z 595 and the IR spectrum shows a v(C=N)imine
stretch at 1577 cm™ in comparison to the free ligand at 1627 cm™.

trans-4.15a,b-Anisyl cis-4.15a,b-Anisyl
M = a: Ir; b: Rh

Figure 4.10: Numbering of complexes trans-4.15a,b-Anisyl and cis-4.15a,b-
Anisyl.

When pure trans-4.15a-Anisyl was irradiated under a halogen lamp for 2 hrs, a ratio of
60:40 was observed favouring the trans isomer. After further irradiation the ratio did
not change. The *H NMR spectrum of this mixture showed some signals that overlap
with the trans isomer but enough are present to identify the cis isomer. In the cis isomer,
the imine proton (H®) appears at & 8.39 and the anisyl groups appears as a 3H singlet at
0 3.83 and two 2H doublets at 6 6.85 and & 7.49 indicating that the anisyl group is also
rotating in solution. Additionally, H? or H® of the phenol ring appears at § 6.08 and the
Cp* for the cis isomer appears at 6 1.66 as a 15H singlet. This data agrees with the

second species observed after precipitation.
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When pure trans-4.15a-Anisyl was kept in the dark, no isomerisation took place but
when a trans:cis 60:40 mixture was kept in the dark overnight, it was found that cis-
trans isomerisation was thermally accessible showing 100% conversion to trans-4.15a-
Anisyl. Given the small amount of cis-isomer formed in the initial reaction and that the
cis isomer converts to the trans at room temperature it is perhaps not surprising that the
literature preparation of 4.15a-Anisyl** only reported the trans isomer.

The crude *H NMR spectrum of 4.15b-Anisyl showed only one isomer, but after
precipitation a second species was present in a 91:9 ratio. The major isomer was isolated
via recrystallisation. The *H NMR spectrum of the major isomer was identified as the
trans isomer and showed very similar features to trans-4.15a-Anisyl with the imine
proton (H®) at § 8.88 and a rotating anisyl group (see Chapter 5 for details). The ES
mass spectrum shows a molecular ion peak [M-CI]* at m/z 464 and the IR spectrum
shows a v(C=N)imine Stretch at 1570 cm™ in comparison to the free ligand at 1627 cm™.
A sample of pure trans-4.15b-Anisyl was kept in the dark for several days and no
isomerisation took place. After irradiation of trans-4.15b-Anisyl under a halogen lamp
for 3 hrs, a 70:30 trans:cis mixture was observed with no change in the ratio after further
irradiation. The presence of the cis isomer was confirmed though some signals overlap
with the major trans isomer. Proton H® appears at § 8.31 and two 2H doublets at § 6.82
and 7.49 with an OMe signal at 6 3.82 indicating that the anisyl ring is rotating in
solution with the Cp* signal at 6 1.64. When the trans:cis mixture was kept in the dark
overnight, the peaks corresponding to the cis isomer disappeared. Hence, for 4.15a-
Anisyl and 4.15b-Anisyl, the trans-cis isomerisation is photochemically induced and

cis-trans occurs thermally in the dark at room temperature.
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trans-4.15¢c-Anisyl cis-4.15¢c-Anisyl

Figure 4.11: Numbering of complexes trans-4.15c-Anisyl and cis-4.15c-Anisyl.
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Complex 4.15c-Anisyl was prepared as shown in Scheme 4.4 and the *H NMR of the
crude product showed the presence of only one isomer. For complex 4.15c-Anisyl, the
H® signal appears at 8 9.04 and the anisyl group appears as a 3H singlet at § 3.93 and
two 2H doublets at § 7.07 (H’, H”") and 8.29 (H®, H®) which show that the anisyl ring
is rotating in solution. The imine proton (H®) shows an NOE with H* from the phenol
ring and the anisyl protons H® and H® show an NOE with p-cymene protons at & 4.72
(H/H®) and & 4.58 (H¥H®). This is evidence that the trans isomer is formed exclusively
in this reaction unlike in 4.15c-Mes where a mixture of 78:22 was formed favouring
the trans isomer. The ES mass spectrum shows a molecular ion peak [M-CI]" at m/z
462 and the IR spectrum shows a v(C=N)imine Stretch at 1577 cm™ in comparison to the
free ligand at 1627 cm™.

When trans-4.15c-Anisyl was kept in the dark for 2 days no isomerisation took place
at room temperature. When the same sample was exposed to a halogen lamp, after 5 hrs
a 70:30 trans:cis ratio was observed. The ratio did not change after further irradiation,
but some slow hydrolysis of the imine was observed as for 4.15c-Mes. When the
mixture of 70:30 was left in the dark at room temperature the ratio changed after 2 days
to 86:14 favouring the trans isomer with no change after that. This shows that back
thermal isomerisation to the trans isomer did occur at room temperature but did not go
completely. The *H NMR spectrum of the cis-4.15c-Anisyl could be extracted from
that of the trans-cis mixture. It showed an imine peak at 6 8.72, a 3H singlet at 6 3.87
and the two 2H doublets at & 7.46 (H®, H®) and & 6.82 (H’, H”") due to the anisyl which
is rotating in solution. H®> shows an NOE with the p-cymene protons H3 H¥, whilst
H6,H® show an NOE with H* from the phenol ring indicating that it is the cis isomer.

Figure 4.12: Numbering of complex trans-4.15a-Cinnamyl.

127



The *H NMR spectrum 4.15a-Cinnamyl showed only one isomer for the crude sample.
The imine proton H° appears as a doublet at & 8.36 showing an NOE with phenol proton
H* at § 7.24 whilst the Cp* signal at § 1.64 shows an NOE with phenyl protons from
the cinnamyl group that appear as a multiplet between & 7.40 and 7.55 consistent with
the trans isomer which was confirmed by the X-Ray structure (see later). The ES mass
spectrum shows a molecular ion peak [M-CI]* at m/z 550 and the IR spectrum shows a
V(C=N)imine Stretch at 1575 cm™.

Interestingly, complex trans-4.15a-Cinnamyl did not undergo any isomerisation under
irradiation (halogen lamp for 2 hrs and ambient light for 18 hrs) or when left in the dark
for two days. From all the half-sandwich complexes with exocyclic N*O ligand that
have been synthesised, complex 4.15a-Cinnamyl is the first example where
isomerisation is not observed. It is possible that isomerisation does occur but that the
reverse isomerisation is fast even at room temperature. Further experiments would need

to be done to investigate this possibility.

X-Ray crystallography of N*O complexes

Complexes trans-4.15a-Cinnamyl, trans-4.15c-Mes, cis-4.15c-Mes, trans-4.15c-
Anisyl, cis-4.15c-Anisyl afforded crystals from DCM/hexane suitable for X-Ray
crystallography. The X-Ray structures for the five complexes are shown in Figure 4.13-
4.15 and the selected bond length and angles are shown in Table 4.3 and 4.4. All
complexes are pseudo-octahedral with the n°-p-cymene ligand that is m-bonded to the
Ru centre and n°-Cp* ligand for Ir centre, occupying one face of the octahedron. The
other three sites are occupied by the anionic donor N*O ligand creating a 5-membered
chelate ring with an exocyclic C=N bond and the chloride ligand. The O(1)—M(1)—
N(1) (M = Ir or Ru) angle is between 78.2° and 79.2° typical of a 5-membered ring. In
complex 4.15c-Mes, the coordination environment around the Ru is very similar in both

isomers (see Table 4.3) as is the case for complex 4.15c-Anisyl (Table 4.4).
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c15 C14

Figure 4.13: X-Ray structure of complex trans-4.15a-Cinnamyl showing 50%
ellipsoids. The hydrogen atoms (with exception of imine proton) have been omitted
from the diagrams for clarity. Selected bond lengths (A) and angle (°) for trans-4.15a-
Cinnamyl: Ir(1)—0(1), 2.089(4); Ir(1)—N(1), 2.098(4); Ir(1)—CI(1), 2.3990(15);
N(1)—C(7), 1.288(6) ,O0(1)—Ir(1)—N(1), 78.21(15).

C26A

Figure 4.14: X-Ray Structures of trans-4.15c-Mes and cis-4.15c-Mes respectively
showing 50% ellipsoids. The hydrogen atoms (with exception of imine proton) have

been omitted from the diagrams for clarity.

129



Table 4.3: Selected bond lengths (A) and angles (°) for trans-4.15c-
Mes and cis-4.15¢c-Mes.

trans-4.15c-Mes cis-4.15c-Mes
O(1)—Ru(1)—N(2) 78.6(2) 79.7(4)
Ru(1)—O0(1) 2.026(5) 2.018(10)
Ru(1)—N(2) 2.133(6) 2.122(11)
Ru(1)—CI(1) 2.411(2) 2.417(4)
N(1)—C(7) 1.286(8) 1.288(17)
Ru(1)—p-cymene 1.668 1.677
(centroid)
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Figure 4.15: X-Ray Structures of trans-4.15c-Anisyl and cis-4.15c-Anisyl
respectively showing 50% ellipsoids. The hydrogen atoms (exception H7) have

been omitted from the diagrams for clarity.

Table 4.4: Selected bond lengths (A) and angle (°) for trans-4.15c-
Anisyl and cis-4.15c-Anisyl.

trans-4.15c-Anisyl cis-4.15c-Anisyl
O(1)—Ru(1)—N(1) 79.16(11) 78.76(19)
Ru(1)—0(1) 2.046(3) 2.062(4)
Ru(1)—N(1) 2.129(3) 2.118(5)
Ru(1)—CI(1) 2.4254(11) 2.4180(19)
N(1)—C(7) 1.293(5) 1.288(7)
Ru(1)—p-cymene 1.673 1.667
(centroid)
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In cis-4.15c-Mes and trans-4.15c-Mes, the mesityl group is not conjugated as it is
approximately perpendicular (81.2° and 86.5° respectively) to the phenol plane. On the
other hand, in trans-4.15c-Anisyl, the anisyl ring is less tilted (34.6°) in relation to the
plane of the phenol ring in comparison to cis-4.15c-Anisyl (52.2°), showing that trans-

4.15c-Anisyl is slightly more conjugated than the cis form.

4.2.2 Synthesis, Characterisation and Photoisomerisation Studies of NN
Complexes

Ligands L4.16-R (R = Mes, Anisyl) were synthesised in very high yields by refluxing
2-picolylamine and the respective aldehyde in the presence of molecular sieves and dry
DCM (Scheme 4.5). L4.16-R were stored under nitrogen to prevent hydrolysis. Ligand
L4.16-Anisyl is known'® whilst ligand L4.16-Mes is not. Some of the experimental
work was carried out under my guidance by Abdirashid Obsiye, MChem project 2017.
The 'H NMR spectrum of L4.16-Mes shows an imine peak at & 8.80 and a mesityl
group with a 6H singlet at 6 2.43 and a 3H singlet at 6 2.28 with the aromatic protons
at appearing as 2H singlet at 8 6.87, in addition the CH2 gives a 2H singlet at 6 4.97.
Therefore, either the mesityl group is rotating fast in solution or it is fixed perpendicular
to the imine plane. The *H NMR spectrum of L4.16-Anisyl shows an imine peak at §
8.41 and a CHa group at 6 4.93 with the anisyl giving rise to a 3H singlet at & 3.84 and
an AzB2 system at & 7.72 and 6.99 which suggests that is rotating fast in solution or it
is fixed perpendicular to the imine plane. Similarly to the N*OH ligands, the NN
ligands adopt the trans conformation which was determined by the NOESY spectra
where the imine peak shows a NOE with the CH2 group in both ligands. The ESI mass
spectra for L4.16-Mes and L4.16-Anisyl each show a molecular ion peak [M+H]" at
m/z 239 and 227, respectively. Scheme 4.5 shows the numbering scheme used in this

section for complexes 4.16a,c-R.

J
R =
NH, N7 7 7
N (i dry DCM (reflux) 1 Ny ss ; ' '
| + - - I 7 8 8
= R Molecular sieves 2N F4
3 (O

L4.16-R Mes Anisyl

Scheme 4.5: Synthesis of ligands L4.16-R.
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[IrCl2Cp*]2 (4.14a) and [RuClz(p-cym)]2 (4.14c) were reacted with the respective
neutral N*N ligand (L4.16-R) in the presence of KPFe in dry MeOH at room
temperature for 2 hrs to give exocyclic complexes 4.16a-R and 4.16¢-R (R = Mes and
Anisyl) in high yields (Scheme 4.6).

PF, PFq
R L L
NZ 4143 0r 414 | R |
KPF » 4~R
N« _— b 5 My ” | and LV SQUITTTING
| P dry MeOH Cl/ \ Cl/ \
N= N=
\ / \_/
trans cis
L4.16-R 4.16a-R: M =1Ir, L = Cp*
(R = Mes, Anisyl) 4.16c-R: M = Ru, L = p-cym

Scheme 4.6: Synthesis of half-sandwich complexes 4.16a,c-R with exocyclic N*N

ligand.

The 'H NMR spectrum of complex 4.16a-Mes before isolation showed only one isomer
but after precipitation a 90:10 ratio was observed. The *H NMR spectrum of the major
isomer shows the imine proton (H%) as the most downfield singlet at & 9.31. After
complexation, protons H® and H*> become chemically inequivalent (diastereotopic)
appearing as two 1H doublets at & 5.64 and 5.55. Mesityl protons H” and H” appear as
a 2H singlet at 6 6.90 and the methyl groups appear as a 6H singlet at 8 2.34 and a 3H
singlet at § 2.31, hence, the mesityl group is rotating freely in solution. Proton H® shows
a NOE with H® and H® and the Cp* signal at & 1.39 shows an NOE with the 6H singlet
at 0 2.34 which are indicative of the trans isomer. The ES mass spectrum shows a
molecular ion peak [M]" at m/z 601 and the IR spectrum shows a v(C=N)imine Stretch at
1607 cm™.

A sample of 4.16a-Mes (90:10) favouring the trans was left in the dark showing no
change in the ratio at room temperature. The same mixture was irradiated using a
halogen lamp and after 4 hrs a 4:96 ratio favouring the cis isomer was observed with
no change in the ratio after further irradiation. The *H NMR spectrum showed that the
imine peak H® for cis-4.16a-Mes appears at § 8.96 and diastereotopic protons H® and
H>" appear as two doublets at § 5.09 and 4.95 and the methyl groups appear as three 3H
singlets at 6 2.37, 2.33 and 2.12. Hence, it is evident that in Cis-4.16a-Mes, the mesityl
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group is fixed but in trans-4.16a-Mes it is rotating. The mixture with 4:96 trans:cis
ratio was kept in the dark at room temperature for 5 days and no isomerisation occurred
consistent with the observation on the 90:10 mixture mentioned above.

Complex 4.16¢c-Mes was prepared using the same method as in Scheme 4.6. The 'H
NMR spectrum of the crude product showed a ratio of 82:18 and after purification the
ratio did not change. When the mixture was kept in the dark for 3 days no isomerisation
occurred at room temperature. In the major isomer, H® at appears at § 9.05 and the
mesityl shows three 3H singlets and two 1H singlets which indicate that the mesityl is
fixed in solution. The imine proton (H®) shows an NOE with H® and H>" and the ortho
methyl peaks show an NOE with a p-cymene proton at & 5.08 (H®/H). Therefore, the
major isomer is the trans isomer. In the minor isomer some signals overlap with the
trans isomer, but some were identified notably an imine proton at 6 9.13 and four
aromatic signals for a p-cymene. The ES mass spectrum shows a molecular ion peak
[M]* at m/z 509 and the IR spectrum shows a v(C=N)imine Stretch at 1576 cm™

The *H NMR spectrum of 4.16a-Anisyl only showed one isomer with an imine peak
HO at § 8.83, two diastereotopic protons H® and H> at & 5.37 and 5.22 and a rotating
anisyl group (see Chapter 5 for details). Proton H® shows an NOE with signal at & 5.37
(H%H%") and the Cp* signal at & 1.52 shows an NOE with H’/H”" and not with H®. These
data are consistent with the presence of the trans isomer. The ES mass spectrum shows
a molecular ion peak [M]* at m/z 589 and the IR spectrum shows a v(C=N)imine Stretch
at 1603 cm™,

When trans-4.16a-Anisyl was left in the dark for 5 days it did not show any
isomerisation at room temperature. Irradiation of the sample for 5 hrs gave a trans:cis
ratio of 34:66; further irradiation resulted in some hydrolysis of the ligand. This sample
was kept in the dark at room temperature and the ratio did not change therefore no
thermal back isomerisation took place. Some signals of cis-4.16a-Anisyl, are clear in
the spectrum of the mixture. Hence, H® appears at 5 8.66 and a 3H singlet and two 2H
doublets at & 7.22 and 7.93 indicate that the anisyl ring is rotating in solution with a
Cp* signal at 6 1.64.

The *H NMR spectrum of complex 4.16¢-Anisyl only showed one isomer. Proton H®
appears at & 8.85 and the anisyl group is rotating in solution. H® shows a weak NOE
with the signal at § 5.12 (H/H*") whilst anisyl protons (H’/H”) show an NOE with p-

cymene protons at H® and H® which are evidence of the trans isomer. The ES mass
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spectrum shows a molecular ion peak [M]* at m/z 497 and the IR spectrum shows a
v(C=N)imine stretch at 1598 cm™.

When trans-4.16¢-Anisyl was left in the dark for 24 hours no isomerisation took place
at room temperature. When exposed to a halogen lamp for 6 hrs no photoisomerisation
was noticeable. This situation is the same as that for N*O complex 4.15a-Cinnamyl
discussed above; isomerisation may occur but the reverse isomerisation may be fast
even at room temperature so the cis isomer is not observed. Further experiments would

need to be done to investigate this possibility.

4.2.3 Computational Studies

DFT calculations performed by Professor F. Lelj (University della Basilicata Potenza,
Italy) showed that in 4.15a-Mes, the cis isomer is more stable than the trans form. On
the other hand, in 4.15a-Anisyl the trans isomer is more stable than the cis form. This
IS consistent with experimental data. Although, the energies shown in Figure 4.16 are
preliminary, the studies show that the cis isomer is preferred when R = Mes and the
trans isomer is preferred when R = Anisyl. Hence the size of the R group can control

the stability of the preferred isomer in half-sandwich complexes where M = Ir.
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trans-4.15a-Mes cis-4.15a-Mes
3.60 kcal mol* 0.00 kcal mol*

trans-4.15a-Anisyl cis-4.15a-Anisyl
-6.36 kcal mol™ 0.00 kcal mol*

Figure 4.16: Energies of the trans-4.15a-R and cis-4.15a-R using the cis isomer as

the reference. (R = Mes, Anisyl).

DFT calculations on complex trans-4.15c-Mes shows that in the ground state the p-
cymene has two possible conformations relative to the Mes group (Figure 4.17), with a
difference in energy of approximately 1.8 kcal mol™ where the most stable conformer

has the 'Pr group pointing away from the Mes group.
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Figure 4.17: Conformers of trans-4.15c-Mes in the ground state.

4.2.4 Conclusion

The results in this Chapter have shown that complexation of N*O ligands (L4.15-R, R
= Mes, Anisyl) and N*N ligands (L4.16-R R = Mes, Anisyl) to Cp*M (M = Ir, Rh) or
(p-cymene)Ru fragments can have a considerable effect on the configuration of the
imine and the ease of isomerisation. Both free ligands only show the trans isomer and
this agrees with the 2D NMR. The results after complexation for N*O ligands and NN
ligands are summarised in Tables 4.5 and 4.6.
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Table 4.5: Summary of isomerisation results for complexes 4.15a-c-R.

Irradiation? Thermal (dark, RT) Type®
before after
trans:cis | trans:cis | trans:cis
4.15a-Mes 0:100 4:96 4:96 converts to 100% cis
4.15b-Mes 0:100 9:91 9:91 converts to 100% cis
4.15c-Mes 100:0 70:30 Trans stable in the dark;
0-100 59:41 Cis stable in the dark
4.15a-Anisyl 100:0 60:40 Trans stable in the dark; B
60:40 gave 100% trans
4.15b-Anisyl 100:0 70:30 Trans stable in the dark; B
70:30 gave 100% trans
4.15c-Anisyl 100:0 70:30 Trans stable in the dark. B
70:30 gave 86:14 (2 days)
4.15¢- 100:0 no Trans stable in the dark C
Cinnamyl change

a Irradiation using halogen lamp.

b Type A = large barrier (no isomerisation at RT in dark), B = modest barrier
(isomerisation over hours/days at RT in dark), C = no evidence for isomerisation
(could be due to low barrier).

After complexation, 4.15a-Mes and 4.15b-Mes only show the cis isomer after work up
but a small amount of trans isomer was formed after irradiation. However, the trans
isomer is not stable and the reverse isomerisation (trans-cis) occurs at room temperature
in the dark. In contrast, the corresponding Ru complex 4.15c-Mes is formed as a 78:22
(trans-cis) mixture and in this case the isomers can be separated. Both isomers are stable
in the dark so, in this case, it is not yet known which is the most thermodynamically
stable isomer. For anisyl complexes 4.15a,b,c-Anisyl the major isomer formed is the
trans isomer in each case, consistent with Anisyl being less bulky than Mes. In all three
complexes upon irradiation some of the cis isomer was formed (30-40%). For all three
complexes the cis isomer is unstable and the reverse cis-trans isomerisation was
accessible in the dark at room temperature. The isomerisation of the Ru complex 4.15c-
Anisyl is slower than the Ir or Rh complex 4.15a,b-Anisyl.

Complex 4.15c-Cinnamyl is formed as just the trans isomer and did not show any
isomerisation under the halogen lamp or in the dark. It is possible that isomerisation
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does occur but that the reverse isomerisation is fast at room temperature. Further

experiments would need to be done to investigate this possibility.

Table 4.6: Summary of isomerisation results for complexes 4.16a,c-R.

Irradiation? Thermal (dark, RT) Type®
before after
Trans:cis Trans:cis Trans:cis
4.16a- 90:10 4:96 90:10 no isomerisation in | A
Mes dark
4:96 no isomerisation in
dark
4.16¢- 82:18 no change 82:18 no isomerisation in | A
Mes dark
4.16a- 100:0 100% 100% trans stable inthedark | A
Anisyl trans gave | 34:66 no isomerisation in
34:66 dark
4.16¢- 100:0 no change 100% trans stable in the |C
Anisyl dark

a Irradiation using halogen lamp.

b Type A = large barrier (no isomerisation at RT in dark), B = modest barrier
(isomerisation over hours/days at RT in dark), C = no evidence for isomerisation
(could be due to low barrier).

For all the N*N complexes, even 4.16a-Mes, which is sterically the most crowded, the
trans isomer is favoured. The Ir complexes 4.16a-Mes and 4.16a-Anisy| both undergo
photoisomerisation and in the case of 4.16a-Mes the isomerisation is almost complete
from 90:10 to 4:96, hence this is the most efficient complex studied in terms of the
extent of photoisomerisation. For both complexes the cis isomers are stable at room
temperature and so the reverse isomerisation is not yet proven. Surprisingly, neither
4.16¢c-Mes nor 4.16c-Anisyl show evidence for photoisomerisation. In the former case
it may be that the starting ratio is close to the photostationary state so there is no net
change, whilst for 4.16c-Anisyl it may be that isomerisation occurs but the reverse
isomerisation is fast. In both cases further study is needed to clarify these issues.

Changing the chelating ligand from N~O to NN clearly influences which isomer is
preferred. For example, for N*O complex 4.15a-Mes the cis isomer is the preferred
isomer whilst for the N*N cationic complex 4.16a-Mes the trans isomer is formed

preferentially. Although in both complexes the chelating ligand forms a 5-membered
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ring, the N~O chelate is aromatic whilst the NN chelate is saturated making the N*N
chelate ring slightly more flexible. Similarly, for both N*O (4.15a-Anisyl) and NN
(4.16a-Anisyl) the trans isomer is the major isomer formed and in both cases the cis
isomer is formed upon irradiation, but the reverse thermal isomerisation is accessible at
room temperature in the dark for the neutral N*O complex (4.15a-Anisyl) but is not for
cationic complex 4.16a-Anisyl. In this case, the nature of the ligand or the charge on
the metal may influence the reverse thermal step. Ru(ll) complexes, 4.15c-Anisyl and
4.16¢-Anisyl both formed exclusively the trans isomer. When 4.15c-Anisyl was
irradiated trans:cis isomerisation took place with slow reverse thermal isomerisation in
the dark, however with 4.16¢c-Anisyl the trans form did not convert to the cis upon
irradiation or thermally at room temperature. Thus, the work in this Chapter (and that
in Chapter 3) demonstrates that the nature of the R group on the imine, the nature of the
chelating attaching group and of the other ML fragment can all have an effect on the
photoisomerisation and the thermal stability of the isomers. Clearly some more work is
needed to establish the reverse process in some cases and to see how robust the
complexes are after repeated switching between cis and trans isomers. However,
overall imine chelating ligands which can provide an exo imine when coordinated offers

an excellent platform for further investigation of molecular switches.
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Chapter 5: Conclusions and Future Work

This thesis describes the synthesis of a series of bis-cyclometallated Ir(I111) complexes
with general formula [Ir(C*N)2(X"Y)] and the final results chapter describes the
synthesis half-sandwich complexes.

Chapter 1 describes the general properties and synthesis of cyclometallated Ir(111)
complexes with general formula [Ir(CAN)2(X"Y)]™ (n = 0, 1). Different approaches to
tuning the emission in cyclometallated [Ir(C*N)2(X"Y)]™ (n = 0, 1) complexes and
their applications were also described. Cyclometallated [Ir(C*"N)2(X"Y)]™ (n =0, 1)
complexes can be tuned through the visible region and to near infrared by varying the
cyclometallated C”N ligand and/or the XY ligand. The emission could also be tuned
by varying the degree of conjugation, presence and location of heretoatoms and addition
of substituents on either of the ligands. Owing to their rich photophysical and
electrochemical properties, these complexes will continue to be used in diverse
applications.

A series of bis-cyclometallated Ir(111) complexes with general formula [Ir(C*N)2(N*O)]
with different cyclometallated C*N ligands (ppz or ppy) bearing 6-membered N*O
ancillary ligand (N~O = salicylimine) were studied in Chapter 2. The EPESS effect was
studied by using different cyclometallated ligands (ppy and ppz) and varying the R
group on the N*O ancillary ligand. The theory of -7 interaction on the ppy ligands was
challenged and it was shown that changing the cyclometallated ligand did not have an
significant effect on the emission properties. The restricted intramolecular rotation of
the N-aryl was also tested and showed that complexes with fixed R group on the N*O
ligand in also showed the EPESS phenomenon. With the aid of DFT calculation, it was
found that ligand distortion of the excited state in solution caused of non-radiative decay
in solution whilst these distortions were weak in the solid state, giving rise to a new
theory of EPESS in these types of complexes.

Further studies on this topic lead to the work carried out in Chapter 3. To test if ring
size on the N*O ligand would have an effect on EPESS, synthesis of new Ir(lll)
complexes with general formula [Ir(C”*N)2(N~O)] was carried out. In these complexes,
the N"O ligand formed an isomeric 5-membered chelate ring with an exocylic imine
bond (instead of 6-membered ring as seen in Chapter 2). The study showed that
changing the ring size had a negative effect on EPESS but instead a trans-cis

photoisomerisation was observed upon irradiation. During the synthesis of these
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complexes, the results showed that in the dark only the trans isomer was formed but in
the presence of light both trans and cis are present, therefore trans-cis isomerisation
was photoinduced. The reverse (cis-trans) thermal isomerisation was accessible for
most complexes in the dark at 60 °C. DFT calculations was carried out for some of the
complexes showed that thermodynamically most stable isomer is the trans form, but
the energy barrier to cis-trans isomerisation is higher in comparison to free imines. This
work has shown that exo-imine complexes provide a good framework for the synthesis
of molecular switches whilst having the control of the barrier of thermal switching.
The isomerisation of complexes imines was pursued further by synthesising half-
sandwich complexes as shown in Chapter 4. The work in Chapter 4 demonstrated that
the nature of the R group in exocylic imine ligands, the nature of the chelating attaching
group and ML fragment can all have an effect in the photoisomerisation and the thermal
stability of the isomers. In both N*O and NN ligands, a 5-membered exocyclic chelate
ring is formed, but the N"O chelate is aromatic whilst the NN is saturated making the
NN chelate ring slightly more flexible. It was noted that changing the chelating ligand
from N~O to NN influences which isomer is preferred.

In the future, Kinetic studies using UV-Vis spectrometer would need to be carried out
in the complexes in Chapter 3, where the isomerisation is reversible. Some complexes
with higher energy barrier would need to be exposed to higher temperature to be able
to overcome the energy barrier of isomerisation. However, decomposition or ligand
dissociation would need to be taken into consideration while carrying out these studies.
Furthermore, different solvent mixtures could be used to try to physically separate the
cis form as this was unsuccessful in this study.

In Chapter 4, additional studies would need to be carried out in establishing the reverse
process and to see how robust the complexes are after repeating switching processes
between cis and trans isomers. Using different wavelengths of light could also be used
to establish which isomer is preferred at different wavelengths. When carrying out these
studies it is important to keep in mind the stability of these complexes, as any

decomposition or ligand dissociation could affect the results.
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Chapter 6: Experimental

6.1 General information and materials

All reactions for the syntheses of all complexes were carried out at room temperature
and under inert atmosphere of nitrogen. On some occasions, reactions were carried out
in the absence of light by wrapping the flask in aluminium foil (Chapter 3 and 4). After
work up, all the complexes were air stable but were sensitive to light in solution
(Chapter 3 and 4).

All starting materials were obtained from Precious Metal Online (IrCls.3H20), Aldrich
(2-aminophenol, 2-picolylamine, mesityldehyde), Alfa Aesar (2-phenylpyridine, 1-
phenylpyrazole, anisaldehyde), Fluorochem (pentafluorobenzaldehyde), Lancaster
(trans-cinnamaldehyde, benzaldehyde) or Fisher Scientific (Na2COz, KPFs).

1D and 2D NMR spectra were obtained using a Bruker DRX 400 and DRX 500 MHz
spectrometer. Chemical shifts were recorded in ppm (on o scale with tetramethylsilane
as internal reference), and coupling constants are reported in Hz.

The compounds were analysed by LC-MS using a Xevo QTof mass spectrometer
(Waters) coupled to an Acquity LC system (Waters) using ASAP (Atmospheric Solids
Analysis Probe), the corona discharge pin current was 5 uA, cone voltage 30 V and
collision energy 4 eV.

The MS acquisition rate was 5 spectra per second and m/z data ranging from 50 to 1000
Da was collected. Mass accuracy was carried out by Mr Mick Lee by using a reference
lock mass scan, once every 10 seconds in ESI mode. The electrospray (ES) mass spectra
were recorded using a micromass Quattra LC mass spectrometer in HPLC grade
acetonitrile.

X-Ray Crystallography was carried out by Mr Kuldip Singh on a Bruker APEX 2000
CCD diffractometer at 150 K using graphite-monochromated Mo-K, radiation (A =
0.71073 A). The data was corrected for Lorentz and polarization effects, and empirical
absorption corrections were applied. Structure solution by direct methods and structure
refinement based on full-matrix least-squares on F? employed SHELXTL, version 6.10.
Hydrogen atoms were included in calculated positions (C—H = 0.95-1.00 A) riding on
the bonded atom with isotropic displacement parameters set to 1.5 Ueq(C) for methyl H
atoms and 1.2 Ueq(C) for all other H atoms. All non-H atoms were refined with

anisotropic displacement parameters.
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UV-Vis absorption measurements were carried out on a Shimadzu UV-1600 series
spectrometer in HPLC grade acetonitrile unless stated otherwise. Luminescence studies
were performed using a Jobin Yvon Horiba Fluoromax—P spectrofluorimeter in HPLC
grade acetonitrile and deionised water at 0.02 mM concentration. Samples were carried
out in air unless stated otherwise. The experimental data obtained for Table 2.4 (Chapter
2) are the following: the solid-state emission spectra were obtained at 298 K by drop-
casting a DCM solution of each complex onto a glass slide; the absolute quantum yields
were determined with an integrating sphere coupled to the PTI fluorimeter; the neat solid
quantum yields were obtained from drop-casting of a DCM/hexane (1:1) solution of each
complex and the PMMA matrix quantum yields were drop-cast from DCM.
Photoisomerisation studies were carried out using 3-5 mg of complex in CDClzin an
NMR tube and exposed to a halogen lamp and/or ambient light. Samples kept in the
dark were wrapped in foil. Solid state isomerisation studies (Chapter 3) was carried out
using samples of 100% trans isomer. For the control, a sample of trans isomer crystals
were dissolved in minimum amount of DCM in the dark then placed on a glass plate to
create a thin film. The same was repeated for the test sample. When the DCM
evaporated, only the control was wrapped in foil and both (control and test) samples
were exposed to the halogen lamp. After exposure, the ratio for both samples were
obtained by *H NMR spectroscopy in CDCls.

In Chapter 2, all complexes except 2.24a-Mes and 2.24b-Mes were studied by ab initio
DFT and TD-DFT calculations performed by Professor Francesco Lelj using
Gaussian09, version C01. Preliminary calculations were performed using the hybrid xc
functional B3LYP?; this has been shown to have some drawbacks because of the wrong
asymptotic behavior; therefore the 1 parameter xc functionals mPW1PW912 and the
PB1PBE? and the more recent M06* meta-hybrid functional were also used. For all
second period atoms the Dunning® all electron basis set augmented by a set of d
polarization functions (D95(d)) was used. Hydrogen atoms not involved in any
hydrogen bond, were described by the same Dunning basis set that does not include p
polarization functions. For Ir the new double { Stuttgart® basis set including f
polarization functions and relativistic effects by a fully relativistic small core
pseudopotential® (SDD09) were used and not the default SDD as included in
Gaussian09c01. The ultrafine option with 99590 grid points was used thoroughly for

the integral calculations for all atoms except Ir where a total of 1566228 grid points
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were used. The first triplet state structure was computed using the unrestricted
approach. All energy minimized structures were characterized by the calculation of the
Hessian matrix in order to check that they were minima and not simple stationary points
on the molecular Born-Oppenheimer energy surface. Wavefunctions were checked
against possible internal instability.” 8 TD-DFT calculations were performed by
increasing the initial configuration space for the Davidson® diagonalization, unlike the
default option in the program. A dichloromethane solvent environment was simulated
by the self-consistent reaction field.’® Vibrational band structure was evaluated by
computing the Frank-Condon contribution! 12 between the ground state So structure
and T structures and their harmonic vibrational properties. Further T1 structures were
computed constraining the O”N-Ph ligand conformation of the N-Ir-O-C and C-N-Ir-O
dihedral angle as in the ground state while optimizing all the remaining geometrical
parameters to simulate the effect of the solid state constraining those internal degrees
of freedom. DFT calculations were performed by Professor Francesco Lelj. The
reported computations in Chapter 3 and 4 were performed by using the Gaussian09 rev.
D.01 software.'3 All studies were performed by applying the Density Functional Theory
(DFT).1* % SCF and structure optimization convergence criteria are the default ones
using the D95(d,p)° basis sets as in case of geometry optimization For Ir and Ru the
new double { Stuttgart® basis set including f polarization functions and relativistic
effects by a fully relativistic small core pseudopotential (SDD09) were used and not the
default SDD as included in Gaussian09 rev. D.01. Solvation effects were included by
the means of the IEFPCM method*? 17 implemented in the standard software without
any change with respect to the default parameters. Different xc functionals, hybrid
PBE1PBE,® double hybrid B2PLYPD3,'® and meta-hybrid M06 xc functional* were
used in some computations. In all the computations, the integration grid was augmented
in comparison to the default one (“int=ultrafine” key), as suggested for limiting errors
originated by small integration-grids in energy computations with meta-GGA xc

functionals.? Triplet states were computed using the unrestricted approach within DFT.
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6.2 Experimental procedures for Chapter 2
General procedure for synthesis of [Ir(C™N)2N~O] (NO = salicylimine)

The appropriate dimer [Ir(C*N)2u-Cl]2, the relevant imine (2.2 equiv) and Na2COgz or
NaOMe (2.2 equiv) were placed in an evacuated Schlenk tube and allowed to stir at
room temperature under nitrogen atmosphere in dry MeOH (6-10 ml). The reaction was
monitored by *H NMR spectroscopy until completion and the solvent was removed in
vacuo leaving behind the crude product which was dissolved in DCM (8-12 ml) and
passed through celite to remove NaCl. The filtrate was reduced in volume and hexane
was added slowly to induce precipitation. The precipitate was isolated, washed with
hexane and dried in vacuo. In certain reactions, column chromatography was used to

purify the product.

Complex 2.24a-'Pr

6a

Complex 2.24a-'Pr was prepared using dimer 2.23a (60 mg, 0.056 mmol), N*OH
ligand L2.24-"Pr (20 mg, 0.123 mmol) and NaOMe (7 mg, 0.123 mmol) and was left
to stir at room temperature for 3 h in dry MeOH (7 ml). After passing through celite,
the crude product was purified using column chromatography (silica) and eluted with
DCM:MeOH (9:1) to give a yellow solid (53 mg, 72%). Complex 2.24a-'Pr was

crystallised from DCM/hexane.

1H NMR (400 MHz, CDCl3) § 8.92 (1H, d, J = 5.1 Hz, H®), 8.49 (1H, d, J = 5.1 Hz,
H8), 8.15 (1H, s, H*®), 7.83 (1H, d, J = 8.3 Hz, H*"), 7.80 (1H, d, J = 8.0 Hz, H%), 7.73
(1H, td, J = 1.2 Hz, 7.5 Hz, H®), 7.62 (1H, t, J = 7.8 Hz, H%), 7.58 (1H, d, J = 7.7 Hz,
H*), 7.52 (1H, d, J = 7.1 Hz, H*), 7.16-7.06 (3H, m, H"® H® H'?) 6.93 (1H,t,J=6.3
Hz, H™®), 6.80 (2H,m, H3 H%), 6.71 (1H, td, J = 0.9, 7.4 Hz, H? or H?), 6.65 (1H, td,
J=1.1, 8.4 Hz, H®or H?®), 6.62 (1H, d, J = 8.6 Hz, H%), 6.37 — 6.35 (2H, m, H!, H*
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or H™®), 6.15 (1H, d, J = 7.4 Hz, H'?or H), 3.54 (1H, sept, J = 6.7 Hz, H'%), 1.12 (3H,
d, J = 6.7 Hz, CH(CHs)2), 0.53 (3H, d, J = 6.6 Hz, CH(CHs)2).

13C{IH} NMR (100 MHz, CDCls) § 168.5, 158.8 (C*°), 152.8, 151.2, 149.2 (C®) , 148.9
(C%) , 144.4, 136.8 (C®), 136.5 (C®), 134.6 (C®), 133.5, 133.1 (C*or C'), 131.9 (C2
or C'), 129.4 (C?or C?) , 129.2(C? or C?"), 124.2, 123.8 (C*), 123.7 (C*), 121.9,
121.6, 121.3, 121.2 (C™®), 120.1, 118.9 (C%), 118.0 (C®), 113.1 (C™), 57.2 (C*4), 23.3
(CH(CHs3)2), 23.2 (CH(CHa)2).

HR ESI-MS: Calcd for Cs2H2oN3Olr: 664.1940; Found: 664.1935 [M+H]".

IR (solid state): v(C=N)imine 1581 cm™

Complex 2.24a-Mes

Complex 2.24a-Mes was prepared using dimer 2.23a (100 mg, 0.093 mmol), N*OH
ligand L2.24-Mes (49 mg, 0.205 mmol) and Na>COs (22 mg, 0.205 mmol) in dry
MeOH (6 ml) and allowed to stir overnight at room temperature. After passing through
celite, the crude product was precipitated with hexane and washed several times to

remove the excess ligand to give an orange solid (104 mg, 76%).

IH NMR (500 MHz, CDCls) § 9.16 (1H, dd, J = 5.7, 0.8 Hz, H®), 8.85 (1H, d, J=5.4
Hz, H8), 7.92 (1H, s, H*), 7.81 (1H, d, J = 7.9 Hz, H%?), 7.67 — 7.61 (2H, m, H® H®),
7.54 (1H, dd, J = 7.8, 0.7 Hz, H*®), 7.51 (1H, d, J = 8.0 Hz, H®), 7.16 (1H, ddd, J = 8.7,
6.8, 1.9 Hz, H'%), 7.10 - 7.06 (2H, m, H™, H'?), 6.94 (1H, dd, J = 7.8, 0.9 Hz, H*), 6.91
(1H, ddd, J = 7.4, 6.0, 1.4 Hz, H™®), 6.77 (1H, t, J = 7.5 Hz, H%), 6.65 — 6.62 (2H, m,
H2%, H%), 6.51 (1H, t, J = 7.4 Hz, H®), 6.43 (1H, td, J = 7.4, 1.2 Hz, H?), 6.41 — 6.37
(2H, m, HY, H'), 6.27 (1H, dd, J = 7.5, 0.8 Hz, H¥), 6.14 (1H, s, H*), 5.98 (1H, d, J
= 7.8 Hz, H'?®), 2.05 (3H, s, Me®), 1.93 (3H, s, Me?), 1.21 (3H, s, Me®B).
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BC{H} NMR (125 MHz, CDCl3) & 169.3, 169.1, 167.9, 164.0, 151.2, 150.6, 149.5,
148.2, 147.5, 144.6, 144.3, 136.8, 136.6, 135.1, 134.3, 134.2 (2 x C), 131.7, 129.6,
129.4 (2 x C), 129.0, 128.4, 127.8, 127.3, 126.4, 124.7, 123.8, 122.4, 122.1, 121.0,
120.2, 119.6, 118.3, 118.2, 113.2, 31.0, 21.7, 20.4, 16.9.

HR-MS (ASAP): CasHs2Ir'*3NsO calculated: m/z 740.2253; Found: m/z 740.2260
[M+H]".

IR (solid state): v(C=N)imine 1581 cm™

Complex 2.24a-Dipp
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Complex 2.24a-Dipp was prepared using dimer 2.23a (80 mg, 0.075 mmol), N*OH
ligand L2.24-Dipp (46 mg, 0.165 mmol) and NaOMe (9 mg, 0.165 mmol) in dry MeOH
(7 ml) and was left to reflux overnight. After passing through celite, the crude product
was purified using column chromatography (alumina) and eluted with Petroleum
ether:diethyl ether (100:0 to 80:20) to give an orange solid (72 mg, 61%). Complex
2.24a-Dipp was crystallised from CHCI3/MeOH.

IH NMR (400 MHz, CDCl3) § 9.25 (1H, d, J = 5.1 Hz, H%), 8.82 (1H, d, J = 5.4 Hz,
H&), 8.01 (1H, s, H®), 7.80 (1H, d, J = 7.6 Hz, H%), 7.66-7.61 (2H, m, H% H®), 7.57
(1H, d, J = 7.6 Hz, H®), 7.50 (1H, d, J = 7.9 Hz, H*), 7.19-7.14 (2H, m, H"® H® or H*°
or HY), 7.05 (2H, m, H*® H'?), 6.93 (1H, td, J = 1.3 Hz, 6.6 Hz, H™®), 6.86 (1H, t, J =
7.6 Hz, H), 6.80 (1H, dd, J = 0.9, 7.6 Hz, H** or H'®), 6.75 (1H, t, J = 7.1 Hz, H%),
6.64-6.59 (3H, m, H?® H% or H H or H6), 6.50 (2H, m, H® H®), 6.40 (1H, t, J =
7.1 Hz, H®or HY), 6.17 (1H, d, J = 7.6 Hz, H'), 5.59 (1H, d, J = 7.6 Hz, H'?), 3.33
(1H, sept, J = 6.7 Hz, CH(CHs)2), 2.48 (1H, sept, J = 6.4 Hz, CH(CHs)2), 1.14 (3H, d,
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J = 7.0 Hz, CH(CHs)2), 0.89 (3H, d, J = 6.7 Hz, CH(CHs),), 0.88 (3H, d, J = 6.9 Hz,
CH(CHs)2), 0.39 (3H, d, J = 6.7 Hz, CH(CHa)y).

13C{'H} NMR (100 MHz, CDCls) & 168.4, 168.1, 167.3, 164.8 (C¥), 149.7 (C®),
149.4, 148.1 (C®), 147.9, 146.2, 143.3, 143.1, 140.6, 139.0, 135.9 (C®or C®), 135.7
(C% or C®), 134.1, 133.5 (C®), 129.9 (C'¥), 128.3, 127.8, 124.7, 123.3 (C*), 122.7,
121.9, 121.7, 121.0, 120.9, 120.7, 120.1 (C™), 118.7 (C*"), 118.5 (C%?), 117.7, 117.3,
112.6, 26.9 (CH(CHz3)2), 26.7(CH(CHs)2), 26.6(CH(CHa)2) , 24.5 (CH(CHz3)2), 21.6
(CH(CHs)2), 20.6 (CH(CHa)2).

HR ESI-MS: Calcd for C41H39N3OIr: 782.2723; Found: 782.2726 [M+H]".

IR (solid state): v(C=N)imine 1581 cm

Complex 2.24b-'Pr
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Complex 2.24b-Pr was prepared using dimer 2.23b (90 mg, 0.088 mmol), N*OH
ligand L2.24-Pr (32 mg, 0.194 mmol) and NaOMe (10 mg, 0.194 mmol) and was left
to stir for 6 hrs in dry MeOH (10 ml). After passing through celite, the crude product
was purified using column chromatography (silica) and eluted with DCM:MeOH
(20:0.5) to give a yellow solid (84 mg, 74%).

IH NMR (500 MHz, CDCls) § 8.06 (1H, s, H'?), 8.04 (1H, d, J = 2.6 Hz, H™®), 7.95
(1H, d, J = 2.6 Hz, H™), 7.66 (1H, d, J = 1.9 Hz, H%), 7.47 (1H, d, J = 1.9 Hz, H®),
7.17 (1H, ddd, J=1.9, 6.8, 8.6 Hz, Hor H™¥), 7.13 (1H, dd, J = 0.8, 7.9 Hz, H*2or H*),
7.08 (2H, m, H*®or H* H), 6.82 — 6.78 (2H, m, H%* H%), 6.68 — 6.65 (2H, m, H?®
H®), 6.61 (1H, td, J=1.1, 7.3 Hz, H?), 6.58 (1H, t, J = 2.6 Hz, H%), 6.46 (1H,t, J=2.6
Hz, H®), 6.38 (1H, t, J = 7.3 Hz, H% or H'), 6.25 (1H, dd, J = 0.9, 7.5 Hz, H'?), 6.18
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(1H, d, J = 0.9, 7.6 Hz, H®), 3.72 (1H, sept, J = 6.6 Hz, H'®), 1.18 (3H, d, J = 6.7 Hz,
CH(CHs)2), 0.55 (3H, d, J = 6.7 Hz, CH(CHa)2).

13C{IH} NMR (125 MHz, CDCls) § 166.5 (C?), 159.2, 144.2 (C%), 143.9 (C®), 138.5
(C'h), 138.2, 134.9, 134.8 (C°or C17), 134.2, 133.5, 131.5, 125.9 (C™), 125.6 (C* or
C?), 125.6 (C®or C%), 125.2 (C™), 123.5 (C?), 122.1, 121.7(C* or C*), 120.8(C* or
C%), 112.9(C° or C19), 110.5 (C* or C*), 110.4 (C* or C*), 107.0 (C%), 106.8 (C),
58.3 (C13), 23.0 (CH(CH3)2), 22.8 (CH(CH3)z).

HR ESI-MS: Calcd for C2sH27NsOlr: 642.1845; Found: 642.1849 [M+H]".

IR (solid state): v(C=N)imine 1598 cm

Complex 2.24b-Mes
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Complex 2.24b-Mes was prepared using dimer 2.24b (70 mg, 0.068 mmol), N*OH
ligand L2.24-Mes (36 mg, 0.150 mmol) and Na2COs (16 mg, 0.150 mmol) and was left
to stir for 4 h at room temperature in dry MeOH (6 ml). After passing through celite,
the crude product was precipitated with hexane and washed several times to remove the

excess ligand to give a yellow solid (74 mg, 76%).

1H NMR (500 MHz, CDClz) § 8.00 (1H, d, J = 1.5 Hz, H®), 7.96 (1H, d, J = 2.5 Hz,
H™), 7.83 (1H, s, H?), 7.80 (1H, d, J = 2.5 Hz, H™), 7.68 (1H, d, J = 1.6 Hz, H%?), 7.16
(1H, t, J = 7.8 Hz, H® or H'?), 7.10 (1H, d, J = 7.9 Hz, H*), 7.07 (1H, d, J = 7.6 Hz,
H), 6.79 (1H, t, J = 7.5 Hz, H?® or H%), 6.62 — 6.59 (4H, m, H® or H'%,H? or H%, H,
H®), 6.52 (1H, t, J = 7.5 Hz, H? or H®), 6.43 — 6.38 (4H, m, H? or H3, H%& H& H4),
6.27 (1H, d, J = 7.3 Hz, H'%), 6.21 (1H, s, H*®), 5.97 (1H, d, J = 7.5 Hz, H'?), 2.04 (6H,
s, ortho-Mea, para-Mec), 1.43 (3H, s, ortho-Meg).
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BC{H} NMR (125 MHz, CDCl3) & 168.2, 164.5, 147.9, 143.9, 143.7, 139.9, 138.6,
135.6, 135.1, 134.3, 133.9, 133.0, 129.3, 128.8, 128.5, 127.9, 127.5, 125.7, 125.6,
125.4, 124.3, 124.2, 122.4, 121.7, 120.4,113.4, 110.5,109.1, 107.0, 106.2, 20.9, 20.5,
17.0.

MS (ASAP): Calcd for CasHaolrNsO: 718.2158; Found: 718.2148 [M+H]".

IR (solid state): v(C=N)imine 1596 cm™

Complex 2.24b-Dipp
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Complex 2.24b-Dipp was prepared from the dimer 2.23b (80 mg, 0.078 mmol), N*OH
ligand L2.24-Dipp (48 mg, 0.172 mmol) and NaOMe (9 mg, 0.172 mmol) in dry MeOH
(7 ml) and allowed to stir overnight at room temperature. After passing through celite,
the crude product was purified using column chromatography (alumina) and eluted with
Petroleum ether:diethyl ether (100:0 to 80:20) to give an orange solid (96 mg, 81%).
Complex 2.24b-Dipp was crystallised from CHCls.

IH NMR (500 MHz, CDCls) & 8.05 (1H, d, J = 2.1 Hz, H™), 7.98 (1H, d, J = 2.9Hz,
H%), 7.91 (1H, s, H'?), 7.83 (1H, d, J = 2.7 Hz, H%), 7.65 (1H, d, J = 2.1 Hz, H™), 7.16
(1H, ddd, J = 1.9, 6.8, 8.5 Hz, H°), 7.08 (1H, d, J = 7.5 Hz, H*), 7.06 (1H, dd, J = 1.8,
7.8 Hz, H'Y), 6.88-6.83 (2H, m, H3 or H* or H%), 6.78 (1H, td, J = 1.1, 7.6 Hz, H%),
6.74 (1H, dd, J = 0.9, 7.8 Hz, H*), 6.70-6.68 (2H, m, H®> H3 or H or H'S), 6.60 —
6.57 (2H, m, H2 H8), 6.54 (1H, td, J = 1.1, 7.6 Hz, H®), 6.46-6.42 (m, 2H, H®% H2),
6.40 (1H, t, J = 7.3 Hz, H9), 6.23 (1H, dd, J =1.1, 7.8 Hz, H?), 5.58 (1H, dd, J = 1.1,
7.8 Hz, H), 3.48 (1H, sept, J = 6.6, CH(CH3)2), 2.68 (1H, sept, J = 6.7, CH(CHa)y),
1.18 (3H d, J = 6.5, CH(CHa)2), 1.03 (3H, d, J = 6.5 Hz, CH(CHs)y), 0.87 (3H, d, J =
6.9Hz, CH(CHs)2), 0.62 (3H, d, J = 6.9 Hz, CH(CHa)»).
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13C{IH} NMR (125 MHz, CDCls3) § 168.6, 166.0 (C'?), 149.2, 143.7, 141.4, 139.9,
139.8 (C™®), 138.2 (C™), 134.5, 136.4 (C*?), 135.0 (C*), 134.5 (C°), 133.5 (C'?), 132.5,
127.7, 126.0, 125.8 (C*), 125.7 (C%), 125.6, 124.9 (C?), 123.9, 123.0, 122.0, 121.9
(C%), 121.7, 120.3 (C*), 113.6 (C%), 110.4 (C*), 109.3, 108.1, 106.2 (C%), 27.7
(CH(CHs)2), 27.2 (CH(CHs),) 27.4 (CH(CHs)2), 25.7 (CH(CHs)2), 23.3 (CH(CHs)y),
21.8 (CH(CHs)o).

HR ESI-MS: Calcd for Cs7H37NsOlr: 760.2628; Found: 760.2626 [M+H]".

IR (solid state): v(C=N)imine 1582 cm
6.3 Experimental procedures for Chapter 3

General procedure for synthesis of [1r(C”N)2(N”O)] (N~O = exocyclic imine)

The appropriate dimer [Ir(C*N).p-Cl]2 (2.23a-b) (0.088 — 0.097 mmol, 90 — 100 mg),
the relevant ligand 3.27-R (2.1 — 2.2 equiv) and Na,COz (2.1 — 2.2 equiv) were placed
in an evacuated Schlenk tube which was wrapped in aluminium foil to protect it from
light (unless stated otherwise) and allowed to stir at room temperature under nitrogen
atmosphere in dry MeOH (10 ml). The reaction was monitored by H NMR
spectroscopy until completion and the solvent was removed in vacuo leaving behind
the crude product which was dissolved in DCM (8-12 ml) and passed through celite to
remove NaCl. The crude filtrate was purified using column chromatography with silica
as the stationary phase and DCM:MeOH as the mobile phase. In this section, the *H
NMR data of the cis isomers have not been fully assigned due to the overlap of the trans
isomers in the mixtures. However, some key data has been described in the results and

discussion of Chapter 3.

Complex 3.27a-Ph
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Complex 3.27a-Ph was prepared using dimer 2.23a (100 mg, 0.093 mmol), ligand
L3.27-Ph (39 mg, 0.196 mmol) and Na.COs (21 mg, 0.196 mmol) and was left to stir
for 4 h in dry MeOH (10 ml). After passing through celite, the crude product was
purified using column chromatography (silica) and eluted with DCM:MeOH (20:0.5)
to give an orange-red solid (96 mg, 74%). Product was recrystallized using
DCM:MeOH to give red crystals on trans-3.27a-Ph.

Trans-3.27a-Ph

1H NMR (400 MHz, CDCls) & 8.77 (1H, s, H*), 8.69 (1H, ddd, J = 5.7, 1.6, 0.7 Hz,
H®), 8.58 (1H, ddd, J = 5.8, 1.7, 0.8 Hz, H®), 7.84 (1H, d, J = 7.9 Hz, H*®), 7.67 (1H,
ddd, J=8.2, 7.4, 1.5 Hz, H®), 7.54 (1H, ddd, J = 8.2, 7.4, 1.6 Hz, H®), 7.50 (1H, dd, J
=7.8, 1.2 Hz, "), 7.30 (1H, d, J = 8.0 Hz, H%), 7.10 — 7.05 (2H, m, H*?, H® or H®°
or H'Y), 7.03 — 6.88 (5H, m, H8, H™®, H3 or H*, H%® or H*, H® or H'® or HY), 6.80 —
6.74 (3H, m, H%or H% H3 or H*, H3)), 6.67 — 6.56 (5H, m, H?3, H?®, 3 x H2"), 6.43
(1H,J=8.0, 6.8, 1.3 Hz, Hor H), 6.19 (1H, m, H'?®), 5.98 (1H, dd, J = 7.7, 1.0 Hz,
H1by,

13C{'H} NMR (100 MHz, CDCls) 5 168.6, 168.4, 168.2, 162.8, 155.0, 150.5, 148.8,
147.0, 144.0, 143.9, 143.5, 136.5, 136.2, 132.9, 132.6, 131.7, 130.6, 129.4, 129.3,
129.2, 127.8, 126.7, 124.0, 123.8, 122.1, 121.4, 121.1, 121.0, 120.1, 119.8, 119.0,
117.4, 113.2.

Cis-3.27a-Ph

1H NMR (400 MHz, CDCl3) § 8.91 (1H, dd, J = 5.8, 0.9 Hz, H® or H®), 8.40 (1H, dd,
J=5.9, 0.8 Hz, H®% or H®), 7.81 (1H, d, J = 8.0 Hz), 7.65 — 7.63 (1H, m), 7.34 (1H, s,
H®), 7.25 — 6.69 (18H, m), 6.38 (1H, dd, J = 7.6, 0.8 Hz, H'*or H*¥), 6.24 (1H, dd, J =
7.5, 0.9 Hz, H®or H®), 6.04 — 6.00 (1H, m).

MS (ASAP): Calcd for CasHasIr**3NsO 698.1784; Found m/z 698.1764 [M+H]".

IR (solid state): v(C=N)imine 1579 cm*
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Complex 3.27a-Mes

Complex 3.27a-Mes was prepared using dimer 2.23a (100 mg, 0.093 mmol), ligand
L3.27-Mes (47 mg, 0.196 mmol) and Na2COs (21 mg, 0.196 mmol) was left to stir for
3 hrsin dry MeOH (10 ml). After passing through celite, the crude product was purified
using column chromatography (silica) and eluted with DCM:MeOH (20:0.5). After

evaporation of the solvent, a yellow solid was obtained. (112 mg, 81%).
Trans-3.27a-Mes

IH NMR (400 MHz, CDCls) § 8.93 (1H, s, H'®), 8.86 (1H, dd, J = 5.7, 1.0 Hz, H® or
H®), 8.46 (1H, dd, J = 5.8, 0.8 Hz, H® or H®), 7.79 (1H, d, J = 7.8 Hz) 7.67 — 7.62
(2H, m), 7.48 — 7.45 (2H, m), 7.24 (1H, dd, J = 8.0, 1.6 Hz, H'?), 7.11 — 7.06 (2H, m),
6.90 (1 H, m), 6.87 — 6.85 (2 H, m), 6.74 — 6.70 (LH, m), 6.57 — 6.43 (4H, m), 6.34 (1H,
s, H'4 or H'), 6.17 (1H, dd, J = 7.5, 0.9 Hz, H or H), 5.86 (1H, s, H4 or H%), 5.75
(1H, dd, J = 7.7, 0.8 Hz, H' or H'?), 2.06 (3H, ortho-Me), 2.04 (3H, para-Me), 1.24
(3H, ortho-Me).

13C{*H} NMR (100 MHz, CDCl3) & 169.5, 168.48, 168.3, 164.1(C'?), 150.6, 149.3,
148.4, 143.4, 138.9, 136.5, 136.0, 132.3(C*® or C'?), 131.1(C* or C?), 130.7. 129.4,
128.5 (C'* or C), 128.2, 126.5 (C** or C°), 123.9, 123.1, 121.4, 121.2, 1213, 121.2,
119.3,118.7, 118.6, 118.0, 113.2, 21.5 (ortho-Me), 21.1(para-Me), 18.6 (ortho-Me)

Cis-3.27a-Mes

IH NMR (400 MHz, CDCls): § 8.92 (1H, d, J = 5.9 Hz, H® or He), 8.42 (1H, d, J =
6.5 Hz, H% or H&%), 7.87 — 7.82 (2H, m), 7.72 — 7.68 (1H, m), 7.57 (1H, dd, J = 7.7, 1.1
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Hz), 7.53 (1H, dd, J = 7.8, 1.2 Hz), 7.12 — 7.06 (2H, m), 6.98 — 6.79 (6H, m), 6.67 (1H,
s, H¥ or H'%), 6.58 — 6.44 (5H, m), 6.39 (1H, dd, J = 7.5, 0.9 Hz, H® or H'"), 6.31 (1H,
dd, J = 7.4, 0.8 Hz, H® or H*¥), 5.97 (1H, ddd, J = 8.4, 6.0, 2.3 Hz), 2.24 (3H, s, Me),
2.16 (3H, s, Me), 1.23 (3H, s, Me).

MS (ASAP): Calcd for CagHa2Ir'**NsO 740.2253; Found m/z 740.2258 [M+H]".

IR (solid state): v(C=N)imine 1579 cm™

Complex 3.27a-Anisyl

Complex 3.27a-Anisyl was prepared using dimer 2.23a (100 mg, 0.093 mmol), ligand
L3.27-Anisyl (44 mg, 0.196 mmol) and Na2CO3z (21 mg, 0.196 mmol) was left to stir
for 3 hrs in dry MeOH (10 ml). After passing through celite, the crude product was
purified using column chromatography (silica) and eluted with DCM:MeOH (20:0.5)
to give an orange solid (117 mg, 87%).

Trans-3.27a-Anisyl

IH NMR (400 MHz, CDCl3) 6 8.63 (1H, d, J = 5.6 Hz, H® or H®), 8.58 (1H, s, H®),
8.52 (1H, d, J = 5.7 Hz, H®% or H®), 7.77 (1H, d, J = 8.0 Hz), 7.60 (1H, t, J = 7.8 H2),
7.47 (1H, t,J = 7.8 Hz), 7.43 (1H, dd, J = 7.7, 0.8 Hz, H® or H®"), 7.27 (1H, d, J = 8.0
Hz, H* or H*), 7.01 — 6.87 (5H, m, H? or H?), 6.80 (1H, dd, J = 8.3, 1.2 Hz), 6.71
(1H, m), 6.66 (2H, d, J = 11.2 Hz, H*, H'*), 6.57 — 6.52 (3H, m), 6.35 (1H, t, J= 7.7
Hz, H'® or H'), 6.16 — 6.12 (1H, m), 6.10 (2H, d, J = 8.8 Hz, H*®, H'*), 5.93 (1H, dd,
J=17.6,0.8 Hz), 3.63 (3H, 5, OCHy).

156



13C{IH} NMR (100 MHz, CDCls3) § 168.3, 162.4 (C%3), 150.6, 148.8, 143.9, 136.4,
136.1, 133.1, 131.8, 130.2, 130.1, 129.8, 129.4, 129.1, 124.0, 123.7, 122.0, 121.4,
121.1,120.8, 120.2,119.6, 119.0, 117.4, 113.8, 113.1, 112.1, 55.1 (OCHg) (quaternary
carbons are too weak to be observed).

Cis-3.27a-Anisyl

IH NMR (400 MHz, CDCls) § 8.90 (1H, dd, J = 5.7, 0.8 Hz, H& or He), 8.40 (1H, dd,
J=5.9, 0.8 Hz, H8 or H®), 7.85 — 7.79 (3H, m), 7.69 — 7.49 (8H, m), 7.20 (2H, d, J =
8.6 Hz, H H or H5, H'S"), 7.11 — 6.68 (8H, m), 6.39 — 6.37 (1H, m), 6.09 — 6.04
(1H, m), 3.77 (3H, s, OCHa).

MS (ASAP): Calcd for CasHaslr'*3 N3O 728.1889; Found m/z 728.1893 [M+H]".

IR (solid state): v(C=N)imine 1577 cm

Complex 3.27a-CsFs

Complex 3.27a-CsFs was prepared using dimer 2.24a (100 mg, 0.093 mmol), N*OH
ligand L3.27-CsFs (56 mg, 0.196 mmol) and Na>COs (21 mg, 0.196 mmol) and was
left to stir for 3 h in dry MeOH (10 ml). After passing through celite, the crude product
was purified using column chromatography (silica) and eluted with DCM:MeOH
(20:0.5). After evaporation a red solid was obtained (134 mg, 91%).

Trans-3.27a-CeFs

IH NMR (400 MHz, CDCls) § 8.63 (1H, d, J = 5.5, H% or H8b), 8.48 (1H, s, H'®), 8.42
(1H, d, J = 5.5, H® or H8®), 7.82 (1H, d, J = 8.2), 7.71 (3H, m), 7.48 (1H, dd, J = 7.8,
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1.1), 7.24 (2H, m), 7.12 (2H, m), 6.98 (1H, m), 6.95 (1H, dd, J = 8.4, 1.2), 6.78 (1H, td,
J=175,1.1),6.62 (3H, m), 6.48 (1H, td, J = 7.5, 1.2), 6.22 (1H, d, J = 7.1, H or H?),
5.90 (1H, dd, J = 7.7, 1.0, H'® or H").

19F{1H} (376 MHz, CDCls) § -137.88 (1F, d, J = 24.7), -143.51 (1F, dd, J = 23.8, 6.74),
-152.10 (1F, t, J = 21.4), -156.84 (1F, td, J = 24.1, 7.4), -163.23 (1F, td, J = 21.7, 8.8).

BC{H} NMR (100 MHz, CDCl3) & 179.1, 168.1, 147.6, 145.9, 143.8, 142.6, 142.5,
141.9, 140.5, 139.1, 135.6, 134.7, 134.4, 131.9, 129.9, 128.9, 126.8, 125.7, 125.3,
123.7,123.3, 122.4, 120.7, 115.3, 112.9, 110.8, 106.9, 105.3.

Cis-3.27a-CeFs

IH NMR (400 MHz, CDCls) & 8.05 (1H, d, J = 2.0 Hz, H® or H®), 7.65 — 6.63 (1H,
m), 7.49 — 7.47 (1H, m), 7.39 (1H, s, H'), 7.19 — 6.55 (14H, m), 6.32 (1H, dd, J = 7.4,
0.8 Hz, H® or H®), 6.25 (1H, dd, J = 7.5, 0.8 Hz, H! or H®), 6.13 (1H, ddd, J = 8.3,
6.2, 2.1 Hz).

19F{1H} NMR (376 MHz, CDCls) & -159.80 (bs, 2F), -150.96 (t, J = 20.7 Hz, 1F), -
138.44 (bs, 1F), -135.83 (bs, 1F).

MS (ASAP): Calcd for CasH21FsIrt®NsO 788.1312; Found m/z 788.1326 [M+H]*

IR (solid state): v(C=N)imine 1582 cm*

Complex 3.27a-Cinnamyl

Complex 3.27a-Cinnamyl was prepared using dimer 2.23a (100 mg, 0.093 mmol),
ligand L3.27-Cinnamyl (44 mg, 0.196 mmol) and Na>,COs (21 mg, 0.196 mmol) was
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left to stir for 1.5 hrs in dry MeOH (10 ml). After passing through celite, the crude
product was purified using column chromatography (silica) and eluted with
DCM:MeOH (20:0.5) to give a red solid after evaporation of the solvent. (97 mg, 72%).

Trans-3.27-Cinnamyl

1H NMR (500 MHz, CDCl3) § 8.70 (1H, d, J = 5.5 Hz, H®or H®), 8.55 (1H, d, J = 9.5
Hz, H'%), 8.34 (1H, d, J = 5.9 Hz, H%or H®), 7.84 (1H, d, J = 8.3 Hz, H> or H*"), 7.79
(1H, d, J = 7.7 Hz, H or H®), 7.66 — 7.63 (3H, m), 7.53 (1H, d, J = 7.7 Hz, H*® or
H*), 7.35 (1H, d, J = 8.3 Hz, H'?), 7.23 — 7.18 (3H, m), 7.08 — 7.03 (2H, m), 6.98 —
6.90 (4H, m, H**), 6.86 — 6.76 (5H, m, H'®), 6.69 (1H, t, J = 7.5 Hz, H®? or H?"), 6.48 —
6.44 (2H, m, H®or H'®, H'Y), 6.05 (1H, d, J = 7.5 Hz, H'® or H'?).

BC{'H} NMR (125 MHz, CDCls) 5 166.1, 157.8, 149.4, 149.3, 148.9, 147.1, 146.8,
145.3, 145.1, 142.7, 140.0, 136.7, 136.5, 133.1, 131.4, 130.6, 130.1, 129.7, 129.6,
128.9, 128.4, 128.2, 127.7, 127.2, 1244.6, 123.9, 122.4, 122.0, 121.6, 121.5, 120.2,
119.0, 118.3, 117.1, 113.6

Cis-3.27-Cinnamyl

IH NMR (400 MHz, CDCls) & 8.82 (1H, dd, J = 5.7, 0.8 Hz, H% or He?), 8.29 (1H, dd,
J=5.9,0.8 Hz, H®or H8), 7.85 — 6.37 (25H, m), 6.21 (1H, d, J = 6.7 Hz, H? or H®).

MS (ASAP): Calcd for Cs7H2sIr!%N3O 724.1940; Found m/z 724.1963.

IR (solid state): v(C=N)imine 1581 cm™

Complex 3.27b-Ph
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Complex 3.27b-Ph was prepared using dimer 2.23b (100 mg, 0.097 mmol), ligand
L3.27-Ph (42 mg, 0.213 mmol) and Na>COs (23 mg, 0.213 mmol) was left to stir for 3
159



h in dry MeOH (10 ml). After passing through celite, the crude product was purified
using column chromatography (silica) and eluted with DCM:MeOH (10:0.5) to give a
red solid after evaporation of the solvent. (118 mg, 90%). Recrystallisation took place
with DCM:MeOH to give red crystals of trans-3.27b-Ph.

Trans-3.27b-Ph

IH NMR (400 MHz, CD,Cl,) & 8.92 (1H, s, H'?), 8.10 (1H, dd, J = 2.9, 0.6 Hz, H*"),
7.84 (1H,dd, J=2.9, 0.7 Hz, H*®), 7.61 (1H, dd, J = 2.3, 0.6 Hz, H™®), 7.57 (1H, dd, J
=2.2,0.6 Hz, H™), 7.20 (1H, dd, J = 7.9, 1.1 Hz, H*¥), 7.17 (1H, dd, J = 8.0, 1.6 Hz,
H), 7.11 - 7.05 (2H, m, Hprenol 1@yl '6 91 (1H, td, J = 7.6, 1.3 Hz, H%), 6.88 — 6.76
(1H, m, H#, Hphenol 4 x HaYh 6,72 — 6.66 (2H, m, H??, H®), 6.60 — 6.58 (2H, m, H%,
H®®), 6.50 — 6.42 (2H, m, H?®, H'°), 6.10 (1H, dd, J = 7.6, 1.3 Hz, H?¥), 5.87 (1H, dd, J
=7.5, 1.3 Hz, H™).

13C{'H} NMR (100 MHz, CD,Cl2) § 169.4, 163.2, 144.6, 143.5, 143.3, 138.6, 137.4,
135.1, 134.5, 133.6, 133.4, 130.5, 130.0, 129.4, 127.8 (2 x C), 126.9 (2 x C), 126.1,
1255, 125.4, 125.3, 121.9, 120.5, 120.1, 119.5, 113.0, 110.8, 110.4, 107.2, 106.7.

Cis-3.27b-Ph

'H NMR (400 MHz, CDCl3) & 8.05 (1H, dd, J = 2.8 Hz, H*®or H* or H"2or H™), 8.03
(1H, dd, J = 2.9 Hz, H®or H%® or H"2or H™), 7.77 (1H, s, H'?), 7.65 — 7.64 (1H. m, H%®
or H® or Hor H™), 7.48 (1H, d, J = 2.3 Hz, H®or H® or H"2or H™), 7.41 — 7.39 (2H,
m), 7.33—7.31 (3H, m), 7.19—7.14 (2H, m), 6.98 — 6.69 (7H, m), 6.55 — 6.52 (2H, m),
6.31 (1H, dd, J = 7.4, 1.2 Hz, H®or H'¥®), 6.27 (1H, dd, J = 7.4, 1.2 Hz, Hor H'"), 6.04
—6.01 (1H, m).

MS (ASAP): Calcd for CaiH24Ir'NsO 676.1689; Found m/z 676.1711

IR (solid state): v(C=N)imine 1574 cm™
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Complex 3.27b-Mes

Complex 3.27b-Mes was prepared using dimer 2.23b (100 mg, 0.097 mmol), ligand
L3.27-Mes (51 mg, 0.213 mmol) and Na2COs (23 mg, 0.213 mmol) was left to stir for
overnight in dry MeOH (10 ml). After passing through celite, the crude product was
purified using column chromatography (silica) and eluted with DCM:MeOH (100:1)
to give a yellow solid after evaporation of the solvent. Recrystallisation took place with
DCM:MeOH to give yellow crystals. (102 mg, 73%).

Trans-3.27b-Mes

1H NMR (500 MHz, CD2Cl,) § 8.81 (1H, s, H'?), 7.95 (1H, d, J = 3.0 Hz, H%), 7.73
(1H, d, J = 2.7 Hz, H), 7.63 (1H, d, J = 2.1 Hz, H™), 7.34 (1H, d, J = 2.1 Hz, H™®),
7.21 (1H, dd, J = 8.0, 1.4 Hz, H'), 7.05 (1H, dd, J = 7.9, 0.7 Hz, H*®), 6.94 (1H, t, J =
7.7 Hz, H%), 6.74 (1H, td, J = 7.7, 1.6 Hz, H%), 6.57 (1H, dd, J = 8.3, 1.2 Hz, H®), 6.55
(1H, t, J = 2.5 Hz, H®), 6.52 — 6.46 (2H, m, H?, H%), 6.44 — 6.42 (2H, m, H*, H®),
6.38 —6.32 (3H, m, H?, H°, H'®%), 5.95 (1H, dd, J = 7.6, 1.0 Hz, H'), 5.82 (1H, s, H'%),
5.75 (1H, dd, J=7.5, 1.2 Hz, H%), 1.96 (6H, s, ortho-Me, para-Me), 1.39 (3H, s, ortho-
Me).

BC{H} NMR (125 MHz, CD:Cl2) & 169.6, 164.9, 144.3, 143.6, 143.4, 139.8, 139.1,
137.9, 135.5, 134.2, 134.0, 133.5, 132.5, 131.9, 131.0, 130.9, 127.7, 126.9, 126.4,
125.7,125.6,125.1, 122.2,120.7, 119.8, 118.9, 113.2, 111.2, 110.1, 107.6, 107.4, 21.2,
21.1,18.9.

Cis-3.27b-Mes

IH NMR (500 MHz, CDCls) § 8.03 (1H, bd, J = 2.6 Hz, H%or H® or H"2or H™®), 7.99
(1H, bd, J = 2.6 Hz, H®or H® or H"@or H™), 7.77 — 7.76 (1H, m), 7.67 (1H, s, H?),
161



7.45 (1H, bd, J = 1.5 Hz, H%or H® or H"2or H™), 7.08 (2H, t, J = 7.2 Hz), 6.94 — 6.92
(2H, m), 6.85 (2H, d, J = 9.2 Hz), 6.73-6.72 (2H, m), 6.58 — 6.56 (2H, m), 6.53 — 6.49
(2H, m), 6.47 — 6.37 (4H, m), 6.33 (1H, d, J = 7.4 Hz, H® or H®), 2.17 (3H, s, Me),
2.09 (3H, s, Me), 1.35 (3H, s, Me).

MS (ASAP): Calcd for CasHsolr***NsO 718.2158; Found m/z 718.2189

IR (solid state): v(C=N)imine 1576 cm™

Complex 3.27b-Anisyl
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Complex 3.27b-Anisyl was prepared using dimer 2.23b (100 mg, 0.097 mmol), ligand
L3.27-Anisyl (46 mg, 0.204 mmol) and Na2COs (22 mg, 0.204 mmol) was left to stir
for 3 hrs in dry MeOH (10 ml). After passing through celite, the crude product was
purified using column chromatography (silica) and eluted with DCM:MeOH (100:1)

to give an orange-red solid after evaporation of the solvent (102 mg, 75%).
Trans-3.27b-Anisyl

IH NMR (400 MHz, CDCl3) § 8.73 (1H, s, H?), 7.99 (1H, d, J = 2.8 Hz, H% or H*"),
7.73 (1H, d, J = 2.8 Hz, H% or H%), 7.62 (1H, d, J = 2.2 Hz, H® or H™), 7.46 (1H, d, J
=2.0 Hz, H® or H™), 7.08 — 7.02 (3H, m), 6.88 (1H, dd, J = 8.2, 1.1 Hz), 6.81 (2H, d,
J=8.7 Hz), 6.79 (1H, d, J = 8.7 Hz, H®, H'*), 6.73 (1H, d, J = 7.8 Hz, H* or H*"),
6.65 (1H, td, J = 7.6, 1.1 Hz), 6.58 (1H, td, J = 7.5, 1.0 Hz, H?* or H?®), 6.50 — 6.47 (3H,
m, H? or H®), 6.41 (1H, t, J = 7.6 Hz), 6.26 (2H, d, J = 8.7 Hz, H** or H'%), 6.06 (1H,
dd, J = 7.6, 1.0 Hz, H®or H®), 5.89 (1H, dd, J = 7.5, 1.0 Hz, H'® or H®), 3.71 (1H, s,
OCHpa).
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13C{tH} NMR (100 MHz, CDCls) 5 168.9, 162.8, 156.7, 145.1, 143.6, 143.2, 138.6,
137.5, 136.7, 135.3, 135.0, 134.5, 134.4, 133.8, 130.6, 130.2, 129.9, 129.2, 1265,
125.7, 125.4, 125.0, 121.9, 121.4, 120.3, 119.6, 114.0, 113.1, 112.3, 110.7, 110.1,
107.1, 107.0, 106.6, 55.1 (OCHs).

Cis-3.27b-Anisyl

IH NMR (400 MHz, CDCls) 5 8.04 (1H, d, J = 2.4 Hz, H% or H®), 8.02 (1H, d, J = 2.2
Hz, H% or H®), 7.71 (1H, s, H'), 7.63 — 7.62 (1H, m), 7.46 — 7.45 (1H, m), 7.42 (2H,
d, J = 8.8 Hz), 7.18 - 6.30 (16H, m), 3.83 (3H, 5, OCHa).

MS (ASAP): Calcd for Cs2Ha6lr***NsO2 706.1794; Found m/z 706.1805

IR (solid state): v(C=N)imine 1577 cm

Complex 3.27b-CeFs
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Complex 3.27b-CsFs was prepared using dimer 2.23b (100 mg, 0.097 mmol), ligand
L3.27-CsFs (46 mg, 0.204 mmol) and Na2COs (22 mg, 0.204 mmol) was left to stir for
3 hrsindry MeOH (10 ml). After passing through celite, the crude product was purified
using column chromatography (silica) and eluted with DCM:MeOH (100:1) to give a
red solid after evaporation of the solvent. (124 mg, 84%).

Trans-3.27a-CeFs

IH NMR (400 MHz, CDCls) § 8.54 (1H, s, H?), 7.98 (2H, t, J = 3.1 Hz, H5%, H®), 7.63
(1H, d, J = 2.2 Hz, H™@ or H™), 7.49 (1H, s, H2 or H™), 7.29 (1H, dd, J = 8.2, 1.3 Hz,
H), 7.14 (1H, ddd, J = 8.4, 6.9, 1.5 Hz, H°), 7.08 (1H, dd, J = 7.9, 0.8 Hz, H* or H*),
6.97 (1H, dd, J = 8.4, 1.2 Hz, H8), 6.91 (1H, d, J = 7.9 Hz, H* or H*), 6.80 (1H, td, J
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=7.6, 1.2 Hz, H*® or H%®), 6.63 — 6.69 (1H, m, H* or H*), 6.57 — 6.63 (2H, m, H? or
H?), 6.52 (1H, t, J = 2.6 Hz, H® or H®), 6.43 — 6.50 (2H, m, H°, H? or H?"), 5.98 (1
H, dd, J=7.5, 1.0 Hz, H* or H'®), 5.93 (1H, d, J = 7.5 Hz, H* or H'").

9F{1H} NMR (376 MHz, CDCls) § -138.73 (1F, dd, J = 24.9, 5.1 Hz), -143.23 (1F, dd,
J=23.3,6.5 Hz), -152.10 (1F, t, J = 21.1 Hz), -159.02 (1F, td, J = 7.9 Hz), -162.27 (1F,
td, J = 21.7, 8.7 Hz).

BC{*H} NMR (100 MHz, CDClz) & 181.1, 171.1, 143.6, 142.9, 142.8, 142.6, 142.3,
141.3, 138.5, 138.1, 134.4, 133.5, 133.4, 132.2, 128.9, 125.9, 125.7, 125.5, 125.3,
122.4,122.3,120.4,118.2, 113.5, 110.8, 109.6, 107.3 (2 X C).

Cis-3.27a-CeFs

IH NMR (400 MHz, CDCls) 3 8.76 (1H, dd, J = 5.9, 0.8 Hz, H5 or H*), 8.32 (1H, dd,
J=5.7,0.7 Hz, H% or H®), 7.86 — 6.59 (14H, m), 6.37 (1H, dd, J = 7.5, 0.8 Hz), 6.23
~6.21 (1H, m), 6.14 (1H, ddd, J = 8.4, 6.3, 2.0 Hz).

9F{'H} NMR (376 MHz, CDCl3) § -159.64 (bs, 2F), -150.63 (t, J = 20.7 Hz), -137.49
(bs, 1F), -135.43 (bs, 1F).

MS (ASAP): Calcd for CsiHi19FsIr'®3NsO 766.1217; Found m/z 766.1254

IR (solid state): v(C=N)imine 1575 cm™

Complex 3.27b-Cinnamyl
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Complex 3.27b-Cinnamyl was prepared using dimer 2.17b (90 mg, 0.088 mmol),

ligand L3.27-Cinnamyl (46 mg, 0.194 mmol) and Na>.COs (21 mg, 0.194 mmol) was

left to stir for 3 h in dry MeOH (10 ml). After passing through celite, the crude product
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was purified using column chromatography (silica) and eluted with DCM:MeOH (10:1)

to give a red solid after evaporation of the solvent. (110 mg, 89%).
Trans-3.27b-Cinnamyl

'H NMR (500 MHz, CDCl3) 6 8.50 (1H, d, J = 9.5 Hz, H'?), 8.02 (1H, d, J = 2.6 Hz,
H52 or H%), 8.00 (1H, d, J = 2.4 Hz, H% or H), 7.55 (1H, d, J = 1.8 Hz H"@ or H™®),
7.45 (1H,d, J=2.0 Hz, H™ or H™), 7.30 - 7.22 (5H, m, H*), 7.19 (1H, dd, J = 7.9, 0.8
Hz, H* or H*), 7.11 (1H, d, J = 7.4 Hz, H* or H*), 7.07 (1H, ddd, J = 8.4, 6.9, 1.6
Hz), 7.01-6.96 (3 H, m) 6.93 — 6.88 (2H, m, H, H3 or H*), 6.85 — 6.80 (2H, m, H*
or H*), 6.66 (1H, td, J = 7.5, 1.1 Hz, H** or H®), 6.51 (1H, t, J = 2.6 Hz, H* or H"),
6.47 (1H, t, J = 2.6 Hz, H® or H®), 6.44 (2H, m, H* or H'"), 6.13 (1H, dd, J =75, 1.1
Hz, H'? or H®).

3C{IH} NMR (125 MHz, CDCl3) § 171.0, 158.7 (C'?), 145.1, 144.1, 143.2, 141.5,
138.0 (C™ or C™), 137.7 (C™ or C™), 135.5, 135.1, 133.7 (C** or C*?), 132.9, 131.6,
130.5, 129.6, 128.5, 128.1, 127.5, 126.1, 125.9, 125.8, 125.5, 122.0, 121.5, 121.0,
117.2,113.4,110.9, 110.7, 107.2 (C® or C®), 106.9 (C5 or C®).

Cis-3.27b-Cinnamyl

1H NMR (400 MHz, CDCl3) & 8.03 — 8.00 (2H, m), 7.63 — 6.37 (22H, m), 6.35 (1H,
dd, J=7.4,1.2 Hz, H® or H'®), 6.27 (1H, dd, J = 7.5, 1.1 Hz, H* or H*¥).

MS (ASAP): Calcd for CasHzsIr**3NsO 702.1847; Found m/z 702.2224.

IR (solid state): v(C=N)imine 1574 cm™
6.4 Experimental procedures for Chapter 4

General Procedure for the Synthesis of Half-sandwich complexes with N~O
Ligands

Dichloro-bridged dimers [MCI.Cp*]. (4.14) (M = Ir, a, Rh, b)* and [RuCla(p-cym)]2
(4.14¢)?? were prepared using literature methods. The appropriate dimer 4.14a-c (0.088
— 0.163 mmol, 70 — 100 mg), the relevant N*O ligand L3.27-R (R = Mes, Anisyl,
Cinnamyl) (2.0 — 2.2 equiv) and Na2CO3 (2.0 — 2.2 equiv) were placed in an evacuated
Schlenk tube which was wrapped in aluminium foil to protect it from light and allowed
to stir at room temperature under nitrogen atmosphere in dry MeOH (6-8 ml). The
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reaction was monitored by *H NMR spectroscopy until completion and the solvent was
removed in vacuo leaving behind the crude product which was dissolved in DCM (8-
12 ml) and passed through celite. The filtrate was reduced in volume and hexane was
added to induce precipitation. The precipitate was isolated, washed with hexane and

dried in vacuo.

Complex 4.15a-Mes

[IrCI.Cp*]2 (4.14a) (0.088 mmol, 70 mg), ligand L3.27-Mes (0.194 mmol, 46 mg) and
Na2COz (0.194 mmol, 21 mg) was stirred in dry MeOH (6 ml) in the dark for 2.5 hrs to

give complex cis-4.15a-Mes as a single isomer (orange solid, 70 mg, 68 %).
Cis-4.15a-Mes

H NMR (400 MHz, CDCls3) § 8.70 (1H, s, H®), 6.95 (1H, s, H%/H®), 6.92 — 6.86 (2H,
m, HY, H?), 6.82 (1H,s, H8/H®), 6.42 (1H, dd, J = 8.3 Hz, 1.3 Hz, H*), 5.98 (1H, ddd, J
= 8.3, 6.5, 1.7 Hz, H%), 2.42 (3H, s, ortho-Me), 2.31 (3H, s, para-Me), 2.01 (3H, s,
ortho-Me), 1.67 (15H, s, CH3(Cp*)).

13C{*H} NMR (125 MHz, CDCls) § 170.5, 162.5 (C®), 139.6, 139.0, 136.0, 135.0,
132.1,130.4, 129.8 (C® or C%), 128.5 (C® or C*), 120.3 (C*), 113.5 (C?), 84.5 (C(Cp*)),
21.2 (ortho-C), 20.2 (para-C), 19.6 (ortho-C), 8.7 (CH3(Cp*)).

MS (ESI): m/z 515 [M-CI-Cp*+(MeCN),]*

IR (solid state): v(C=N)imine 1583 cm™
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Complex 4.15b-Mes

[RhCI>,Cp*]2 (4.14b) (0.113 mmol, 70 mg), ligand L3.27-Mes (0.227 mmol, 54 mg)
and Na>COz (0.227 mmol, 24 mg) was allowed to stir in dry MeOH (7 ml) in the dark
for 3 hrs to give a complex cis-4.15b-Mes as a single isomer (dark red solid 64 mg g,
58 %).

Cis-4.15b-Mes

IH NMR (400 MHz, CDCl3) § 8.67 (1H, s, H%), 6.91 (1H, s, H® or H®), 6.89 — 6.86 (2H,
m, HY, H?), 6.76 (1H, s, H® or H%), 6.33 (1H, d, J=8.3 Hz, H%), 5.95 (1H, ddd,
J=8.4Hz, 5.4 Hz, 2.7 Hz, H%), 2.43 (3H, s, ortho-Me), 2.29 (3H, s, para-Me), 1.89
(3H, s, ortho-Me), 1.68 (15H, s, CH3(Cp¥*)).

13C{'H} NMR (100 MHz, CDCls): & 169.4, 162.9 (C5), 139.5, 138.1 (C*), 135.8, 134.8,
132.1, 129.9 (C3, C%, 129.7, 128.3, 120.6, 120.2 (Clor C?), 112.7 (Clor C?), 92.9
(C(Cp*), 21.2 (ortho-CHz), 20.1 (para-CHz), 19.5 (ortho-CHa), 8.69 (CH3(Cp¥*)),

MS (ES): m/z 476 [M-CI]*

IR (solid state): v(C=N)imine 1581 cm™
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Complex 4.15c-Mes

[RuClz(p-Cym)]2 (4.14c) (0.163 mmol 100 mg,), ligand L3.27-Mes (0.342 mmol,
82 mg) and Na>COz (0.342 mmol, 36 mg) was allowed to stir in dry MeOH (7 ml) in
the dark for 3 hrs to give a complex 4.15c-Mes as a trans:cis mixture (78:22) (dark red
solid 64 mg, 58 %).

Trans-4.15c-Mes

IH NMR (500 MHz, CDCls) § 9.01 (1H, s, H%), 7.31 (1H, dd, J = 8.4, 1.2 Hz, H*), 7.06
(1H, s, H8 or H®), 7.04 (1H, s, H® or H®)), 7.00 (1H, ddd, J = 8.4, 6.9, 1.3 Hz, HY), 6.92
(1H, dd, J = 8.5, 1.3 Hz, H?), 6.43 (1H, ddd, J = 8.3, 6.9, 1.3 Hz, H%), 5.45 (1H, d, J =
6.3 Hz, H" or H"), 5.18 (1H, d, J = 6.3 Hz, H? or H*), 4.99 (1H, d, J = 5.6 Hz, Hor
HP), 3.50 (1H, d, J = 5.4 Hz, H? or H*), 2.75 (1H, sept, J = 7.0 Hz, H"), 2.50 (3H, s,
Me), 2.43 (3H, s, Me), 2.41 (3H, s, Me), 2.00 (3H, s, p-CHs(p-cym)), 1.21 (3H, d, J =
7.0Hz, CH(CHa)2), 1.07 (3H, d, J = 7.0 Hz, CH(CHs),)

BC{H} NMR (125 MHz, CDCls) § 169.8, 162.9, 140.1, 137.2, 135.4, 134.1, 133.4,
129.8, 129.7, 128.4, 119.3, 119.6, 114.4, 102.4, 99.1, 84.1, 82.0, 81.3, 80.7, 30.9, 22.2,
22.3,21.6,20.1,19.2,17.6

MS (ESI): m/z 474 [M-CI]*
IR (solid state): v(C=N)imine 1597 cm*
Cis-4.15¢c-Mes

IH NMR: (500 MHz, CDCls) § 9.02 (1H, s, H®), 6.95 (1H, bs, H), 6.88 — 6.84 (2H, m,
L H?), 6.81 (1H, bs, H®), 6.42 (1H, d, J = 8.5 Hz, H%), 5.99 (1H, m, H3), 5.48 (1H, d,
J=6.0 Hz, H® or HY), 5.42 (1H, d, J = 6.0 Hz, H? or H®), 5.33 (1H, d, J = 6.0 Hz, H?
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or H*), 5.18 (1H, d, J = 5.7 Hz, H? or H¥), 2.87 (1H, sept, J = 6.9 Hz, H"), 2.47 (3H, s,
ortho-Me), 2.32 (3H, s, para-Me), 2.29 (3H, s, p-CHas(p-cym)), 1.96 (3H,s, ortho-Me),
1.24 (3H, d J = 4.3 Hz, CH(CHz3)2), 1.22 (3H, d J = 4.3 Hz, CH(CHs)>).

BC{H} NMR (125 MHz, CDCls) § 170.5, 162.9, 139.5, 136.9, 135.9, 134.5, 132.4,
129.9, 129.7, 128.4, 119.9, 119.6, 113.4, 101.4, 98.5, 83.1, 81.8, 81.4, 80.9, 30.9, 22.3,
22.3,21.2, 20.0, 19.6, 18.6

MS (ESI): m/z 474 [M-CI]*

IR (solid state): v(C=N)imine 1597 cm

Complex 4.15a-Anisyl
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[IrCl2Cp*]2 (4.14a) (0.088 mmol, 70 mg), ligand L3.27-Anisyl (0.176 mmol, 46 mg)
and Na,COz (0.176 mmol, 17 mg) was allowed to stir in dry MeOH (6 ml) in the dark
for 3 h to give a trans-4.15a-Anisyl as a single isomer (red solid 70 mg, 68%). cis-

4.15a-Anisyl was observed after irradiation of the trans isomer.
Trans-4.15a-Anisyl

1H NMR (400 MHz, CDCls3) § 8.90 (1H, s, H®), 8.42 (2H, d, J = 8.8 Hz, H®, H), 7.38
(1H, d, J = 8.0 Hz, H%), 7.03 — 6.97 (4H, m, H, H2, H’, H"), 6.42 (1H, ddd, J = 8.1,
6.3, 2.5, H%), 3.89 (3H, s, OCHs), 1.41 (15H, s, CH3(Cp*)).

13C{!H} NMR (100 MHz, CDCls) 5 168.1, 161.3, 158.1, 142.8, 134.2, 129.5, 126.2,
120.7, 116.9, 115.0, 114.3, 92.5 (C(Cp*)), 55.3 (OCHs), 8.8 (CH3(Cp*)).

MS (ESI): m/z 595 [M-CI+MeCN]*

IR (solid state): v(C=N)imine 1577 cm™
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Cis-4.15a-Anisyl

IH NMR (400 MHz, CDCls) § 8.39 (1H, s, H%), 7.49 (2H, d, J = 8.6 Hz, H®, H  or H’,
H”), 7.02 — 6.88 (3H, m), 6.85 (2H, d, J = 9.0, H®, HSor H7, H")), 6.08 (1H, ddd, J =
8.3, 6.3, 2.0, H? or H3), 3.83 (3H, s, OCHs), 1.65 (15H, s, CH3(Cp*)).

Complex 4.15b-Anisyl

[RhCI>Cp*]2 (4.14b) (0.113 mmol, 70 mg), ligand L3.27-Anisyl (0.226 mmol, 51 mg)
and Na>COz (0.226 mmol, 24 mg) was allowed to stir in dry MeOH (7 ml) in the dark
for 3 hrs to give complex trans-4.15b-Anisyl as a single isomer (dark red solid 64 mg,
57%).

Trans-4.15b-Anisyl

IH NMR (400 MHz, CDCls) 5 8.88 (1H, s, H®), 8.52 (2H, d, J = 8.7 Hz, H¢, HF), 7.34
(1H, bd, J = 7.8 Hz, H%), 7.03 (2H, d, J = 8.9 Hz, H7, H"), 6.98 — 6.93 (2H, m, H, H2),
6.37 (1H, ddd, J =8.2 Hz, 6.5 Hz, 1.8 Hz, H%), 3.86 (3H, s, OCHs), 1.44 (15H, s,
CH3(Cp*)).

13C{*H} NMR (100 MHz, CDCls) & 168.3, 162.3, 159.1, 141.9, 133.7, 129.5, 126.8,
120.4, 115.9, 114.0, 113.7, 93.5 (C(Cp*)), 55.5 (OCHs), 8.7 (CH3(Cp*)).

MS (ESI): m/z 464 [M-CI]".

IR (solid state): v(C=N)imine 1570 cm™
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Complex 4.15c-Anisyl

[RuClz(p-Cym)]2 (4.14c) (0.163 mmol 100 mg,), ligand L3.27-Mes (0.342 mmol,
82 mg) and Na>,COz (0.342 mmol, 36 mg) was allowed to stir in dry MeOH (7 ml) in
the dark for 3 hrs to give a complex 4.15c-Mes as a trans:cis mixture (78:22) (dark red
solid 64 mg, 58 %).

Trans-4.15c-Anisyl

IH NMR (400 MHz, CDCls) § 9.04 (1H, s, H®), 8.29 (2H, d, J = 8.6 Hz, H?, H®), 7.27
(1H, d, J = 7.7 Hz, H%), 7.07 (2H, d, J = 8.9 Hz, H", H"), 7.00 — 6.92 (2H, m, H, H2),
6.41 (1H, ddd, J = 8.5, 6.4, 1.5 Hz, H3), 5.37 (1H, d, J = 5.8, HY or H"), 5.11 (1H, d, J
= 5.9 Hz, H or H¥), 4.72 (1H, d, J = 5.8, H® or HY"), 4.58 (1H, d, J = 5.6 Hz, H? or H¥),
3.93 (3H, s, OCH), 2.61 (1H, sept, J = 6.7 Hz, H7), 2.25 (3H, s, Me), 1.08 (6H, d, J =
6.9 Hz, CH(CHjs).).

13C{!H} NMR (100 MHz, CDCls) § 168.9, 161.7, 158.4, 132.9, 129.9, 129.6, 120.1,
115.1, 114.2, 113.8, 101.3, 100.3, 85.1, 82.6, 81.8, 80.3, 55.6, 30.9, 22.5, 21.9, 18.7.

MS (ES): m/z 462 [M-CI]*, m/z 503 [M+MeCN]*
IR (solid state): v(C=N)imine 1577 cm?
Cis-4.15c-Anisyl

IH NMR (500 MHz, CDClz) 8 8.72 (1H, s, H%), 7.46 (2H, d, J = 8.7 Hz, H5, H® or H’,
H”), 7.00 — 6.87 (3H, m), 6.83 (2H, d, J = 8.7 Hz, H%, H® or H’, H") 6.08 (1H, t, J =
6.4 Hz) 5.49 (1 H, brd, J = 5.76 Hz) 5.42 (1H, br d, J = 5.76 Hz) 5.36 (1H, d, J = 5.9
Hz), 5.15 (1H, br d, J = 5.96 Hz) 3.82 (3H, s) 2.83 (1H, septet, J = 6.8 Hz) 2.29 (3H, s)
2.21—2.18 (6H, m, Pr).

171



Complex 4.15a-Cinnamyl

[IrCI.Cp*]2 (4.14a) (0.126 mmol, 100 mg), ligand L4.16-Anisyl (0.265 mmol, 59 mg)
and NaOMe (0.265 mmol, 14 mg) was allowed to stir in dry MeOH (8 ml) in the dark
for 1 h to give complex trans-4.16a-Cinnamyl as a single isomer (red solid 141 mg,
89 %).

Trans-4.16a-Cinnamyl

IH NMR (400 MHz, CDCls)  8.36 (1H, d, J = 9.5 Hz, HY), 7.55 — 7.35 (6H, m, H®, HE,
HE HO, HY, H), 7.24 (1H, d, J = 8.3, 1.2 Hz, H%), 7.13 (1H, d, J = 16.0 Hz, H7), 7.00
(1H, ddd, J = 8.3, 6.9, 1.3 Hz, H?), 6.92 (1H, dd, J = 8.3, 1.2, HY), 6.42 (1H, ddd, J =
8.1, 6.9, 1.3, H3), 1.64 8.7 (CHs(Cp*)).

13C{'H} NMR (125 MHz, CDCls) § 168.9, 157.98 (C5), 152.4, 145.8 (C7), 142.2,
135.4, 130.5, 130.2 (C2), 129.1, 128.9 (2 xC), 128.1 (2 x C), 119.7 (H1), 115.5 (C4),
114.6 (C3), 85.1 (C(Cp*)), 8.9 (CH3(Cp*)).

MS (ESI): m/z 550 [M-CI]*

IR (solid state): v(C=N)imine 1575 cm™

General Procedure for the synthesis of half-sandwich complexes with NN ligands
The appropriate dimer 4.14a or 4.14c¢ (0.126 — 0.163 mmol, 100 mg), the relevant N*N
ligand L4.16-R (R = Mes, Anisyl) (2.0 — 2.2 equiv) and KPFe (2.0 — 2.2 equiv) were
placed in an evacuated Schlenk tube which was wrapped in aluminium foil to protect it
from light and allowed to stir at room temperature under nitrogen atmosphere in dry
MeOH (7 ml). The reaction was monitored by *H NMR spectroscopy until completion

and the solvent was removed in vacuo leaving behind the crude product which was
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dissolved in DCM (8-12 ml) and passed through celite. The filtrate was reduced in
volume and hexane was added to induce precipitation. The precipitate was isolated,

e LS
\
5,5

/ Ir N
Cl 55 /
N="" Cl
1 \Nf 4
\ y/& 1IN /
2

L 2 3 _ 3

washed with hexane and dried in vacuo.

Complex 4.16a-Mes

PF,

[IrCl2Cp*]2 (4.14a) (0.126 mmol, 100 mg), ligand L4.16-Mes (0.252 mmol, 65 mg)
and KPFs (0.252 mmol, 65 mg) was allowed to stir in dry MeOH (7 ml) in the dark for

2 hrs to give complex trans-4.16a-Mes as a single isomer (yellow solid 163 mg, 87 %).
Trans-4.16a-Mes

IH NMR (400 MHz, CDCls) § 9.33 (1H, s, H), 8.49 (1H, d, J = 5.3 Hz, HY), 7.95 (1H,
td, J=7.7 Hz, 1.3 Hz, H3), 7.76 (1H, d, J = 7.8 Hz, H%), 7.48 (1H, t, J = 6.6 Hz, H?),
6.90 (2H, s, H”, H™), 5.66 (1H, d, J = 18.0 Hz, H5/H®), 5.54 (1H, d, J = 18.0 Hz,
HS/H), 2.34 (6H, s, 2 x Me), 2.31 (3H, s, Me), 1.39 (15H, s, CHs(Cp*)).

BC{*H} NMR (100 MHz, CDCls) § 177.2, 158.3, 150.5, 141.6, 139.9, 135.4, 135.1,
129.4, 129.3, 128.2, 126.4, 122.4, 88.7 (C(Cp*)), 64.4, 21.3 (para-CHs), 19.9 (ortho-
CHs3), 19.6 (ortho-CHj3), 8.8 (CH3(Cp*)).

MS (ESI): m/z 601 [M]".
IR (solid state): v(C=N)imine 1607 cm™
Cis-4.16a-Mes

IH NMR (400 MHz, CDCls): § 8.96 (1H, s, H), 8.50 (1H, d, J = 5.4 Hz, HY), 7.87 (1H,
td, J = 7.8 Hz, 1.3 Hz, H%), 7.51 — 7.46 (2H, m, H2, H%), 7.03 (1H, s, H"/H"), 6.90 (1H,
s, H'/H"), 5.09 (1H, dd, J = 18.6, 2.5 Hz, H¥/HY), 4.95 (1H, d, J = 18.1 Hz, H5/H®),
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2.37 (3H, s, ortho-Me), 2.33 (3H, s, para-Me), 2.12 (3H, s, ortho-Me), 1.73 (15H, s,
Me-(Cp™)).

Complex 4.16¢c-Mes

[RuClz(p-Cym)]2 (4.14c) (0.163 mmol, 100 mg), ligand L4.16-Mes (0.359 mmol,
66 mg) and KPFs (0.359 mmol, 86 mg) was allowed to stir in dry MeOH (7 ml) in the
dark for 3 h to give a crude product 4.16c-Mes. Purification of complex trans-4.16c¢-

Mes proved to be difficult therefore a crude yield was recorded (brown solid, 87%).
Trans-4.16¢-Mes

IH NMR (400 MHz, CDCl3) § 9.07 —9.05 (2H, m, H*, H%), 7.86 (1H, t, J = 7.3 Hz, H?),
7.50 — 7.46 (2H, m, H?, H%), 7.06 (1H, s, H  or H™), 7.03 (1H, s, H” or H""), 5.56 (1H,
bs, Hb or Hb’), 5.46 (1H, d, J=19.0 Hz, H® or H%), 5.34 (1H, d, J=6.2 Hz, , H® or
H®), 5.21 (1H, d, J = 19.0 Hz, H®or H¥), 5.08 (1H, d, J = 5.9 Hz, H® or H""), 4.28 (1H,
bs, H or H*), 2.48 (1H, sept, J = 6.9 Hz), 2.43 (3H, s, Me), 2.40 (3H, s, Me), 2.38 (3H,
s, Me), 2.05 (3H, s, p-cym(Me)), 0.99 (3H, d, J=6.9 Hz,), 0.97 (3H, d, J = 6.9 Hz).

BBC{'H} NMR (100 MHz, CDCl3) & 179.9 (C®), 158.6, 154.4, 141.5, 139.7, 136.4,
135.7, 132.9, 129.2, 128.4, 125.8, 121.2, 84.2(C" or C)), 81.5(C? or C*), 78.9 (CP or
C"), 78.2(C? or C*), 69.7 (C°,C%), 31.6, 31.4, 30.8, 22.7, 22.1, 21.6, 21.3, 20.7, 19.9,
18.5 (Me-pcym)

MS (ESI): m/z 509 [M]*

IR (solid state): v(C=N)imine 1576 cm™

174



Complex 4.16a-Anisyl
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[IrCl2Cp*]2 (4.14a) (0.126 mmol, 100 mg), ligand L4.16-Anisyl (0.252 mmol, 57 mg)
and KPFs (0.252 mmol, 46 mg) was allowed to stir in dry MeOH (7 ml) in the dark for
2 hrs to give complex trans-4.16a-Anisyl as a single isomer (yellow solid 160 mg,
87 %).

Trans-4.16a-Anisyl

IH NMR (400 MHz, CDsCN) & 8.83 (1H, s, H%), 8.61 (1H, d, J = 5.4 Hz, HY), 8.43 (2H,
d, J =9.0 Hz, H" H"), 8.06 (1H, td, J =7.8 Hz, 1.4 Hz, H®), 7.71 (1H, d, J = 7.9 Hz,
H%), 7.56 (1H, t, J=6.6 Hz, H?), 7.10 (2H, d, J = 8.7 Hz, H® H?®), 5.37 (1H, d,
J=17.6 Hz, H® or H%), 5.22 (1H, d, J = 17.5 Hz, H° or H%), 3.91 (3H, s, OCHz3), 1.52
(15H, s, CH3(Cp%)).

13C{!H} NMR (100 MHz, CDsCN) § 173.1, 165.4, 152.1, 141.1, 135.1, 127.4, 1245,
122.0, 115.2, 89.9 (C(Cp*)),75.4 (H), 56.6 (OCHz), 9.1 (CH3(Cp*)).

MS (ESI): m/z 589 [M]".

IR (solid state): v(C=N)imine 1603 cm™
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Complex 4.16¢-Anisyl

Ru 'uu“””N

N/4
N/

L > 3

[RuClz(p-Cym)]2 (4.14c) (0.163 mmol, 100 mg), ligand L4.16-Anisyl (0.327 mmol,
74 mg) and KPFg (0.327 mmol, 60 mg) was allowed to stir in dry MeOH (7 ml) in the
dark for 3 h to give complex trans-4.16¢c-Anisyl (golden brown solid 192 mg, 92 %).

Trans-4.16¢c-Anisyl

IH NMR (400 MHz, CDCls) § 8.93 (1H, d, J = 5.5 Hz, HY), 8.85 (1H, s, HE), 8.41 (2H,
J=8.7 Hz, H".H"), 7.88-7.83 (1H, td, m, H%), 7.47-7.42 (2H, m, H2, H*), 7.05 (2H, d,
J=8.7 Hz, H8 H?), 5.60-5.51 (3H, m, H?, HY, H5/H®"), 5.25 (1H, d, J = 18.9 Hz, H/H®),
5.20 (1H, d, J = 5.8 Hz, H3, H%), 5.12 (1H, d, J = 18.9 Hz, H5/H®), 3.92 (3H, s, OMe),
2.81 (1H, sept, J = 6.9 Hz, H%), 2.16 (3H, s, p-CHa(p-cym)), 1.26 (3H, d, J = 6.9 Hz,
CH(CHs)2), 1.13 (3H, d, J = 6.9 Hz, CH(CHa)2).

13C NMR (100 MHz, CDCl3) § 176.8, 163.4, 158.3, 154.5, 139.5, 133.5, 125.5, 125.7,
120.9, 114.3, 106.9, 101.2, 85.6, 85.4, 84.2, 83.4, 72.1, 55.7 (OCHSa), 31.1 (CH(CHa)q),
22.2 (CH(CHa)z2), 18.5 (CH(CH3)z2).

MS (ESI): m/z 497 [M]*

IR (solid state): v(C=N)imine 1598 cm™*
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Crystallography Data for Chapter 2:

Crystal data and structure refinement for 2.24a-iPr

Identification code 13012

Empirical formula C45H58 CI2 Ir N3 O
Formula weight 920.04

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=27.764(14) A  o=90°

b =14.918(8) A B =98.371(9)°
c=18.083(9) A y=90°

Volume 7410(7) A3

Z 8

Density (calculated) 1.649 Mg/m3

Absorption coefficient 3.790 mm-1

F(000) 3744

Crystal size 0.22 x 0.13 X 0.07 mm3

Theta range for data collection 1.48 to 26.00°.

Index ranges -34<=h<=34, -18<=k<=18, -22<=I<=22
Reflections collected 28190

Independent reflections 7270 [R(int) = 0.1692]
Completeness to theta = 26.00° 99.7 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.520

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7270/ 348/ 363
Goodness-of-fit on F2 0.929

Final R indices [I1>2sigma(l)] R1=0.0725, wR2 =0.1736

R indices (all data) R1=0.1390, wR2 =0.1918
Largest diff. peak and hole 2.313 and -2.543 e A-3
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Crystal data and structure refinement for 2.24a-Dipp

Identification code 13057

Empirical formula C43 H43 CI3 Ir N3 02

Formula weight 932.35

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.460(3) A o = 90.953(5)°.

b=12.796(3) A B =94.117(5)°.
c=15.498(4) A v =90.670(5)°.

Volume 1870.9(9) A3

Z 2

Density (calculated) 1.655 Mg/m3

Absorption coefficient 3.825 mm-1

F(000) 932

Crystal size 0.32 x 0.10 X 0.04 mm3

Theta range for data collection 2.05 to 26.00°.

Index ranges -11<=h<=11, -15<=k<=15, -19<=I<=19
Reflections collected 14864

Independent reflections 7274 [R(int) = 0.0710]
Completeness to theta = 26.00° 98.9 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.526

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 727410/ 475

Goodness-of-fit on F2 0.888

Final R indices [1>2sigma(l)] R1=0.0481, wR2 = 0.0780

R indices (all data) R1=0.0648, wR2 = 0.0823
Largest diff. peak and hole 2.224 and -1.443 e.A-3
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Crystal data and structure refinement for 2.24b-Dipp

Identification code 13059

Empirical formula C38H37CI3IrN50

Formula weight 878.28

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.447(4) A o = 84.814(7)°.

b =11.680(5) A B =78.207(7)°.
c=16.245(7) A y=281.115(7)°.

Volume 1730.4(13) A3

Z 2

Density (calculated) 1.686 Mg/m3

Absorption coefficient 4.129 mm-1

F(000) 872

Crystal size 0.29 x 0.20 X 0.10 mm3

Theta range for data collection 1.77 to 27.00°.

Index ranges -11<=h<=12, -14<=k<=14, -20<=1<=20
Reflections collected 14776

Independent reflections 7431 [R(int) = 0.0487]
Completeness to theta = 27.00° 98.4 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.532

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7431 /0/ 446

Goodness-of-fit on F2 0.969

Final R indices [1>2sigma(l)] R1=0.0365, wR2 = 0.0715

R indices (all data) R1 =0.0439, wR2 = 0.0736
Largest diff. peak and hole 1.562 and -1.257 e.A-3
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Crystallography Data for Chapter 3:

Crystal data and structure refinement for 3.27a-Ph

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

16071

C36 H28CI2Ir N3 O

781.71

150(2) K

0.71073 A

Triclinic

P-1

a=11.8861(18) A  a=99.502(3)°
b=12.1067(18) A B=115.802(2)°
c=12.3851(18) A  y=101.031(3)°
1511.4(4) A3

2

1.718 Mg/m3

4.629 mm-1

768

0.24 x 0.14 x 0.03 mm3

1.79 to 26.00°.

-14<=h<=14, -14<=k<=14, -15<=I<=15
11821

5863 [R(int) = 0.0741]

98.6 %

Empirical

0.831 and 0.601

Full-matrix least-squares on F2

5863 /0 /388

0.901

R1=0.0441, wR2 = 0.0757
R1=0.0609, wR2 = 0.0805

2.312 and -1.345 e.A-3
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Crystal data and structure refinement for 3.27b-Ph

Identification code 14027

Empirical formula C32 H28 Ir N5 02

Formula weight 706.79

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.127(4) A o= 67.803(7)°

b=11.923(5) A B =86.309(7)°
c=12.173(5) A y = 81.424(7)°

Volume 1345.7(9) A3

Z 2

Density (calculated) 1.744 Mg/m3

Absorption coefficient 5.001 mm-1

F(000) 696

Crystal size 0.37 x 0.20 X 0.04 mm3

Theta range for data collection 1.81 to 27.00°.

Index ranges -12<=h<=12, -15<=k<=15, -15<=I<=15
Reflections collected 11412

Independent reflections 5783 [R(int) = 0.0611]
Completeness to theta = 27.00° 98.4 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.545

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5783/0/ 363

Goodness-of-fit on F2 0.958

Final R indices [1>2sigma(l)] R1=0.0401, wR2 = 0.0808

R indices (all data) R1 =0.0489, wR2 = 0.0834
Largest diff. peak and hole 2.107 and -1.346 e.A-3
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Crystal data and structure refinement for 3.27a-Mes

Identification code 17073

Empirical formula C40 H40 Ir N3 O3

Formula weight 802.95

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=9.958(4) A o =90°

b=29.451(11) A  B=108.267(7)°
c=12218(5) A y=90°

Volume 3403(2) A3

Z 4

Density (calculated) 1.567 Mg/m3

Absorption coefficient 3.966 mm-1

F(000) 1608

Crystal size 0.45 x 0.12 x 0.11 mm3

Theta range for data collection 1.38 to 26.00°.

Index ranges -12<=h<=12, -36<=k<=35, -15<=I<=14
Reflections collected 26230

Independent reflections 6686 [R(int) = 0.0871]
Completeness to theta = 26.00° 100.0 %

Absorption correction Empirical

Max. and min. transmission 0.837 and 0.378

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6686 /0 /431

Goodness-of-fit on F2 1.013

Final R indices [1>2sigma(l)] R1=0.0524, wR2 = 0.1180

R indices (all data) R1=0.0702, wR2 = 0.1246
Largest diff. peak and hole 4.206 and -2.006 e.A-3
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Crystal data and structure refinement for 3.27b-Mes

Identification code 15132

Empirical formula C36 H36 CI2 Ir N5 02
Formula weight 833.80

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=9.538(2) A o =90°

b =20.994(5) A B =100.615(4)°
c=16.903(4) A v =90°

Volume 3326.9(15) A3

Z 4

Density (calculated) 1.665 Mg/m3

Absorption coefficient 4.215 mm-1

F(000) 1656

Crystal size 0.31 x 0.13 x 0.05 mm3

Theta range for data collection 1.56 to 27.00°.

Index ranges -12<=h<=12, -26<=k<=25, -21<=I<=21
Reflections collected 27529

Independent reflections 7238 [R(int) = 0.0604]
Completeness to theta = 27.00° 99.6 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.519

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7238/0/420

Goodness-of-fit on F2 0.942

Final R indices [1>2sigma(l)] R1=0.0294, wR2 = 0.0590

R indices (all data) R1=0.0379, wR2 = 0.0606
Largest diff. peak and hole 1.671 and -0.940 e.A-3
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Crystal data and structure refinement for 3.27b-Anisyl

Identification code 16159

Empirical formula C33 H30 Ir N5 O3

Formula weight 736.82

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.8638(14) A  a=76.416(2)°

b=12.3440(17) A B =283.976(2)°
c=12.6954(18) A  y=67.643(2)°

Volume 1389.4(3) A3

Z 2

Density (calculated) 1.761 Mg/m3

Absorption coefficient 4.850 mm-1

F(000) 728

Crystal size 0.12 x 0.10 x 0.05 mm3

Theta range for data collection 1.65 to 27.00°.

Index ranges -12<=h<=12, -15<=k<=15, -15<=I<=16
Reflections collected 11860

Independent reflections 5972 [R(int) = 0.0517]
Completeness to theta = 27.00° 98.4 %

Absorption correction Empirical

Max. and min. transmission 0.831and 0.678

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5972 /0/382

Goodness-of-fit on F2 0.879

Final R indices [1>2sigma(l)] R1=0.0358, wR2 = 0.0578

R indices (all data) R1 =0.0445, wR2 = 0.0600
Largest diff. peak and hole 1.608 and -1.290 e.A-3
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Crystallography Data for Chapter 4:

Crystal data and structure refinement for trans-4.15a-Cinnamyl

Identification code 17021

Empirical formula C26 H29CI3IrN O

Formula weight 670.05

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=11.149(3) A o =90°
b =14.086(4) A B =106.890(5)°
c=17.208(5) A v =90°

Volume 2585.9(12) A3

Z 4

Density (calculated) 1.721 Mg/m3

Absorption coefficient 5.492 mm-1

F(000) 1312

Crystal size 0.29 x 0.16 x 0.13 mm3

Theta range for data collection 1.90 to 26.99°.

Index ranges -14<=h<=14, -17<=k<=17, -21<=I<=21

Reflections collected 21311

Independent reflections 5643 [R(int) = 0.0778]

Completeness to theta = 26.99° 99.9 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.505

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5643 /0 /294

Goodness-of-fit on F2 0.926

Final R indices [1>2sigma(l)] R1=0.0394, wR2 = 0.0705

R indices (all data) R1 =0.0559, wR2 = 0.0744

Largest diff. peak and hole 2.086 and -0.912 e.A-3
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Crystal data and structure refinement for trans-4.15c-Mes

Identification code 16057

Empirical formula C26 H30 CIN O Ru

Formula weight 509.03

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.872(3) A o = 63.706(6)°

b=11.742(3) A B =65.681(5)°
c=11.824(3) A Y = 62.832(5)°

Volume 1161.6(5) A3

Z 2

Density (calculated) 1.455 Mg/m3

Absorption coefficient 0.807 mm-1

F(000) 524

Crystal size 0.19 x 0.10 X 0.07 mm3

Theta range for data collection 1.99 to 26.00°.

Index ranges -13<=h<=13, -14<=k<=14, -14<=I<=14
Reflections collected 9162

Independent reflections 4517 [R(int) = 0.1400]
Completeness to theta = 26.00° 98.7 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.542

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4517121287

Goodness-of-fit on F2 0.730

Final R indices [1>2sigma(l)] R1 =0.0655, wR2 = 0.0953

R indices (all data) R1=0.1622, wR2 =0.1149
Largest diff. peak and hole 0.506 and -0.616 e.A-3
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Crystal data and structure refinement for cis-4.15c-Mes

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

16004
C26 H30 CIN O Ru

509.03

150(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=7.231(8) A o =90°
b=9.182(10) A B =90°
c=34.27(4) A y=90°
2275(4) A3

4

1.486 Mg/m3

0.824 mm-1
1048

0.25 x 0.09 x 0.08 mm3
2.30 to 26.00°.

-8<=h<=8, -11<=k<=7, -33<=1<=42

10736

4350 [R(int) = 0.3263]

98.8 %

Empirical

0.831 and 0.184

Full-matrix least-squares on F2
4350 /304 / 277

0.993

R1 = 0.1156, wR2 = 0.2408
R1=0.1738, wR2 = 0.2743
0.35(14)

1.245 and -1.265 e.A-3
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Crystal data and structure refinement for trans-4.15c-Anisyl

Identification code 17016

Empirical formula C24 H26 CI N O2 Ru

Formula weight 496.98

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=10.998(2) A o =95.326(4)°

b=11.559(3) A B=98.871(4)°
c=17.337(4) A Y =94.441(4)°

Volume 2158.9(8) A3

Z 4

Density (calculated) 1.529 Mg/m3

Absorption coefficient 0.870 mm-1

F(000) 1016

Crystal size 0.31 x 0.20 X 0.04 mm3

Theta range for data collection 1.78 to 26.00°.

Index ranges -13<=h<=13, -14<=k<=14, -21<=I<=21
Reflections collected 16986

Independent reflections 8391 [R(int) = 0.0612]
Completeness to theta = 26.00° 98.8 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.580

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8391/0/531

Goodness-of-fit on F2 0.892

Final R indices [I>2sigma(l)] R1 =0.0448, wR2 = 0.0793

R indices (all data) R1 =0.0666, wR2 = 0.0851
Largest diff. peak and hole 0.738 and -0.720 e.A-3
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Crystal data and structure refinement for cis-4.15c-Anisyl

Identification code 17020

Empirical formula C24 H26 CI N O2 Ru
Formula weight 496.98

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=11.40005) A o =90°

b=18.787(8) A B=102.573(8)°
c=10.384(5) A ¥ =90°

Volume 2170.6(16) A3

Z 4

Density (calculated) 1.521 Mg/m3

Absorption coefficient 0.865 mm-1

F(000) 1016

Crystal size 0.24 x 0.22 X 0.17 mm3

Theta range for data collection 1.83 to 26.00°.

Index ranges -14<=h<=14, -23<=k<=22, -12<=I<=12
Reflections collected 16770

Independent reflections 4263 [R(int) = 0.1545]
Completeness to theta = 26.00° 99.9 %

Absorption correction Empirical

Max. and min. transmission 0.831 and 0.383

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4263 /0 /266

Goodness-of-fit on F2 0.925

Final R indices [1>2sigma(l)] R1=0.0631, wR2 = 0.1106

R indices (all data) R1=0.1191, wR2 = 0.1253
Largest diff. peak and hole 0.823 and -0.808 e.A-3
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Postgraduate Activities

Internal Seminars

17™ December 2014

28" January 2015

11" September 2015

2" December 2015

18" May 2016

25" May 2016

5 October 2016

Internal Symposia

17" July 2014

23" January 2015

5t April 2017

41 July 2017

“Chemoselective  Cross-coupling” by Dr Allan Watson
(University of Strathclyde)

“Electronic Energy Transfer in the Context of Artificial Light-
Harvesting Antennae” by Prof Anthony Harriman (Newcastle
University)

“Bright Aspects of Lanthanide Luminescence” by Prof Jean-
Claude Buenzli (Switzerland)

“New Directions in Catalysis - From Biofuels to Self-Healing
Aeroplanes” by Prof Duncan Wass (University of Bristol)
“Ultrafast Spectroscopy to Measure Molecular Dynamics in
Photochemistry and Photobiology” by Prof Steve Meech
(University of East Anglia)

“Metal-organic framework composites and capsules with
enhanced properties” by Dr Darren Bradshaw (University of
Southampton)

“Development of radiotracers for PET imaging: from molecular
design to production” by Prof S. J. Archibald (University of
Hull)

Postgraduate Research Symposia 2014, University of Leicester
(Attended)

One Day Symposium on Catalytic C-H Functionalization,
University of Leicester (Attended)

RSC Organic Division Midlands Meeting 2017, University of
Leicester

Posted presented: “FElucidating the Origins of EPESS in
Cyclometallated Ir(Ill) Complexes”

Postgraduate Research Symposia 2017, University of Leicester
Oral presentation: “Photophysical Properties of Imines in Ir(l11)
and Ru(1l) Complexes”
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External Symposia

16" - 20" June 2014
3" Dalton Summer School on Electronic Structural Methods in
Inorganic Chemistry, University of Edinburgh
Poster presented: “Investigations into the cause of Enhanced
Phosphorescence Emission in the Solid State (EPESS)”

20" — 215 April 2015
Southern Dalton Meeting, University of Sussex, Brighton
Poster presented: “Investigations into the cause of Enhanced
Phosphorescence Emission in the Solid State (EPESS)”

18™ — 19" April 2016
Molecular Photophysics Conference 11, University of Newcastle
Poster  presented: “Solid  state  Luminescence  vs
Photoisomerisation in Cyclometallated Ir(Ill) Complexes”
(Awarded Best Oral Presentation)

16™ — 17" March 2017
York Photochemistry Symposium, University of York
Poster presented: “FElucidating the Origin of EPESS in
Iridium(Ill) Complexes”
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